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Chapter 1: Introduction to the "sugar code”

1.1. General aspects of glycan biology

1.1.1. Carbohydrates as a biological messenger

The discovery of DNA structure and later the Central Dogma enunciated by Francis Crick
established the concept of sequential information in living organism (1). Whether it is a tree, a
man or a woman, a wombat or a bee, its phenotype is the 'materialization’ of sequences made
from defined alphabets: proteins' peptide chains built from amino acids which themselves are
products of the translation from the "letters" of nucleotides (2). In our days, we may be so
familiar with this flow of translating while keeping biological information intact, usually
referred to as the 'genetic code’, but back in the time when this concept was first put forward,
the complex process that follows the synthesis of proteins was yet to be discovered. And so, it
is inevitable that the Central Dogma overlooked the post-translation modifications, in
particular the glycosylation process (3). Attached to proteins or lipids at a high density and
diversity, carbohydrates emerge as a powerful tool to convey information and influence at a

certain extent the function of these biomolecules.

Carbohydrates can surpass the capacity of nucleotides or amino acids as a system of encoding
information (2). First, from a variety of their structural units, carbohydrates can form many
more isomers of dimers, thus oligomers, than nucleotides or amino acids permit. Imagine of
two 6-carbon rings where each carbon is numbered from 1 to 6 (Fig. 7). If a bridge is to be
drawn between the two, a linkage at the C2 of the first ring to the C2 of the second ring would
give a different configuration compared to a combination of C2 and C3. This is what happens
when a monosaccharide is joined with another to form a dimer. Although the glycosidic bond
may appear as the same to equivalent hydroxyl groups available at each carbon of the
anomeric center, the overall configuration is different for each pair of carbon that forms a
linkage. In contrast to carbohydrates, only one dimer could result from a combination of two

nucleotides or amino acids. Second, unlike nucleic acids and proteins whose messages are
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Fig. 1 Representations of glucose. Glucose can be represented in a linear form known as
Fischer projection or in a cyclic form as a 6-carbon ring.

OH OH OH
HO Q on HO oH S HO Q
HO — Rl HO = - HO
OH OH HO C
[3-p-glucose (63.7%) open-chain form {0.0026%) a-D-glucose (36.3

Fig.2 Illustration of the equilibrium including the two anomeric forms of D- glucose.
The cyclic form results from a reaction between the OH group on the fifth carbon and with
the aldehyde group. A solution of monosaccharides is an equilibrium mixture of open-
chain form and cyclic form in variable ratios; in the case of D-glucose, the percentage of
each in equilibrium is shown in the bottom line. Adapted from (4).



encoded in linear mode, carbohydrates can grow a chain of oligosaccharide or introduce
branches to their structures. In addition to the variety of dimers formed, monosaccharides are
open to having more than 1 hydroxyl group bridged to another monosaccharide through
glycosidic bond (5). In other words, if we return to our carbon rings, when two contacts are
formed at two carbons in a ring, and each of the added rings continue to make linkages in the
same manner, a branched structure is generated. The capacity to either elongate the chain or
make branches of carbohydrates gives rise to complex glycomes that vary not only among
species but also between individuals. As highlighted by Hart (1992) and Cook (1995), glycans
may provide us with a fundamental insight that opened the door "to one of the last great

frontiers of biochemistry” (6,7).

1.1.2. The alphabet of the sugar code

The letters in the alphabet of the sugar code are monosaccharides. In the late 19" century,
Emil Fischer introduced the classical chain structure of monosaccharide where he figured out
how the (H.0), molecules were distributed over the carbon backbone, resulting in the general
empirical formula C(H.0),with n an integer ranging from 3 to 9 (8). The structure is organized
as a chain of chiral hydroxymethylen units; one end is a hydroxymethyl group while the other
could be either an aldehyde group in aldoses, or an a-hydroxy ketone group for ketoses (8).
The simplest aldose is glyceraldehyde, whereas the ketose counterpart is dihydroxyacetone;
both have 3 carbons in their structure, the only difference is the asymmetric (chiral) carbon
atom in glyceraldehyde that dihydroxyacetone does not have. Apart from dihydroxyacetone,
all monosaccharides have at least one asymmetric carbon atom, which enables the
intramolecular reaction to join the 2 ends of a monosaccharide into a cyclic form. As
demonstrated by the work of B. Tollens, a solution of monosaccharides is an equilibrium
mixture of acyclic and cyclic form; the percentage of each depends on the sugar structure,
though the cyclic structure is dominant in living organisms (Fig.2) (5). To date, about 250 types
of monosaccharides have been isolated and identified; they are usually classified by the
number of carbons in their structure: trioses are 3-carbon monosaccharides, tetraoses are 4-
carbon sugars, and so on. Sugars with higher number of carbon are rarely found in nature; in
fact, the monosaccharides occurring naturally are almost exclusively pentoses and hexoses (9).

Therefore, these classes of monosaccharides are brought into focus in the scope of this
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Table 1. Common saccharides with their abbreviation and the symbol nomenclature.
First put forward by Kornfeld and colleagues in 1978, the use of symbols for representation of
vertebrate glycans rose to popular use and was eventually adopted in the first edition of the textbook
Essentials of Glycobiology. The authors later took advantage of color, in 2005, to overcome the
limitations and inconsistencies in representing the diversity of glycans. The symbol nomenclature has
since been widely disseminated and accepted by the Consortium for Functional Glycomics as well as
the scientific community (10). A complete version is available on the website Glycopedia
(https://www.glycopedia.eu/resources/a-picture-dictionnary-of-monosaccharide-

symbols/article/the-picture-dictionnary).



manuscript, as they take part in the process of encoding and conveying information in

mammals.

These letters are nonsensical unless put together to make a word or a sentence; likewise,
monosaccharides as single units do not convey much information to proteins and lipids until
the process of glycosylation does the craftwork to create long, serving sugar chains called
glycans. In line with the diversity and involvement of glycans in biological processes, the
standardization in drawing their structure became essential. The use of symbols to represent
monosaccharides -the letters in the sugar code — is now widely accepted and recommended
in the scientific community (9,10). A table of common monosaccharides in mammals with their

symbol is presented here for the reader's reference (7able 7).

1.1.3. The many types of glycosylation

In normal states, oligosaccharides (glycans) are usually attached to a scaffold through a
covalent bond, which could be either a protein or a lipid, to form a glycoconjugate. Although
free oligosaccharides have been reported in yeast strains to be generated from misfolded
glycoproteins and peptide: V-glycanase (PNGase) activity, their presence in the cytoplasm of
yeast and mammalian cells remains in low micromolar concentration and has little evidence of
any physiological roles (12-15). Glycoconjugates, on the contrary, are rather abundant in the
cell, as much as 5-10% of the cellular mass, and engaged in various biological processes (16).
Glycoconjugates with lipid scaffolds include glycosphingolipids, which is typically present in
the lipid bilayers of cellular membranes. Protein glycosylation includes many different types,
each of them is defined by the characteristics of the glycans added, such as N-linked glycans,
O-linked glycans, phosphorylated glycans, glycoaminoglycans and
glycosylphosphatidylinositol (GPI) anchors to peptide backbones, as well as C-mannosylation

of tryptophan residues (Fig. 3) (17,18).
As our study on galectin-9 focuses on its effects to T cell via protein interactions, we would

discuss more in detail on protein glycosylation.

1.1.4. N-glycosylation

Basic structure of N-linked glycans

12



Fig. 3 The major types of glycosylation in human. N-linked and O-linked glycosylation are the
most popular, where glycan chains are linked to nitrogen and oxygen atoms of amino acid
residues, respectively. In general, N-glycans are branched and highly heterogeneous, consisting
of a core glycan of two GIcNAc and three Man residues attached to the amino group of Asn (N)
at the consensus glycosylation motif Asn-X-Ser/Thr (X could be any amino acid except for Pro).
O-glycosylation consists of glycans bound to the hydroxyl groups of Ser (S) or Thr (T) residues.
The initial sugar attached to the protein and the additional sugar structures added to the initial
glycan can be used as the basis to subclassify O-glycans: (1) GalNAc is the initial glycan of mucin-
type O-glycosylation; (2) O-linked fucose (Fuc) and O-linked Man often occur in specific protein
domains, such as epidermal growth factor (EGF) repeats, thrombospondin type I repeats (TSR) or
dystroglycan. Proteoglycans are defined by long glycosaminoglycan (GAG) chains consisting of
a tetrasaccharide core GIcA — Gal — Gal — Xyl attached to the hydroxyl group of Ser at Ser-Gly-X-
Gly amino acid motifs. A free form of GAGs is synthesized at the plasma membrane only by
addition of GIcA and GIcNAc and not attached to protein cores, such as hyaluronan.
Glycosylphosphatidylinositol (GPI)-anchored glycoproteins is another class of glycoconjugates
that has a Mans-GIcN core attached to phosphoethanolamine; the GIcN residue is linked to
phosphatidylinositol embedded in the cell membrane. Glycosphingolipids are a class of

glycoconjugate with glycan attached to cellular membrane lipids. Adapted from (19).



N-linked glycans usually refer to proteins glycosylated by a B-1N-glycosidic bond that joins
N-acetylgluscosamine (GIcNAc) to an asparagine (Asn) residue, although other N-glycan
linkages with other sugars have been reported in prokaryotes. In eukaryotes, the minimal
amino acid sequence to form an N-glycan is Asn-X-Ser/Thr (serine/threonine), in which "X" is
any amino acid except proline (Pro), while the sugar core is usually GIcNAc;Mans. A variety of
monosaccharides can be added to this base, these additions give rise to three general types:
(1) high-mannose N-glycan, in which only mannose (Man) residues extend the core; (2)
complex, in which GIcNAc primes the extension of each arm with other sugars; (3) hybrid, in
which Man extends the Mana1-6 arm of the core and the other arm is elongated by one or

two GlcNAcs (Fig. 4) (20).
Synthesis of N-glycan

The biosynthesis of N-glycan is most complex in mammals, occurring in two phases and in two
compartments, the endoplasmic reticulum (ER) and the Golgi apparatus (Fig. 5). The first phase
is initiated in the cytoplasmic side of the ER, where a branched carbohydrate structure made
from GIcNAc and Man is bound to dolichol phosphate (Dol-P). When flipped to face the ER
lumen, the lipid-glycan enters the second phase where glycosidases and glycosyltransferases
process their sugar moieties in a species-, cell type-, protein-, and even site-specific manner.
In general, glycans are supplied with Man and Glc units to generate 14-sugar structures—
GlcsManyGlcNACc;-P-P-Dol. They are then transferred to Asn in the receptive Asn-X-Ser/Thr
sequons of nascent proteins by the multisubunit enzyme oligosaccharyltransferase (OST). As
the protein folding continues, Glc residues are removed by a-glucosidases, the terminal o1-
2Man is subsequently removed from the central arm of GIcNAczMang by ER a-mannosidase I
before entering the ¢is-Golgi compartment. Most glycoproteins leave the ER carry N-glycans
with either 8 or 9 Man residues, and if misfolded they are recognized and targeted for
degradation by ER degradation-enhancing a-mannosidase I-like (EDEM) proteins. Glycans
move to the ¢is compartment of the Golgi apparatus if they are qualified at this quality-control
checkpoint and enter the early processing steps with the trimming of a1-2Man residues by
a1-2 mannosidase I. The resulting GIcNAczMans structures undergo sequential modifications
in the medial-Golgi that generate hybrid and complex A-glycan. Some GlcNAc;Mans

structures, however, can escape this process and enter maturation phase as high-mannose

13



Fig. 4 The main types of N-glycan. N-glycan is formed by a linkage between GIcNAc with an Asn
residue of protein, resulting in a GIcNAc,Mans core. Man residues of the core make a typical antenna
where various sugars are added to build a more complex structure. High-mannose A-glycan has two
arms extended by Man residues; complex A-glycan is characterized with extensions primed by
GIcNAc then continued with other sugars; hybrid A-glycan is the combination of the two
aforementioned types, with the Mana1-6 arm extended by Man and the other initiated by one or two

GlcNAc.



membrane or secreted glycoproteins carrying GIcNAc:Mans.9 A-glycans. Others received a
GIcNAc residue in the GIcNAc;Mans core through an AN-acetylglucosaminyltransferase
enzyme called GnT-I (MGAT1 in mammals). The action of GnT-1 is the prerequisite for the
generation of complex and hybrid glycans; if Man residues of the GIcNAcMansGIcNAc; glycan
produced by GnT-I are subsequently cut off by an a-mannosidase II, the glycan continues to
be modified in medial-Golgi compartment, where various GnTs generate additional branches
and matures as complex N-glycans. If not, the glycan passes on to maturation as a hybrid A-

glycan. (20,21)

The maturation of A-glycans takes place in the #rans-Golgi compartment, expanding the
limited repertoire of hybrid and branched A-glycans to an extensive array of complex N-
glycans. This process includes sugar addition to the core or elongation of branching GIcNAc
residues and "capping" elongated branches. This "capping" reaction consists of adding sialic
acids, fucose and galactose sugars, as well as sulfate to complex A-glycan branches, thus

facilitating the contact of terminal sugars to lectins and antibodies. (20)

1.1.5. O-glycosylation

O-glycosylation of proteins occurs by linkages between sugar residues and functional hydroxyl
groups on Ser and Thr, hence the term " O-linked". A good model of O-linked glycosylation is
mucin, one of the main ingredients that gives mucus the gel-like form as we know it. Having
a large number of Ser and Thr residues, mucin harbors O-glycans among which the cross-
linking due to disulfide bonds promotes gelation (22). At a closer inspection, the O-
glycosylation taking place in mucins is of GalNAc class; these glycans are initiated from a
GalNAc attached to Ser or Thr residues. Other sugars including Man, Gal, Fuc and Glc can also
serve as primer for O-glycosylation, but GaINAc and GIcNAc are the most common classes of

O-linked glycan in humans (22).

Sharing the same biantennary structure as N-glycans, O-glycans are less branched but they
are more diverse due to non-templated biosynthesis. GaINAc-linked glycans, for instance, have
up to 6 major basic core structures: cores 1-4, terminal GalNAc(Tn) and sialyl-Tn antigens
(19,22). Their synthesis is initiated by the polypeptide GalNAc transferases (GALNTSs), which

have different specificity for amino acid motifs, adding complexity in terms of regulation to
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Fig. 5 Biosynthesis of N-linked glycosylated proteins. The first phase takes place in the
endoplasmic reticulum and generates GlcsMangGIcNAcz-P-P-Dol structures. These are
then transferred to Asn in the receptive Asn-X-Ser/Thr sequons of nascent proteins by the
multisubunit enzyme oligosaccharyltransferase (OST) at the beginning of the second
phase, where glycan structures are elongated. Various steps of addition and removal are
done by mannosidase and carbohydrate transferase enzymes, resulting in N-glycans of
high-mannose, complex and hybrid type. The maturation of A-glycans takes place in the
trans-Golgi compartment, adding sialic, fucose, galactose or sulfate to complex structure of
these glycans. Adapted from (19).



how and where O-glycans are attached (19,22). As the protein moves through the c¢is-, medial-
and trans-Golgi compartment, various glycosyltransferases expand the structure by adding
Gal, GIcNAc, Sia, and in some instances Fuc (22). Unlike N-glycans, this model of glycosylation
does not follow a stepwise procedure that interlaces addition and removal of sugars to the
glycoconjugate. Instead, the glycopeptide O-glycan chains are initiated and then simply
elongated, but the diversity of enzymes that take part in the process gives rise to an enormous
set of carbohydrate structures (22).These glycans are abundant on extracellular and secreted
as well as membrane glycoproteins, including mucins, human immunoglobulin A1 (IgA1), and

blood groups (19).

GIcNAc-linked glycans, on the other hand, are not discovered until 1983, but the number of
proteins found to be glycosylated with it has increased rapidly (23). There are many reasons
for their late discovery, but it is generally due to the uniqueness of the O-GIcNAc model of
glycosylation. Distinct from their fellow glycans, the GIcNAc moiety is not elongated from other
sugars to form complex structures, and thus is not solid enough to pass through the ionization
process in mass spectrometry without falling off the polypeptide (23). At the cellular level, this
simple structure is subjected to multiple cycles of attachment and removal from its protein
substrate. The dynamic cycling of O-GIcNAc in the life of a protein is regulated through O-
GIcNACc transferases (OGTs) and O-GIcNAcases (OGAs); these enzymes exist in different
forms and levels in subcellular compartments. However, they all have the same rapid activity
cycle and seem to play important roles in cellular functions, especially in cellular metabolism
where O-GIcNAc may act as a sensor of nutrients available in the cell (19,23). Moreover, for
some subsets of proteins, O-GIcNAc even competes with the phosphorylation process of Ser
and Thr residues, adding complexity to the regulatory circuits (24). One example where this
competition appears to be essential to the cellular functions is the phosphorylation of CTD
repeat domain (YSPTSPS) of RNA polymerase II which has many O-GIcNAc clusters. After the
initiation of the transcription, O-GIcNAc moieties are removed, and replaced by O-phosphate,

which subsequently sets off the elongation of mRNA (23).
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Table 2. Enzymes involved in the N-linked glycosylation.



1.1.6. Proteoglycans and glycosaminoglycans

Proteoglycans are glycoproteins in the extracellular matrix with a higher level of glycosylation.
In addition to canonical N-glycans and O-glycans, proteins are bound with long sugar repeats
via Ser residues at Ser-Gly-X-Gly amino acid motifs (25). These chains are called
glycosaminoglycans, usually characterized with a substantial mass made from more than 80
sugars, comparing to the tail of 5-12 monosaccharides that forms A-glycans (26). The
glycosaminoglycans are built from disaccharide repeats budding from GIcNAc or GalNAc,
combined with anuronic acid (that is, glucuronic or iduronic acid) or galactose. They are the
main blocks that make up the glycocalyx, or the "sugar coat" of the cell, which works as a
reservoir for the sequestered growth factors and allows the maintenance of the cell membrane

(26).

1.1.7. Decipher the sugar code: Lectins

Lectins are a class of carbohydrate-binding proteins, distinct from antibodies, enzymes and
transport proteins for free mono-, di- and oligosaccharide. The separation of lectin from other
categories is based on the nature of the interaction; the term "lectin" itself is defined as binding
partners for glycoconjugate glycans (27,28). The reactivity of lectins to carbohydrate is
established by more than 15 folding patterns (in animals) that form carbohydrate recognition
domains (CRDs) (29). Each distinct fold is built from a common ancestral gene, yet the gene
duplication and sequence diversification generate a set of proteins with same configuration of
contact site but different specificity and affinity level for glycans (2,30). An overview of protein

folds with examples of lectin and their associated ligands is presented in 7able 4.
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Fig. 6 Structures of O-GalNAc main cores.

Enzyme
Polypeptide N-acetylgalactosaminyltransferase
Core 1 f1-3 galactosyltransferase 1
Essential chaperone for T synthase
Core 2 P1-6 N-acetylglucosaminyltransferase
Core 3 B1-3 N-acetylglucosaminyltransferase 6
Core 2/4 P1-6 N-acetylglucosaminyltransferase 2
Elongation B1-3 N-acetylglucosaminyltransferase
| branching B1-6 N-acetylglucosaminyltransferase
p1-3 galactosyltransferase
Core 1 a2-3 sialyltransferase
a2-6 sialyltransferase
Core 1 3-O-sulfotransferase

al-2 Fucosyltransferase

HGNC name
GALNT
C1GALT1
C1GALT1IC1
GCNT1
B3GNTG
GCNT3
B3GNT3
GCNT2
B3GALTS
S5T3GAL1, 5T3GALS
STOGALNACL -4
GAL35T4

FUT1, FUT2

Table 3. Enzymes involved in the synthesis of O-linked glycosylated proteins.



Fig. 7 Six levels of regulation of affinity for binding of a glycan to a lectin. Adapted
from (29).

Evolving from simple structures such as mono- and disaccharide to complex chains of sugars,
glycans provide many levels of affinity regulation for binding to lectins (29); these shape the
parameters to turn a carbohydrate epitope into a privileged docking point for a lectin. From
the numerous glycoconjugates of the glycocalyx, lectins are capable of selecting between non-
cognate and cognate epitopes, therefore they target distinct receptors to fulfill specific
functions (29). This functional pairing, associated to the structural diversity, make lectins the

platform for reading and translating sugar-encoded information (30).

1.1.8. Glycome in health and disease

As we have well discussed in the previous parts, glycans are omnipresent in the cells and the
extracellular matrix, incorporated in proteins and make up more complicated structures such
as the "sugar coat". They require a complex and tangled system of enzymes and regulatory

circuits for their synthesis, assembly, modification, remodeling and degradation (2). Indeed,
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Type of fold

C-type

Example for lectin

asialoglycoprotein receptor, collectins, selectins

Example for ligand

Fuc, Gal, GalNAc, Man, heparin tetrasaccharide

I-type (Ig fold)

N-CAM, TIM-3, siglecs

MangGlcNAc,, HNK-1 epitope, a2,3/6-sialylated glycans

P-type

mannose-6-phosphate receptors (MR) and proteins with MR
homology domain (erlectin, OS-9)

Man-6-phosphate, Mang ;GIcNAc,

B-sandwich (jelly-roll)

a) galectins

b) calnexin, calreticulin

¢)  ERGIC-53

d) CRD of Fbs1 in SCF E3 ubiquitin
ligase and peptide-/N-glycanase

e)  pentraxins

f)  G-domains of the LNS family (laminin, agrin)

a) fibroblast growth factors
b)  cystein-richdomain of C-type
macrophage mannose receptor

B-galactosides
Glc;ManyGlcNAC,
Man,GlcNAc,

Man,;GlcNAc,; mannopentaose

glycosaminoglycans, MOBDG, 3-sulfated Gal, GalNAc
and GlcA, Man-6-phosphate
heparin

heparan sulfate
GalNAc-4-sulfate in LacdiNAc

B-trefoil ¢) lectindomain in GalNAc-transferases involved in mucin- GalNAc
type O-glycosylation
d)  hemolytic lectin CEL-TII of sea cucumber and lectin EW29 Gal
of earthworm
a) 4-bladed: tachylectin-3 S-type lipopolysaccharide GIcNAc/
B-propeller b)  5-bladed:tachylectin-2 GalNAc
¢) 6-bladed: tachylectin-1 KDO
B-prism1I secretory proteins zg16 p/b not defined
B-prism I pufferfish (fugu) lectin Man
B-barrel with jelly-roll topology tachylectin-4, eel (Anguilla anguilla) agglutinin, Xenopus Fuc
GlcNAc

fibrinogen-like domain

a) Ficolins

b) intelectins (mammalian, Xenopus)
¢) tachylectin-5

d) slug (Limax flavus) lectin

Galf pentoses

N-acetylated sugars
sialicacid

link module

hevein-like domain

CD 44, TSG-6, LYVE-1, aggregating
proteoglycans

tachycytin and spider (Selenocosmia
huwena) neurotoxin; cobra venom
cardiotoxin

hyaluronic acid

GalNAc; heparin-derived disaccharide

(B/a)g barrel (glycoside hydrolase family 18)

YKL-40 (human cartilage glycoprotein-39; chitinase-like lectin)

(GleNAC),

short consensus repeat (complement control
protein module)

factor H (complement regulator)

Table 4. Protein folds with lectin activity. Adapted from (29).

glycosaminoglycans, sialic acid



the "glycosylation machinery" of the cell is estimated to occupy 1 to 3% of the human genome
(31). The idea of studying the glycomic deviations from normal status is tempting, especially
in pathologies relating to genetic mutations such as congenital disorders and cancers, or in
immunology, where glycan patterns can be crucial to the distinction between self and non-

self.

Congenital disorders of glycosylation (CDG) were first found in children with multi-system
disorders, typically present with developmental delay, failure to thrive, hypotonia, neurologic
abnormalities, hepatopathy and coagulopathy (32). These multi-systemic manifestations are
due to defects in either a single glycosylation step or several pathways. Both could lead to
altered activation, presentation, or transport of sugar precursors; altered expression and/or
activity of glycosidases or glycosyltransferases, and altered expression and/or activity of
proteins that control the glycosylation machinery or maintain the Golgi apparatus (21). These
defects can be classified into 4 categories, depending on the type of glycosylation affected: 1-
N-linked glycosylation, 2- O-linked glycosylation, 3- combined A- and O-linked/multiple
glycosylation, and 4- lipid and glycosylphosphatidylinositol (GPI) anchor biosynthesis defects
(32). Current treatment of CDGs aims at compensating the defects by a dietary
supplementation. For instance, in MPI-CDG - one of the most common CDGs, the mutation in
the gene MPIencoding for Man-6-P isomerase inhibits the interconversion of Man-6-P and
fructose-6-phosphate, subsequently leads to a shortage of Man for glycosylation (33).
Mannose dietary supplementation is thus an effective treatment for patients with MPI-CDG
(34,35). Nevertheless, for other CDGs such a symptomatic treatment may not be sufficient and
relevant. Patients with PMM2-CDG — the most common type of CDGs, for example, are
struggled with defective phosphomannomutase 2 (PMM2) that abrogates the conversion of
Man-6-phosphate to Man-1-phosphate. In turn, the synthesis of the lipid-bound precursor of
N-glycans, GlcsManyGIcNAc;-P-P-Dol, cannot occur and no compensation can be made
through a dietary therapy (33,36). Novel strategies are recently developed, using
pharmacological chaperones to stabilize defective, misfolded proteins that suffer from loss-
of-function mutations in the gene PMM2 (37). Other CDGs might also benefit from this type
of treatment, however most of them require new therapeutic approaches that are more

personalized and based on the identification of relevant genetic mutations in each patient.

18



In cancer, aberrant glycosylation was first reported following SV-40 virus transformation of
mouse fibroblasts in 1969 (38,39). Since then, the number of studies concerning fundamental
changes in the glycosylation patterns of cell surface and secreted glycoproteins in malignant
transformation and cancer progression has been increasing. Aberrant glycosylation actively
promotes tumor progression by promoting cancer hallmarks, which comprehend proliferative
signaling, resistance to cell death, invasion and metastasis, angiogenesis, inflammation and
immune escape (40,41). In general, the modifications usually stem from abnormal regulations
of glycosyltransferases, either through genetic mutations or epigenetic regulations, resulting
in shorter O-glycans and more branched N-glycans (42). These alterations in glycan structure
are also accompanied with changes in glycan sialylation and fucosylation, which in turn modify
the nature of terminal epitopes at the glycan chains (42). Many de novo expression of specific
glyco-epitopes have made way for diagnostic biomarkers to assess patient prognosis and
responses to treatment. Examples of such glycoproteins include CEA (carcinoembryonic
antigen), MUC1 (CA15-3/CA27.29), MUC16 (CA-125) and PSA (prostate specific antigen) (43—
46). Recent studies have identified dysregulated sialyltransferases as associated with tumor
pro-survival pathways or metastasis. These include ST3Galll, ST3GallV, which may give rise to
elevated level of CA19-9 (carbohydrate antigen 19-9) in pancreatic, gastric, and colorectal
cancers; ST6Gall is also upregulated in pancreatic and colon cancers (43,47-50). Another
comprehensive study also reported ST6GALNACS as the key gene mediating brain metastasis
in breast cancer (51). With more studies shedding light on glycome profiles of cancer cells,

aberrant glycosylation is becoming an integral part of recognized cancer hallmark traits.

Glycosylation is highly implicated in immune activities. First, immune receptors use glycan
patterns to distinguish "non-self" structure present on the surface of microorganism, also
known as pathogen-associated molecular pattern (PAMP). Beside the pathogen recognition,
glycans are also involved in physiological processes of immune cells, regulating their
development, differentiation and proliferation (52). In the scope of this work, as we would
spend more time discussing on T cells reactions, a deeper insight on modification of
glycosylation in T cell development phases would be helpful. Different glycosylation enzymes
take part in shaping T cell receptors and therefore regulate the signaling that leads them to
proliferation, differentiation or even suppression. For instance, receptors such as TCR, CD25,

and CD4 have complex branched N-glycans that are catalyzed by 1,6-N- acetylglucosaminyl
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transferase V (GnT-V), encoded by MGAT5 (52-55). Alterations in GnT-V activity, as well as
alpha-mannosidase II (a-MII), N-acetylglucosaminyltransferase I (GnT-I, MGATT) and I
(GnT-II, MGAT2), lead to a compromised T cell homeostasis associated with autoimmune
disorders in humans and mouse models (52). GnT-I-mediated glycosylation and O-
GlcNAcylation through OGT (O-GIcNAc transferase) also play a role in regulating T cell
development and self-renewal (56). Moreover, glycosylation may be modified following TCR
activation and in turn decides T cell fate. Studies have found TCR activation associated with an
increased B1,6-GIcNAc branched N-glycosylation of CTLA-4, which enhances CTLA-4 retention
at the T cell surface and thereby promotes immune tolerance (57). In reverse, a reduced N-
glycosylation due to Thr17Ala polymorphism in human CTLA resulted in a limited CTLA-4
retention at the T cell surface (58). Similar to CTLA-4 study, others also found a correlation
between the levels of complex branched N-glycans on PD-1 and PD-L1, and their abundance

at the cell surface which marks T cell exhaustion (59).

1.2.  General aspects of galectins

1.2.1. Structure and specificity

Formerly termed as S-type lectins due to their solubility, galectins are a family of lectins,
capable of recognizing polysaccharides and glycans with B-galactoside bonds (60). They are
widely present in multicellular organisms, sharing homologous carbohydrate recognition
domains (CRDs) in their primary structure. The CRDs in galectins are encoded by a sequence
that varies from 20 to 50% among different species, but they have a common pattern of folding
that create a curved sandwich structure with two B-sheets facing each other: the convex F-
sheet and the concave S-sheet (61). In a groove of the S-sheet is the “sugar pocket” that is
usually referred to as carbohydrate binding site (CBS). CBS interacts directly with
disaccharide elements containing the B1-4 or B1-3 galactoside bond which is recognized
within the target polysaccharide. The sequence of CRD consists of 130 amino acids; 8 of them
are invariant and about a dozen are highly conserved. The invariant amino acids are His44,

Asn46, Arg48, Val59, Asn61, Trp68, Glu71 and Arg73. Mutation of Trp68 to alanine or leucine
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abolishes the interaction with B-galactoside (61). However, the interaction between CBS and
B-galactoside alone results in low affinity binding. Additional interactions specific to each
galectin stabilize these bonds and give them a greater specificity. On the one hand, galectin
ligands interact with the amino acids of the CRD, which is distinct from the CBS. On the other
hand, galectin ligands also interact with amino acids outside the CRD. This explains the fact
that each of the galectins, while using the same fundamental mechanism of attachment,
interacts with a specific spectrum of polysaccharide ligands. Within this spectrum specific to
each galectin, there is a real gradation of affinity which may vary in function of the physico-
chemical conditions, in particular the concentration of the galectins and their level of
polymerization. Galectins might even reach an affinity comparable to that of an antibody for

its antigen (62).

In addition to lectin-like interactions with the polysaccharide ligands that involve CRDs,
galectins can bind to other types of ligands through protein-protein interactions. Ongoing
studies tend to prove that these protein-protein interactions can modify the galectin
conformation and consequently, the spectrum of their interactions with polysaccharide
ligands. Protein-protein interactions of galectins were initially reported for the binding to
cytosolic and nuclear components but recently they have also been observed for extracellular
galectins (63). For instance, galectin-1 interacts with the A5 region of pre-BCR during the stages
of proliferation and differentiation of B cells (64). More recently, an interaction of galectin-9
with another lectin, dectin-1, has been reported on macrophages in a model of murine
pancreatic carcinoma (65). In order to standardize their nomenclature, the first galectin
discovered (electrolectin) was named galectin-1 (66). Its closest counterpart was named
galectin-2, later rejoined by galectins 3 and 4 (67). The remaining members of this family were
then numbered consecutively in order of discovery up to a current total of 15 galectins, of

which 11 are found in human (68).

Based on their tertiary structure, galectins are divided into 3 groups: "prototype”, "chimera”
and "tandem repeat" (Fig. 8). The first group consists of galectins with only one CRD able to
homodimerize. It includes galectins -1, -2, -5, -7, -10, -11, -13, -14 and -15. The second group
consists of only one member, galectin-3. It also has only one CRD but this CRD is associated

with an N-terminal collagenous domain allowing the formation of pentamers. Finally, the third
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group is characterized by two CRDs connected by a polypeptide sequence ("binding" or
"linker" peptide). It includes galectins -4, -6, -8, -9 and -12 (69). Under certain conditions,
having two CRDs could enhance the signaling properties of these galectins (70). Indeed, these
two covalently linked CRDs allow, at lower concentrations than for the prototype galectins, the
formation of large multimers. They can take part in important processes, for example, the
formation of structured and extended molecular networks on the surface of the plasma

membranes which are called “lattices”.

1.2.2. Distribution in tissue and cellular localization

Distribution on a systemic level

Galectins are present in a wide range of tissues. Their expression profile can evolve within the
same tissue depending on its stage of development, its degree of differentiation or its
homeostatic state (71-73). Galectins -1, -3, -8 and -9 are the most ubiquitous. In humans, they
are present in the bone marrow, endocrine glands, lymphatic organs, the placenta, and some
of them are also found in the adipose tissue, the central nervous system, the reproductive and
respiratory systems (74). In contrast, galectin-13 exhibits a more limited expression profile and

is essentially found in the placenta. It is also known as placental protein-13 (PP13) (75).

In the circulation, their concentrations vary according to the galectin type, the patient, and the
study. It is difficult to estimate the average concentration for each of them as the technique
used may have an impact on the measurement (up to a factor of 50) (76). However, it is
possible for the same technique to notice that some galectins, such as galectin-1, are abundant

in the circulation while others, such as galectin-9, are poorly detected (77).

As mentioned previously, the galectin expression is modulated during different stages of
development, cell differentiation as well as under certain physiological, even pathological,
conditions. Several factors are involved in these expression changes. Oxidative stress, for
example, mimicked by menadione, induces an increase in the expression of galectins -1, -3, -
8 and -10, as well as a decrease in the expression of gal-9 (78). High-caloric diets cause changes
in the expression of galectins -1, -3, -9 and -12 in the circulation, in adipocytes, or in

macrophages located in visceral and subcutaneous adipose tissue (79). Modulation of galectin
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Fig. 8 The major groups of galectins and the interactions of galectin-glycans. Some
examples of lattice structure resulted from interactions between galectins and multivalents
glycans. From left to right: chimeric galectin combined with a bivalent glycan; prototypic
galectin interacting with ta trivalent glycan; galectin with tandem repeat binding to a
tetravalent glycan. Lattices in reality can be a lot more complicated because they involve

different types of glycans and probably different galectins.



expression is also involved in the regulation of inflammation. For example, gamma interferon
is able to induce an increase in the expression of gal-9 (80). In the case of HTLV1 virus
infections, a direct impact of the viral protein Tax has also been reported on the increased
expression of gal-1 at the transcriptomic level (81).

Several studies on mouse models invalidating the expression of one of the galectins did not
reveal a lethal phenotype associated with the absence of any of them. Rather, it seems that
their absence is associated with a body difficulty to adapt to stressful situations. Thus, a
decrease in the regeneration of muscle fibers is observed in gal-1 knockout mice (KO) (82). In
gal-7 KO mice, a defective epithelial repair is observed, characterized in particular by a slowing
of the healing process, as well as hyper-keratinization after exposure to UVB (83). Gal-3 KO
mice, in contrast, exhibit intestinal protrusions which could be associated with a defective
enterocyte differentiation. In fact, in the absence of gal-3, a defect in intracellular protein

trafficking has been found (84).

Cellular localization of galectins

At the cellular level, it is possible to distinguish three main types of galectin localizations: (1)
intracellular with the presence of galectins in the cytoplasm or in the nucleus, (2) on the outer
surface of the plasma membrane which generally results from an interaction with cell surface
polysaccharides carried by glycoproteins or glycolipids (forming the glycocalyx), and (3) their

possible presence in the extracellular medium (85).

The transport of galectins to the cell surface can be done through various types of pathways
(60). Either they are associated with the polysaccharides formed in the post-Golgi vesicles and
exposed to the surface of the cell when these vesicles are incorporated into the plasma
membrane, or they are secreted into the extracellular environment by unconventional
mechanisms that are still poorly understood and secondarily attach to cell surface
polysaccharides (86). In this regard, galectins, in fact, lack a signal peptide necessary for the
transport to the endoplasmic reticulum and secretion to the extracellular environment. Several
studies have looked at these unconventional secretion pathways, describing the mechanisms

for a handful of galectins (mainly gal-1 and -3) in particular contexts. It appears that direct
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translocation could be a means of secretion. Gal-3 interacts with membrane lipids and
spontaneously crosses the plasma membrane in living cell, as well as in protein-free membrane
models (87). This phenomenon is also observed in models deficient in glycosylation functions,
therefore it seems independent of interactions with carbohydrates (68,88). The other possible
means of secretion are based on the release of vesicles carrying galectins (89). These may be
microvesicles, the formation of which has been described for gal-1 after its accumulation under
the plasma membrane. It can also be a release via exosomes or lysosomes into the extracellular
medium (86). Little is known about how galectins enter the endosomal compartment. One
possible route could be adsorption to damaged vesicles, a mechanism that will be explained
shortly, in the next section, and which concerns the galectins (-1, -3, -8 and -9) (90). The latter
could, after the vesicle repair, remain bound to them. However, this explanation is not
satisfactory for the majority of cells which constitutively secrete galectins. Regarding the
secretion via exosomes, my host team was the first to demonstrate such phenomenon for the
transport of extracellular gal-9 (91,92). However, the mechanism of exosome formation has
not been discovered until recently, in a study of galectin-3. This study reveals a direct
interaction of the Tsg101 protein with a very conserved motif of gal-3 (P(S/T)AP). Tsg101 part
of a protein complex involved in the formation of intraluminal vesicles in multivesicular bodies
and interaction with this protein allows the recruitment of gal-3 into these intraluminal vesicles

(93).

1.2.3. A review of galectin functions

Due to their presence in the variety of cellular compartments, galectins perform an abundant
and diverse range of functions. In general, the galectins inside cells will exert functions relating
to cell growth, differentiation, survival, structure, polarization, and migration. The example of
gal-3 gives an idea of the diversity of locations and functions that galectins can perform within
cells. When present in the cytosol, gal-3 is able to interact with the KRAS GTPase, thereby
modulate the intensity and duration of this signaling pathway (94,95). It also builds up around
damaged vesicles and mediates the autophagic response (96,97). In addition, this galectin
interacts with importin-a involved in the transit of biomolecules through nuclear pores (98).

Once in the nucleus, gal-3 can be involved in the splicing of pre-messenger RNAs (99).
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As mentioned previously, the contribution of galectins to the labeling, repair and recycling of
damaged intracellular vesicles is a subject of study which has been particularly fruitful in the
recent years. The initial impetus was done by the Philippe Sansonetti's team at the Pasteur
Institute. This study focused on the penetration of bacteria of the Shigella type into
macrophages or epithelial cells. They showed that phagosomes or vesicles carrying bacteria
recruited cytosolic gal-3 by modifying the repertoire of the polysaccharides exposed on their
external surface. It was then shown that the labeling of intracellular vesicles by galectins led to
their change of destination towards autophagic compartments (100). As a result of this work,
the same concepts were extended to all kinds of situations of cellular aggressiveness involving
internal vesicles from the use of transfection agents for gene therapy to the toxic effects of

protein aggregates in degenerative nervous diseases (101).

Each of the galectins interacting specifically with a subgroup of polysaccharides tends to create
intermolecular bridges between glycoproteins and glycolipids on the cell surface. These
phenomena are amplified by the tendency of galectins to form multimers and the bivalence
of galectins in tandem, resulting in the redistribution of biomolecules at the surface of the
plasma membrane. This explains why galectins are key players in "the lateral organization of
the membrane”. More specifically, they can induce an organization into networks of
glycoproteins or glycolipids, which are often called "lattices". The formation of these lattices
enclosing membrane receptors affects their ability to transmit signals inside the cell, either to
amplify them or to mitigate them (102). These phenomena of modulation by galectins concern
in particular the receptors for growth factors or cytokines, and the receptors for T cells or B
cell antigen. In addition, galectins on the cell surface can lead to the coalescence of membrane
microdomains rich in glycolipids (also called glycosphingolipids or GSL). Authors, and in
particular the team of L. Johannes at the Curie Institute, have shown that this latter
phenomenon could trigger major mechanical modifications involving the underlying
cytoskeleton and result in a particular endocytosis called CLIC-type endocytosis (clathrin-
independent carriers) (103). This phenomenon is characterized morphologically by the
formation of deep membrane invaginations or endocytosis wells and biochemically by the
participation of dynein. It could play a physiological role in the internalization of certain
proteins of the plasma membrane. For example, according to the work of L. Johannes's team,

gal-3 could play a major role in triggering CLIC-like endocytosis for a5/B1 integrin and for the
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Fig. 9 Expression, secretion, and functional diversification of galectins: (1) Galectin
transcripts are translated in the cytoplasm, and the proteins can be translocated into the
nucleus (2) where they can associate with ribonucleoproteins via unconventional
mechanism(s), galectins can be secreted to the extracellular space (3) where they can
function as pattern recognition receptors for microbial glycans (4), bind to the host cell
surface glycans (5), and cross-link them with ECM glycans (6) thereby, for example,
promoting cell migration. Galectins can also cross-link cell surface glycans and induce
clustering of microdomains and lattice formation at the cell surface (7) that can trigger
signaling cascades, or cross-link neighboring cells (8) and promote cell—cell

interactions/adhesion. Figures and captions are adapted from (84).



CD44 receptor. One of their hypotheses suggests that the observations on gal-3 are not at all
accidental but correspond to a physiological process of endocytosis quite distinct from those
used by the clathrin-coated vesicles or caveolae. They believe that other galectins are involved
in similar processes. These ideas are summed up in the hypothesis term "glycolipid and lectin”

(GL-lect) (103,104).

In addition to the functions performed inside or at the cell surface, galectins have many
functions in the extracellular environment. Once secreted, the galectins will be able to interact
with new partners and intervene in the regulation of other processes (105). They are notably
involved in the assembly, organization and regulation of membrane receptors including
receptors involved in the control of apoptosis. They also play a role in cell adhesion in the
extracellular matrix. They can act locally but also at afar, after passing through the bloodstream

and in particular the regulation of the immune system, making them comparable to cytokines.
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Chapter 2: General aspects of T cell biology

2.1. An overview of T cell subsets in the immune system

2.1.1. Diversity of T cell subsets

T cells are a major component that crafts specific responses of the adaptive immunity, while
enabling an immune memory that can respond more vigorously to repeated exposures to the
same pathogen. The life of a T cell begins when a T lymphocyte reaches maturation in the
thymus and enters the circulation or populates the peripheral lymphoid organ: it is ready to
encounter its first antigen. Until then, mature T lymphocytes are still naive cells, they are
incapable of elicit any kind of response against an infectious challenge. Upon interaction with
an antigen, T cells are activated and undergo extensive changes in their phenotype - a process
where T cells differentiate into various subsets of effector cells, each of them having a
distinguishable functional capacity. As an immune reaction evolves, T cells may go through
apoptosis or survive in a functionally quiescent or slowly cycling state for many years after the
elimination of the antigen. Those surviving cells eventually become memory T lymphocytes;
some of them, called central memory T cells, migrate to lymph nodes, ready to be reactivated
and to respond rapidly if the antigen is reintroduced. Others, known as effector memory cells,
reside in mucosal tissues or circulate in the blood; like central memory cells, they can mount

rapid effector responses to eliminate the antigen once recruited to the site of infection.

In between the naive and memory phase, T cells evolve through an activation and
differentiation process that gives rise to a variety of effector subsets. In classic literature,
activated T cells were classified into three categories: (1) the cytotoxic T lymphocytes (CTL)
characterized by the CD8 expression and the direct killing of their target, (2) helper T
lymphocytes, defined by the CD4 expression, which provide the immune system with chemical
guidance to respond against danger, (3) a small group of T cells that do not express the usual
a and B chains of the T cell receptor (TCR). Instead, this minor lineage has its TCR formed by y

and & chains, hence the name y8 T cells. With time, new T cell subsets were identified with

27



distinct features and functions. Helper T cells, for instance, can be classified into as many as six
functional phenotypes, including the classic helper 1 (Th1) and helper 2 (Th2). Likewise, CD8*
T cells were found to have different patterns of cytokine expression, and some might even lack

cytotoxicity.

2.1.2. Identity of T cells: an interplay of cytokines, receptors and
transcription factors

The first classification method for T cells was based on their cytokine profile, as in the "Th1 —
Th2" theory suggested by Coffman and Mossman (106,107). It was widely accepted until the
recent decades during which our understanding of the phenotype differentiation grew rapidly.
T-effector differentiation models suggest a three-step process. TCR signals first lead to
activation and induce the expression of cytokine receptors (108). Signals from specific cytokine
receptors then promote the expression of "master” transcription factors that are specific to
each lineage. These transcription factors enable the expression of genes associated with a
particular phenotype while inhibiting the differentiation into other T cell subsets. They also
induce epigenetic changes that control gene accessibility and maintain the acquired
phenotype in a cell-intrinsic manner (109). In the next sections, we will discuss in more details
the signature molecules of each subset associated to their functions and that allow us to

classify T cells.

Helper T cells

As mentioned previously, helper T cells can be ordered into at least six subsets, which belong
to four general categories: (1) pro-inflammatory effectors, (2) regulatory of anti-inflammatory
effectors, (3) effectors that promote B cell follicle development, (4) effectors that provide long-

term memory.

e Helper 1 and helper 2 T cells
Th1 and Th2 are the best-documented subsets of the CD4" T cell lineage. Th1 differentiation
is induced in infections by intracellular bacteria, fungi, and viruses. These infections lead to the
release of IL-12, IL-18, interferon (IFN)- y, and type I interferons by innate immune cells such
as dendritic cells (DC) and natural killer (NK) cells. In the activation process, signal of IFN- y

activates signal transducer and activator of transcription 1 (STAT1), which initiates the
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Fig 10. Key features of helper T cell subsets.



expression of the transcription factor T-bet. T-bet then drives the differentiation process
towards Th1 phenotype, by promoting the production of IFN-y, the signature molecule of Th1
cells, beside the granulocycte macrophage-colony-stimulating factor (GM-CSF), IL-2 and
lymphotoxin (LT, tumor necrosis factor (TNF)- a). In turn, macrophages, NK, B and CD8" T cell

are activated to attack the pathogen-infected cells. (109)

While T-bet is the "master" transcription factor of Th1, c-Maf and GATA-3 are the switch for
Th2 differentiation process. In the absence of IFN- vy, IL-4 released by basophils, eosinophils,
mast cells, or NK-T cells interact with IL-4 receptors — IL-4R — upon TCR activation and promote
the production of c-Maf and GATA-3 through IL-4R/STAT6 signaling. C-Maf establishes Th2
phenotype by inhibiting IFN- y production while pushing IL-4 release. Likewise, GATA-3
promotes the production of IL-5 and IL-13, which constitute the cytokine signature of Th2 cells
with IL-4 (110). These cytokines activate the class switching process of B cell towards IgG2, IgE
and IgA. High levels of IgE combined with IL-4 and IL-5 can recruit and activate eosinophils
and mast cells to release inflammatory factors such as histamine, platelet-activating factor,
prostaglandins and leukotrienes. Th2 responses are therefore usually associated with the
protection against helminths, allergies, or other hyperresponsive airway conditions (109).

Other cytokines that are also associated with Th2 responses are II-10 and IL-9 (111,112).

e Helper 17 T cells (Th17)
In the early 2000s, many studies uncovered a new subset independent of Th1- or Th2-related
transcription factors (113). The subset was later recognized as a distinct lineage characterized
by the production of IL-17A and IL-17F (IL-17A/F), and subsequently named Th17, as opposed
to Th1 and Th2, named following their order of identification. Th17 differentiation takes place
in the absence of type I interferons, IFN-y and IL-4; the signaling pathway that actively induces
Th17 phenotype is yet to be elucidated. Nevertheless, IL-1B, IL-6, IL-23 and TGF-B were
reported to promote the polarization of T cells towards Th17, leading to the production of
RORyt as the main driver of Th17 phenotype (114,115). Beside IL-17A/F, Th17 cells also
produce other cytokines such as IL-22, IL-26, GM-CSF, TNF-a - which allow them to strongly

elicit inflammation - and IL-21, which promote plasma cell differentiation.

e Helper 9T cells (Th9)
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Although many T cells are known to secrete IL-9, in particular Th2, a specialized subset
dedicated to producing IL-9 was officially recognized in 2008 (116). The mechanism of Th9
differentiation is not clear, but one study found TGF--Smad2/4 as a signaling pathway that
regulates IL-9 expression while another study revealed that initial CD4" T cells could be
induced into Th9 cells under the TGF-B and IL-4 conditions (117,118). As a transcription factor,
PU.1 was identified as specific to Th9 (119,120); GATA-3 is also involved, but in an indirect
manner by downregulating the level of FoxP3, the "master" regulator of regulatory T cells
(121). In addition to IL-9, Th9 cells produce IL-21; this duo expression allows Th9 to participate
in diverse immune responses. For instance, Th9 can take part in the protection from helminth
and asthma by enabling enrichment of eosinophils and mast cells through IL-9 production,
whereas their secretion of IL-21 promotes the differentiation of Th17 or activates NK cells to

inhibit tumor growth (122,123).

e Helper 22 T cells (Th22)
Similar to Th9, Th22 was recognized as a distinct phenotype of T cells with expression of IL-22,
a cytokine previously found to be associated with Th17. First described by Trifari et a/.in 2009,
Th22 cells are characterized by co-expression of the chemokine receptor CCR6 and the skin-
homing receptors CCR4 and CCR10, beside the production of IL-22 and TNF-a, with aryl
hydrocarbon receptor (AHR) as the key transcription factor (124). The functions of Th22 cells
are difficult to be generalized; they are neither anti-inflammatory nor pro-inflammatory.
However, Th22 cells have been described to enable epithelial innate immune responses (125),
or synergize with IL-17 to induce pro-inflammatory cytokines in human bronchial epithelial

cells (126).

e Follicular helper T cells (Tfh)
Follicular helper T cells were initially recognized as a distinct T cell subset that resides in
secondary lymphoid tissues, with a key role of regulating the T-cell-dependent B cells
response. Tfh cells are characterized by the expression of CXCR5 (CXC-chemokine receptor 5),
which is also the receptor for chemokine homing to B-cell zone in the lymph nodes (127). In
addition to CXCR5, Tfh cells also express ICOS (inducible T cell costimulatory), PD-1
(programmed death-1), CD200, BTLA (B- and T-lymphocyte attenuator), OX-40, and SAP

(serum amyloid P). Upon activation and induction in the presence of IL-6, IL-12 and IL-21, Tth
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Fig. 11 Key features of regulatory T cell subsets



upregulate CXCR5, leading to the migration of ICOS and OX-40 to the interface between T cell
and B cell areas in the lymph nodes. Here, Tfh interact with B cells through antigen
presentation; B cells provide signals through ICOS-L and IL-6 while Tfh cells provide CD40L
and IL-21, resulting in Ig class switching, affinity maturation and differentiation of B cells into
plasma cells and memory B cells (128). The differentiation of Tfh cells is dependent on the
transcription factor BCL6 (B cell lymphoma protein 6) (129); interestingly, BCL6 were found to
be co-expressed with T-bet, GATA-3 or RORyt in some studies, implying an incomplete

separation between Tfh and other effector T cell subsets (109).

Recently, there is also reports on a subset of follicular T cells with suppressive function on
immune responses, known as follicular T regulatory cells (Tfr). Because of their FoxP3
expression, they were initially considered as a subset of specialized regulatory T cells that
reside in the germinal center (GC) before recognized as a distinct subset. Tfr are characterized
by the expression of FoxP3 along with Tfh typical markers — BCL6, CXCRS5, ICOS and PD-1, with
a production of IL-10 (130). Tfr are thought to restrict GC reaction by suppressing a number
of Tfth and GC B cells (131,132). However, a few studies demonstrate that IL-10 from Tfr cells
can increase either IgE specificity or promote B cell differentiation in the GC, in food allergy
immune responses or acute infections with lymphocytic choriomeningitis virus (LCMV)
respectively (133,134). A subset of circulating Tfr can also arise from thymus-derived Tregs or
naive FoxP3 cells in a PD-L1-dependent manner. The CXCR5 FoxP3" Tregs are activated upon
interaction with dendritic cells; they subsequently enter the peripheral circulation to migrate

into the B cell follicles of the secondary lymphoid tissues (130).

Regulatory T cells (Treg)

Regulatory T cells are defined by their capacity to "soothe" inflammation by suppressing
activities of pro-inflammatory cells. Although we usually refer to Treg as T cell with expression
of CD25, IL-10 TGF-B, and the transcription factor FoxP3, this latter is actually natural Treg, or
nTreg, and is only one subset among several subpopulations of regulatory T cells. NTreg
originates from thymus (135), and suppresses immune reactions either through contact-
dependent mechanism where membrane-bound TGF-f blocks T cell proliferation, or contact-
independent mechanism which involves soluble TGF-B and IL-10 (136). Induced Tregs, or

iTregs, are induced to express FoxP3 in the periphery (137). They share other similar
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Table 5. A summary of cytotoxic T cell subsets. Adapated from (138).



characteristics with nTreg, in that they express CD25, CD38, CD62L, and CD103. Another major
subpopulation of regulatory T cells is the Tr1, which lacks the expression of FoxP3 and does
not necessarily express CD25, but produces IL-10 in response to stimulation (109,139). These
cells are induced in the respiratory tract when they encounter an antigen in the presence of

IL-10 and TGF-B (109).

Cytotoxic T cells

Cytotoxic T cells are typically considered as a uniform population of CD8" T cells that have
cytotoxicity by producing an abundant amount of IFN-y and the protease granzyme B. The
CD8" T cell population is, in fact, similar to their CD4" counterpart, in that it is composed
of many distinct subsets. Some of them can be regarded as the equivalent to their CD4*

counterparts in terms of function (140,141).

o Tcl
The typical cytotoxic T cells, known for their exceptional cytotoxic activities towards cells
harboring intracellular pathogens, are called Tc1, according to the new classification of CD8*
T cells. They are characterized by high levels of perforin, granzyme B, IFN-y, and tumor
necrosis factor (TNF-a), with an elevated expression of IL-18R on their surface (138,142). The
differentiation of Tc1 cells involves several key transcription factors, namely STAT4, T-bet, and
EOMES (eomesodermin). As STAT4 is the direct downstream signal transducer of IL-12
receptor, Tc1 phenotype can be induced under the signal of IL-12 (143), produced by antigen-

presenting cells (APCs), such as macrophages and dendritic cells.

e Unconventional CD8" T cells with cytotoxicity: Tc2 and Tc22
Unconventional CD8" T cell subsets include cells with cytokine patterns that are similar to some
helper T cell subsets. The differentiation of these newcomers does not pass through the same
pathway as Tc1, they rather do not express EOMES or any of Tc1's master transcription factor;
yet some of them still possess a certain level of cytotoxicity by the production of granzyme B
and/or low level of IFN-y. Tc2 and Tc22, for example, express high level of granzyme B and
present robust cytotoxic activities, although only Tc2 cells were found to have an expression
of IFN-y, at a diminished level. Similar to their CD4* counterparts, Tc2 cells produce type II
cytokines such as IL-4, IL-5, IL-13, mediated by the transcription factors GATA-3 and STAT6

(144,145). Tc22 was also recognized as a distinct lineage specialized in the production of IL-
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22, although this classification was controversial, mostly because Th17 and Tc17 cells also
release IL-22 (146). The differentiation of Tc22 is also driven by TNF-a and the transcription

factor AHR, as in Th22 cells; however, IL-6 was also found to take part in this process (147).
e (CD8" T cells with reduced cytotoxicity: Tc17 and Tc9

Tc17 cells, on the contrary, have a reduced cytotoxic activity demonstrated by a low expression
of both granzyme B and IFN-y (148,149). The commitment of Tc17 involves IL-6 and TGF-f as
the main drivers, leading to the activation of STAT3 and RORyt, which are also essential to the
Th17 lineage (149). The last CD8" subset that lacks cytotoxicity is the Tc9 cells, which is the
corresponding phenotype of Th9. Recently identified, the function of these cells is still unclear,
so is their poor production of granzyme B. However, studies have found STAT6 and IRF4
(interferon regulatory factor 4) to actively mediate Tc9 polarization under the combined

actions of IL-4 and TGF-f (150).

2.1.3. Plasticity of T cell phenotype

The differentiation of T cells may appear as roads diverging from a roundabout: the cells evolve
in one direction until they reach the differentiation pathway that defines their effector function.
But in the immune reaction "real life", the T cell response often shifts from predominant
effector functions at the initial stage to predominant suppressive functions at later stages thus
limiting the risk of collateral tissue damage. The immune system uses different strategies to
maintain the balance between effector and regulatory T cells: it is either local induction of
diverse T cell subtypes with distinct functional profiles or, inside a given T cell lineage, the
switch from one to another differentiation program. This type of switch is achievable owing to
the remarkable plasticity of T cell differentiation. More recently, this plasticity, which provides
the immune system with the flexibility to respond to diverse conditions of infection, has been

increasingly appreciated.

Plasticity of CD4" T cells

As discussed earlier, the interaction with a cognate antigen presented by APCs initiates the
differentiation of CD4" T cells into a variety of effector subsets. The process is governed by the
combination of cytokines present in the microenvironment and the strength of the interaction

between the TCR and the APC (151). For a long time, these factors were thought to induce the
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commitment of CD4" T cells to distinct effector lineages supported by stable programs of gene
expression and specific cytokine sets. The commitment of T cells to a unique phenotype has
been recently re-evaluated at the wake of closer inspections revealing the T cell plasticity

through conversions among Th17, Treg, Tth and even classical Th1-Th2 subsets.

e Th1and Th2 cells
It is well documented that the commitment to either Th1 or Th2 phenotype is an irreversible
program, in the sense that Th1 cells cannot be re-differentiated into Th2, and vice versa. Upon
the recognition of a cognate antigen, signals of IL-12 and IFN-y from the surrounding
environment guide naive T cells into Th1 differentiation; T-bet is activated and becomes the
master regulator initiating the production of IFN-y. Conversely, in the presence of IL-4, T cells
differentiate towards Th2 phenotype under the regulation of GATA-3, resulting in the
production of IL-4, IL-5, IL-13 and IL-10. The acquisition of either Th1 or Th2 effector function
gets off to a good start, so that each feature of one phenotype represses the differentiation
into the other while reinforcing the original fate of T cells. Not to mention T-bet and GATA-3,
both IFN-y and IL-4 were shown to inhibit the expression of the alternative lineage while
inducing stably imprinted epigenetic modifications to ensure the preservation of the cytokine

profile is preserved during cellular divisions independently of the polarizing cues (152-155).

Nevertheless, Th1 cells can unconventionally acquire properties of the Th2 lineage in
secondary of chronic immune responses. Notably, human memory Th1 cells have been
reported with Th2 features such as being responsive to IL-4 stimulation and subsequently
capable of IL-4 production without losing IFN-y expression upon TCR activation /n vitro (156).
Some human T cells co-express of lineage-defining factors T-bet and GATA-3 (157); an
unexpected expression of IL-10 was also reported in Th1 in the peripheral blood. Although IL-
12 could induce IL-10 expression in Th1 clones, T cells with IFN-y/IL-10 co-expression are
present at low frequencies and are thought to respond selectively to chronic infections
(158,159). Therefore, it is possible that Th1 cells can switch from a pro-inflammatory to a
regulatory phenotype to prevent overshooting immune responses. It is still unclear if their
phenotype or their IFN-y expression are stable throughout their proliferation upon chronic

stimulation.
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Unlike the well-documented acquisition of Th2 features in Th1 clones, human blood Th2 cells
appear to be less flexible (156). A study in mice showed Th2 could produce IFN-y, in addition
to IL-4, upon stimulation by IFN and IL-12 (160).

e Instability of Th17 lineage
Th17 cells were initially discovered as a CD4" T cell lineage with a differentiation program
independent of T-bet and GATA-3 and characterized by the production of IL-17A and IL-17F.
Effector functions of Th17 are driven by the transcription factor RORyt as the master regulator;
while the production of IL-17 is reinforced by RORYt, it is repressed by both signature cytokines
of Th1 and Th2 cells —IFN-y and IL-4 (113). Moreover, another cytokine, IL-27, which promotes
Th1 differentiation by inducing T-bet and IL-12Rb2, IL-27, also suppresses Th17 development
(161). These findings support the notion that signals from Th1 and Th2 cells inhibit Th17

differentiation, and thereby confirming Th17 as a lineage distinct from Th1 and Th2 subsets.

However, under different environmental cues, Th17 cells can lose IL-17 expression or acquire
features of other T cell phenotypes. For instance, in homeostatic or inflammatory conditions,
Th17 cells are detected to have IFN-y production, implying a possible relationship with Th1
phenotype. Interestingly, cells polarized in Th17 phenotype may be converted to either Th1 or
Th2 phenotype in the presence of IL-12 or IL-4 respectively, accompanied with a loss of IL-17A
and IL-17F expressions if they are not exposed constantly to IL-6 and TGF- (162). In addition,
the phenotype of Th17 itself could be either pathogenic or protective, depending on whether
Th17 cells are able to limit host tissue damage by producing IL-10. In this notion, Th17 cells
differentiating from IL-6 and TGF- can express IL-10 while addition of IL-23 suppresses this
feature, giving rise to Th17 cells with only pro-inflammatory cytokines (163). Some Th17 cells
are also identified as expressing FoxP3, the transcription factor of regulatory T cells. The role
of TGF-B in Th17 differentiation has been a subject of debate, because TGF- has been well-
documented as an immunosuppressive cytokine; yet in the case RORyt"FoxP3" T cells, the
implication of TGF-P is somewhat consistent. In fact, T cells with dual expression have been
identified in both mouse and human (164). These cells are present in the early development
stage of Th17 and in naive T cells after exposure to TGF-[3. They are believed to represent an
intermediate stage during commitment to an effector lineage Treg or Th17. A pro-

inflammatory environment with IL-6, IL-21, IL-23 and low levels of TGF-f supports a Th17
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commitment by upregulating RORyt while inhibiting FoxP3 expression and functions.
Conversely, high concentrations of TGF-f in the absence of pro-inflammatory cytokines
support a Treg commitment through activation of FoxP3 (114). Furthermore, conversions
between Th17 and Treg phenotype have been observed in similar environment profiles. Th17
cells can be converted from Treg cells after exposure to a proinflammatory cytokine
environment. Similarly, polarization in high concentrations of TGF-B with the presence of IL-6
gives rise to a FoxP3*IL17" T cell population; the circulating human FoxP3*IL-17" T cells are
found with /n vitro suppressive activity, but it is yet to be clear whether they are also capable
of conventional Th17 functions (164,165). The reciprocal conversion of Treg from IL-17-
expressing cells have not been reported, it is very likely that Treg phenotype is earlier than

Th17 in the differentiation order.

e Flexibility of the Treg phenotype
Apart from conversion to Th17, redifferentiation of Tregs into other effector helper T cells have
been reported. Notably, under stimulation by IL-12, FoxP3™ Tregs could acquire expression of
T-bet and IFN-y. They eventually become regulatory Th1 and are thought to be specialized to
restrain Th1 responses (166). Moreover, while FoxP3*IL-17" T cells are reported with
suppressive functions, IFN-y-producing Tregs have a reduced suppressive capacity (167).
Interestingly, even though they function to inhibit cytotoxic T cells, Tregs in tumor-draining
lymph nodes in mice and in vitro human blood can acquire cytotoxic features. In a malignant
context, cytotoxic Tregs attack DC, NK and CD8" T cells with perforin and granzyme B, thereby

suppress the tumor clearance property of these anti-tumoral cells (168-170).

Tregs can also be redifferentiated to a follicular helper T cell phenotype. In Peyer's patches,
FoxP3* Treg cells can turn into Tfh cells through a loss of FoxP3 expression. They subsequently
participate in GC formation and interact with B cells through CD40 (171). Remarkably, a study
by Zheng et al. pointed out an enhanced formation of GC following an inactivation of IRF4
specifically in FoxP3™ T cells (172). Although the inactivation of IRF4 resulted in fact of an
increased production of Th2 cytokine, it is possible that a Tfh cell increase was missed because
they were not in the scope of this work. Collectively, these observations suggest a potential

involvement of IRF4 in restraining the reprogramming of Treg cells into Tfh phenotype.
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Fig. 12 Structures of the T cell receptor complex. T cell receptor is composed of two
transmembrane polypeptide chains, « and j, which are linked to each other through a
disulfide bridge. Each of these chains has one N-terminal variable (V) domain, one constant
(C) domain followed by a hydrophobic transmembrane region and a short cytoplasmic
region. Because their cytoplasmic region is too short to have any intrinsic enzymatic activity,
the TCR chains are closely associated with the CD3 proteins and { -chains. In mammals, the
complex contains 4 chains of CD3: y and ¢, ¢ and another ¢ form heterodimers, while
two { -chains make a homodimer. They contain many immunoreceptor tyrosine-based
activation motifs, or ITAMs, in their cytoplasmic tails. Adapted from (173).



2.2. How T cells acquire effector phenotype

2.2.1. TCR activation ignites series of T cell physiological changes

The activation of T cell launches the differentiation phase that decides T cell's effector function.
Precursors of T lymphocytes arise from stem cells in the bone marrow, they go through
complex maturation stages in the thymus where they eventually become naive T cells with
functional antigen receptors. They subsequently enter the circulation to reach secondary
lymphoid organs - that is, the spleen, the lymph nodes, the mucosal and cutaneous lymphoid
tissues — ready to be activated. However, pathogens and infected cells do not penetrate the
lymphoid organs; to be activated, T cells need an intermediary: the antigen-presenting cells
(APCs). Any protein antigens that manage to cross the epithelial barriers are captured by
antigen-presenting cells (dendritic cells or macrophages), even those that circulate in the
blood might also get captured by dendritic cells in the blood or the spleen. With a capacity to
migrate to T cell zones in the secondary lymphoid organs, these APCs stimulate T cells through
two signals: the first is from the antigen's peptide that matches with the TCR while the second
is via the costimulatory receptors of T cells, leading to cytokine secretion and expression of

cytokine receptors. Then, the naive T cell has become a functional effector T cell.

The recognition of antigen by the TCR complex is a complicated process, in the sense that it
recruits various elements to initiate a series of signaling reactions that result in the
transcription of specific genes and the acquisition of a specific effector function. Before we
look into any of the biochemical mechanisms, we should understand the TCR complex
structure (Fig. 72). T cell receptor is composed of two transmembrane polypeptide chains, a
and [, which are linked to each other through a disulfide bridge. Each of these chains has one
N-terminal variable (V) domain, one constant (C) domain followed by a hydrophobic
transmembrane region and a short cytoplasmic region (173). Because their cytoplasmic region
is too short to have any intrinsic enzymatic activity, the TCR chains are closely associated with
the CD3 proteins and ¢-chains. In mammals, the complex contains 4 chains of CD3:yand g, §
and another & form heterodimers, while two ¢-chains make a homodimer. They contain many

immunoreceptor tyrosine-based activation motifs, or ITAMs, in their cytoplasmic tails. The
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Fig. 13 Signaling cascade upon the activation of TCR. Adapted from (174).



ITAMs are docking sites for tyrosine kinase, an important messenger in signaling pathways

(173,174).

Before any signaling reaction could take place, TCR needs to be activated through the
recognition of an antigen. This task is performed by the V regions of the TCR a and B chains,
which recognize peptide fragment of protein antigen bound to the major histocompatibility
complex, usually designated as MHC. Not just any MHC can work; first it must be the right
class of MHC: CD4 molecules are restricted to class II MHC and CD8 molecules can only bind
to class I MHC (175). In addition to CD3 and the ¢-chains, TCR is also accompanied by either
CD4 or CD8 molecules (each of which characterizes one of the two main lineages of T cells);
these co-receptors strengthen the binding of T cells to APCs and facilitate signaling by the
TCR complex for T cell activation. Each of these co-receptors bind selectively to the non-
polymorphic domain of MHC as described previously, thus creating an MHC class restriction
in the antigen recognition of TCR. Conversely, the polymorphic domain of MHC is the region
where the antigen peptide is bound to and where the TCR comes into contact with the MHC-
peptide complex; the TCR is therefore specific to the combination of antigenic peptide and

polymorphic domain of MHC (173).

When a TCR finds its match, signals from multiple receptors are immediately integrated to
initiate the TCR signaling cascade (Fig. 73). Earliest event is the conformational change of the
TCR-CD3 complex under the prerequisite of TCR-CD3 clustering (176). The conformational
change exposes a proline-rich sequence in CD3€E that recruits the ubiquitously expressed
adaptor protein Nck (177) and also activates TCR-CD3-associated Src kinases Lck and Fyn
(178). The activated Lck and Fyn subsequently phosphorylate the ITAMs in the cytoplasmic tail
of CD3's {-chains; within seconds, these ITAMs recruit the tyrosine kinase ZAP-70 (-associated
protein of 70 kD). As a result, ZAP-70 is functional and begins phosphorylating numerous
cytoplasmic signaling molecules, initiating the signaling cascades (174,178). A key target of
ZAP-70 phosphorylation is the membrane-anchored adaptor protein LAT (linker for the
activation of T cells). Phosphorylated LAT brings a variety of downstream components of the
TCR signaling pathways close to their upstream activators. Important targets of LAT include
PLCy1 (phospholipase Cy1) which activates subsequently the calcium- and PKC-mediated

signaling pathways, and Ras, which is engaged in the MAP (mitogen-activated protein) kinase
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Fig. 14 Immune synapse formed during the interaction between T cell and an antigen-
presenting cell (APC). c-SMAC (for central supramolecular activation cluster) is the center
of the interaction interface, where TCR complex and co-stimulatory receptors are
concentrated, allowing the activation signaling cascade to be launched. The binding of the
T cell to the APC is enforced by the peripheral ring that surrounds the c-SMAC - the p-
SMAC - where are gathered adhesion molecules such as LFAT (lymphocyte function-
associated antigen 1), ICAM-1 (intercellular adhesion molecule-1), and the cytoskeletal linker
talin. The region distal to the synapse outside the p-SMAC, known as d- SMAC, is made of
a radial lamellipodium enriched in F-actin; it is also where bulky molecules such as CD43 and
CD45 are localized. Adapted from (179)



signaling pathways. Meanwhile, the adaptor protein Nck recruits F-actin to TCR through its
interactions with WASp (Wiskott-Aldrich syndrome protein) and SLP-76 (Src homology 2
domain-containing leukocyte protein of 76 kD) (180). These activities contribute to the
rearrangement of the actin cytoskeleton that leads to the transport of receptors, costimulators
and intracellular signaling molecules to the contact site between T cell and APC (177,181,182).
The cellular interface formed from this mobilization is called the immunological synapse (IS).
As it plays a significant part in the activation state of the responding T cell and therefore

influence its effector functions, we will discuss in more detail about this specialized structure.

2.2.2. Formation of the immunological synapse

Process and characteristics of the IS formation

When a TCR recognizes an MHC-peptide complex (MHCp), T cell forms an adhesion zone with
the antigen-presenting surface where areas of close contact help the TCR complex sustain the
interaction with MHCp; this is the beginning of an immunological synapse, or a supramolecular
activation cluster (SMAC). If the TCR engagement exceeds a threshold rate and level, a ring of
clustered TCRs is formed at the periphery of the nascent IS. Within seconds, the ring moves to
the center of the contact area, concentrating TCR complexes with CD4 or CD8 coreceptors,
receptors for costimulators (such as CD28), PKC-6 (protein kinase C-0), and adaptor proteins
that are associated with the cytoplasmic tails of the transmembrane receptors (174,183). This
portion of the synapse, called c-SMAC (for central supramolecular activation cluster), regulates
both the TCR signaling and its degradation (184). Although the TCR signaling is initiated before
the formation of the synapse, the IS provides a stable interface to overcome the problems of
low affinity of TCR for MHCp and the limited number of MHC molecules displaying any peptide
on an APC. At some point in the IS formation, the interaction between TCRs and MHC-peptide
complexes stabilizes, they no longer dissociate and thus facilitate a longer and effective T cell
signaling (174,183). The binding of the T cell to the APC is enforced by the peripheral ring that
surrounds the c-SMAC - the p-SMAC — where are gathered adhesion molecules such as LFA1
(lymphocyte function-associated antigen 1), ICAM-1 (intercellular adhesion molecule-1), and
the cytoskeletal linker talin. The region distal to the synapse outside the p-SMAC, known as d-
SMAC, is made of a radial lamellipodium enriched in F-actin; it is also where bulky molecules

such as CD43 and CD45 are localized (179,183,184).
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Fig. 15 Comparison between synapse formation in CD4+ T helper cells and cytotoxic T
lymphocytes (CTLs). a) CD4" effector T cells form one mature synapse with B cells within
5-30 minutes after initial cell contact. This synapse lasts many hours during which cytokine
production and release occurs and requires continuous T-cell receptor (TCR) signals for
maintenance. Eventually conjugates break apart and cells undergo several divisions. b) CTLs
form a rather transient synapse with their target cells and deliver their lethal hit within a few
minutes. Lytic granules are rapidly transported to a region within the central region of the
supra-molecular activation complex (c-SMAC), which is devoid of TCRs. Whereas granule
release takes place within minutes, targetcell blebbing occurs within 20-30 minutes, during
which cells can still be loosely attached to one another. Figure and caption adapted from
(179).



The cytoskeletal rearrangements that enable the formation of the immunological synapse give
rise to polarization of T cells towards the stimulatory APC (185). As first described by Kupfer et
al, upon the stimulation by B cell, the MTOC (microtubule organizing center) of T cell moved
from the far side to a location underneath the synapse, closer to the antigen source; the same
movement was reported by Monks et al. for the Golgi apparatus associated with MTOC
(186,187). The polarization eventually reorients the secretory apparatus of T cells, ensuring the
specific delivery of secretory granules and signals to APCs or targets. For instance, Th cells are
able to deliver CD40L to B cells following the accumulation of these molecules at the
immunological synapse. Similarly, Th cells activate dendritic cells through the delivery of IL-12

using the same mechanism (185,186).

But not all T cells have the same structure of immunological synapse. Although the synapses
are organized according to the same principles for distinct T cell types, their patterns might
vary from one subset to another. For instance, a discrete secretory domain was identified in
the cytotoxic CD8" T cells, within the p-SMAC and next to the c-SMAC; other differences with
the CD4" T cells were subtle, but notable: PKC-8 was also present at a significant level in p-
SMAC, and signaling proteins at the contact site were asymmetric, concentrated at one side
of the ring (188). Interestingly, a study on immune exhaustion in viral persistence
demonstrated that PD-L1 of CD8" T cells was localized in the c-SMAC and stabilized the IS
formation. This stabilization resulted in the impairment of the cell motility. Conversely,
restoring T cell motility by PD-1-PD-L1 blockade enabled the recovery of T cell effector
functions (189). On the other hand, it is noteworthy that CD4" T cells show different patterns
of IS depending on the partner cell. Studies have indicated differences between CD4" T cell
activation by dendritic cells and by B cells. While interactions with B cells induce the typical IS
structure, with TCRs encircled by a ring of adhesion molecules, interactions with dendritic cells
give rise to a multifocal synapse at the interface with T cells, that is, several clusters of TCRs
surrounded by adhesion molecules (190). Of note, in terms of dynamic characteristics,
regulatory T cells have been reported to form the most stable IS, beside CD4" T cells with a

sedentary stability, and CD8" T cells with a motile meta-stable IS (191,192).

Regulation of the IS formation
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Not much is known about the cellular determinants that contribute to the diversity of IS
patterns. From a biophysical standpoint, rearrangement of the actin skeleton is likely involved
in the different interactions of T cell subsets with APCs. Certainly, it is the activation of the TCR
and signaling molecules that initiates the F-actin dynamics driving the micron-scale changes
of cell shape required for the IS formation; but the actin flow itself is necessary to sustain TCR

signaling (193).

One cannot take place without the other. On the one hand, T cell activation initiates the
signaling cascade that brings into play the molecules capable of modulating the cytoskeletal
organization. In addition to the downstream signaling pathways of the TCR, the costimulatory
receptor CD28 and the integrin LFA-1 participate in the activation of actin-regulatory proteins.
While TCR activation leads to the activation of WASp by Nck, which orchestrates the
polymerization of branched actin filaments (193), CD28 binding to CD80/86 can mediate
robust F-actin polymerization (194). Also, LFA-1 binding activates SLP-76 to polymerize F-actin

(193,195,196), not to mention the fact that they are all associated with the F-actin network.

On the other hand, studies have shown several aspects on how the F-actin network can control
or mediate signaling events in T cell's immunological synapse. While the formation of IS
requires the cytoskeletal rearrangements, the maintenance of T cells in quiescent state in the
absence of antigen also needs a certain involvement of the actin cytoskeleton. Indeed, the
oligomerization and clustering of the TCR, which increases the sensitivity of the T cells to
antigens, is a regulated activity (197). In the absence of antigen, the cytoskeleton prevents the
clustering of the TCR or downstream signaling intermediates such as LAT (198). Upon T cell
activation, initial TCR-induced actin polymerization is required for cell spreading and IS
formation. However, this observation, done in experimental systems, is not necessarily the
same /n vivo. In fact, initial interactions between T cells and APCs occur in the context of T cell
migration which is dependent on actin network expansion and myosin contraction (199,200).
Moreover, before the interaction is stable enough to establish an IS at the interface of T
cell/APC, T cells scan for antigen through mobile synapse-like structures known as kinapses.
Analogous to mature synapse in terms of protein segregation patterns, kinapses are not
symmetrical until an antigen recognition activates T cell, converting them to a stable IS by

altering the symmetry of the actomyosin network through PKC-8 signaling and WASp activity

41



(201). Meanwhile, microclusters of TCR and downstream signaling components are
continuously formed in p-SMAC zone with early activities of tyrosine phosphorylation (202).
Once the IS is stabilized, the actin network promotes the transport of these new microclusters
to the center zone of the contact (the c-SMAC), where they get dephosphorylated,
ubiquitinylated and internalized to form IS-associated microvesicles (203). These activities
make F-actin flow a molecular countdown for signal termination. Indeed, depolymerization of
F-actin is shown to abrogate the generation of new microclusters in the cell periphery as well
as the inward movement of existing microclusters to the c-SMAC. The seizure of microclusters
in the cell also prolongs signaling lifetime in this context; the modulation at the level of
microcluster dynamics thus provides a potential initiative to tune T cell responses over various

antigenic signals (181) .
Glycans in the IS formation

Glycosylation indirectly regulates the formation of the immunological synapse through the
glycosylated signaling proteins. At the level of single proteins, sugars protect molecules in the
synapse complexes from the protease activity during the signal transduction which may take
up to several hours in class I APCs (204). For instance, CD8 has a globular head that binds to
MHCp; this domain is tied to the T cell membrane by a polypeptide arm extended with four
O-linked sugars (205). The sugars are thought to confer rigidity to the extended peptide while

shielding it from proteases (206).
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Another implication of glycosylation, and also its major role, is to provide the lectin-
glycoprotein lattice. Multivalent interactions between endogenous lectins and glycosylated
receptors profoundly influence molecular events in the formation of the IS such as receptor
trafficking, bridging association with other glycoproteins, restricting receptor clustering and
preventing receptor endocytosis. Many studies have been focusing on the glycosylation by the
enzyme Mgat5 (N-acetylglucosaminyltransferase 5), which synthesizes 1,6 N-glycan
branching structure. Disrupting endogenous galectin-glycoproteins interactions, either by
targeting the enzyme Mgat5 or by incubation of the cells with soluble sugars to compete with
the galectin binding, results in the same phenotype of T cells with enhanced TCR mobility and
TCR signaling (54,207-209). Also, this type of disruption has been reported to induce the
recruitment of the CD4, Nck, SLP-76, WASp, and F-actin protein to the TCR in the absence of
the TCR ligand (210). Of note, TCR signaling could stimulate the transcription of A-glycan-
processing enzymes including alpha-mannosidase II and Mgat5 as a feedback loop (211).
Consistently, enhancement of A-glycan branching in vivo by oral administration of GIcNAc
restricts TCR signaling, inhibiting Th1 and Th17 responses (212). Therefore, branching of the
receptor N-glycans on the cell surface by Mgat5 can tailor T cell responses by controlling their

activation.

On the other side of the lectin-glycoprotein lattice, galectin-3 have been reported to dampen
TCR clustering at sites of IS, thereby limiting TCR activation at basal conditions (213). In mouse
models and human tumor-infiltrating lymphocytes, exogenous galectin-3 binds to TCR N-
glycans and segregates it from CD8 molecules, leading to the loss of function of cytotoxic
lymphocytes (214). Moreover, the interactions between galectin-3 and N-glycans on CTLA-4
(cytotoxic T lymphocyte antigen-4) could prevent this inhibitory receptor from endocytosis,
thus allowing sustained inhibitory signals (215). Interestingly, intracellular galectin-3 is also
found to promote TCR downregulation at the IS via interactions with regulatory proteins (216).
Following a similar pattern, studies on galectin-1 reported an autocrine regulatory role of this
glycan-binding protein that negatively controls TCR signaling (217). The roles of lectin-
glycoprotein lattices in the context of T-cell activation turn out to be diverse and complicated,
yet it is interesting to observe that both extra-cellular gal-3 and gal-1 can downregulate the

TCR signaling.
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2.2.3. T cell exhaustion versus senescence

The two different states of dysfunction in T cells

Senescence and exhaustion are the two dysfunctional states of T cells in a context of repeated
antigen stimulation. Although they have many overlapping functions, exhausted and

senescent T cells have distinguishable phenotypes and functions.

Exhaustion develops when there is a high antigenic load that eventually leads to a progressive
loss of T cell function; if this high antigenic load persists, exhausted T cells are ultimately
deleted. First described in the chronic infection with LCMV, T cell exhaustion typically refer to
the lack of effector functions in CD8* T cells (218). Exhausted T cells are characterized with the
expression of a panel of inhibitory receptors, including PD-1, CTLA-4 and Tim-3 (T cell
immunoglobulin and mucin domain containing-3) (219,220). The loss of functions is described
to occur in a hierarchical manner: first IL-12 production is compromised , then TNF production,
and finally, at a severe stage of exhaustion, IFN-y itself (221). Although exhausted CD8" T cells
are often associated with a defective cytotoxicity, recent study has suggested the defects to
be of limited scale (222). Exhaustion also occurs in CD4" T cells; as they do not have

cytotoxicity, the exhaustion is thought to limit the magnitude of effector T cell responses (223).

Unlike exhaustion, senescence is a loss of proliferative capacity following extensive replication
due to the long exposure to a persisting antigen. Occurring in chronic infection and various
types of cancers, T cell senescence is triggered by the telomere shortening or erosion and/or
"damage signals’, that s, oxidative stress, cell culture stress, DNA-damaging
chemotherapeutic agents and mitogenic oncogenes. Interestingly, induction of senescence is
also suggested to be a mechanism of suppressing naive/effector T cells used by Tregs and
tumor-derived Tregs (224-226). According to this concept, tumor cells and Tregs induce DNA
damage responses in responder T cells, leading to the cell cycle arrest and eventually

senescence in the latter (224,227).

In summary, exhaustion is related to excessive abundance of antigens whereas senescence is

related to the time length of antigenic stimulation.

Identification of exhausted and senescent T cells
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As mentioned before, exhausted T cells present a panel of inhibitory receptors that mark their
loss of function. These receptors include PD-1, CTLA-4, Tim-3, LAG-3, BTLA, TIGIT (T-cell
immunoreceptor with Ig and immunoreceptor tyrosine-based inhibitory motif domains),
CD244 (also called the natural killer cell receptor 2B4) and the glycoprotein CD160; CD39 and
the costimulatory molecules 4-1BB are also found to have a high expression in exhausted
tumor-infiltrating CD8" T cells. Exhausted T cells are also characterized with an impaired
cytotoxicity and cytokine production, notably IL-2, TNF and IFN-y (228). Various transcription
factors take part in the development of T cell exhaustion. The major drivers of dysfunctional
CD8" T cells in cancers include NFAT, the nuclear receptor Nr4a, HMG-box transcription factor
TOX, and GATA-3 (229-232). Of note, exhausted CD8" T cells can be classified into progenitor
or terminally exhausted T cells based on their profile of T-bet and EOMES expression. Because
many studies have found EOMES replaces T-bet at a later stage of continuous antigenic
stimulation, progenitor exhausted T cells are defined as T-bet""EOMES'“PD-1" while

terminally exhausted T cells are T-bet®"EOMES"9"PD-1"9" (233,234).

Senescent cells are typically characterized with a dramatically reduced expression of
costimulatory molecules CD27 and CD28. They also acquire the senescence-associated
phenotype: high expression of SA-B-Gal (senescence-associated-f-galactosidase), surface
markers Tim-3, CD57, CD45RA and KLRG-1 (killer cell lectin-like receptor subfamily G member
1), and a secretory profile that is rich in proinflammatory cytokines such as IL-2, IL-6, IL-8, TNF,
IFN-y as well as in suppressive cytokines IL-10 and TGF-B (224,225,235-237). In terms of
effector function, senescent CD8" T cells have a reduced expression of granzyme B and are
able of amplifying immune suppression (238,239). In addition to activity abrogation of key
molecules involving in TCR signaling, T cell senescence is driven by an upregulation of cell
cycle regulatory molecules p16, 121 and p53 which function to keep cells in a cell cycle arrest

(227).

Immune synapse in dysfunctional T cells

On a biophysical standpoint, the root of T cell exhaustion stems from the inability to form
functional immune synapses with the target cells (240). In chronic lymphocytic leukemia (CLL),
for example, healthy T cells is unable to form proper immune synapses upon their encounter

with CLL-B cells. More specifically, there is a suppression of F-actin polymerization that prevent
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key adhesion and signaling molecules from joining the nascent synapses (241). Similar
observations have been reported in other cancer models, where defective actin polymerization
prevent tumor-infiltrating lymphocytes (TILs) from attacking cancer cells (242). The different
inhibitory receptors that characterize the exhaustion state may use the same strategy to trigger
the functional loss of T cells. For instance, PD-1 antagonizes TCR signaling under many
mechanisms. In regard to signaling pathways, PD-1 recruits SHP2 (Src homology 2 domain-
containing tyrosine phosphatase 2) through its ITIM and ITSM (immunoreceptor tyrosine-
based switch motif) inhibitory domains, which in turn prevents ZAP-70 phosphorylation and
association with CD3¢ at the TCR complex while blocking PKC-0 activation. Alternatively, at the
site of IS, PD-1 form a microcluster with TCR; then, this formation interferes with TCR signaling
and leads to T cell suppression (243). In chronic infections, persistent antigen load stabilizes
the IS through the PD-1 engagement: T cells are paralyzed in the sense that they cannot be

released from the contact site to interact with other targets (189).

The situation is different in the case of T cell senescence. Senescent T cells are typically defined
by the loss of CD28 expression following an exposure to repeated antigen stimulations. On
one hand, signals from the environment using the common y-chain cytokines such as IL-2, IL-
7 and IL15 could accelerate the loss of CD28 in CD8 T cells activated by the TCR (244,245). In
addition, the presence of type I interferons in pro-inflammatory environment also drives an
accumulation of CD8*CD28 and CD4*CD28 T cells in culture (246). On the other hand, it is
possible that the loss of expression results from a dysfunctional IS formation. In a normal
context, CD28 is co-located with TCR microclusters at early recognition of MHCp. When the IS
matures, CD28 present at c-SMAC segregates away from the TCR and gets internalized to be
degraded; a newly recycled CD28 is rapidly recruited to the contact site, recovering the same
level of expression as before activation (247,248). During a chronic infection, as T cell activation
is sustained, recruited CD28 molecules are maintained at the synapse instead of going into the
turnover process (249). A sustained TCR activation and turnover thus gradually diminishes the
CD28 expression by shutting down the generation of new CD28. And since CD28 is an activator
of Akt, the loss of CD28 expression leads to signaling failure in processes regulated by the Akt
pathway, the most significant being the loss of telomerase activity, which finally results in the

cell cycle arrest and the particular phenotype of T cell senescence (250,251).
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Fig. 16 An illustration of the human galectin-9 NCRD-lactose complex. The five (F1-F5)
and six-stranded (S1-S6) S -sheets and one short helix (H1) are indicated by the letter-
number code. The lactose molecule is shown as a rod model. Figure and caption adapted
from (252).



Chapter 3: General aspects of galectin-9

3.1. Structure, expression, tissular and cellular distribution

3.1.1. Structure of the galectin-9 proteins and transcripts

Galectin-9 (gal-9) was initially isolated and identified in 1997 by two independent groups, (1)
as a neo-antigen occurring in tissues from patients with Hodgkin lymphoma (253), and
(2) simply as a new member of the galectin family, with a specific binding activity for
the B-galactosyl disaccharidic group (254). Later on gal-9 has been described as a potent
eosinophil chemoattractant but this has not been confirmed in subsequent investigations
(255). Then gal-9 has devoted greater attention as a modulator of various biological
functions, especially in the immune system, in physiological and pathological contexts for

example in malignant diseases.
Galectin-9 protein structure and interactions with glycans

Gal-9 is a galectin of tandem repeat type, having two distinct CRDs joined by a linker
peptide. Independent crystallographic studies by two Japanese groups published similar
results on gal-9 structure (252,256). Each CRD consists of two B-sheets — the first with six (S1
to S6) and the other with five (F1 to F5) strands - closely packed in anti-parallel directions,
forming a sandwich structure (Fig. 76). Although they share only 35% homology in their
amino-acid sequence, there is little structural difference between the C-terminal CRD (CCRD,
149 aa) and the N-terminal CRD (NCRD, 148 aa), except for an a-helix between F5 and S2 of
the CCRD. However, the recognition of B-galactoside disaccharidic groups occurs at different
site for each CRD. On the side of CCRD, the oligosaccharide group is bound to the concave
site formed by S3 and S6 strands. Onthe NCRD side, S4 and S6 form a binding site where the

B-galactoside group is inserted.

One characteristic feature of gal-9 among other galectins is its preferential binding

for complex glycoconjugates, especially those containing poly-N-acetyl-lactosamines (poly-
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LacNAc) carried by NV- or O-glycans linked to glycoproteins or by glycolipids. This affinity is
even greater for branched poly-LacNAcs (bi-, tri- or tetra-antennary). This relative selectivity
for poly-LacNAcs is more marked for the NCRD than the CCRD (252,257).
Typical oligosaccharide ligands of gal-9 are the Thomsen-Friedenreich antigen
(disaccharide) and the Forssman antigen (pentasaccharide). The Forssman antigen is often
bound to ceramide with which it forms a glycosphingolipid. It is sometimes carried by O-
glycosylated glycoproteins. The affinities of the NCRD for the Forssman pentasaccharide has
been reported to be higher in humans than in mice, which might result from differences in
the amino acid sequence on the concave sides of the 2 NCRDs (252,258,259). Finally, it is
worth to mention that Gal-9 binding to poly-LacNAc can be strongly impaired by some
structural changes. One of these changes has been very well documented in B-cells.
Transition from “linear poly-LacNAcs” (meaning with straight antenna) to I-branched forms
(meaning with ramified antenna) strongly impairs gal-9 binding, especially on the CD45

molecule (260). We will come back to this point in subchapter 3.3 on gal-9 and B-cells.
Galectin-9 isoforms and derived products

The transcript of full-length gal-9 consists of 11 exons; due to the alternative splicing process,
exon 5 and 6 can be truncated, resulting in three splice variants frequently described in the
literature with various length of the linker peptides: (1) gal-9L or gal-9FL (long), (2) gal-9M or
gal-9A5 (medium), and (3) gal-9S or gal-9A5/6 (short) (261). Details on the molecular
characteristics of gal-9L, M and S can be found in 7able 6 . So far very few functional
differences between the three isoforms have been reported. We can mention differential
effects on E-selectin expression and adhesion in LoVo colon carcinoma cells (262). The longer
linker is thought to be more flexible and therefore capable of increasing gal-9 potency,
especially in triggering T cell death, so that it can influence the lattice formation and glycan
binding (263). In return, the linker peptide is the target of proteases like metalloproteinases,
elastases and thrombin. The longer the linker, the more vulnerable it is to protease attacks,
thus gal-9S is more stable than gal-9M, itself more stable than gal-9L. An artificial isoform of
gal-9 which is completely devoid of linker peptide - often called gal-ONC - is highly
stable and more active than the natural isoforms in most functional tests (264). The cleavage
of the linker peptide is done mainly by the neutrophil elastase and MMP3. These

proteases are highly expressed in inflamed tissues and/or sites of tissue remodeling (76,265).
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Length of linker

Isoform Structure .
peptide

Gal-oL NHz—W M—COOH 58 39.5

Gal-9M NHz—m m—COOH 26 35.9

Gal-95 NH2—m m—COOH 14 34.7

Table 6. Characteristics of Gal-9 isoforms. The three isoforms of gal-9 (L: long, M:
medium, S: short) have linker peptides that vary in length. These linkers bridge the two

carbohydrate recognition domains (CRD) that enable the binding to glycans.



There is evidence that after cleavage of the linker peptide, gal-9 is not homogeneously
degraded. Padilla et al/. have recently reported the detection of a truncated form of gal-9 in
the plasma of patients suffering from AIDS (acquired immunodeficiency syndrome) at the
acute phase, tuberculosis or both diseases. This fragment called TR-Gal9 in their paper
seems to be somehow similar to the NCRD. The authors claim that high concentrations of
this fragment in the plasma samples from recently infected AIDS patients is associated with a

bad outcome (76,265).

Finally, it is worth to mention that in addition to the main isoforms, an exclusion of exon 10
from the mature mRNA of galectin-9 have been reported by several groups, notably in variants
gal-9A10gal-9A5/1(Gand gal-9A5/6/10266,267). While the lack of exon 5, either alone or in

combination with exon 6, leads to a shorter linker peptide, the exclusion of exon 10 results in
a prototype-like isoform of galectin-9 as the CCRD is cut off due to the premature stop codon
with exon 11 generated from the created frameshift. Interestingly, these variants do not appear
to be secreted, which suggests an intracellular role, although their precise function is yet to be

elucidated (268).

3.1.2. Galectin-9 gene and its regulation

The aforementioned proteins and transcripts of galectin-9 are, in fact, products from the gene
LGALS9 (gene ID: 3965). This gene is located on chromosome 17, in its longer arm at 11.2 loci
(the position is 17q11.2). In humans, two galectin-9-like coding genes have been found on the
same chromosome but in the shorter arm, resembling to a duplication of the gal-9 gene. Their
chromosomal position is thus 17p11.2. Although initially considered as pseudogenes (269),
LGAGLIB and LGALSIC (gene IDs: 284194, 654346 respectively) are now recognized as true
genes due to the good exon-intron structure. In fact, each of them encodes a predicted protein
of the same size and highly similar to gal-9. However, they are rarely mentioned in the
literature, except for studies relating to whole-exome sequencing and copy number variation
analysis which show that they are actually transcribed (supplementary data from Broséus et

al) (270).
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The expression of the gene LGALS9 can be regulated by signals from the environment. Such
regulation was first reported in the case of IFN-y in the paradigm context of autoimmune
disease and chronic inflammation. Several studies found gal-9 expression to be stimulated by
IFN-y in endothelial cells and fibroblasts (80,271), but it was the work of Zhu et al. (272) that
put forward the idea of IFN-y inducing gal-9 expression as a way to disrupt the feedback loop
that promoted experimental autoimmune encephalomyelitis (EAE). Given the correlation of
Tim-3 mRNA expression with the activation of effector Th1 cells, the authors found gal-9
specifically bound to carbohydrate chains of Tim-3. The Tim-3/gal-9 eventually induced cell
death in Th1 cells, in particular those that produced IFN-y. This finding might appear
contradictory to the fact that IFN-y is highly expressed in patients with multiple sclerosis but
also helps to explain why IFN-y-deficient mice develop profound EAE. Consistently, in HCV
(hepatitis C virus) chronic infection, Mengshol et a/. found IFN-y induced galectin-9 production
in macrophages (273). The increase of gal-9 in turn leads to the production of pro-
inflammatory cytokines while expanding Tregs in the presence of TGF-f and inducing

apoptosis of HCV-specific CTLs.

The recent work of Yang et al. highlights the role of IFN- in the regulation of gal-9 expression.
In A375 human melanoma cells, the authors found that IFN-y only had modest effect as
opposed to the strong upregulation of gal-9 by IFN-f, at both protein and mRNA levels, while
TNF-a had no effect (274). This is true in many cell lines including HCC (hepatocellular
carcinoma), prostate cancer, pancreatic and lung cancers. Interestingly, IFN-f induces gal-9 in
lung carcinoma cells with wild type EGFR but not with mutant EGFR, suggesting that EGFR
signaling may be involved in the upregulation of gal-9 expression. However, these cell lines
with defective EGFR signaling are not affected when it comes to gal-9 secretion, which proves
that gal-9 expression and secretion are independently regulated by IFNs. Similarly, in the
monocytic cell line THP-1 and in primary macrophages which have a constitutive expression
of gal-9, the secretion is still regulated by IFNs. These findings suggest that there is a concerted
action of IFN-B and IFN-y to upregulate gal-9 expression in APCs; when put in the context of
gal-9 interaction with Tim-3, the secretion of gal-9 promoted by IFNs can dampen antitumoral

T cell response by inducing cell death.
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Another remarkable regulator of gal-9 is TGF-[3, as demonstrated by the work of Wu et a/.
(275). An amplified target of gal-9 that in turn re-enforces FoxP3 expression in iTreg cells, TGF-
B is also revealed to take part in a positive feed-forward loop: in the presence of TGF-f, gal-9
is expressed as early as 12 hours after activation and its expression is sustained throughout
the iTreg differentiation. The high levels of gal-9 mRNA and protein in iTregs, in comparison
to nTregs or other T cell subsets, suggests that TGF- enhances gal-9 expression. We will get

back on this study in the sub chapter 3.2.3 to discuss more on the immunological aspect.

Some PAMPs could be a stimulator of galectin-9 such as lipopolysaccharides (LPS) and the
viral mimic polyinosinic:polycytidylic acid (poly I.C, a synthetic double-stranded RNA). In
endothelial cells, poly I.C is efficient to induce gal-9 expression through TLR3, PI3K and IRF3
pathway, whereas gal-9 protein is undetectable during induction by LPS from E. coli (276).
Conversely, in periodontal ligament derived cells, LPS upregulates the expression of gal-9

mMRNA and protein (277).

At the level of transcription factors, the stimulation of gal-9 expression can involve many
signaling pathways depending on the cell type and the regulator. For instance, the effect of
IFN-y is mediated by HDAC3/PI3K/IRF3 in endothelial cells, whereas in fibroblasts, expression
of gal-9 is upregulated via MAPK, PI3K and JAK/STAT (278). On the other hand, in the study
by Wu et a/, TGF-[ reinforces gal-9 expression in a positive feed-forward loop through Smad3.
The latter is found to interact with multiple binding sites in the LGALS9 promoter in iTreg cells,
but not in ThO (275).

Lastly, non-physiological factors can enhance gal-9 expression. These include viruses and
chemotherapy. Many viruses enhance gal-9 expression in infected cells for example the
Epstein-Barr virus (279). We can also mention Hepatitis B and C viruses, influenza and dengue
viruses (280). We will get more into details about the role of chemotherapy in the subchapter

3.6 on galectin-9 and cancers.

3.1.3. Tissular and cellular localization

Like other galectin family members such as galectini, -3, -8 and -5, galectin-9 has a broad
range of tissue distribution. It seems to be widely distributed in liver, small intestine, thymus,

kidney, spleen, lung, cardiac and skeletal muscle, but barely detectable in reticulocyte and
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brain (281,282). Moreover, the expression of galectin-9 is also developmentally regulated and
is detected at high levels in the developing thymus and liver. At later stages of life gal-9 is
weakly expressed in most tissues in basal conditions but its expression is often enhanced in

the context of inflammation or immune response, especially in endothelial cells (283).

At the cellular level, galectin-9 can be detected in the cytoplasm and at the surface of the
plasma membrane. It can shuttle between the plasma membrane and the Golgi apparatus
(284). Sometimes, it is also detected in the nucleus (278,285). When making cell protein
extracts, about 50% of the cell-associated galectin-9 can be recovered with soluble elements
of the cytoplasm. Another fraction is co-purified with components of the cellular membrane
network (286). Although there is no secretion signal in its sequence, gal-9 can be secreted to
the extracellular medium by unconventional pathways. As shown by our group, a substantial
fraction of gal-9 produced by various cell types is found in the extracellular space in association
with exosomes or microvesicles (91,92). In addition, there is evidence of another pathway of
gal-9 secretion which is independent of exosome release. It has been documented for a subset
of CD4" T cells which display gal-9 molecules at their surface and release gal-9 in the
extracellular space under a soluble form (287). So far the mechanism of this extracellular
release has not been uncovered (a few hypotheses are provided in the general chapter on

galectins).

3.1.4. Examples of functions provided by cell-associated gal-9
Inside the cell, gal-9 has mainly functions related to the building and maintenance of cell
architecture. At the cell surface, it plays a role in plasma membrane organization and signal
transduction. This will be briefly summarized in this sub-chapter. Like other galectins, for
example galectin-8, gal-9 is involved in the repair and recycling of intra-cellular damaged
vesicles. In case of lysosomal damages induces by various agents for example pathogens or
metformin, there is an abnormal exposure of intra-lumen glycans. This results in binding of
galectins, including gal-9 which activates AMPK (AMP-activated protein kinase) which then
inhibits m-TORC1 (mammalian target of rapamycin complex 1). One consequence of this
signaling cascade is the activation of macro-autophagy which includes a process of lysosome

repair (288,289).
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Gal-9 also plays a role in the process of cell polarization. This has been investigated in MDCK
(Madin-Darby Canine Kidney) cells. Knocking out gal-9 in these cells blocks their polarization.
There is evidence that apical sorting of specific proteins and lipids requires a circuit based on
gal-9 binding at the surface of the plasma membrane, preferentially on the Forssman

glycosphingolipid, its internalization to the Golgi and recycling to the plasma membrane (284).

Regarding more specifically the function of gal-9 in the plasma membrane, investigations
made on dendritic cells have shown a role in maintaining its rigidity. This involves the
modulation of a small G-protein called Rac1 and of the sub-cortical organization of the actin
cytoskeleton. In the absence of gal-9, for example in gal-9 KO mice, pathogen uptake by DC
is impaired (290).

Signaling by some membrane receptors of the TNF-receptor family — namely 4-1BB (also called
CD137 or TNFRSF9) and DR3 (also called TNFRSF25) requires an interaction with gal-9 at the
cell surface (291,292). It seems that gal-9 contributes to the trimer organization of these
receptors which is required for their signaling activity. For these receptors, the interaction with
their cognate ligand (4-1BBL and TL1A, respectively) seems to be insufficient to achieve the
trimer formation. Several questions remain pending: 1) which part of the gal-9 molecule
interacts with 4-1BB and DR3; 2) whether the facilitation of their signal transduction would be
made only by endogenous gal-9 produced by the same cell or by extracellular gal-9 released

by other cells.

3.1.5. Summary of gal-9 functions in the immune system

The extracellular gal-9, bound to exosomes or released in soluble forms, can behave to some
extent like a cytokine. Indeed, the gal-9 released by producer cells has the capacity to act on
distant target cells. In whole organisms, essentially in mice, extracellular gal-9 has mainly
immunosuppressive functions. This is well illustrated by studies on experimental viral
infections, allografts and auto-immune diseases (subchapter 3.5.1). Investigations performed
in vitro suggest that these immunosuppressive effects are predominant in the adaptive
immune system and to a large extent mediated by the Tim-3 receptor. As explained in the next
sections, Tim-3 stimulated by gal-9 delivers inhibitory signals in CD4" and CD8" conventional

T cells and in plasma cells (see subchapters 3.2.1 and 3.4.1 to 4). Through its binding to CD44,
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Fig. 17 Modulatory effects of galectin-9 on various populations of immune cells. Gal-
9 has immunosuppressive effects in general. The immunoactivating effects are mainly on

granulocyte lineages. Adapted from the work of Claire Lhuillier.



Gal-9 can also enhance the differentiation/expansion of iTregs induced by TGF-B (3.2.3).
However, this immunosuppressive activity of gal-9 in the adaptive immune system is not fully
consistent. There is at least one exception represented by the elimination of tissue-resident
Tim-3* Tregs (274,293). With regard to the innate immune system, the balance of immune
suppressive and immune activating effects of gal-9 is even more complex. On the one hand,
gal-9 impairs NK cell cytotoxicity, induces the M2 polarization of macrophages and represses
CXCL9 production by DCs (subchapter 3.4). On the other hand, there are scattered
observations about the stimulation of interferon-y or TNF-a production by macrophages or
DCs treated /n vitro with gal-9 (273,294). This inflammatory response resulting from gal-9
stimulation of the innate immune system might be required in some cases for a successful

immune response.

3.1.6. Overview of the membrane receptors of extra-cellular
galectin-9 and their signaling pathways
Tim-3 as a membrane receptor for gal-9
Tim-3 is the most studied membrane receptor of gal-9 also called HAVCR2 (for Hepatitis A
virus cellular receptor). Structural details can be found in the Uniprot data base

(https://www.uniprot.org/uniprot/Q8TDQ0). Tim-3 is a 3071-aa type I transmembrane

glycoprotein which belongs to the immunoglobulin super family. Tim-3 has an N-terminal
extra-cellular domain (aa 22-202), a single trans membrane domain (aa 203-223) and a C-
terminal intra-cytoplasmic domain (aa 224-301). The extra-cellular part includes a binding
pocket for phosphatidyl-serine (PtdSer) upstream of a mucin domain with O- and N-
glycosylation on Thr145 and Asn172 respectively. The intracellular tail has a conserved
tyrosine-based signaling motif (295). In addition to gal-9, three ligands of Tim-3 have been
identified: PtdSer, the carcino-embryonic antigen cell adhesion molecule 1 (Ceacam-1) and the
high mobility group protein B1 (HMGB1). There is strong evidence that PtdSer, Ceacam-1 and
HMGB1 bind to the same N-terminal binding pocket of Tim-3 in contrast with gal-9
which binds to the glycosylated segments of Tim-3 (Fig. 78) (295-298). In their initial
landmark study on gal-9/Tim-3 interaction, Zhou et a/ have shown that both CRDs of gal-9
are required for optimal binding to Tim-3 (272). Gal-9 is suspected to bridge Tim-3
molecules at the surface of the target cells by concomitant binding of the 2 CRDs. Strikingly

all monoclonal antibodies
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Fig. 18 T cell immunoglobulin and mucin domain 3 (TIM-3), its ligands, and signaling
adaptor proteins. Four ligands—namely, galectin-9 (Gal-9), phosphatidylserine (PtdSer),
high mobility group protein B1 (HMGB1), and carcinoembryonic antigen cell adhesion
molecule 1 (Ceacam-1)—have been identified to bind to the variable immunoglobulin (IgV)
domain of TIM-3. In terms of signaling, HLA-B associated transcript 3 (Bat-3) binds to the
cytoplasmic tail of TIM-3 and inhibits TIM-3 function. Fyn, Lck, and Itk, three tyrosine kinases,
bind and phosphorylate specific tyrosine residues within the cytoplasmic domain of TIM-3.
The phosphorylated tyrosines within the cytoplasmic domain of TIM-3 can recruit other
downstream signaling adaptors such as p85 adaptor protein. In addition, Gal-9 can mediate

the formation of clusters containing TIM-3, CD45, and CD148. (294)



blocking Tim-3 with a functional efficacy blocks its interaction with PtdSer and Ceacam-1 but
not with gal-9 (296). This applies to many anti-Tim-3 antibodies currently used in clinical trials
like MGB453 (Novartis) (299). As explained in the subchapter 3.2, Tim-3 is a mediator of gal-9
induced cell death active on a fraction of CD4* and CD8" conventional T cells and a fraction of
Tregs (Tim-3* Tregs often abundant in tumors) (274,293). The signaling pathways leading to
cell death in these cells are not entirely known. Phosphorylation of the tyrosines 256 and 263
of the cytoplasmic tail of Tim-3 which induces the release of Bat3 seems to be a key step for
the activation of cell death mechanisms (300). Another inhibitory mechanism investigated in
CD8" T cells is based on the entry of Tim-3 in the immunological synapse upon gal-9 binding
of its extra-cellular domain and subsequent attraction of the CD45 phosphatase in the synapse
(301). As explained in subchapter 3.4, gal-9 binding of Tim-3 at the surface of NK cell impairs
their cytotoxic activity. To our knowledge, the underlying signaling pathways have not been
investigated. Same remarks can be done for gal-9 binding of Tim-3 at the surface of DCs which
downregulates their production of CXCL9. Finally the gal-9 binding to Tim-3 at the surface of

plasmocytes was reported to induce their apoptosis (302).

Membrane receptors distinct from Tim-3

A very recent and important breakthrough for our understanding of the activity of the
extracellular gal-9 in the immune system is its capacity to bind PD-1 at least at the surface of
T cells and may be other cells (274). This publication shows that gal-9/PD-1 interaction is
primarily mediated by the C-terminal CRD of gal-9 and the A-glycan linked to Asn116 of PD-
1. One remarkable consequence of this binding is the formation of Tim-3/gal-9/PD-1
complexes at the surface of target cells. These complexes are included in larger molecular
edifices of low solubility corresponding to galectin-glycoprotein lattices. Another functional
consequence is that co-expressed PD-1 tends to protect Tim-3* T cells from cell death induced

by gal-9 which might be explained by the Tim-3 sequestration in membrane lattices.

Dectin-1 has been identified as a gal-9 membrane receptor at the surface of human and
murine macrophages (65). Also called C-type lectin domain family 7 member A, dectin-1 is a
lectin with affinity for cell wall constituents from pathogenic bacteria and fungi. Daley et al.
have shown that its interaction with gal-9 results in higher SYK phosphorylation and NF- kB

activation with a subsequent increase in CD206 expression and IL-10 production. It is
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noteworthy that gal-9 binding to dectin-1 is glycan-independent and probably does not
involve the CCRD nor the NCRD (65).

At the end of this subchapter, we will briefly summarize the possible binding of extracellular
gal-9 to a number of other membrane receptors. Some of them are widely - but not exclusively
- expressed in the immune system. Gal-9 binding to CD44 has been observed in the context
of iTregs (see subchapter 3.2) and basophils (subchapter 3.4). Gal-9 can also interact with CD44
at the surface of osteoblast with a contribution to their differentiation (303). CD45 binding has
been shown for B cells (subchapter 3.3). Gal-9 binding to CD206 was reported for macrophages
(subchapter 3.4). Gal-9 can bind the external part of the glucose transporter GLUT2. This
interaction slows down the internalization of GLUT-2 (278). Finally, we can mention gal-9
interaction with the O-glycans of the protein disulfide isomerase (PDI) at the surface of the
plasma membrane (283). When localized at the cell surface, PDI facilitates the cleavage of
disulfide bonds. Again gal-9 binding tends to increase PDI retention at the surface of the

plasma membrane. Gal-9 binding to PDI on T-cells potentiates HIV infection (304).

3.2. Galectin-9 and T cells

3.2.1. Inhibitory effects of extra-cellular gal-9 on Th1 cells

The first landmark publication which unveiled the contribution of gal-9 in the physiology of
the immune system was mainly focused on the gal-9 interactions with Th1 lymphocytes. In
2005, Zhu et al. were the first to identify Tim-3 as a receptor of gal-9 and to demonstrate that
Tim-3 stimulation by gal-9 at the surface of Th1 lymphocytes resulted in their apoptosis; their
study was entirely based on murine models (Vijay Kuchroo's team in Boston) (272). In vitro, the
apoptosis of Th1 cells was obtained at relatively high concentrations of recombinant gal-9,
250 to 500 nM. These authors presented gal-9 as a physiological brake facilitating the
termination of the immune response: "the IFN-y that induces tissue inflammation also induces
an inhibitory ligand (galectin-9) in the target tissue, which delete Th1 cells and thereby
prevents protracted inflammation in target organs”.

Although this study had a profound influence on most of the subsequent researches about

gal-9 functions in the immune system, in humans as well as in mice, one conclusion of this
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publication was not subsequently confirmed: the selectivity of apoptosis induction on Th1
cells. Nowadays, we now know that other T lymphocyte subpopulations are even more
sensitive to apoptosis induction by the extracellular gal-9, notably the CD8 Tim-3" T
lymphocytes (274). The bias of their initial conclusion can be explained by the research route
followed by Vijay Kuchroo's team. Their initial aim was to identify a ligand for Tim-3 which was
an orphan receptor at the time. They were indeed able to identify gal-9 as a Tim-3 ligand by
biochemistry and mass spectrometry methods (272). In addition, at this time, Kuchroo's team
focused on the selective expression of Tim-3 by CD4" T cells strongly polarized towards a Th1
phenotype. However, this expression is actually much more widespread both in the various T
cell sub-populations and also in other cell types. There was already a suggestion that, although
T-cell apoptosis was substantially reduced in Tim-37" transgenic mice, other gal-9 receptors

were presumably active at the T-cell surface (272).

3.2.2. Inhibitory effects of extracellular gal-9 on CD8" T cells

Later on, several research teams have reported the inhibitory effects of gal-9 on CD8"T cells.
These effects were first demonstrated in a murine allograft model in which exogenous gal-9
induced apoptosis of alloreactive cytotoxic T cells. Indeed, in contrast with naive CD8" T cells,
these alloreactive CD8" T cells expressed the Tim-3 receptor (305). A few years later, apoptosis
induction of CD8" T cells expressing Tim-3 by extra-cellular gal-9 was confirmed in a murine
model of infection by the Herpes Simplex virus 1 (HSV1) (306,307). Almost concomitantly, the
inhibitory effects of gal-9 on CD8" Tim-3" T cells were also observed in a murine model of
AML (acute myeloid leukemia): the C1498 leukemic cells proliferating in syngeneic C57BL/6
mice. The CD8" Tim3™ T-cells also expressed PD1. Consistently, administration of anti-PD1
antibodies was more efficient against C1498 cells in gal-9-KO mice (308). Finally, a few months
ago the inhibitory effects of gal-9 on CD8" T cells was reported in the murine model of colonic
carcinoma MC38 (274) This paper will be extensively commented in the next sub-chapter
about gal-9 and Tregs. We have much less information about the influence of gal-9 on CD8"
T cells in humans. However, Mengshol et a/ have reported apoptosis induction by extra-
cellular gal-9 applied on HCV-specific CTL clones (273). The caspase 8 pathway was involved

in this process. Similar observations have been reported for CTLs specific of the HBV (309) All
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these publications have emphasized the role of the gal-9/Tim-3 pathways. However, we cannot

exclude the contribution of other receptors to gal-9 influence on CD8" T cells.

3.2.3. Complex influence of extracellular gal-9 on regulatory T cells

During the years following the publication by Zhu et a/. on gal-9 and Th1 cells (272), there was
a series of studies which demonstrating the role of gal-9 in the differentiation and/or
expansion of various types of Tregs One of these first studies was based on a murine
experimental model of auto-immune disease: the collagen-induced arthritis (CIA). Both wild-
type and gal-9 KO mice were used in this study. The risk of CIA was increased in the absence
of endogenous gal-9. Endogenous gal-9 and even more injected exogenous gal-9 were shown
to suppress the differentiation of Th17 cells while promoting the regulatory T phenotype. In
vitro, recombinant gal-9 increased Treg conversion of splenic T-cells in the presence of anti-
CD28, TGF-B and IL-2 (310). Later on, similar observations were reported in other murine
models based on cutaneous allografts or concanavalin-A-induced hepatitis (311,312). In these
publications, a contribution of Tim-3 to Treg expansion was often suggested but not
demonstrated in a very convincing way. In vitro stimulation of human Treg differentiation
and/or expansion by recombinant gal-9 in association with TGF-B1 was first reported in 2010
by Mengshol et a/. in collaboration with our team (273). It was confirmed by several subsequent
studies, often in the context of viral hepatitis for example by Ji et a/ (313). N. Delhem et a/, in
collaboration with our group, investigated other aspects of gal-9 influence on Tregs, in the
context of nasopharyngeal carcinoma (NPC). Exosomes, derived from malignant NPC cells
containing gal-9 and CCL-20 chemokine, induced the Treg chemotaxis and also the conversion
of CD4"CD25™ T cells into CD4*CD25*FoxP3*cells, with proven suppressive activity therefore
identified as Tregs. These newly generated Tregs had a low level of Tim-3 expression. However,
in this model, the contribution of gal-9 carried by tumor exosomes was suspected but not
formally demonstrated in contrast with CCL20 for which specific neutralizing antibodies were

used (314).

One of the first studies attempting to elucidate the molecular mechanisms of gal-9 effects on
Tregs, done by K. Lv et al.in 2012, showed that extracellular gal-9 was promoting the activation
of the Smad pathway triggered by the TGF-B in murine CD4* T-cells, and especially the
phosphorylation of Smad2/3 and their interaction with Smad4 (315). These data were
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consolidated soon after by the observation that extracellular gal-9 could interact with CD44
and promoted the formation of a CD44-TGFB-R1 complex resulting in enhanced activity of the
Smad pathway, stimulation of the CNS1 enhancer upstream of the FoxP3 gene and expression

of the FoxP3 protein (275).

In summary, we can highlight three observations regarding gal-9 and Tregs. First, most of our
knowledge was obtained in murine systems. Next, while there is ample evidence that extra-
cellular gal-9 enhances Treg differentiation and/or expansion /n vivo, when the same effects
are investigated /n vitro, it seems that gal-9 does not act by itself but rather in cooperation
with other factors, especially TGF-B. Finally, while there is convincing evidence that extra-
cellular gal-9 can contribute to the conversion of peripheral T cells into iTregs, we do not know

yet its impact on nTregs.

A major breakthrough of our understanding of the gal-9 and T-regs relationships has been
made very recently thanks to the study of Yang et a/ based on the MC38 (a colon
adenocarcinoma cell line) murine tumor model (274). The authors found that by itself a
systemic treatment with anti-gal-9 antibodies had only marginal effects on tumor growth while
there was a remarkable synergy when they combined the anti-gal-9 with an antibody targeting
GITR a molecule preferentially expressed at the surface of Tregs. Investigating why the
therapeutic Treg depletion was so important in this setting, they found that endogenous gal-
9 depleted not only intra-tumoral Tim3*CD8" T cells but also Tim3*CD25"FoxP3" Tregs.
Therefore, the benefit of increasing the amount of intra-tumoral CD8" T cells under
administration of the anti-gal-9 is apparent only with a concomitant depletion of Tim-3" intra-
tumoral Tregs. In other words, the impact of gal-9 on Tregs is bidirectional at least in mice.
Gal-9 enhances the differentiation and/or expansion of iTregs but it depletes a population of

intra-tumoral Tregs which are Tim-3* and highly suppressive.

3.2.4. Indirect effects of extracellular gal-9 on Th2 cells

To our knowledge, there are no direct effects of gal-9 on the differentiation and/or expansion
of Th2 cells. However, Th2 cells might undergo indirect effects of gal-9 acting on cells of
myeloid origin. For example, gal-9 was reported to bridge IgD to CD44 present at the surface

of basophils, resulting in the secretion of cytokines involved in the Th2 response (316). In
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metastatic melanomas, gal-9 promoted the Th2 polarization but precise description of the

underlying mechanism was not reported (317).

3.2.5. Other aspects of galectin-9 interactions with T-cells

Several teams, including my host team, have used other novel approaches not covered by

previous citations to investigate the effects of extracellular gal-9 on T cells.

Gooden et al have treated resting human PBMCs (peripheral blood mononuclear cells) /n vitro
with low concentrations of gal-9. A wave of apoptosis was first triggered among the T cells,
however, beyond the 3 day, there was an expansion of the surviving T lymphocytes (318).
These surviving and proliferating CD4* T lymphocytes were predominantly of the CD4" “central
memory” phenotype, that is CCR7" CD45RO". They were also strong producers of IFN-y. The
authors claimed that they were Th1 cells but this was not formally demonstrated in the absence

of sufficient data on transcription factors and cytokine production.

Investigations carried in my host team were based on the fact that even relatively low
concentrations of recombinant gal-9 — around 30nM - induce apoptosis of T cells (both CD4*
and CD8), even in the absence of Th1 polarization and/or Tim-3 expression (319). With the
initial aim to better understand the underlying mechanism of this apoptosis, my team chose
to investigate the calcium mobilization induced in target T cells by extra-cellular gal-9 at a very
early stage of their stimulation. Genetic ablation of the TCRp chain or the CD3( chain (in Jurkat
cells) or blocking of the Lck tyrosine kinase (in fresh PBMCs) resulted in the loss of calcium
mobilization without preventing the entry into apoptosis (319). The conclusion was that the
induction of apoptosis by recombinant gal-9 was independent of calcium mobilization. One
hypothesis was that early calcium mobilization was due to an unspecific TCR stimulation.
Finally, it was speculated that for T-cells escaping apoptosis despite long term exposure to
gal-9, long term low intensity stimulation of the TCR was one possible additional mechanism

to acquire an immunosuppressive phenotype as reported in landmark publications (320,321).

Interestingly Florent Colomb et a/. took over the hypothesis of our group that gal-9 might
deliver unspecific stimulation of the TCR and they tested it in an HIV latency model (322).

Given that gal-9 potently reactivates latent HIV, the authors hypothesize that gal-9 might
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Fig. 19 The glycosyltransferase GCNT2 replaces poly-LacNAc straight chains by
multiple short branches of LacNAc units, which is known as the I-branching activity.
Adapted from (260)



regulated HIV transcriptional activity by inducing TCR signaling pathways. They observed a
reduced gal-9-mediated viral reactivation due to Lck inhibition, whereas the phosphorylation
of CD3{ chain was induced by gal-9. Furthermore, gal-9 also increased the phosphorylation of
downstream signaling molecules, including ERK1/2 and CREB. Their conclusion was that gal-9
could be a therapeutic instrument for breaking HIV latency in its cellular reservoirs, not
accessible to antiviral therapy. However, having in mind the potential immunosuppressive

effects of gal-9, this might not be a good idea.

3.3. Galectin-9 and B cells

The main information regarding the effect of gal-9 on B cells comes from 2 studies published
in 2018 (260,323). Cao et al. carefully described how gal-9 regulated BCR-induced signaling. It
acted on the surface of cells by bringing together already existing IgM clusters, increasing the
size and number of molecules per cluster. This reduced the mobility of IgMs on the cell surface
and, together with the limitation of micro-cluster formation, adversely affected B cells
activation by specific antigen. In addition, Giovanonne et a/. showed that gal-9 also bound to
the CD45 protein on the B cell surface, blocking calcium signaling and B cell activation by
antigens. Remarkably, B cells are producers of gal-9 acting on themselves as an inhibitory
factor. This inhibition was exerted in particular on naive and memory B cells. According to
Giovanonne et al, this inhibition was lifted at the level of the germinal centers due to a
modification in the N-glycome of B cells. This modification is characterized by a switch towards
glycans carrying branches of the I type at the cell surface, and in particular on the CD45 protein.
In other words, linear poly-LacNAc straight chains tend to be replaced by multiple short
branches of no more than 3 LacNAc units (Fig. 79 and 20). This structure had been initially
described for the "adult I" blood group antigen. Indeed, glycans of this type have little affinity
for gal-9. Their increased synthesis resulted from the increased expression of an enzyme called

B1-6 N-acetylglucosaminyl transferase (260).

Consistent with these mechanistic studies, it is known that gal-9 KO mice exhibit
hyperproliferation of B cells leading to high antibody production, associated with an increase

in the number of cells in the spleen, lymph nodes, thymus and Peyer's patches (324). This
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Fig. 20 N-glycan structures present on naive, GC, and memory B cells. (Left) Proposed
N-glycan structures. Naive and memory B cells are depicted together due to similar N-
glycomic features. I-branches are shaded red. A "+/-" signifies that the structure can be
found with or without the indicated modification. Numbers indicate number of possible
LacNAc units. (Right) Relative quantification of linear vs. I-branched poly-LacNAcs in naive,
GC, and memory B cells. Figure and caption adapted from (260)



phenomenon could be implicated in the increased susceptibility of these mice to develop

autoimmune diseases, such as rheumatoid arthritis (310).

More recently, a study by Chakraborty et a/ suggested a dual function of galectin-9 towards
B cells (325). In a context of gal-9 abundance in high endothelial venules, the authors
demonstrated that gal-9 bridged B cells to endothelial cells, leading to a 2.5-fold increase in
adhesion, while reducing by 40% the trans-endothelial migration level. RNA-seq analysis of B
cells exposed to gal-9 revealed an increase in pathways that dampen cell activation and
improve survival, yet the contrary was found for pathways regulating intracellular proteins,
organelles and cytoskeleton dynamics. The induction of SLAMF7 gene by gal-9, in particular,
suggested a promotion of SLAMF7-mediated inhibitory signals and cell survival, independent
of BCR ligation. Together these results implied that gal-9 could bridge B cell tovascular

endothelial cells while controlling B cell reactivity with anergic signals.

3.4. Galectin-9 and other effectors of the immune system
distinct from T- and B-cells

3.4.1. Eosinophils

In one of the first publication about Gal-9, named by these authors Ecalectin, it was reported
to be a chemoattractant for eosinophils, to improve their survival, and to stimulate their
production of superoxides /n vitroin a Tim-3-dependent manner (326). However, these effects
of gal-9 on eosinophils have not been confirmed in subsequent publications, neither by the

Hirashima group itself, nor by any other groups.

3.4.2. Neutrophils

Gal-9 induces degranulation and stimulates the NADPH oxidase activity of neutrophils. It has
also been shown to be able to improve phagocytosis of bacteria of the genus Pseudomonas

Aeruginosa by facilitating their opsonization (327).
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3.4.3. Basophils

As already mentioned, Gal-9 is able to bind immunoglobulins of the IgD isotype at the surface
of B cells to the CD44 protein present on the surface of basophils. It thus participates in the
activation of basophils, leading to the production of 1l-4, IL-5 and IL-13 and a subsequent

increase in the Th2 response (316).

3.4.4. Natural Killer (NK) cells

Extracellular gal-9 functionally impairs natural killer cells in humans and mice as shown by
Golden-Mason et al. (328). One of the clearest effects is a decrease in IFN-y production upon
activation of NK by cytokines or infectious agents. In addition, there is a down-regulation of
several genes involved in NK cell-mediated cytotoxicity pathways, for example a reduction in
the expression of NCR1/NKp46, NCR3/NKp30, KIR3DL2, perforin 1. Consistently, gal-9 reduces
NK cell efficiency in assays of cytotoxicity. In gal-9-KO mice, under viral infection, the number
of NK cells producing IFN-y is greater than in WT mice. NK cells are known to express a
substantial amount of Tim-3 at their surface at baseline and even more upon activation (329).
However, for Golden-Mason et a/, gal-9 impairment of NK-cell functions was not blocked by
anti-Tim-3 antibodies and not dependent on the level of Tim-3 expression, therefore probably
mediated by another membrane receptor (328). Several groups have reported observations
and experimental arguments suggesting that the Tim-3/gal-9 axis plays a role in the
differentiation of special subsets of NK cells present in the placenta exhibiting
immunosuppressive functions required for pregnancy maintenance and progress (330,331).
Finally, we can mention a publication highlighting a chemotactic effect of extracellular gal-9
on NK cells which would be in part explained by the activation of the Rho/ROCK1 signaling
pathway (332). The authors suggested a link with Tim-3 binding but this was not formally
demonstrated. So far, to our knowledge, these data have not been confirmed by other

publications.

3.4.5. Monocytes / macrophages

The ability of extracellular gal-9 to induce a polarization of macrophages towards an M2

phenotype to the detriment of an M1 phenotype has been reported in several experimental
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models and clinical contexts. It is one major aspects of its immunosuppressive activity.
Depending on the context, M2 polarization induced by extracellular gal-9 can involve distinct
membrane receptors at the surface of macrophages. Zhang et a/. have investigated the role of
the Tim-3/gal-9 axis in the modulation of the phenotype of murine bone-marrow
macrophages, stimulated by lipopolysaccharides. They have observed a biphasic effect with
high gal-9 production, autocrine stimulation, M2 polarization on the short term (1h to 3h), and
reduction of gal-9 expression and preferential M1 polarization on a longer term (up to 24h)
(333). In a completely different context, using a mouse model of pancreatic carcinoma, Daley
et al. have reported M2 polarization of macrophages resulting from gal-9 interaction with a
surface protein called Dectin-1. As already mentioned in the subchapter 3.2, Dectin-1 is an
innate immune receptor with crucial role for anti-fungal immunity. The SYK tyrosine-kinase is
involved in its signaling (65). In this model, the invalidation of Dectin-1 is associated with a
decrease in the infiltration by CD206" macrophages. Finally, a third study conducted in the
context of melanoma has uncovered a direct interaction of gal-9 with CD206 at the surface of
macrophages (which had already acquired an M2 phenotype). This interaction resulted in a
greater release of FGF2, VEGF and MCP1 (macrophage chemoattractant protein 1) and a
decrease in IP10 (CXCL10) secretion (334). Therefore, the interaction of gal-9 with CD206 was
suspected to increase angiogenesis. The same study also suggested that gal-9 could favor the

expansion of non-classical monocytes (CD14*CD16" or CD14°CD16%).

3.4.6. Dendritic cells

Dendritic cells in the intestinal lining play a crucial role in building immune tolerance despite
the many antigens present in the lumen of the digestive tract. It seems that gal-9 produced by
intestinal cells plays a role in this phenomenon. Indeed, pre-exposure of dendritic cells to gal-
9 decreases the expression of CD40 and CD80 in response to stimulation by the LPS (335). Gal-
9 also induces an increase in ALDH (Aldehydedehydrogenase) activity in these cells (336).
Paradoxically, another much older study showed that the addition of gal-9 to immature
dendritic cells derived from cultured monocytes, participated in their differentiation and
maturation, in particular by inducing an increase in the level of expression of CD80/86

receptors (337).
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In the murine breast cancer model 4T1, intratumoral CD103" DCs were found to have a high
expression of Tim-3. Administration of an antibody blocking Tim-3 interaction with gal-9 led
to efficient tumor suppression. The authors demonstrated that this tumor suppression was due
to higher CXCL9 production by CD103* DCs and enhanced granzyme B expression by CD8" T-
cells. Interestingly, anti-gal-9 antibodies were equivalent to anti-Tim-3 in suppressing tumor

growth and thought to follow the same mechanism (338).

3.4.7. Myeloid-derived Suppressor cells (MDSCs)

The MDSCs are known as heterogeneous CD11b™ myeloid cells with potent suppressive activity
on T cell responses. In mice, there are two categories of MDSCs : granulocytic (Ly-6G™) and
monocytic (Ly-6C*) In a study conducted by Valérie Dardalhon et al, the overexpression of
gal-9 resulted in an expansion of CD11b* Ly-6G" cells and thereby an inhibition of immune
responses (339). Moreover, ablation of the Tim-3 gene in Tim-3-KO mice restored normal
amounts of CD11b* Ly-6G* cells and normal immune responses, despite the gal-9
overexpression. The expansion of CD11b* Ly-6C* MDSCs has been also shown in a murine

model of myocarditis (340).

There is also evidence that gal-9 can induce the expansion of MDSCs in the human immune
system. as shown by Zhang et a/. (also involving some members of our group) (341). This study
was based on the indirect co-culture of epithelial cells, with or without gal-9 production, and
CD33" cells from PBMCs as target cells. Gal-9 was acting inside producing cells with induction
of cytokine expression and release (especially IL-6 and IL-1-B). Gal-9 was also acting on the
extracellular space penetrating in target cells and promoting their differentiation into
CD33"CD11b*HLA-DR” MDSCs. At the molecular level, these processes are mainly supported
by the degradation of the STING protein which is triggered by a direct interaction with
galectin-9. (341)

65



Fig. 21 The contribution of intracellular and extracellular tumor Gal-9 to the
differentiation and expansion of MDSCs and the subsequent inhibition of T-cells.

Acceleration of STING degradation by Gal-9 inside tumor cells is one key step of this process.

(340)



3.5. Galectin-9 in non-tumoral pathologies

3.5.1. Autoimmune diseases

Several mouse models allow an exploration of the different contributions of gal-9 in the
development of autoimmune diseases. For example, its immunoregulatory activity can be
highlighted in KO-gal-9 mice, more sensitive to the induction of autoimmune diseases such
as collagen-induced arthritis, a murine model of rheumatoid arthritis (310). Reciprocally,
systemic administration of recombinant gal-9 (for example by the intraperitoneal route) limit
the severity of the disease and can even prevent its appearance (310,342,343). This also applies
to other autoimmune diseases. For example, researchers have reported the therapeutic
potential of exogenous gal-9 in a murine model of systemic lupus erythematosus (LEAD). In
humans, this disease is characterized by cellular and humoral immune responses directed
against various tissues of the body (skin, kidneys, blood cells, lungs, etc.). The model developed
on the murine strain MRL-lpr (lupus-prone; mutated in the Fas gene) exhibits this systemic
autoimmunity. Systemic treatment with gal-9 reduces the severity of the clinical signs. To
explain this outcome, the authors put forward a decrease in the production of autoantibodies

due to substantial plasma cell apoptosis (302).

In other settings, the role of gal-9 in the physiopathology of autoimmune disorders is more
difficult to understand. Indeed, gal-9 treatment could be beneficial, even in models where
there is an increase in gal-9 production; for example, in murine asthma models, in which the
amount of gal-9 was reported to be increased in the lung tissues (344-348). In this context,
the beneficial effects of the administered gal-9 might result from its impact at the systemic
level while remaining deleterious at the pulmonary level. This hypothesis would deserve in-
depth studies. In human inflammatory diseases with an autoimmune component, we find the
same complexity since in several cases an increase in gal-9 abundance is observed in inflamed
tissues. For example, in patients with rheumatoid arthritis, the concentration of gal-9 tends to
increase in the synovial fluid as well as in cells derived from the synovial tissue (fibroblasts,
endothelial cells, macrophages, T and B cells) (342,349). In patients with LEAD there is also an

increase in gal-9 concentration in PBMCs and plasma. In some pathologies, the level of gal-9
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is even correlated with the severity of the disease (350,351). This is the case for atopic
dermatitis, a condition in which the increased level of gal-9 is visible in the plasma of patients
(352,353). In the latter pathology, as well as in some other autoimmune diseases, there is an
accumulation of certain granulocytes, especially eosinophils (354). This observation is even
more interesting since research has shown that gal-9 promotes citrullination (conversion of
arginine to citrulline) of intracellular proteins in granulocytes (355). Indeed, this phenomenon
has been mentioned several times as responsible for the production of autoantibodies by

generating abnormally citrullinated proteins recognized as neo(auto)-antigens.

3.5.2. Viral infections

Many studies have focused on alterations of gal-9 production and functions in the context of
numerous viral infections, either acute or chronic, localized or systemic, in humans as well as
in animal models. Viral hepatitis related to HBV and HCV are probably the viral infections where
the role of gal-9 has been most studied. Plasma gal-9 concentrations are increased in patients
infected with HBV and HCV (285,356). This increase is also correlated with an expansion of
Tregs and a decrease in the inflammatory response (309,357). In some ways, these effects are
beneficial since they limit the damage caused by inflammation during infection, but they can
also carry the risk of an insufficient immune response. It also appears that a high concentration
of gal-9 in plasma increases the risk of progressing to chronic infection (358). One study even
reports an even higher concentration of circulating gal-9 in HCV-infected patients who

developed hepatocellular carcinoma (273).

There is also a marked increase in the concentration of circulating gal-9 during primary
infection with HIV (359). This plasma gal-9 concentration is positively correlated with the
patient's viremia. This has been confirmed by a recent study showing higher concentrations of
plasma gal-9 for untreated AIDS patients from Philippines by comparison with healthy donors
and tuberculosis patients free of AIDS (265). The authors were able to assess plasma
concentrations for both full-length gal-9 and a truncated form roughly identical to the NCRD.
This truncated form is generated mainly by the cleavage of the linker peptide (76).

Plasma concentrations of both full length and truncated forms were increased in AIDS with
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greater risk of death for the highest concentrations (265). More strikingly, even in the
chronic phase of AIDS, the plasma concentration of gal-9, although lower than in the acute
phase, remains higher than in healthy subjects. According to Tendon et al/., this remains true
even after restoration of the circulating CD4* T cell level under tri-therapy (360). As
mentioned in the subchapter 3.2 about gal-9 and T cells, HIV specialists are interested in
gal-9 for other reasons. Several publications show that exogenous gal-9 can trigger the
reversal of virus latency in vitro (361). This reactivation is thought to be due to a modulation
of the viral gene transcription, dependent on the activation of the TCR, and involving the
ERK1/2 kinases as well as the transcription factor CREB (322). This scenario is therefore
different from those presented above, since reactivation does not a priori involve a
decrease in the immune response, but a direct effect on the infected T cells. The persistence
of HIV in latent form in certain cellular reservoirs represents a major obstacle to the
complete eradication of the virus. Thus, treatment with gal-, in conjunction with anti-
retroviral therapy, may be of benefit in the fight against infection. At least, that's what some
researchers suggest, who also point to the inducing effect of gal-9 on the APOBEC3 protein
(361). Indeed, this protein exerts a strong anti-retroviral effect by catalyzing single-
stranded cytidine deamination reactions, inducing hypermutations which decrease the
infectivity of the virus (361). However, the fact that gal-9 has a direct positive effect on the
penetration of the virus into cells still free from infection, could represent a difficult

obstacle to overcome in implementing this approach (304).

Increased plasma concentrations of gal-9 were also observed in acute viral infections, for
example in the context of influenza. A study made on 43 influenza patients has shown a mean
gal-9 plasmatic concentration about ten-fold greater than in healthy donors and 3-fold higher
than in patients with pneumococcal infection (362). It is interesting to connect these clinical
observations with the results of experiments made using a murine model of influenza A. In this
model, inhibition of gal-9 improves the anti-viral response and even the vaccination process

(363).

Gal-9 is also suspected to promote the reactivation of HSV1 in latently infected nerve cells.
HSV-1 persists in the trigeminal ganglion and would be maintained in a latency phase, in

particular thanks to the surveillance exercised by the CD8" T cells. Through apoptosis of CD8*
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T cells, gal-9 could favor a reactivation of the virus (306,360).

On the other hand, in experimental HSV1 infections performed in mice, administration of gal-
9 reduces inflammation as well as corneal scar lesions (307). This is probably due to the fact
that, in this model, scar lesions result to a large extent from excessive activity of certain immune
cells. The reduction of scar lesions would therefore not be due to the virus inactivation but

rather to an attenuation of the inflammatory response.

In conclusion, enhanced production of gal-9 is often detected in the context of viral infections
in the infected tissue as well as at the systemic level, with often greater concentrations of
circulating gal-9. Gal-9 inflammatory effects seem to be often required at some stages of the
immune response, but their excess may favor unwanted scar lesions. Reciprocally, the immune
suppressive effects of gal-9 may compromise virus elimination and favor a lethal issue or the
persistence of a chronic viral infection. Galectin-9 has also a role in some human bacterial
infections, for example in tuberculosis, but this is beyond the scope of this bibliographical

introduction (364).

3.6. Galectin-9 in cancer

3.6.1. Galectin-9 and cancer: avoiding some pitfalls

There is an abundant literature on the topic of galectin-9 and cancer, with initial publications
dating back more than twenty years. However, this literature is confusing at first glance
because the reader faces many data which seem to be contradictory. Sometimes there are
clinical and experimental data which suggest that an abundant expression of gal-9 supports
tumor aggressiveness and signals a poor prognosis. Sometimes, it is just the opposite. These
apparent contradictions often arise for the same type of malignant disease for example
melanomas (317,334,365,366). However, there are two important distinctions to be done to
find a rationale in all publications on this topic. First, we must distinguish gal-9 produced by
the malignant cells and that produced by the infiltrating or stromal cells. Next, it is important
to differentiate cell-associated gal-9 (cytoplasmic, nuclear or at the surface of the plasma

membrane) from extracellular gal-9.
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Unfortunately, we rarely, if ever, have a direct measurement of the different amounts of gal-9
related to a malignant process: the total quantity produced by the malignant cells, the amounts
of the cell-associated and extracellular gal-9, respectively. . We can merely estimate that the
gal-9 detected by immunohistochemistry on tumor sections is an index of the cell-associated
one while its concentration in the circulation, especially in the plasma, is an indication of the

global extracellular gal-9 release.

A further degree of complexity may relate to the expression of the different isoforms of gal-9.
As areminder, gal-9 is expressed in three main isoforms: gal-9L, M and S. These differ in length,
stability and activity. It is still unclear whether there are any functional differences between
these three isoforms, other than greater stability for the short form. A more developed
knowledge of these isoforms could help us to better understand whether gal-9 can have a

positive or a negative contribution in tumor development.

Finally, we should note that in our experience, there is neither excellent antibody for the
detection of gal-9 on tissue sections by IHC nor standardization of the detection methods.

This can be an additional factor of confusion.

3.6.2. Overview and discussion of the anti-tumoral effects of gal-9

There are a number of reports dealing with various tumor types suggesting that abundance of
intratumoral gal-9 assessed on histological sections is linked to a good prognosis. This is for
example the conclusion of a meta-analysis based on 14 previous studies involving a total of
2326 patients (367). In the light of the reflections made in the previous subchapter, let us
consider the case of cervix carcinomas in which a decrease in gal-9 expression at the tumor
level correlates with a more severe histological grade of the disease according to a publication
by Liang et al. (368). However, a puzzling point of this study, is the fact that the abundance of
gal-9 is lower for carcinomas /n situ, than for invasive low-grade carcinomas. This study does
not take in account the immune-suppressive effects of extracellular gal-9. It is focused on
intrinsic process occurring inside the malignant cells. It shows parallel decreases of E-cadherin
and gal-9 expressions. Other studies report similar observations, without establishing a causal

relationship between them. This is compatible with observations made for Head and Neck
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carcinomas, where researchers have reported a low amount of gal-9 in tumoral tissues, while
in the corresponding healthy tissues, they usually observe a very specific distribution of the
protein at the level of the basement membrane. This suggests a link between the gal-9
expression and tissue differentiation (369). A complementary study reports in this same type
of tumors a decrease in the expression of E-cadherin, by comparison with the basal and para-
basal layers of the mucosa (370). The fact that this protein is involved in the maintenance of
cell-cell bonds, is compatible with the idea of an increased metastatic potential associated to

the decrease in gal-9 expression.

The idea that a low abundance of gal-9 in tumor tissue may promote the metastatic process
is supported by several publications suggesting that the decrease in gal-9 expression increases
the invasive potential of tumor cells. The best-known studies on this topic concern breast
cancer. An often-cited study, published by Irie et a/. in 2005, evaluated the abundance of gal-
9 in sections of tumor tissue, for approximately 84 patients in a prospective series. The authors
found an inverse correlation between the abundance of gal-9 and the frequency of metastatic
relapses (371). In the same article, the authors compared MCF7 cells with strong or weak
expression of gal-9. They observed a trend towards stronger aggregation for cells with high
gal-9 expression both /n vitro and in nude mouse tumors. Indeed, in the absence of gal-9 in
these transplanted tumors, the malignant cells were divided into small islands within the
stroma. However, breast cancer represents a good example of a situation where the
pleomorphic and often divergent effects of gal-9 make it difficult to assess its overall impact
on the tumor process, and, a fortior; to use the abundance of gal-9 in tumor tissue as a
prognostic factor. Indeed, a more recent study reports that, in breast cancers, gal-9/Tim-3
signaling on the surface of intratumoral dendritic cells inhibits their CXCL9 production, which

leads to reduced activity of intratumoral CD8" T lymphocytes (372).

Other types of cancer present this complexity and this divergence between intrinsic anti-tumor
effects inside the tumor cells (“cell-autonomous”) and pro-tumor effects linked to the
inhibition of effectors of the immune system in the tumor microenvironment. Thus, regarding
melanoma, an often-cited study by Kageshita et a/ (2002) tends to prove that intracellular gal-
9 has an anti-metastatic effect, mainly on the basis of experiments performed /n vitro (365).

These authors report cell aggregation and apoptosis when melanoma cell lines are treated /in
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vitro with recombinant gal-9. However apoptosis induction is significant only for high
concentrations of recombinant gal-9 in the range of 300 nM which is beyond the physiological
concentrations (same remark concerning a more recent publication on the same topic by
Wiersma et al 2012) (366). Clinically, Kageshita's study showed lower gal-9 abundance in
malignant melanoma cells than in melanocytes from benign nevi, and a better prognosis for
high gal-9 abundance in malignant cells on tumor tissue sections. A work carried out more
recently on murine models — B16 melanoma and CT26 colonic carcinoma — gave results which
go in the same direction: with supposed anti-metastatic effects of extracellular gal-9 /n vitro
(blocking of adhesion to the extracellular matrix), and /n vivo — (decrease in pulmonary
metastases resulting from intravenous injection of malignant cells) (373). Again, the

concentrations of recombinant gal-9 used /n vitro were very high.

In contrast, studies carried out on clinical specimens of metastatic melanoma have shown the
following facts: a higher plasma gal-9 concentration in patients than in healthy controls, a
worse outcome for patients with highest plasma concentrations and a stronger polarization of
circulating lymphocytes towards a Th2 phenotype in these patients (317). In the patients with
elevated plasma gal-9 concentration, gal-9 production is observed in malignant cells only at
the tumor invasion front. This underlines the fact that the production of gal-9 may not have
the same meaning depending on where it is generated. Thus, the expression of gal-9 by
infiltrating DCs in metastatic melanomas was reported as predictive of a better response to
adoptive transfer of T lymphocytes (374). In summary, in metastatic melanoma, the deleterious
production of gal-9 is thought to come mainly from the malignant cells of the invasion front.
This would explain, at least in part, the apparent contradiction between the study of Kageshita

et al. and Wiermsa and those of Enninga et al. (317,334,365,366).

In lung cancer, a 2020 study found that high and low gal-9 concentrations in infiltrating and
malignant cells, respectively, were associated with a poor prognosis (375). Finally, in the
pancreatic carcinoma, it is also interesting to note that the increase in gal-9 expression is not
constant during tumor development. Indeed, it appears to increase during stages II and III,

before decreasing in stage IV of the disease (376).

In vitro, recombinant gal-9 was reported to induce selective cell death of colonic carcinoma

cells bearing K-ras mutation. This cell death occurs in a context of “frustrated autophagy”
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meaning that there is a blockade of the fusion of autophagosomes with lysosomes,
autophagosome accumulation, swelling of lysosomes and cell death (377). Again, the gal-9

concentrations used in this study were well beyond physiological concentrations (300 nM).

Finally, we must point out the very specific case of some mesothelioma cells, where gal-9
binding at the surface of malignant cells impairs their proliferation and survival. In this context,
gal-9 has no spontaneous antitumor effect. However, its binding at the cell surface by a
monoclonal antibody specific for the CCRD (P4D2) induces reduced proliferation and even
apoptosis in a fraction of 15 to 35% of the cells. This is observed when using either human or
murine mesothelioma cell lines. No data are provided regarding fresh human mesothelioma
cells. In contrast, another antibody specific for the NCRD (P1D9) does not have the same effect
(378). It is not known whether similar phenomena can occur for other cell types either tumoral

or not.

3.6.3. Pro-tumoral effects of galectin-9

As already mentioned in the previous sub-chapter, most pro-tumoral effects of gal-9 are
related to its immunosuppressive effects. These effects have been first reported in human
malignancies with a viral etiologic component, namely nasopharyngeal carcinoma involving
latent EBV-infection and hepatocellular carcinoma associated to HBV or HCV (92,235). Later
on, they were found in a wide range of malignancies unrelated to virus infection, including
melanoma (as mentioned in the previous subchapter), pancreatic adenocarcinomas, renal and
lung carcinomas, malignant gliomas, and head and neck carcinomas distinct from NPCs. In
addition, there are two types of human malignancies where gal-9 has a direct oncogenic
activity, in addition to its immunosuppressive action: acute myeloid leukemia and

mesotheliomas.

As previously mentioned, in metastatic melanoma, intratumoral gal-9 is mainly produced by
tumor cells located at the invasion front. High gal-9 concentration in the plasma is linked with
a pejorative outcome. One pro-tumoral effect exerted by gal-9 in melanoma
microenvironment is to favor the M2 polarization of macrophages. This modification results,
at least in part, from a direct interaction of gal-9 with CD206 at the surface of the target

macrophages. In addition, gal-9 induces Th2 polarization of T lymphocytes inside the tumor
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microenvironment and at the systemic level (317,334).

The contribution of gal-9 to the development of pancreatic ductal adenocarcinoma (PDAC)
has been mainly investigated by George Miller's team at the New York University. They have
found that in pancreatic carcinomas, gal-9 is mainly derived from a particular variety of yg T
cells with suppressive activity. The same cells also express PD-L1 and thus significantly restrict
the activation of af T cells (379). Again, tumor-associated macrophages are critical targets of
gal-9 in PDAC. These publications related to PDAC have emphasized the interaction of gal-9
with Dectin-1 at the surface of tumor macrophages. This interaction induces M2 polarization,
mediated at least in part by the activation of the SYK tyrosine kinase (65). In subjects with
pancreatic carcinomas, the serum concentration of gal-9 is higher on average than in healthy
subjects or subjects with benign lesions of the pancreas. In addition, a high level of

concentration has a poor prognostic value in subjects with stage IV tumors (376).

In renal cell carcinoma, the high expression of galectin-9 is correlated to a lower rate of
recurrence-free survival (380). According to Ohue et a/, in NSCLCs (non-small cell lung
carcinomas), a strong expression of gal-9 by malignant cells is associated with a higher risk of
pejorative outcome, in contrast to what is found for PD-L1 (381). In addition, J. Gao et a/ have
shown that subjects bearing NSCLCs have higher concentrations of plasma exosomes carrying
the Tim-3 and gal-9 proteins than healthy donors, this being more marked for squamous cell

carcinomas than for adenocarcinomas (382).

Gal-9 expression is frequently seen in malignant glioma cells while it is almost completely
undetectable in normal brain cells. It is more abundant in stage IV than in stages III or II
tumors. Usually there is a concomitant high expression of the Tim-3 receptor by infiltrating

and peripheral CD4" and CD8" T lymphocytes (381,383-385).

With regard to HNSCCs, a strong expression of gal-9 by CD4" infiltrating lymphocytes has

been reported for carcinoma of the oropharynx linked to HPV (386).

As previously mentioned, there is evidence that in AML (acute myeloid leukemia) gal-9 has a
direct oncogenic contribution in addition to its immunosuppressive effect (387). In an elegant
study, Kikushige et a/ have shown that gal-9 secreted by mature leukemic cells engages the

Tim-3 receptor at the surface of leukemic stem cells, and thus enhances their self-renewal.
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This autocrine loop is one example of the indirect participation of mature leukemic cells in the
mechanism of indefinite malignant proliferation (388). Nuclear translocation of B-catenin is
one of the signaling mechanisms activated by gal-9 binding to Tim-3 at the surface of CD34"

leukemic cells.

3.6.4. Gal-9 in the context of tumor therapeutics

Chemotherapy

Numerous publications have demonstrated an increase in the expression of gal-9 in tumor
cells under the effect of the drugs used in chemotherapy. This effect was shown for a wide
variety of malignancies and drugs. Yoon et a/ have reported an increased expression of gal-9
in the MDA-MB-231 breast carcinoma cell line subjected to paclitaxel (10 nM), and to a lesser
extent to doxorubicin and epirubicin (0.5 uM) (389). This effect was not observed in the
HS578T breast carcinoma cell line. The authors have investigated by IHC on breast tumor
biopsies, collected before and after a neoadjuvant treatment in 13 patients. Gal-9 abundance
was modified in 4 cases of basal-like tumors, with either an increased or a decreased
expression (two cases each). These data are consistent with the fact that, in murine models of
triple negative or luminal B breast carcinomas, there is a cooperative anti-tumor effect of anti-
Tim-3 or anti-gal-9 antibodies, combined to paclitaxel (372). A more recent publication
highlighted an increase in gal-9 expression under the influence of chemotherapy in cells
derived from liver metastases of colorectal cancer without microsatellite instability (Jabbari,
Kenerson et al. 2020) (390). Their experimental system was based on ex vivo cultures of sliced
tumoroids which made it possible to maintain for 4 to 6 weeks a microenvironment similar to
what exists in the tumor /n situ. Single cell RNA-seq analyzes allow to distinguish two classes
of tumors, according to the predominant phenotype of malignant epithelial cells, suggestive
either of stem cells or enterocytes. In the second case, the application of Iritonecan or
Oxaliplatin induced a strong expression of gal-9. Remarkably, the simultaneous application of

a Tim-3 blocking antibody resulted in a synergistic anti-tumor effect.
Checkpoint inhibitors

There is evidence about gal-9 contribution to secondary and even primary resistance to

immune checkpoint inhibitors mainly in the context of non-small cell lung carcinomas
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(NSCLCs). Koyama et al. have investigated secondary resistance to anti-PD1 antibodies in two
murine transgenic models of NSCLCs, based on inducible expression of either EGFR or a
mutated form of K-ras (G12D) (391). Both models allowed investigations of lung tumors arising
in immunocompetent animals. High expression of gal-9 was measured in malignant cells from
K-ras-related tumors, where progression was observed after 8 to 10 weeks of treatment with
anti-PD1 antibody. Consistently, better tumor responses were obtained under sequential
treatment by anti-PD1, followed by anti-Tim-3 antibodies. In contrast, gal-9 was not involved
in secondary resistance of EGFR-related tumors. They also investigated clinical human samples
and reported about 4 times higher concentrations of gal-9, in pleural effusions of 2 lung
carcinoma patients with secondary resistance to anti-PD1, by comparison with 4 patients not
previously treated with anti-PD1 (Koyama, Akbay et a/ 2016). Consistent observations were
made in a cohort of 61 metastatic NSCLC patients by a group from Dijon (392). They analyzed
various populations of circulating lymphoid and myeloid cells by flow cytometry (176
variables). They found that accumulation of lymphoid cells and monocytic MDSC (mMDSC)
expressing, respectively, Tim-3 and galectin-9, was often concomitant of the resistance to PD-
1 blockade, both for patients with primary or acquired secondary resistance. In addition, using
PBMCs from patients, they were able to show that, /n vitro treatment combining anti-PD1 and
anti-Tim-3 antibodies induced interferon-y secretion by CD8" T cells, which was not the case

with anti-PD1 or anti-Tim-3 used as single agents.
CAR-T cells

Some experimental studies suggest that gal-9 produced by malignant cells may contribute to
inhibit the antitumor effects of CAR-T-cells. For example, this has been reported in a study

based on human pancreatic tumors xenografted in immunodeficient mice (393).

3.6.5. Deregulation of gal-9 expression in a tumor context

Data in the literature do not describe mutations or polymorphisms in the gal-9 gene associated
with tumor development, as may be the case in rheumatoid arthritis (394). On the other hand,
several studies have looked at the modification of the methylation profile of this gene and the
expression of regulatory microRNAs. A comprehensive study looked at the analysis of the

methylation profile of the gal-9 gene in melanoma cells. This study gives clues to understand
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the origin of expressed gal-9, by separated observations of melanocytes and the various
infiltrating cells (monocytes, CD4* and CD8" T lymphocytes, B lymphocytes and granulocytes).
The authors have identified a relatively low level of methylation in leukocytes, unlike
melanocytes, which exhibit a significant level of methylation in the promoter region (395). This
phenomenon does not appear to be redundant from one tissue to another since studies
conducted on colorectal cancers do not report changes in DNA methylation or in histones
associated with the LGALS9 gene (396). Informations relating to the deregulation of protein
expression in this context, further describe a post-transcriptional regulation by microRNAs.
One of the candidates put forward is miR-455-5p, whose production is significantly increased
in tumor tissues, which at the same time show a significant reduction in gal-9. These data are
currently only supported by in vitro tests on a tumor line of colonic origin, in which the
recognition of the 3'UTR region (untranslated transcribed region) of the transcript by the miR
has been verified (397). Another miR potentially involved in the regulation of gal-9 expression,

miR-22, appears to be downregulated in hepatic carcinoma (398).

Of course, many of the functions performed by gal-9 depend on its ability to recognize specific
polysaccharides. Even simple modifications of the glycans, caused by epigenetic alterations,
for example which lead to the modification of glycosyltransferases expression or activity, can
directly impact the sensitivity of cells to the signaling induced by gal-9 (399). However, there
is no study yet reporting concrete examples of this type of modification related to gal-9, in a

tumor context.
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Results
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Article 1

1. Introduction

During the years 2014-2016, studies had been carried out in our team regarding T-cell
response of human T lymphocytes to /n vitro treatment with recombinant gal-9. This topic
was the subject of Claire Lhuillier's PhD thesis (319). This work was carried out in collaboration
with Olivier Dellis, a renowned specialist in calcium flux, especially in immune cells (Inserm,
Orsay, France). Experiments had been carried out both on cells of the Jurkat cell line and on T-
cells of the peripheral blood from normal donors. The initial objective was to elucidate the
mechanisms of the apoptosis induced by gal-9 in T lymphocytes. Initially Claire Lhuillier et a/.
demonstrated calcium mobilization triggered in less than one minute inside the T lymphocytes
by the addition of recombinant gal-9 (it did not require the expression of Tim-3 at the plasma
membrane). However, they quickly observed that this calcium mobilization was not necessary
to trigger T-cell apoptosis. Indeed, the early calcium mobilization was abolished in Jurkat cells
knocked-out for the tyrosine Lck or for various components of the CD3/TCR complex while a
large fraction of these cells was still undergoing apoptosis under gal-9 treatment a few hours
later exactly like wild-type cells. The same was true for peripheral T-cell challenged by
recombinant gal-9 in presence of an Lck chemical inhibitor. However, even for wild-type Jurkat
cells, not all the cells were entering apoptosis. Therefore, at the end of Claire Lhuillier's thesis,
the following questions were remaining pending: 1) what is the long-term fate of T-cells
challenged by gal-9 and resisting apoptosis; 2) does the activation of signaling pathways
related to TCR activation by gal-9 results in some phenotypic conversion. In the following
years, a partial response was given to the second question by Florent Colomb et a/ They
showed that addition of gal-9 to T-cells latently infected by HIV resulted in partial viral
reactivation. This reactivation was antagonized by various signaling inhibitors including Lck,

Erk and CREB inhibitors (322). Nevertheless, in 2018, at the beginning of my PhD thesis, the
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phenotypic and functional characteristics of healthy T-cells surviving to gal-9 treatment were

still poorly known.

In this first part of my thesis, the objective is to undertake this characterization using in as
much as possible unbiased, largescale approaches like transcriptional profiling by RNAseq and
multidimensional mass cytometry. My first approach was based on mass cytometry using a
panel of 26 antibodies aiming at a broad scanning of major phenotypes and functions of T-
cells. However, this panel did not contain any antibody related to follicular T-cells and this first
series of CyTOF analysis was to some extent misleading. We got some clues about a relative
expansion of Th2" CD4" cells following gal-9 treatment, but this was not confirmed when we
resorted to Gata-3 staining by conventional cytometry (Gata-3 was not in the initial CyTOF
panel). Fortunately, we were able to apply transcriptional profiling by RNA seq to T-cells
surviving gal-9 challenge a few months later and thanks to multiple approaches of data
analysis (I was able to profit from the first Covid-19 lock-down to learn R language). I was able
to detect the transcriptional enhancement of several markers of follicular T-cells, especially
CXCR5. Taking advantage of this result, we decided to come back to mass spectrometry with
a new panel of 21 antibodies more focused on follicular T-cell markers. As explained in the
manuscript, using these new tools, I was more successful and could confirm the induction of

follicular T-cell markers resulting from gal-9 exposure.

2. Manuscript
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Abstract

Prolonged exposure of T-cells to extra-cellular gal-9 is known to frequently occur in
physiological and pathological conditions for example in the light zone of germinal centers
inside secondary lymphoid organs. Its repercussions deserve further investigations. In vitro,
exposure of activated T-cells to extra-cellular galectin-9 (gal-9) is known to induce partial cell
death and various types of phenotypic conversions in surviving cells. We undertake a
comprehensive and systematic investigation of these phenotypic modifications using T-cells
derived from PBMCs treated with CD3/CD28 stimulation for 7 days with or without addition of
recombinant gal-9. Gal-9-exposed and gal-9-naive T-cells recovered at day 7 by magnetic
sorting were then subjected to various comparative investigations including transcription
profiling by RNAseq and multidimensional mass cytometry. Beside some phenotypic changes
already reported in previous publications like a major decrease in CD8" cell subsets, one novel
remarkable observation was the emergence of various phenotypes reminiscent of follicular (Tf)
T-cells. CXCR5 was the Tf marker most consistently induced by initial gal-9 exposure. Its
transcription was further increased by one additional gal-9 boost on isolated T-cells.
Consistently, CXCR5 and CD40L were expressed at a higher level in splenic T-cells from wild
type mice than from gal-9-KO transgenic mice The CXCR5 Tf-like T-cells resulting from gal-9
exposure /n vitro were heterogeneous with a mix of CXCR5"/CD40L*/FoxP3",
CXCR57/CD40L*/FoxP3™ and CXCR5%/FoxP3*/CD40-L". Despite this phenotypic heterogeneity,
gal-9-exposed- were more efficient than gal-9-naive T-cells to protect B-cells from apoptosis.
Gal-9 acting directly on B-cell was already known to increase the threshold of their activation
in germinal center thus playing a role in the regulation of autoimmunity. Our data suggest
another aspect of their action in germinal centers which is to enhance the differentiation of Tf

cells and thus to favor the maturation of B-cells targeting non-self-antigens.
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1. Introduction

Galectins are a family of animal lectins sharing the capacity to bind [B-galactosides
contained in glycans carried by glycoproteins or glycolipids (Gooden, Wiersma et al. 2013,
Johannes, Jacob et al. 2018). Their binding partners are inside the cells, at the cell surface or in
the extra-cellular matrix. Each galectin contains one or two Carbohydrate Recognition Domains
(CRD) which contain amino-acids directly involved in the interaction with the galactoside. Other
amino-acids inside or outside the CRDs interact with distinct non-galactosidic parts of galectin
partners. These additional interactions support the specificity of each galectin. Although devoid
of signal sequences, several galectins can be released in the extra-cellular space by non-
classical processes like membrane translocation or incorporation into secreted vesicles.
Galectin-9 (gal-9) belongs to the category of "tandem repeats" galectins (John and Mishra
2016). Intra-cellular gal-9 has various functions, for example a role in the maintenance of cell
polarity (Mishra, Grzybek et al. 2010, Mo, Costa et al. 2012). Extra-cellular gal-9 often behaves
like a cytokine with multiple immunomodulatory functions. For example, it induces M2
polarization of macrophages through its interaction with 2 membrane receptors, Dectin-1 and
CD206 (Daley, Mani et al. 2017, Enninga, Chatzopoulos et al. 2018). It impairs NK cell
cytotoxicity and stimulates the expansion of MDSCs at least in part through its binding to the
Tim-3 receptor (Dardalhon, Anderson et al. 2010, Golden-Mason, McMahan et al. 2013, Zhang,
Huang et al. 2020). Gal-9 also affects B-cell functions. It antagonizes BCR signaling and B-cell
activation (Cao, Allugmani et al. 2018, Giovannone, Liang et al. 2018). Using murine cells, LK
Smith et a/. have shown that the inhibition of the BCR signaling by gal-9 can be achieved in
different ways depending on the subtype of B-cells. For B-2 B cells, it is done by mediating the
interaction between the IgM BCR and the negative co-receptors CD22 and CD45 while for B-
1a, gal-9 bridges the BCR with the CD5 protein (Smith, Fawaz et al. 2021).

The impact of extra-cellular gal-9 on T-cells is complex and not fully elucidated. In
cooperation with TGF-[3, gal-9 enhances the expansion and activity of induced T-regs (Seki,
Oomizu et al. 2008, Mengshol, Golden-Mason et al. 2010, Wu, Thalhamer et al. 2014). On the
other hand, gal-9 has a strong cytotoxic effect on T-regs expressing the Tim-3 receptor (Yang,

Sun et al. 2021). The CD8" conventional T-cells are also negatively regulated by extra-
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cellular gal-9. If they are in a state of exhaustion with Tim-3 expression, they can be pushed to
cell death by extra-cellular gal-9 (Wang, He et al. 2007, Kang, Dutta et al. 2015) (Yang, Sun et
al. 2021). Regarding CD4" T-cells, one of the first immunomodulatory effects of extra-cellular
gal-9 to be reported in 2005 was the induction of cell death in murine Th1 T-cells expressing
Tim-3 (Zhu, Anderson et al. 2005). Later on, gal-9 was shown by several groups - including ours
- to be able to act on murine and human CD4" T-cells through membrane receptors
independent of Tim-3, with effects like production of interferon y or TNF-a and/or apoptosis
(Su, Bietal. 2011, Lhuillier, Barjon et al. 2015). Moreover, Gooden et a/. have reported a biphasic
response of CD4" cells when non-activated PBMCs were treated /n vitro with recombinant gal-
9. During the first 2 days, apoptosis was predominant whereas from day 3 and beyond, there
was emergence and expansion of CD4" cells with some features reminiscent of Th1 central
memory cells. The same phenotype shift was observed when gal-9-stimulation was applied on
T-cells activated by CD3/CD28 stimulation (Gooden, Wiersma et al. 2013). This is consistent
with one report from our group showing that extra-cellular recombinant gal-9 activates two
pathways in peripheral T-cells. One pathway results in apoptosis and does not require calcium
mobilization or TCR integrity. The other pathway results in early calcium mobilization and
requires the integrity of the T-cell receptor/CD3 complex (Lhuillier, Barjon et al. 2015). The
existence of this gal-9 TCR-related pathway was confirmed in a more recent publication

(Colomb, Giron et al. 2019).

On the basis of these observations, using a combination of unbiased exploration
modalities, we undertook a comprehensive characterization of T cell subpopulations surviving
under sustained exposure to extra-cellular gal-9. We thought that this approach was likely to
shed light on a number of physiological and pathological mechanisms. Indeed, while in most
tissues Gal-9 is expressed at a low level at baseline, its expression is substantially increased in
inflammatory conditions, especially in the presence of interferon y and B (Yang, Sun et al. 2021).
The light zone of germinal centers is a site of intense gal-9 expression with a major contribution
of B-cells (Giovannone, Liang et al. 2018). There are also numerous pathological conditions
where sustained high expression of gal-9 take place in damaged tissues, sometimes with high
plasma concentrations, for several days, weeks or months. For example, high concentrations of
plasma gal-9 have been recorded during acute viral infections like influenza, covid or the initial

stage of AIDS (Katoh, Ikeda et al. 2014,
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Tandon, Chew et al. 2014, Bozorgmehr, Mashhouri et al. 2021). High concentrations of gal-9
are also detected in the liver of patients with chronic viral hepatitis B or C (Mengshol, Golden-
Mason et al. 2010, Barjon, Niki et al. 2012, Nebbia, Peppa et al. 2012). Production of gal-9 is
also increased in various types of human malignancies like hepatocellular, pancreatic and
nasopharyngeal carcinomas (Pioche-Durieu, Keryer et al. 2005, Li, Wu et al. 2012, Seifert, Reiche

et al. 2020).

During the first stage of our study, our exploration of phenotypic changes induced by
sustained exposure of T-cells to gal-9 showed a remarkable decline of the CD8" and a
substantial expansion of the CD4" subpopulation. On the one hand, we made several findings
consistent with previous reports like the emergence of a strong subset of CD4* FoxP3* CCR4"
cells suggestive of induced T-regs. Besides, unexpectedly, we observed the emergence of a
subset of cells with a phenotype highly suggestive of follicular T cells (Tf). The physiological
and functional relevance of these observations has been confirmed by 2 approaches:
investigations on murine splenic T-cells showing a decrease in CXCR5 expression in transgenic
mice KO for Gal-9 and the demonstration of enhanced survival of human B-cells co-cultured

with T-cells previously exposed to gal-9.

2. Materials and Methods

Blood donors

PBMCs in the form of buffy coats from healthy adult donors were purchased from the
"Etablissement Francais du Sang” (blood transfusion provider) and used in fully anonymized
form. Whenever possible, ampoules of viable cells were frozen for subsequent experiments

based on cells from the same donor.

Activation and expansion of human T cells from peripheral blood with or
without exposure to recombinant gal-9.

Peripheral blood leucocytes from healthy donors were isolated using a Ficoll gradient
separation then seeded in 6-well plates (5 X 10° cells per well in 4 ml culture medium) using

RPMI 1640 medium (Gibco) supplemented with 10% fetal calf serum (FCS, Sigma-Aldrich),
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antibiotics and non-essential amino acids (ThermoFisher Scientific). These leucocytes were
immediately subjected to a procedure of T-cells activation and expansion lasting seven days
(Figure 1). Starting from D1 they were stimulated with anti-CD3/CD28 antibodies (0.5 pg/ml
each) starting from the beginning (D1). This stimulation was reinforced at D5 by addition of
interleukin-2 (IL-2, 10 U/ml, Miltenyi). Simultaneously, a fraction of these leucocytes subjected
to the above-mentioned T-cell expansion protocol were exposed to recombinant gal-9 NC (1.5
ug/ml or 45nM) from D1 to D7 yielding a sub-population of expanded T-cells identified as
"exposed” to gal-9 (G9Expo-T-cells or GE-T-cells). The rest of the cells were subjected to the
expansion protocol in the absence of gal-9 and were identified as gal-9 naive (G9Naive-T-cells
or GN-T-cells). In both cases expanded T cells were isolated at D7 from the leucocyte mix using
a Pan T cell isolation kit (Miltenyi). These isolated G9Expo- or G9Naive-T-cells were either used
immediately for various biochemical or molecular biology analyses or seeded for functional
investigations in culture plates using 10% FBS RPMI in the absence of CD3/CD28 or IL-2

stimulations.

RNAseq analysis

G9Expo- and G9Naive-T-cells (respectively GE- and GN-T cells) isolated by magnetic sorting at
day 7 were further cultured for 6 hours in the presence or in the absence of recombinant gal-
9 NC (15nM) resulting in 4 categories of experimental conditions: GES and GNS cells subjected
to late gal-9 stimulation after magnetic sorting and GEU and GNU without late gal-9
stimulation. At the end of this 6h culture, cells were used for total RNA extraction using the TRI
Reagent (MRC) according to the manufacturer's guide, with chloroform as the phase separator.
RNA quantity and quality were assessed by spectrophotometry (Thermo Scientific Nanodrop
2000 microvolume spectrophotometer, RRID:SCR_018042). RNA sequencing was performed by
the Genomics Platform of Gustave Roussy Institute (UMS AMMICA — UMS 3655 CNRS, France).

Data were processed by the Bioinformatics Platform of Gustave Roussy Institute. Each transcript
was quantified using the software Salmon v. 0.14.1. Genes were annotated using Gencode v.33

Basic, with hg38 as the reference genome. Differentially expressed genes
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(DEGs) were identified with DESeq2 v. 1.26.0. False discovery rate (FDR) threshold was set to
0.05; DEGs were clustered with GSEA 4.0.3 (Broad Institute) against MSigDB v. 7.1.

Additional clustering of RNA-Seq data regarding T cell phenotype was performed with DESeq2
v. 1.26.0. Raw read counts were stored in an object class with an associated designformula that
expresses 2 variables used in modeling: condition (i.e., treatment with control medium or
galectin-9 for example) and donor. Read counts were next subjected to a transformation using
regularized logarithm (rlog) with specified design formula. Transformed counts of selected
genes and conditions were extracted to generate mean-centered heatmap with R package

pheatmap v. 1.0.12.
Antibodies

Antibodies used for CyTOF analysis conventional flow cytometry on human cells are listed in

the Supplementary Table 4 and Supplementary Table 7 respectively.

Antibodies used for the characterization of murine splenocytes are specified in the

Supplementary Table 6.

CyTOF analysis

Staining procedure

The CyTOF assay was performed following Fluidigm's instructions. For each condition, 3 x 10°
cells were stained with Cell-ID™ Cisplatin 5 mM (Fluidigm) for 5 min and quenched with
DPBS/BSA (0.1%), using 5 times the volume of stained cells. After centrifugation, cells were
resuspended in DPBS/BSA (0.1%) with a pre-mix cocktail of membrane antibodies, 1 pl of each
antibody for 3 x 10° cells and incubated for 1h. After washing, cells were incubated for 1 hour
at 4°C with 1 ml of cell intercalation solution, prepared with Cell-ID Intercalator-Ir 500 yM
(Iridium, Fluidigm) to reach the final concentration of 150 nM. Cells were later centrifuged with
DPBS/BSA (0.1%) and pelleted, then resuspended with EQ Calibration Beads (Fluidigm) and in

the end, cell events were acquired using the Helios system (Fluidigm).

Data analysis
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Concatenated and normalized data were analyzed on Cytobank (Kotecha, Krutzik et al. 2010).
Data were manually gated to remove dead cells, debris and non-singlet events. Data from each
donor were separately subjected to viSNE analyses, each was performed on 21 parameters
which were the antibodies used in the panel with equal event sampling selected. Fifteen to
thirty thousand events per sample were selected, according to the lowest number of events

available across all samples.

Expression profiles were further analyzed on events exported from Cytobank. For assessment
of co-expression of CD4, CXCR5, CD40L, FoxP3, T cells were manually gated using FlowJo

software.

Flow cytometry analysis

Murine splenocyte activation

Murine splenocytes were activated at the density of 2 x 10° cells/ml. Cells were incubated with
5 nM (3.1 ng/ml) PMA (Sigma-Aldrich) and Ionomycin (Sigma-Aldrich) at Tug/ml for 6 hours at
37°C before cytokine staining. Brefeldin A (Biolegend) was added after 2 hours of activation, at

5 pg/ml.
Staining procedure

Cells were washed with DPBS before the surface staining in DPBS containing 3% FBS. For
experiments with murine spleen, an additional step with anti-CD16/CD32 (BD Biosciences) was
performed to block Fc receptor. Cells were fixed with Fixation Buffer (Biolegend) and
permeabilized with Intracellular Staining Permeabilization Wash Buffer (Biolegend) for cytokine
staining after appropriate activation. Transcription factor staining was performed using True-
Nuclear™ Transcription Factor Buffer Set (Biolegend). Data were acquired by LSR Fortessa II

(BD Biosciences) and analyzed with Flowjo v. 10.5.3.

Animal care and experimentation
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Animal procedures were performed according to protocols approved by the Ethics Committee
for animal experimentation n°26 certified by the French ministry of agriculture (“Comité
d'Ethique en Expérimentation Animale n°26") (project number n°12147-201711081244492).
Female C57BL6/JRi were purchased from Janvier Labs (France) and housed in the Gustave
Roussy animal facility. The production and characterization of gal-97" C57BL6/JRj mice has
already been reported (Seki, Oomizu et al. 2008). They were raised at the Gustave Roussy
animal facility (Preclinical Research Platform - PFEP). Mice were used between 8 and 12 weeks
of age. Overall, 100 mice were used for this study. Animal care was done as previously
described: mice were housed in pathogen-free conditions in filter cap cages holding a
maximum of 5 animals with irradiated aspen chip bedding and cotton fiber nesting material
(Baloche, Riviere et al. 2021). They were maintained on a 12/12 light/dark cycle, with ad /ibitum
UV-treated water and RM1 rodent diet. The animals were monitored every day for signs of
pain, such as immobility or restlessness, reduction of drinking and food intake. The persistence
of abnormal behaviors for more than one day led to the euthanasia of animals with suffering
presumption. Prior to tissue collection, mice were sacrificed by cervical elongation. Otherwise,

mice were euthanatized by carbon dioxide asphyxiation.

Co-culture of G9Expo- and G9Naive-T cells with Ramos cells

Ramos cells cultured in RPMI 1640 medium (Gibco) supplemented with 10% fetal calf serum
(FCS, Sigma-Aldrich) were collected and stained with CFSE (Sigma-Aldrich). Cells were
incubated with CFSE at 2 uM in DPBS (Gibco) for 20 minutes at 37°C, before another incubation
with RPMI 1640 (Gibco) at the same temperature for 30 minutes to complete the final reactions
of CFSE. Cells were then washed and co-cultured with G9Naive- or G9Expo- T cells on a ratio
of 1 x 10°cells per 2 x 10° T cells, in 3 ml of RPMI 1640 medium supplemented with 5% FCS.
After about 6 hours of culture in the rich medium, cells at each experimental condition were
transferred to the low serum medium with 0.5% FCS and treated or not with gal-9 M at 1 ug/

mil.

89






Proliferation Assay

Cell proliferation was assessed either by using dye dilution that allows tracing multiple
generations of labeled cells, or by measuring neo-DNA synthesis. Both methods required
acquisition of fluorescent signal by LSR Fortessa II. For generation tracking, cells were stained
with CellTrace™ Far Red dye (Life Technologies, ThermoFisher Scientific) at the density of 10°
cells/ml, following instructions from the manufacturer. Labeled cells were then cultured in
appropriate conditions and collected 4 days after the start of treatment to acquire data. For
neo-DNA synthesis, cells were labeled on the day of data acquisition (i.e, at the end of
treatment). EAU (5-ethynyl-2"-deoxyuridine - Life Technologies, ThermoFisher Scientific) was
added to cell culture at 20 uM. Cells were then incubated in appropriate culture condition for
2 hours before being collected for revelation based on click chemistry. Detection of EdU was

finally done through LSR Fortessa IL.

Histology and immunohistochemistry

Spleen tissues were collected from wild-type and ga/-9”~ C57BL6/JRj mice and fixed in 4%
paraformaldehyde solution in phosphate buffered saline (PBS). After fixation in 4% PFA,
paraffin-embedded tissues were cut into 4um thick sections. At least one section per tissue
sample was stained with hematoxylin-eosin-saffranin (HES) for quality control. For CD40-L
detection, slides were incubated with a specific rabbit monoclonal antibody (1:500) (Novus
Cat# NBP2-66756). Primary antibody binding was revealed with the Rabbit PowerVision Kit
(UltraVision 614 Technologies) and the DAB PowerVision kit ImmunoVisionTechnologies Co.).
All antibody applications were performed with a Bond RX automated Leica Slide Stainer. Image
acquisition was performed with a Virtual Slide microscope VS120-SL (Olympus, Tokyo, Japan),
20X 621 air objective (0.75 NA, 345 nm/pixel).

Statistical Analysis

Statistical analyses were performed using Graphpad Prism v. 7.04.
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3. Results

3.1 Characteristics of the experimental system used to investigate the
influence of recombinant gal-9 on human T-cells /in vitro

The influence of extra-cellular gal-9 on the proliferation and differentiation of human
peripheral T-cells was investigated using the experimental system summarized in Figure 1. Its
aim was to expose proliferating human T-cells to high concentrations of gal-9 for 7 days in a
context of co-culture with other leucocytes. At day 1 of this protocol whole PBMCs from healthy
donors were treated with a combination of CD3/CD28 antibodies in the presence or in the
absence of recombinant gal-9 NC, an artificial isoform of gal-9 which has a greater stability in
cell culture conditions than the natural isoforms. Activation and proliferation of T cells was
revived at day 5 by addition of IL-2. Several biological parameters were monitored during gal-
9 exposure (1°' phase of the protocol summarized in Figure 1). Since extra-cellular gal-9 can
be released by various types of leucocytes including T-cells and monocytes, the overall
concentration of gal-9 was checked in the culture medium of PBMCs cultured with or without
addition of recombinant gal-9-NC. As shown in Supplementary Figure 1A, the overall
concentration of gal-9 was at least 20 times greater for experimental conditions which included
addition of recombinant gal-9. At day 7, all CD3" T-cells were separated from other types of
PBMCs by untouched magnetic sorting and then used for various types of investigations. T-
cells recovered by magnetic sorting following recombinant gal-9 exposure were called G9Expo-
T-cells (“gal-9-exposed”) whereas T-cells without previous exposure to recombinant gal-9 were
called GO9Naive-T-cells (“gal-9-naive”). As shown in Supplementary Table 2 and
Supplementary Figure 1B, the ratio of total PBMCs and T-cells recovered at day 7 to the initial
number of PBMCs seeded at day 1 was consistently about twice higher in the absence than in
the presence of recombinant gal-9. This is probably explained by cytotoxic effects during the

first two days of the treatment by recombinant gal-9.
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Figure 3. Impact of recombinant gal-9 on the transcriptome of human T-cells. A) Heatmap
of overall differential transcription between gal-9-naive (G9Naive-U) and gal-9-exposed
(G9Expo-U) human T-cells. Gal-9 exposure was made prior to T-cell separation without late
secondary addition of gal-9. Donors (don) of PBMCs are numbered from 1 to 4. The heatmap
was generated using the DESeq2 software with correction of the donor effect. B) Heatmap of
G9Naive-U/G9Expo-U differential transcription in connection with T-cell biology. Made with
the same software as in A) on the basis of a list provided by Wong MT et a/. (Cell Rep., 2015).
C) Modifications of expression of some selected genes in T-cells W or W/O initial exposure to
gal-9 and W or W/O late addition of gal-9 after magnetic separation. Mean values from 4
donors. G9Naive-U or GNU: no addition of gal-9. GNS: addition of gal-9 only after magnetic
separation of T-cells. G9Expo-U or GEU : initial exposure to gal-9 without late addition. GES :
initial exposure plus late addition.



3.2 Greater proliferative potential and resistance to gal-9-related cell
death in T-cells following prior exposure to recombinant gal-9

We then investigated EdU incorporation in T-cells after the magnetic sorting following 4 days
of /n vitro culture with or without addition of recombinant interleukin-2. Strikingly, we found
that incorporation of EAU was higher in G9Expo- compared to G9Naive-T-cells (GE- and GN-T
cells respectively). This excess of EdU incorporation was more consistent in the absence of
recombinant IL-2 (Figure 2 and Supplementary Figure 2). Our conclusion was that during the
first stage of the experiment, a higher rate of T-cell death was resulting from initial exposure
to recombinant gal-9. In contrast, after magnetic sorting and weaning of CD3/CD28
stimulation, a higher EdU incorporation and T cell proliferation rate was retained for G9Expo-
T cells. In the next step, we hypothesized that GE-cells might acquire a greater capacity to resist
gal-9-induced cell death. To address this point, G9Expo- and G9Naive-T-cells were challenged
with increasing concentrations of either gal-9 NC or the M-isoform of WT gal-9. For each
concentration of gal-9, the percentage of apoptotic and/or dead cells was assessed by flow
cytometry. The same test was performed on T-cells separated from fresh PBMCs at D1. As
expected G9Expo-T-Cells were significantly more resistant to the challenges by gal-9 NC and
gal-9 M when compared to G9Naive-T-cells or to T-cells isolated from fresh PBMCs at D1
(Figure 2B and C). Overall, these findings suggested that most T-cells surviving under gal-9
exposure acquired some heritable characteristics including a higher level of resistance to gal-

9 in comparison to T-cells not exposed to recombinant gal-9.

3.3 Recombinant gal-9 up-regulates transcripts of follicular T-cell
markers

To investigate the impact of gal-9 exposure on the assortment of peripheral T-cell sub-
populations, we performed a comparative transcriptome analysis of GE- and GN-T-cells by bulk
RNA-seq for 4 donors (Figure 3). More precisely, GE- and GN-T-cells isolated by magnetic
sorting at D7 were subjected to a short secondary culture for 6h. This was made either in plain
culture medium (G9Expo-U and G9Naive-U) or in medium containing recombinant gal-9NC

(15 nM) G9Expo-S and G9Naive-S) (for more details see the cartoon in (Figure1).
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In the first step of our transcriptome study, we focused our efforts on the comparison of
G9Expo-U and G9Naive-U cells, in other words, T-cells exposed or not exposed to gal-9 in the
first phase of the experiment and not subjected to any stimulation by gal-9 after magnetic
separation. A list of differentially expressed (DE) genes between GE- and GN-T-cells was
generated using the DESeq?2 package in R. It was validated in the heat map displayed in Figure
3A with a clear separation of GEU and GNU transcriptomes for cells of all 4 donors included in
this analysis. This same list was subjected to enrichment analysis using the GSEA software on
MSigDB (Subramanian, Tamayo et al. 2005, Liberzon, Subramanian et al. 2011). This resulted in
a set of about 100 enrichment plots matching genes with differential expression between GE
and GN T cells. A list of the 30 plots ranking with the highest enrichment score is provided in
Supplementary Table 3. A majority of these plots — thirteen - were related to the biology of
CD4" T-cells with three of them gathering genes known to be more abundant in T-regs by
comparison with T-convs. Two plots were related to CD8" T-cells. Eleven were connected to
immune cells distinct from T-cells including five in connection with B-cell biology. Four plots
were about other cell types not related to the immune system. To achieve a more precise
approach being closer to our own experimental system, we resorted to a list of 32 genes related
to T-cell biology inspired from Wong et al. (2015) (Wong, Chen et al. 2015). This list was used
for differential analysis of G9Expo-U and G9Naive-U data using the DESeq2 software with
elimination of the donor effect. This resulted in the heatmap of Figure 3B. The most striking
differences were recorded for a cluster of genes including CD40LG (i.e., CD154), IL-17A, IL-2],
CXCR5, IFN-y, CSF2. In a distinct cluster, BATF also exhibited strong differential expression.
Three of these markers — CXCR5, CD40LG and //-27 and - were suggestive of a phenotype of

follicular helper T-cells (Tfh) while /L 77A was suggestive of a Th17 differentiation.

Outside of this cluster, following gal-9 exposure, we noted a greater amount of mRNAs for
miscellaneous genes suspected to be influenced by extra-cellular gal-9. We can mention /COS
(because of its connection with the Tfh phenotype) plus FoxP3 BATF and CCR7 involved in

Treg, Th17 and memory T cell differentiation, respectively.
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Figure 4. Multidimensional mass cytometry of human T-cells subjected or not to gal-9
exposure. A) Schematisation of t-SNE plots for manual annotation. B) t-SNE plots of selected
markers detected on isolated T-cells from donor 5 (similar data for donors 6 and 7 are shown
in Supplementary Figure 3). These cells have been subjected to 4 experimental conditions prior
to magnetic separation : 1) activated T-cells among PBMCs without addition of recombinant
gal-9 (Ctrl); 2) activated T-cells among PBMCs with addition of gal-9 (Gal-9); 3) activated T-
cells with addition of an anti-gal-9 antibody (Mouse anti-Galectin-9 B-T33, Origene) (Anti-gal-
9); 4) activated T-cells with addition of recombinant gal-9 plus the anti-gal-9 antibody (Gal-9
+ anti-gal-9). Strikingly for every marker, all three control plots have a fairly homogenous
pattern whereas a distinct pattern is consistently observed for conditions with gal-9 exposure.
Two major components are designated A and B, essentially matching CD4" and CD8" sub-
populations. Among the CD4" cells, the A1 subset is enriched in PD1* and ICOS™ cells. It is not
subjected to significant changes through the various experimental conditions. At baseline, the
A2 subset seems to combine strong expressions of T-bet and FoxP3, in addition to ICOS and
PD1. B1 designates a subset of CD8" cells which like A2 seems to combine the expression of
T-bet and FoxP3. Gal-9 exposure results in a dramatic reduction of the whole CD8* component.
It has a profound effect on the A2 subset changing the T-bet/FoxP3 balance in favor of FoxP3
with a concomitant increase in CCR4 expression in the same subset. The most spectacular
change induced by gal-9 exposure is the emergence of the A3 subset combining CD4, T-bet,
FoxP3, BCI-6, CXCR5, CD40-L, ICOS, PD1 and CCR4. C) Comparison of mean MFI values for Tfh
markers detected on T-cells from 3 donors tested in the 4 experimental conditions mentioned

in 4B.



In the second step of our transcriptome study, we took in account two additional experimental
conditions resulting from the late addition of recombinant gal-9 after T-cell magnetic
separation. Figure 3C shows that this late gal-9 stimulation had almost no effects on GNaive-
T-cells for the expression of CXCR5, CD40LG, IL-27, ICOS and BCL-6.1n contrast, this secondary
addition of gal-9 was acting as a boost on GExpo-T-cells with a strong enhancement of the
expression of CXCR5, CD40L, IL-27 and to a lesser extent JCOS and BC/-6 mRNAs. This suggests
that gal-9 has, at least to some extent, a direct role in the induction of these genes related to
Tf differentiation. On the other hand, the expressions of FoxP3and CCR4 were not significantly

enhanced by the late gal-9 boost.

3.4 Multidimensional mass cytometry demonstrates the upregulation
of follicular T-cell markers under gal-9 exposure

Impressed by the strong increase in CXCR5, CD40L and IL27 transcription resulting from gal-9
exposure, we decided to investigate the impact of gal-9 at the cellular level using
multidimensional mass cytometry with special attention to molecular markers related to the
various subsets of follicular T-cells. Overall, we used a panel of 21 T-cell markers
(Supplementary Table 3). PBMCs from three healthy donors were subjected to gal-9 exposure
in the presence or in the absence of a gal-9 neutralizing antibody (mouse Mo Ab clone B-T33,
AM32427AF-N Origene). Practically, we had four experimental conditions: PBMCs exposed to
recombinant gal-9 by itself and three control conditions: PBMCs with no additives, PBMCs with
recombinant gal-9 plus the neutralizing antibody and PBMCs with the neutralizing antibody by
itself. T-cells of each condition were subjected to mass cytometry immediately after their
magnetic separation (Donor 5, Figure 4) (Donors 6 and 7, Supplementary Figure 2). As shown
on the t-SNE plots in Figure 4A and B, the patterns of T-cell distribution were fairly
homogenous for all 3 control conditions in sharp contrast with the redistribution of several
subsets resulting from gal-9 exposure. The most obvious modifications were a dramatic
reduction of the CD8" population combined to a relative expansion of the CD4" population.
Inside the CD4* component, there was a subpopulation undergoing reciprocal modifications:
a reduction of T-bet expression combined to the enhancement of FoxP3, CCR4 and to a lesser
extent CXCR5 and BCL6 expression. The most striking modification resulting from gal-9

exposure was seen at the bottom of the CD4 zone looking like an appendix identified by a
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strong increase in CXCR5 expression. Other markers were affected in the same zone but with
more heterogenous patterns. The CXCR5-positive subset was partially overlapped by other Tf
markers (Bcl-6, CD40L, ICOS and PD1) and by T-reg markers (FoxP3, CCR4). Statistics based
on the analysis of T-cells from 3 donors showed a significant overall increase in mean
fluorescence following gal-9 exposure for Bcl-6 and CXCR5 but not CD40L, FoxP3 and CCR4
(Figure 4C). The robust stimulation of CXCR5 expression under gal-9 exposure was thus
confirmed. At this point, we were wondering to what extent CXCR5 was co-expressed with
other markers especially CD40L and FoxP3. According to previous publications, CD40L and
FoxP3 are supposed to be mutually exclusive in follicular T-cells, being associated respectively
with helper and regulator follicular T-cells (Ramiscal and Vinuesa 2013). Therefore, we looked
at the distribution of FoxP3 and CD40L among CXCR5" cells for gal-9-treated cells of the 4
donors (Supplementary Table 5). We found the following trend: a majority of CXCR5" cells
being FoxP3"; the same was true for CXCR5"CD40L" cells.

3.5 Up-regulation of follicular T-cell markers under exposure to a

natural isoform of gal-9 (gal-9-M)

A complementary experiment involving three additional donors was set up to confirm previous
data. A recombinant protein representative of a natural isoform of gal-9, namely gal-9M, was
used in addition to the artificial gal-9NC. Comparative assessment of CD40L and CXCR5 was
made by conventional cytometry on G9Expo- and G9Naive-T-cells. Detection of FoxP3 was
included in the same experiment. As shown in Figure 5, the up-regulation of CXCR5, CD40L
and FoxP3 was confirmed with both gal-9NC and gal-9M, the latter being even more potent
than the artificial isoform when fluorescence intensity was taken into account. Co-expression

of CD40-L, CXCR5 and FoxP3 in a substantial number of cells was also confirmed.
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3.6 Reduced expression of CXCR5 and CD40L in splenic T-cells from
gal-9-KO transgenic mice

Production of gal-9 is known to be abundant in germinal centers and we were wondering
whether the induction of follicular markers on human T-cells exposed to recombinant gal-9
could reflect a physiological contribution of natural gal-9 to the follicular T-cell differentiation
inside germinal centers. To address this question, we chose to investigate the expression of
follicular markers in splenocytes from gal-9-KO transgenic mice with comparison with wild-
type mice. As shown in Figure 6, a reduction of CXCR5 expression was detected by flow
cytometry on splenic T-cells derived from gal-9-KO mice. Comparative assessment of CD40L
expression was made by immuno-histo-chemistry on spleen sections from WT and gal-9-KO
mice. CD40L staining was consistently less intense for gal-9-KO mice especially at the periphery
of germinal centers, suggesting its lower expression in pre-Tfh cells (Ramiscal and Vinuesa

2013).

3.7 Prior exposure of human T-cells to recombinant gal-9 increases

their capacity to rescue B-cells from apoptosis

Knowing that extra-cellular gal-9 was able to contribute to the acquisition of Tfth markers by
human and murine T-cells. it was important to investigate the acquisition of functional
properties consistent with the Tfth phenotype. We knew that interactions with Tfh cells are
essential to rescue from apoptosis centrocytic B-cells undergoing selection in the light zone of
the germinal centers. Therefore we investigated whether G9Expo-T-cells were able to provide
a protection to neighboring B-cells in a challenging environment. As a model of human
germinal center B-cell, we used Ramos 266 cells which are lymphoma B cells of germinal center
origin known to be responsive to the CD40L (Lederman, Yellin et al. 1994). Ramos B-cells were
labelled with CFSE and pre-incubated overnight with G9Expo- or GNaive-T—cells and then
transferred to a pro-apoptotic environment, with only 0.5% fetal calf serum. Knowing that gal-
9 is abundant in the light zone of the germinal center, this pro-apoptotic medium was
supplemented with recombinant gal-9M (30nM). As shown in Figure 8, B-cell survival was

enhanced when they were co-cultured with G9Expo-T-cells.
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Discussion

Several previous studies have reported that a fraction of T-cells was able to resist cell death
induced by extra-cellular gal-9 but until now their phenotypes and functional characteristics
have not been systematically investigated. Previous studies have shed light on two peculiar T-
cell subsets surviving gal-9 exposure. A majority of authors have focused their attention on
gal-9 contribution to the expansion of induced T-regs in murine and human experimental
systems (Seki, Oomizu et al. 2008, Mengshol, Golden-Mason et al. 2010, Lv, Zhang et al. 2013,
Wu, Thalhamer et al. 2014). On the other hand, one group has reported the capacity of
recombinant gal-9, in combination with CD3/CD28 stimulation, to favor the expansion of Th1
cells presenting a central memory phenotype (Gooden, Wiersma et al. 2013). In this context,
our aim was to achieve a more comprehensive and systematic investigation of human T-cells
expanding under sustained gal-9 exposure. Using RNAseq analysis and multidimensional flow
cytometry, we were able to confirm several aspects of T-cell phenotypic conversions resulting
from gal-9 exposure which were consistent with previous reports. In this category, we can
mention the reduction of the CD8" and relative expansion of the CD4" subpopulations, the
expansion of FoxP3* CCR4" cells and a clue in favor of the expansion of central memory T-cells
based on the increase in CCR7 transcription following gal-9-exposure. In contrast despite a
large amount of mMRNAs encoding the BATF transcription factor in T-cells exposed to gal-9, we
found no expression of Th17 markers by mass cytometry analysis, which is consistent with

previous reports (Seki, Oomizu et al. 2008, Oomizu, Arikawa et al. 2012).

The main finding of this paper is the first report that exposure to extra-cellular gal-9 induces
the emergence of diverse follicular T-cell subsets sharing a strong expression of CXCRS5, a type
of effect which has not been known until now. In a broad sense, follicular T-cells are T-cells
homing in secondary lymphoid organs and contribute to the regulation of the B-cell immune
response (Ramiscal and Vinuesa 2013, Stebegg, Kumar et al. 2018, Nakagawa and Calado
2021). Pre-Tth (or pre-follicular helper T-cells) are initially primed by CD28 co-stimulation
which is followed by de novo expression of Bcl-6 resulting in loss of CCR7 and acquisition of

CXCRS5 and ICOS expression of the plasma membrane. These pre-Tfh cells have sufficient
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equipment to participate to the extra-follicular antibody response through their interaction
with B-cells at the border of B- and T-cell zones. Pre-Tfh cells become mature Tfh when they
enter the light zone of the germinal center and acquire expression of PD-1 and IL-21. They
can provide a survival signal to centrocytes, in other words B-cells which have mutated their
Ig V-region. The CD40 ligand (CD40L) plays a key role in the delivery of this survival signal by
Tth as well as pre-Tfh. Inside the germinal center and beside Tth cells Tfr or T follicular
regulatory cells are CXCR5"/ PD1"/FoxP3* cells which can dampen antibody production.
They can derive from natural T-regs or naive T-cells. They usually express Bcl-6 but not
CD40L (Ramiscal and Vinuesa 2013). In our study, among CXCR5" cells resulting from
gal-9 exposure, we have observed subsets which seem to match with typical pre-Tfh and
Tfh cells namely those which were CXCR5"/CD40L"/Foxp3". On the other hand, cells which
were CXCR57/FoxP3*/CD40L* seem to match well with Tfr. The detection of cells with co-
expression of CXCR5, FoxP3 and CD40L is puzzling. Additional investigation will be required
to confirm the existence of this follicular T-cell subset. Despite the heterogeneity of the
CXCR5" subset following gal-9 exposure, it is noteworthy that we could observe a greater
protection against B-cell apoptosis when making co-cultures with G9Expo- than with
G9Naive-T-cells. This suggests that to a large extent, the up-regulation of follicular T-cell

markers is linked to a greater capacity of T-cell help in the corresponding cellular subsets.

Our observations about the up-regulation of Tf markers especially CXCR5 after exposure to
gal-9 is in apparent contradiction with two previous reports stating that gal-9 antagonizes Tf
differentiation (Zhuo, Zhang et al. 2017, Zhang, Li et al. 2021). For Zhuo et al. this claim is based
on experiments showing a decrease of IL-21 production in CD4" peripheral T-cells (Zhuo,
Zhang et al. 2017). However, the direct effects of recombinant gal-9 (30 nM, 48h) in these
experiments are extremely weak. A greater effect is reported in the same publication using a
Tim-3 blocking agent. However, this is not convincing since it is now well known that Tim-3
has other ligands distinct from gal-9 like HMGB1 or phosphatidyl-serine (Chiba, Baghdadi et
al. 2012, Sabatos-Peyton, Nevin et al. 2018). For Zhang et a/. the claim is based only on small
differences in the counts of CD4*CXCR5" cells in pulmonary lymph nodes of WT and gal-9-KO
mice (Zhang, Li et al. 2021) .
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One may wonder to what extent endogenous gal-9 might have effects similar to recombinant
gal-9 on follicular T-cell differentiation. We have no evidence of such activity in the /n vitro
experimental setting based on human PBMCs. No changes in the expression of follicular
markers were recorded in the presence of gal-9 neutralizing antibodies by comparison with
the control condition. Fortunately the reduction of CXCR5 by splenic T-cells from gal-9-KO
mice is a strong argument in favor of the contribution of endogenous mammalian gal-9, at
some point, in the differentiation of follicular T-cells. Another potential limitation of our study
is the extensive use of one artificial isoform of gal-9, gal-9NC. However, gal-9NC has been
reported several times as having the same properties as the wild-type isoforms except that it
is more stable and less prone to proteolytic digestion by enzymes like elastase (Nishi, Itoh et
al. 2005, Gooden, Wiersma et al. 2013). This is beneficial for the reproducibility of the
experiments made with PBMCs from various donors. In addition, the main effects produced by
gal-9NC in G9Expo-T-cells were confirmed using the recombinant natural isoform gal-9M)

(Figure 5).

Another possible pitfall is due to the fact that the initial exposure of T-cells to recombinant gal-
9 was done in the context of whole PBMCs, meaning that the phenotypic changes observed in
G9Expo-T-cells could have resulted from indirect effects for example induction of cytokines
released by monocytes. Interestingly, as shown in Figure 3B the expression of messenger RNAs
related to the follicular phenotype — CXCR5, CD40-L, IL-21 — is further enhanced in purified
G9Expo-T-cells under a boost of recombinant gal-9. This suggests that gal-9 is directly involved

in these transcriptional modifications.
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This study was not focused primarily on the mechanisms underlying the emergence of Tf-like
cells. However, our data provide some clues on this topic. There is evidence that the phenotypic
changes observed in T-cells exposed to gal-9 /n vitro result from a combination of depleting
and inducing effects. Depleting effects are shown by the dramatic reduction of CD8" T-cells
demonstrated by mass spectrometry. On the other hand, we need to postulate inducing effects
to account for the emergence of Tf-like cells under gal-9 exposure. At this point, we can only
speculate about the membrane receptors bound by extra-cellular gal-9 and the activated
signaling pathways. Tim-3 was probably not involved since mass cytometry analysis showed a
dramatic reduction of Tim-3 positive cells following gal-9 exposure. We can consider a
contribution of many other membrane receptors of gal-9 like components of the TCR, CD45
and CD44. This subject will deserve a full new cycle of investigations. The same remark applies
to the signaling pathways involved in these phenotypic changes. According to previous
publications from our group and other groups, one might consider a possible activation of the
TCR pathway involving calcium mobilization and phosphorylation of the Lck tyrosine-kinase, a
point that will deserve further investigation (Lhuillier, Barjon et al. 2015, Colomb, Giron et al.

2019).

Finally, it is interesting to consider our study in connection with a series of recent publications
dealing with the role of gal-9 in the regulation of antibody production inside secondary
follicular organs. These publications have been focused on the direct effects of gal-9 on the
membrane of B-cells (Cao, Allugmani et al. 2018, Giovannone, Liang et al. 2018, Smith, Fawaz
et al. 2021). They demonstrate that extra-cellular gal-9 binds to the BCR and raises it threshold
of activation for example by bridging the IgM BCR with the negative co-receptors CD22 and
CD45 in B-2 B cells. Experiments performed on gal-9-KO mice demonstrate that
these regulations are very important to prevent autoimmune reactions. On the other
hand, our findings seem to reveal another aspect of gal-9 functions in secondary follicular
organs (see the cartoon of Figure 8B). In addition to its role to prevent the production of
auto-antibodies, one of its functions might be to facilitate the differentiation of
follicular T-cells and consequently T-cell help to the maturation of “non-detrimental” B-

cells which are poised to produce antibodies directed to non-self-antigens.
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Figure legends

Figure 1. Cartoon depicting the experimental system used to investigate the effects of
T-cell exposure to high concentrations of extra-cellular gal-9. During the first phase of the
protocol, from day 1 to day 7, peripheral human T-cells from healthy donors are activated by
CD3/CD28 stimulation in a context of co-culture with other types of leucocytes, with or without
addition of recombinant gal-9NC (stable isoform - 45nM). Recombinant interleukin-2 is added
at day 5 to extend T-cell proliferation. At day 7, T-cells are isolated from other PBMCs by
negative magnetic sorting to enter the second phase of the protocol. These T-cells are called
"gal-9-exposed" (G9Expo) or "gal-9-naive" (G9Naive) depending on whether or not they have
been previously exposed to recombinant gal-9. They are then subjected to various types of
investigations like RNA sequencing or flow cytometry, either directly or after a second stage of

/n vitro culture.
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This secondary culture is performed with or without addition of recombinant gal-9 NC (15nM),
corresponding to the stimulated (S — GNS and GES) or unstimulated (U — GEU and GNU)

conditions.

Figure 2. Greater proliferative potential and resistance to gal-9-related cell death in T-
cells following prior exposure to recombinant gal-9. A) Gal-9-naive (G9Naive) and gal-9-
exposed (G9Expo) T-cells were isolated by magnetic sorting and cultured /n vitro for 4 days
with or without addition of recombinant interleukin-2 (IL-2 10 UI/ml). Then cell proliferation
was assessed by incorporation of fluorescent EdU. In the absence of recombinant IL-2, there
was an excess of proliferation for G9Expo-T-cells from both donors 1 and 3. In the presence of
IL-2, this excess of proliferation was observed only for donor 3. B) T-cells isolated from PBMCs
from 2 donors (1 and 3) by magnetic sorting at day 1 were subjected to gal-9 stimulation for
24 hours using the recombinant M and NC isoforms at increasing concentrations. Apoptosis
(Annexin V) and /or cell death (Propidium Iodide) was then assayed by flow cytometry. The
maximal percentage of apoptosis (AnV pos. plus PI pos.) was 60% and 90% for gal-9M and gal-
9NC, respectively. The IC50 were 12nM and 17nM, respectively. C) Assessment of the impact
of gal-9 M and NC on G9Naive- and G9Expo-T-cells from the same 2 donors (24h exposure
following magnetic separation). For G9Naive-T-cells the maximal percentages of apoptosis
were almost identical to those of Fig. 2B. In contrast, there was a substantial reduction of the
percentage of apoptosis for G9Expo-T-cells, especially in the presence of gal-9 M (from 60%

to 40%).

Figure 3. Impact of recombinant gal-9 on the transcriptome of human T-cells. A) Heatmap
of overall differential transcription between gal-9-naive (G9Naive-U) and gal-9-exposed
(G9Expo-U) human T-cells. Gal-9 exposure was made prior to T-cell separation without late
secondary addition of gal-9. Donors (don) of PBMCs are numbered from 1 to 4. The heatmap
was generated using the DESeq?2 software with correction of the donor effect. B) Heatmap of
G9Naive-U/G9Expo-U differential transcription in connection with T-cell biology. Made with
the same software as in A) on the basis of a list provided by Wong MT et al. (Cell Rep., 2015).
C) Modifications of expression of some selected genes in T-cells W or W/O initial exposure to

gal-9 and W or W/O late addition of gal-9 after magnetic separation. Mean values from 4
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donors. G9Naive-U or GNU: no addition of gal-9. GNS: addition of gal-9 only after magnetic
separation of T-cells. G9Expo-U or GEU: initial exposure to gal-9 without late addition. GES:

initial exposure plus late addition.

Figure 4. Multidimensional mass cytometry of human T-cells subjected or not to gal-9
exposure. A) Schematisation of t-SNE plots for manual annotation. B) t-SNE plots of selected
markers detected on isolated T-cells from donor 5 (similar data for donors 6 and 7 are shown
in Supplementary Figure 3). These cells have been subjected to 4 experimental conditions prior
to magnetic separation : 1) activated T-cells among PBMCs without addition of recombinant
gal-9 (Ctrl); 2) activated T-cells among PBMCs with addition of gal-9 (Gal-9); 3) activated T-
cells with addition of an anti-gal-9 antibody (Mouse anti-Galectin-9 B-T33, Origene) (Anti-gal-
9); 4) activated T-cells with addition of recombinant gal-9 plus the anti-gal-9 antibody (Gal-9
+ anti-gal-9). Strikingly for every marker, all three control plots have a fairly homogenous
pattern whereas a distinct pattern is consistently observed for conditions with gal-9 exposure.
Two major components are designated A and B, essentially matching CD4" and CD8" sub-
populations. Among the CD4" cells, the A1 subset is enriched in PD1* and ICOS® cells. It is not
subjected to significant changes through the various experimental conditions. At baseline, the
A2 subset seems to combine strong expressions of T-bet and FoxP3, in addition to ICOS and
PD1. B1 designates a subset of CD8" cells which like A2 seems to combine the expression of
T-bet and FoxP3. Gal-9 exposure results in a dramatic reduction of the whole CD8* component.
It has a profound effect on the A2 subset changing the T-bet/FoxP3 balance in favor of FoxP3
with a concomitant increase in CCR4 expression in the same subset. The most spectacular
change induced by gal-9 exposure is the emergence of the A3 subset combining CD4, T-bet,
FoxP3, BCI-6, CXCR5, CD40-L, ICOS, PD1 and CCR4. C) Comparison of mean MFI values for Tfh
markers detected on T-cells from 3 donors tested in the 4 experimental conditions mentioned

in 4B.

Figure 5. Expression of CD40L, CXCR5, and FoxP3 in CD4" T cells after 7 days of treatment
by gal-9 M or gal-9 NC. Subjected to the same experimental procedure as in the mass
cytometry assay, T cells from donors 8, 9 and 10 were magnetically sorted after 7 days of

treatment with either gal-9 M (45 nM or 90 nM) or gal-9 NC (45 nM). CD40L, CXCRS5, FoxP3
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expression were analyzed among CD4" T cells of the sorted population. A) Percentage of CD4*
T cells having expression of CD40L, CXCRS5, FoxP3 or co-expression of these markers. Statistical
significance was found by two-way ANOVA with p-value = 0.0005 in comparison of the 4
experimental conditions. B) Median fluorescent intensity (MFI) of CD40L, CXCR5 and FoxP3
expression in CD4* T cells. Pairwise comparison of MFI was performed by multiple #test
between control condition and each of gal-9 treatment. All comparisons have p-value <

0.00000001.

Figure 6. Expression of CXCR5 in CD4* T cells of wild-type and ga/-9/- C57BL6/JRj mice.
Splenocytes from wild-type and ga/-9/- C57BL6/JRj mice were collected and stained with anti-
CD4 and anti-CXCR5 antibodies. Dead cells were removed by gating on propidium iodide-
negative events. A) Gating ancestry of CXCRS5 isotype control. B) CXCR5" population in CD4*
splenocytes. WT: wild-type mouse. ga/-9”": gal-9-knock-out mouse. C) Normalized median of
fluorescence intensity of CXCR5 was calculated by the ratio of MFI of stained sample on MFI of
isotype control. Mean values from 3 pairs of mice. MFL: median of fluorescence intensity. WT:

wild-type mice. KO: gal-9-knock-out mice.

Figure 7. Detection of CDL40L by immunohistochemistry on spleen tissue section from
wild-type and gal-9-KO C57BL6/JRj mice. Staining was performed with a monoclonal
antibody reacting with murine CD40L and counterstained with hematoxylin. A and B) wild-type
spleen tissue at magnification 40x (A) and 200x (B). C and D) gal-9-/- spleen tissue at
magpnification 40x (C) and 200x (D). In most fields, CD40L staining was less intense for gal-9-

KO than for WT mice, especially at the periphery of the germinal center.

Figure 8. Protective role of G9Expo-T cells towards B cells. T cells collected from the primary
culture made with or without gal-9 exposure were co-cultured with Ramos cells at the ratio 2:1.
Ramos cells had been labeled with 2 uM CFSE before being resuspended in culture medium
with or without T cells. Cells were collected after 24 hours of co-culture and stained with
Annexin V and propidium iodide. A) Surviving cells were gated on CFSE positive cells to

evaluate Annexin V'PI frequency. A higher survival rate was observed when Ramos
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cells were co-cultured with G9Expo-T cells, even in the condition supplemented with gal-9 M
Tpug/ml. GN: Gal-9-Naive T cells. GE: Gal-9-Exposed T cells. PIL: propidium iodide. B) A model of
interaction between T and B cells under the influence of gal-9 in the micro-environment of
secondary follicles. Naive B cells are known to produce a large amount of gal-9. Gal-9 is known
to be abundant in the mantle zone and light zone of the germinal centers. Extra-cellular gal-9
in one way increases the threshold of BCR activation. Meanwhile, gal-9 enhances maturation
of T-cells towards a follicular phenotype. These T-cells acquire the capacity to protect B-cells
from apoptosis resulting from solitary BCR-activation, i.e. not concomitant of MHC II-TCR

interaction. TCR: T cell receptor. MHC II: major histocompatibility class II.

Supplementary materials

Supplementary Table 1: Origins of PBMCs used for various modalities of investigation.

Supplementary Table 2: recapitulation of cell counts for human PBMCs subjected to /n vitro
activation with or without concomitant exposure to recombinant gal-9. D7/D1 ratio: quotient
of the number of PBMCs collected on D7 by the number seeded on D1. Percentage of live cells
among PBMCs collected on D7. Number of T-cells recovered after magnetic sorting of D7-

PBMCs.

Supplementary Table 3: List of 30 enrichment plots from GSEA with best matching of

differentially expressed genes between G9Expo- and G9Naive-T-cells.

Supplementary Table 4: Characteristics of the 21 metal-labeled antibodies used for mass

cytometry analysis of G9Expo- and G9Naive-T-cells.

Supplementary Table 5: Frequency of FoxP3* and CD40L" positive cells among CD4*CXCR5*

cells in 4 experimental conditions (gal-9 exposure and 3 control conditions).
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Supplementary Table 1. Origins of PBMCs used for various modalities of investigation

EdU incorporation Bulk RNAseq CyTOF Cytometry
Initial gal-9 exposure + + + + +
Late gal-9 addition - - + -
Names of exp G9NaiveU and G9NaiveU and G9NaiveS and G9NaiveU and
conditions G9ExpoU G9ExpoU G9ExpoS G9ExpoU
Donor 1 X X X
Donor 2 X X
Donor 3 X X X
Donor 4 X X
Donor 5 X
Donor 6 X
Donaor 7 X
Donor 8 X
Donor 9 X
Donor 10 X

Supplementary Table 2. Cell counts for PBMCs and T-cells recovered after 7 days of primary
culture with or without gal-9 exposure

Experiments # PBMC W/O gal-9 PBMC W gal-9

(donor #) D7/D1 cell number .. live T-cells D7/D1 cell . live T-cells
ratio % live cells at D7 recovered at D7 number ratio % live cells at D7 recovered at D7

Daonor 1 1.023958 0.78 27870000 0.518889 0.49 13200000
Donor 2 0.858463 0.83 17465000 0.540597 0.53 15610000
Donor 3 0.832222 0.91 13510000 0.346667 0.56 10255000

Donor 4 1.062 0.83 25560000 0.417 0.68 21060000




Supplementary Table 6: List of antibodies used to characterize splenocytes of wild-type and

gal-9-/- C57BL6/JRj mice.

Supplementary Table 7: List of antibodies used for conventional flow cytometry on human T

cells.

Supplementary Figure 1: Evolution of gal-9 concentrations and cell count during the primary
culture of PBMCs. A) Supernatants of cell culture were collected at day 1, 2, 5 and 7, then
measured by ELISA assay to determine the concentration of gal-9. Mean values from 3 donors.
CM: culture with control medium. Gal-9: culture with gal-9 45 nM. Anti-Gal-9: culture with anti-
gal-9 antibody at 5 IU/ml. Anti-Gal-9 + Gal-9: culture with anti-gal-9 at 5 IU/ml at gal-9 at 45
nM. B) Ratio of PBMC counts at day 7 on total counts of cells seeded at the start of primary
culture. Mean values from 4 donors (Supplementary Table 2). Analysis for ignificant difference

was performed with Kruskal-Wallis test.

Supplementary Figure 2: Proliferation of gal-9-naive and gal-9-exposed T cells (GN-T and
GE-T respectively). After 7 days of primary culture with or without gal-9, GN-T and GE-T were
isolated by magnetic sorting and labeled with CellTrace™ Far Red dye, then subjected to a
secondary /n vitro culture for 4 days with or without addition of recombinant interleukin-2 (IL-
2, 10 Ul/ml). At the end of secondary culture, cells were collected and labeled with 5-ethynyl-
2’-deoxyuridine (EdU) and analyzed with flow cytometer. Fluorescent intensity of CellTrace was
gated in 3 level (P1, P2, P3) with P3 being the youngest generation of T cell. A) CellTrace
labeling of cells from donor 1. B) CellTrace labeling of cells from donor 3. C) EdU labeling of

cells from donor 1. D) EdU labeling of cells from donor 3.

Supplementary Figure 3: t-SNE plots of selected markers detected on isolated T cells from
donor 6 and donor 7. For both donors, the CD8" component is dramatically reduced under
gal-9 exposure. The CD4" subset designated as A1 (PD1%, ICOS™) in the legend of figure 4 is
not detected for these donors. Another CD4" subset designated as A2 (T-bet", FoxP3", PD1",
ICOS™) seems to be detected for donor 7 but not donor 6. Even in donor 6, the impact of gal-
9 exposure on this subset is discreet. On the other hand, a subset similar to the A3 subset of
donor 5 is recorded for donors 6 and 7 with the same essential characteristics: induction by

gal-9 exposure and positivity for Bcl-6, CXCR5 and CD40-L.
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Supplementary Table 4. Characterisitcs of the 21 metal-labelled antibodies used for mass cytometry analysis

of G9Expo- and G9Naive-T-cells

Identifier Specificity Mass and tags Clone Source

31410048 Anti-Human CD49d 141Pr 9F10 Fluidigm
3143023A Anti-Human NFAT1 143Nd D43B1 Fluidigm
3145001B Anti-Human CD4 145Nd RPA-T4 Fluidigm
3146001B Anti-Human CD8 146Nd RPA-T8 Fluidigm
3148019C Anti-Cross CD278/1COS 148Nd C398.4A Fluidigm
31490018 Anti-Human CD45RO 149Sm UCHL1 Fluidigm
3150023B Anti-Human CD134/0X40 150Nd ACT35 Fluidigm
3152017B Anti-Human CD95/Fas 1525m DX2 Fluidigm
3153008B Anti-Human TIM-3 153Eu F38-2E2 Fluidigm
31550098 Anti-Human CD279/PD-1 155Gd MBSA43 Fluidigm
31600048 Anti-Human CD39 160Gd EH12.2H7 Fluidigm
3161014C Anti-Human T-bet 161Dy 4B10 Fluidigm
3162024A Anti-Human FoxP3 162Dy Al Fluidigm
3163012B Anti-Human/Mouse Bcl-6 163Dy K112-91 Fluidigm
3164029C Anti-Human CXCR5 164Dy RF8B2 Fluidigm
3168006C Anti-Human CD154/CD40L 168Er 24-31 Fluidigm
3169003B Anti-Human CD25 169Tm 11C3C65 Fluidigm
31700108 Anti-Human CD45RA 170Er HI100 Fluidigm
3173015B Anti-Human CD137/4-1BB 173Yb 2A3 Fluidigm
3175035A Anti-Human CD194/CCR4 175Lu L291H4 Fluidigm
31760048 Anti-Human CD127/1L-7Ra 176Yh AB4-1 Fluidigm

Supplementary Table 5. Frequency of FoxP3* and CD40L* positive cells among CD4*CXCR5* cells in 4

experimental conditions (gal-9 exposure and 3 control conditions)

ctrl

Gal-9

Anti-Gal-9

Anti-Gal-9 + Gal-9

Donor 5

CD4+CXCR5+FoxP3+ CD4+CXCR5*FoxP3-
Donor6 Donor7 Donor5 Donor6é Donor7 = Donor5
545 6.12 1.29 1.42 1.52 0.32
18.6 16.5 17 48 5 2.58
4.29 5.39 1.58 2.21 2.53 0.33
11 11.8 39 1.7 4.1 0.53

CD4+CXCR5+*CD40L*FoxP3+

Donor6  Donor 7
0.76 1.11
9.38 6.87

1.8 1.32
374 4.76

CD4+CXCR5+CD40L*FoxP3-
Donor5 Donor6  Donor7
033 0.08 0.15
1.38 1.42 1.28
0.49 0.5 0.32

1.97 0.32 1
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Supplementary Table 7. List of antibodies used for conventional flow
cytometry on human T cells

Identifier Specificity Fluorescence Source
356935 Anti-human CD185 (CXCR5) Brilliant Violet 785™ Biolegend
310837 Anti-human CD154 Brilliant Violet 711™ Biolegend
300538 Anti-human CD4 FITC Biolegend
560046 Anti-Human FoxP3 PE BD Biosciences
400169 Mouse lgG1, k Isotype Ctrl Brilliant Violat 785™ Biolegend
400109 Mouse lgG1, k lsotype Ctrl (FC) FITC Biolegend
400167 Mouse 1gG1, k Isotype Ctrl Brilliant Violet 711™ Biolegend
400139 Mouse lgG1, k Isotype Ctrl PE Biolegend
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Supplementary Figure 2. Proliferation of gal-9-naive and gal-9-exposed T cells (GN-T
and GE-T respectively). After 7 days of primary culture with or without gal-9, GN-T and GE-T
were isolated by magnetic sorting and labeled with CellTrace™ Far Red dye, then subjected to
a secondary /n vitro culture for 4 days with or without addition of recombinant interleukin-2
(IL-2, 10 UI/ml). At the end of secondary culture, cells were collected and labeled with 5-
ethynyl-2’-deoxyuridine (EdU) and analyzed with flow cytometer. Fluorescent intensity of
CellTrace was gated in 3 level (P1, P2, P3) with P3 being the youngest generation of T cell. A)
CellTrace labeling of cells from donor 1. B) CellTrace labeling of cells from donor 3. C) EdU
labeling of cells from donor 1. D) EdU labeling of cells from donor 3.
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Supplementary Figure 3. t-SNE plots of selected markers detected on isolated T cells
from donor 6 and donor 7. For both donors, the CD8" component is dramatically reduced
under gal-9 exposure. The CD4" subset designated as A1 (PD17, ICOS™) in the legend of figure
4 is not detected for these donors. Another CD4" subset designated as A2 (T-bet®, FoxP3",
PD1%, ICOS™) seems to be detected for donor 7 but not donor 6. Even in donor 6, the impact
of gal-9 exposure on this subset is discreet. On the other hand, a subset similar to the A3
subset of donor 5 is recorded for donors 6 and 7 with the same essential characteristics:
induction by gal-9 exposure and positivity for Bcl-6, CXCR5 and CD40-L.
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Article 2

1. Introduction

In 2020, during the third year of my PhD thesis, my host research team entered into a new
five-year contract. We have integrated a new research unit moving from CNRS UMR 8126
(head Dr J. Wiels) to CNRS UMR 9018 (head Dr C. Brenner). Our team has welcomed new
members. Three clinicians specialized in Head and Neck tumors, two surgeons (Dr P. Gorphe,
Dr L. Breuskin) and one medical oncologist (Dr C. Even) have become associated members of
our research team. These organizational changes gave us the opportunity to launch
translational research projects related to gal-9. Currently one major concern of our clinician
colleagues is to better understand and better predict primary or secondary resistances to the
inhibitors of negative immune checkpoints (abbreviated in “Immune Checkpoint Inhibitors” or
ICIs). Currently most ICIs are therapeutic antibodies blocking the PD1 or PD-L1 proteins. For
example, Nivolumab or Pembrolizumab blocks the PD1 protein at the surface of immune cells,
especially T-cells and NK-cells. Most Head and Neck malignancies treated in Gustave Roussy
like in other French cancer centers are squamous cell carcinomas (abbreviated in HNSCCs).
Most of them are related with tobacco and/or alcohol abuse. A fraction of them (about 20%)
have a viral etiology, especially squamous cell carcinomas of the tonsils or oropharynx latently
infected by HPV (human papilloma virus). As for other human solid tumors, anti-PD1 and to a
lesser extent anti-PD-L1 antibodies give objective tumor responses in about 20% of the cases,
often with sustained tumor remission or stabilization. However, it is important to understand
why about 80% of HNSCCs are not responsive to the ICIs which are currently available and
why most tumors initially sensitive to these agents will eventually resume progression after
some months or years. One escape mechanism which is often suspected is the contribution of
so-called soluble ICIs for example soluble HLA-G and some extra-cellular galectins like gal-3
or gal-9. Our ultimate goal is to identify patients bearing HNSCCs for whom tumor immune

escape is mainly supported by extra-cellular gal-3 or gal-9 resulting in primary or secondary

114



resistances to current ICIs. We thought that the first step in this direction was to make a
systematic assessment of the abundance of gal-3 and gal-9 in a series of patients bearing
advanced HNSCCs with blood collection made just before starting the second line treatment.
This has been done in collaboration with Dr C. Even who gave us access to the TopNivo cohort.
There was a double rationale to focus our investigations on plasma galectins instead of making
detection by IHC on tumor fragments. First, due to tumor heterogeneity the plasma
concentrations may better reflect the overall abundance of gal-3 or gal-9 production than
staining intensity of a tumor fragment. Next, in terms of immune suppression, soluble ICIs are

expected to act not only in the tumor microenvironment but also at a systemic level.

2. Manuscript
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Abstract

Extra-cellular galectin-9 (gal-9) is suspected to act as a soluble negative immune checkpoint in various
types of human malignancies, including Head and Neck squamous cell carcinomas (HNSCC). Itsimmune
suppressive effects probably extend at the systemic level beyond the limits of the tumor
microenvironment. Therefore, there is a need to investigate the status of gal-9 in the plasma of HNSCC
patients. Previous studies carried out mainly in the context of infectious diseases have led to
distinguish two forms of plasma gal-9: full-length and cleaved gal-9 proteins. Using appropriate ELISA
systems, these two forms of plasma gal-9 have been investigated in a prospective series of 90 patients
with relapsed and/or metastatic HNSCCs. Plasma galectin-1 and -3 were concomitantly assayed in
order to better assess the specificity of our findings regarding gal-9. We report that full-length gal-9
was undetectable in most plasma samples and at best detected at very low concentrations. In contrast
cleaved gal-9 was detected in all samples with significantly higher concentrations for patients whose
primary tumor was derived from the hypopharynx and those with multiple metastatic sites. We found
no similar correlations for gal-1 and gal-3. In a number of publications, papilloma virus-negative
HNPCCs are considered as a single homogeneous entity. However, high plasma concentrations of
cleaved gal-9 are preferentially detected in patients bearing hypopharyngeal carcinomas. This is a
reminder that even among HPV-negative HNSCCs host-tumor interactions might have specific features

which are dependent on the anatomical site of the primary tumor.
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Introduction

Most malignant tumors of the upper aero-digestive tract or “Head and Neck” tumors are
squamous cell carcinomas (HNSCCs). They represent the 6th leading cause of cancer worldwide with
an overall incidence of 650 000 new cases per year (Leemans, Braakhuis et al. 2011). In most cases,
the main etiological factors are alcohol and tobacco abuse. However a fraction of them are related to
infection by oncogenic viruses, notably HPV for a fraction of oropharyngeal carcinomas. There is a
strong tendency in clinical and biological studies to fit the large set of HNPCCs into only two categories:
HPV-positive or HPV-negative (Cillo, Kiirten et al. 2020, Mito, Takahashi et al. 2021). However, one
should keep in mind the dissymmetry of these two categories. Most HPV-positive HNSCCs arise from
the epithelium of the oropharynx while the anatomic origins of HPV-negative HNSCCs are much more
diverse including the oral cavity, the larynx and the hypopharynx. Despite the similarity of oncogenic
factors, the diversity of the cells of origin probably has some influences on the phenotypes of the
malignant cells as well as on host-tumor relationships. Surgery and/or concomitant chemo-
radiotherapy are still the standard of care for HNSCCs regardless of their viral or non-viral etiology.
However, HPV-positive HNSCCs have a better prognosis than HPV-negative HNSCCs. Despite

aggressive treatments, more than 50% of HPV-negative HNSCCs will relapse in the next 2 years.

Like for other human malignancies, immunotherapy, especially immune checkpoint inhibitors
(ICls) targeting the PD1/PD-L1 axis, has brought major practical and conceptual changes for the
management of HNSCCs. Immunotherapy can achieve durable responses for patients previously
regarded as incurable. Therefore, it provides compelling evidence that the immune system can have
powerful anti-tumor effects even for advanced lesions. However, only 20% of the patients with
relapsed or metastatic lesions benefit from immunotherapy and it remain difficult to predict which
patients will benefit from this therapeutic modality (Borel, Jung et al. 2020, Clarke, Eriksen et al. 2021).
So far, most of the investigations carried out to identify predictive biomarkers of the response to
immunotherapy have been performed on tumor fragments, often fragments of the primary tumor.
The most reliable tumor markers indicative of a good response to anti-PD1 antibodies is PD-L1
expression by at least a fraction of malignant cells or infiltrating cells, tumor mutational burden and
abundance of CD8+ T-cells among infiltrating cells (Napolitano, Schipilliti et al. 2019). Still, there is a

need to achieve better immune responses in a greater number of patients.

The prevalence of alternative checkpoint inhibitors is one mechanism suspected to support

primary or secondary resistance to ICls. There is growing evidence that tumor immune escape can be
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promoted by biomolecules released in the extra-cellular space. sHLAG, sPD-L1 or sPDL2 are well-known
examples of such immune suppressive agents with the capacity to diffuse in biological fluids including
peripheral blood (Botticelli, Zizzari et al. 2021, Kluckova, Durmanova et al. 2021). Some galectins,
especially gal-9 (galectin-9) and to a lesser gal-1 (galectin-1) and gal-3 (galectin-3), can behave in the
same way (Mereiter, Balmaia et al. 2019). Although devoid of signal sequences, they can be secreted
in the extra-cellular space by non-conventional pathways, for example by translocation through the
plasma membrane or in association with extra-cellular vesicles (Keryer-Bibens, Pioche-Durieu et al.
2006). Once in the extra-cellular space they behave like cytokines with predominant
immunosuppressive activity (Ochieng, Furtak et al. 2002, Ruvolo 2016, Gordon-Alonso, Hirsch et al.

2017, Orozco, Martinez-Bosch et al. 2018, Nambiar, Aguilera et al. 2019, Baloche, Riviere et al. 2021).

In this context, we believe that it is important to determine the status of extra-cellular gal-9 in
the plasma of patients bearing HNSCCs. So far, plasma gal-9 has been mainly investigated in studies
dealing with infectious diseases. For example, elevated concentrations of plasma gal-9 were reported
for influenza and covid 19, as well as active tuberculosis (Katoh, lkeda et al. 2014, Shete, Bichare et al.
2020, Bai, Furushima et al. 2021, Bozorgmehr, Mashhouri et al. 2021) . Elevated concentrations were
also reported in AIDS patients with very high levels at the acute phase and persistent mild excess even

after restoration of the CD4 cell count under anti-viral therapy (Tandon, Chew et al. 2014).

Studies on plasma gal-9 in infectious diseases have stimulated methodological progress with
one of us being at the forefront in refining ELISA detection. There are three isoforms of gal-9 which
contain two CRD (carbohydrate recognition domains) linked by a stretch of amino-acids called the
linker peptide. The only difference between these three isoforms is the length of the linker peptide
with short, medium and long size for gal-9-S,-M and -L, respectively. The linker peptide of each isoform
is vulnerable to cleavage by various proteases including elastase (Niki, Fujita et al. 2018). T. Niki et al.
have shown that the bulk of plasma gal-9 is under the form of cleaved products corresponding to the
N- or C-terminal CRD of the three isoforms (Niki, Fujita et al. 2018). In addition, they have developed
specific combinations of antibodies for selective detection of intact gal-9 (FL-gal-9) and selective
detection of the N-terminal product (Tr-gal-9)(Padilla, Niki et al. 2020, Bai, Furushima et al. 2021).
Finally they have shown that the gal-9 ELISA kit manufactured by R&D system and widely used in the
scientific and medical community mainly detect gal-9 cleaved products and tend to overreact with

these products (Niki, Fujita et al. 2018).
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With these physiopathological and molecular data in mind, we undertook to simultaneously
assess plasma concentrations of FL-gal-9 and Tr-gal-9 in a prospective series of patients with relapsed
and/or metastatic HNSCCs. This was made as an ancillary study of the TopNivo trial (NCT03226756). In
addition, we assayed plasma gal-1 and gal-3 in the same series of patients to better appreciate the
relevance and specificity of plasma gal-9 distribution in various tumoral conditions. Highest mean
concentrations of plasma cleaved gal-9 were found in patients with hypopharyngeal primary tumor

and patients with more than one metastatic site.
Materials and Methods

Patients and healthy controls

TopNivo is a safety study of Nivolumab in patients with recurrent and/or metastatic platinum-
refractory HNSCCs. Nivolumab injections were given every 2 weeks, up to 12 cycles (1 cycle = 28 days).
A total of 351 patients have been enrolled. For 90 of these patients, EDTA blood samples (about 9 ml)
were collected prior to the onset of Nivolumab (at baseline). For each blood sample, about 4ml of
plasma have been stored in 3 aliquots. Galectin-9 (gal-9) and galectin-3 (gal-3) concentrations have

been assessed for all samples (baseline and post-treatment).

Plasma samples were also collected from 5 anonymous healthy donors purchased from Zenbio (NC,

USA) (3M and 2F) (ages comprised between 19 and 65).

Assays for plasma gal-9

Three types of ELISA were used to assay plasma gal-9. One assay was selective of human FL-gal-9
isoforms, using the combination of one monoclonal antibody reacting with the gal-9 N-terminal
portion (952-3) and a rabbit polyclonal directed against its C-terminal portion (Mengshol, Golden-
Mason et al. 2010). Normal concentrations of plasma FL-gal-9 from healthy donors are below 500
pg/ml (Padilla, Niki et al. 2020, Bai, Furushima et al. 2021). Another assay has been designed to react
both with FL-gal-9 and the cleaved N-terminal product of gal-9; it uses the combination of 952-3 and
ECA8 (MBL, Nagoya, Japan), both reacting with the N-terminal part of human gal-9 isoforms. Normal
concentrations for this assay are below 1000 pg/ml (Padilla, Niki et al. 2020, Bai, Furushima et al. 2021).
In addition we used the Quantikine ELISA kit from R&D system (reference DGal90) which was shown

to have no selectivity for FL-gal-9 and to overreact with Tr-gal-9 (Niki, Fujita et al. 2018). For

120



(]
|

E
o
=
o 27
™
o
=
o 1-
E
w
i R=0.7303
o
0 ) ) ) 1
0 10 20 30 40

Plasma gal-9 (R&D assay) (ng/ml)

Figure 1. Correlations of plasma gal-9
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this assay, normal concentrations are below 10 ng/ml (Niki, Fujita et al. 2018). All assays were done in

duplicate.
Assays for plasma gal-1 and -3

Plasma gal-1 and -3 were assayed using appropriate Quantikine ELISA kits from R&D system as

recommended by the manufacturer (references DGal10 and 30). All assays were done in duplicate.
Results

Low abundance of FL-gal-9 in plasma samples from HNSCCs

The mean concentration of plasma FL-gal-9 for the 5 healthy donors was 363 pg/ml which is consistent
with previous reports (Padilla, Niki et al. 2020, Bai, Furushima et al. 2021). For the 90 HNSCCs patients,
the mean concentration of FL-gal-9 was even lower at 165 pg/ml. FL gal-9 was undetectable for 2 out

of 5 healthy donors and 27 out of 90 HNSCC patients.
Variable concentrations of Tr-gal-9

The mean concentration of plasma Tr-gal-9 was 962 pg/ml +/- 375 for healthy donors. Again this is
consistent with previous reports (Padilla, Niki et al. 2020, Bai, Furushima et al. 2021). For the 90
HNSCCs patients, it was 1275 pg/ml +/- 485. A good correlation was observed with gal-9 concentrations
obtained using the Quantikine ELISA from R&D System (see Fig. 1 — Pearson coefficient: R=0.730).
Concentration values obtained with the R&D assay were about 10 times greater than those obtained
using the Tr-gal-9 assay. These observations are consistent with the notion that the Quantikine R&D
ELISA mainly assesses cleaved forms of gal-9 while having a data amplifying effect (Niki, Fujita et al.
2018). Wide variations of gal-9 concentrations were recorded with 38 patients displaying normal
values (below 10 ng/ml), 48 with concentrations between 10 and 20ng/ml, and 4 patients with
concentrations above 20ng/ml. As shown in Fig. 2 and Fig. 3, higher plasma gal-9 concentrations were
found for hypopharynx primary tumors by comparison with HPV-negative oropharyngeal tumors and

for patients with multiple metastatic sites by comparison with non-metastatic subjects.
Distribution of plasma gal-1 and -3

Concentrations of plasma gal-1 and -3 were determined for the 90 HNSCC patients. We found only
weak correlations with the distribution of plasma Tr-gal-9 (Pearson coefficients were 0.268 and 0.278

respectively) (Fig. 4). We found no statistically significant relationships between the concentration of
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plasma galectin-3 and the hypopharyngeal site of the primary tumor or the existence of several

metastatic sites (Fig. 5 and 6).
Discussion

The main results of this study can be summarized like this: plasma gal-9 concentration was
higher for HNSCC patients having several metastatic sites and when the primary tumor was derived
from the hypopharynx. Interestingly, this is not the case for gal-3, meaning that we are not just looking

at nonspecific inflammatory changes affecting all galectins.

This must be related to previous publications about possible contributions of gal-9 to the
immune escape in HNSCCs. Several years ago, our group has reported the abundant production of gal-
9 by malignant cells from nasopharyngeal carcinoma (NPC) and its systemic diffusion in association
with tumor exosomes (Klibi, Niki et al. 2009). However, no NPC were included in our present series.
More recently, using tissue microarrays, Liu et al. have reported a positive correlation between the
abundance of gal-9 in the tumor microenvironment and the presence of T-regs (FoxP3*) and M2
macrophages (Liu, Wu et al. 2018). Chang et al. have recently reported that high expression of pyruvate
kinase M2 in HNSCCs promotes tumor progression and immune escape. One downstream mechanism
of this immune suppression seems to be the up-regulation of gal-9 transcription resulting from lactate
accumulation in malignant cells (Chang, Xu et al. 2021). On a broader perspective, there is growing
evidence that gal-9 can be involved in primary or secondary resistance to immune checkpoint

inhibitors in various types of malignancies (Koyama, Akbay et al. 2016, Limagne, Richard et al. 2019).

Regarding gal-3, other publications suggest that it can also contribute to tumor immune escape
and could even be a therapeutic target in HNSCCs (Coppock, Mills et al. 2021, Curti, Koguchi et al.
2021). Curti et al. have reported a phase | dose escalation study of a combination of pembrolizumab
(anti-PD1 antibody) and belapectin, a small molecule inhibiting galectin-3. This was done for a few
patients with advanced melanomas or HNSCC (NCT02575404). Objective responses were obtained for
2 out of 6 HNSCC patients. Obviously, we need to wait for data of the phase Il and Ill trials. Because

Belapectin is a small molecule, it might act on both extracellular and intracellular gal-3.

There is a good rationale to investigate galectins and other soluble negative immune
checkpoints in the blood. First they are expected to be active at the systemic level as well as inside the

tumor. Next, spatial tumor heterogeneity is a major obstacle for the accuracy of potential
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predictive markers derived from investigations performed on tumor fragments. Another limitation of
these markers is that they are not easily used in longitudinal monitoring because it is generally difficult
to make iterative tumor biopsies. Therefore, it is important to investigate the immune status of the
HNSCC patients at the systemic level, especially by investigation of non-invasive markers detectable in
the peripheral blood, hoping to get a synthetic assessment of the anti-tumor potential of the immune
system with the possibility of a follow-up of these markers at various stages of the treatment

(Duchemann, Remon et al. 2020).

One of our future aims will be to monitor plasma galectin-9 concentration in HNSCC patients
at various stages of the treatment and tumor evolution, for example at the initiation of
immunotherapy and at disease progression in case of initial objective tumor responses. Another aim
will be to seek correlations between high gal-9 concentrations and the plasma cytokine landscape and

the plasma metabolome.
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Discussion and perspectives
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Preamble

The discussion chapter of this thesis will be structured in two main parts: one relating to my
manuscript number 1 and the other relating to manuscript number 2. These two parts will be

followed by a very brief conclusion.

Part 1: comments on manuscript n°1

The main finding of this manuscript is the induction of CXCR5 expression in human peripheral
T-cells by exposure to recombinant gal-9. Remarkably, this T-cell response is enhanced, at
least at the transcriptional level, when T-cells previously exposed to recombinant gal-9 among
PBMCs and isolated by magnetic sorting are subjected to a boost of gal-9 stimulation. This
means that the enhancement of CXCR5 transcription is at least in part due to a direct effect of
gal-9 on T-cells. In the weeks to come, it will be very important to check whether this

"boosting” effect is also observed by flow cytometry at the protein level.

One open question is which type of membrane receptor are contacted by recombinant gal-9
at the surface of target T-cells and which signaling pathways are activated downstream of
these receptors. There is strong evidence that this effect is not mediated by Tim-3 since we
observed a dramatic reduction in Tim-3 expression in T-cells exposed to gal-9 for 7 days
(G9Expo-T-cells). Therefore, the boosting effect of late gal-9 stimulation following magnetic
sorting of the T-cells is probably mediated by a receptor distinct from Tim-3. CD45 and CD44
are known to interact with extra-cellular gal-9 at the surface of various types of leucocytes
(260,275). One may wonder whether they are involved in the up-regulation of CXCR5. A
specific experimental program would be required to deal with this hypothesis. On the other
hand, we and others have shown that proteins of the CD3/TCR complex and signaling kinases

acting downstream of this complex like Lck, ERK1/2 and CREB are required for some effects of
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extra-cellular gal-9 inside target T-cells: for example, calcium mobilization, IL-2 secretion or
transcription activation of the latent HIV genome (Claire Lhuillier - J Biol Chem 2015; Florent
Colomb Frontiers in Immunology). We do not know the exact mechanism of this mimicry of
TCR activation, for example whether it results from a direct contact of gal-9 with proteins of
the CD3/TCR complex. Nevertheless, we believe that it would be very interesting to know
whether inhibition of Ick using interfering RNAs or chemical inhibitors can block the up-

regulation of CXCR5 resulting from the late boost of gal-9.

Most results presented in this manuscript were obtained from in vitro experiments using
recombinant gal-9. Therefore, to get some insight on the physiological relevance of our
findings, it was very important to perform additional investigations on an intact organism. We
were able to compare the expression of CXCR5 and CD40L by splenic T-cells from wild type
C57BL/6 mice and syngenic mice knocked-out for gal-9. We found a modest but consistent
reduction of CXCR5 expression in cells from gal-9-KO mice. This is very encouraging but not
sufficient. We may hope to find a greater difference if we compare WT and KO mice taken a
few days after artificial immunization for example with ovalbumin. If the role of gal-9 in the
up-regulation of CXCR5 expressed by T-cells is confirmed, it will be interesting to use this
model to investigate the interplay between the already known factors of CXCR5 regulation and
gal-9. It is known that CXCR5 expression by T-cells is determined at least in part by prior
stimulation of CD28, by expression of Bcl6 and by contact with B-cells at the T/B interface
around germinal centers (400,401). It would be interesting to know at which stage gal-9
interfere with the up-regulation of CXCR5., for example to determine whether gal-9 acts
upstream or downstream of Bcl6. Unfortunately, so far, we have been in trouble to detect Bcl6

on tissue sections of murine spleens.

The heterogeneity of follicular T-cell markers expressed by CXCR5-positive T-cells exposed to
recombinant gal-9 is well demonstrated by mass cytometry analysis. The cells co-expressing
CXCR5 and FoxP3 are especially abundant. Their phenotype is suggestive of regulatory
follicular T-cells (Tfr). Moreover, the detection of some CXCR5" cells with co-expression of
CD40L and FoxP3 seems to be in contradiction with previous publications stating that these
two markers are mutually exclusive (402). At this stage, we do not know whether the

abundance of CXCR5/FoxP3 T-cells and of some CXCR5*/CD40L*/FoxP3* is an artifact due to
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artificial experimental conditions. One way to address this question might be to investigate

co-expression of CXCR5, CD40L and FoxP3 in murine splenic T-cells.

Despite the heterogeneity of CXCR5" cells resulting from gal-9 exposure, we have evidence
that they have functional properties consistent with a follicular helper phenotype, namely a
protective effect against apoptosis of B-cells. We acknowledge that this is the weakest part of
our manuscript in its present form. This part needs to be strengthened. We plan the following
complementary experiments based either on Ramos cells or on other experimental systems.
With regards to the protection of Ramos cells, we will use G9Expo-T-cells with CXCR5
expression reinforced by a late gal-9 boost. Instead to use low serum to make Ramos cells
prone to apoptosis we will use anti-IgM stimulation mimicking BCR activation as previously
reported for this cell line (403). One drawback of this system is the possibility of alloreactions
of T-cells against Ramos cells which are not HLA-matched. Another possible approach might
be a co-culture assay using T and B cells from the same healthy donors with stimulation by

staphylococcal enterotoxin B and subsequent assay of secreted IgG (404).
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Part 2: comments on article n°2

For the moment, the study reported in the manuscript number 2 is essentially descriptive with
a relatively limited scope. The main results can be summarized like this: higher concentrations
of plasma gal-9 products were observed for the patients having several metastatic sites and
when the primary tumor was derived from the hypopharynx. Interestingly, this is not the case
for gal-3 and probably gal-1, meaning that we are not just looking at nonspecific inflammatory
changes affecting all galectins. In the weeks and months to come we hope to be able to go
further. First, we need more information regarding the prognostic value of a high gal-9
concentrations. In collaboration with Matthieu Texier (Gustave Roussy Dpt of Epidemiology
and Biostatistics), we have not found any relationship between the initial concentration of gal-
9 products and progression-free survival (PFS). However, it is necessary to complete the
analysis in order to investigate a correlation between gal-9 concentration and the initial
response to Nivolumab. We will also look for correlations between gal-9 concentrations and
the plasma cytokine landscape. We have some clues that patients with high concentrations of
plasma gal-9 also have high concentrations of plasma cytokines CCL1, CCL27, IL-27 and CXCL9.

Work is in progress to confirm this observation on a larger series of patients.

Interestingly, several studies are in progress on tumor fragments from the patients of the same
cohort in the frame of the TopNivo consortium. These studies include bulk RNAseq and
multiplex immunohistochemistry oriented towards the detection of lymphoid and myeloid
markers (respectively in Eric Tartour’s lab in Paris and Ellen Van Obberghen’s lab in Nice). In a
distinct future publication, it will be interesting to see whether some characteristics of the
tumor microenvironment match some of our observations on plasma gal-9 products and
related circulating biomolecules. For example, whether gal-9 mRNAs are more abundant in
fragments from carcinomas of the hypopharynx. Or whether T-regs, M2 macrophages or

MDSCs are more abundant for patients with high concentrations of plasma gal-9 products.

A remarkable, recent publication dealing with multiple myeloma reports that detection of gal-
9 in malignant cells indicates a poor prognosis only when there is concomitant expression of

PD-L1 (405). Therefore, it will be interesting to investigate concomitant expression of gal-9
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and PD-L1 in the tumor microenvironment of HNSCCs and may be to make simultaneous

assays of plasma gal-9 and soluble PD-L1 for these patients.

We may also expect additional information when it will be possible to make longitudinal
monitoring. Recently, my host team has obtained interesting preliminary results for patients
whose tumor was initially sensitive to anti-PD1 treatment but finally escaped. For several of
these patients there was a substantial rise of gal-9 concentration concomitant to tumor

progression.
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Conclusion of the two parts of the discussion

Extra-cellular gal-9 can behave like a cytokine whose effects are mainly immunosuppressive.
In some malignant and infectious diseases, the inappropriate production of gal-9 contributes
to disease progression. However, the results presented in the manuscript number 1 strongly
suggest that extracellular gal-9 can play a role in the optimization of the cooperation between
T and B lymphocytes and therefore in the optimization of the immune response. We meet here
a general characteristic of the homeostasis of the immune system. Most of its cellular and
molecular effectors have bidirectional effects with very complex mechanisms of compensation
and self-limitation. The possible therapeutic benefit of their inhibition or stimulation is highly

dependent on the physiological or pathological context.
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Serial transplantation unmasks
galectin-9 contribution to tumor
Immune escape in the MB49
murine model
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Mechanisms of tumor immune escape are quite diverse and require specific approaches for their
exploration in syngeneic tumor models. In several human malignancies, galectin-9 (gal-9) is suspected
to contribute to the immune escape. However, in contrast with what has been done for the infiltrating
cells, the contribution of gal-9 produced by malignant cells has never been demonstrated in an

animal model. Therefore, we derived isogenic clones—either positive or negative for gal-9—from

the MB49 murine bladder carcinoma cell line. A progressive and consistent reduction of tumor

growth was observed when gal-9-KO cells were subjected to serial transplantations into syngeneic
mice. In contrast, tumor growth was unaffected during parallel serial transplantations into nude

mice, thus linking tumor inhibition to the enhancement of the immune response against gal-9-KO
tumors. This stronger immune response was at least in part explained by changing patterns of
response to interferon-y. One consistent change was a more abundant production of CXCL10, a major
inflammatory factor whose production is often induced by interferon-y. Overall, these observations
demonstrate for the first time that serial transplantation into syngeneic mice can be a valuable
experimental approach for the exploration of novel mechanisms of tumor immune escape.

Galectins are a family of mammalian lectins sharing the capacity to bind p-galactoside bonds contained in glycans
carried by glycolipids or glycoproteins'. Each galectin selectively binds a specific range of glycans which can
be located inside the cells, at the cell surface or in the extra-cellular matrix. Several galectins can be released in
the extra-cellular medium by non-classical secretory pathways and behave like intercellular messengers. Galec-
tin-9 (gal-9) plays a major role in the physiology of the immune system?®. When secreted in the extra-cellular
medium, it behaves somehow like a cytokine with mainly immunosuppressive effects. However, it has a broader
range of potential surface receptors than most bona fide cytokines. Its effects are dependent on multiple surface
glycoproteins or glycolipids containing -galactoside bonds, for example Tim-3 (on T-cells) and Dectin-1 (on
macrophages)>*. In physiological conditions, gal-9 is expressed at a low level in most tissues and organs. Its
production is enhanced under inflammatory conditions. This occurs in epithelial and endothelial cells, under
stimulation by interferon-y*.

Several years ago, our group was the first to show the contribution of gal-9 to immune suppression in the
micro- and macro-environment of a human malignancy, namely nasopharyngeal carcinoma, a tumor which is
almost constantly associated with the Epstein-Barr virus (EBV)®. Since this publication, the contribution of gal-9
to immune evasion has been reported in a number of other malignancies as diverse as lung, breast and pancreatic
carcinomas, melanomas and acute myeloid leukemias*®. In vitro and in animal models, the immunosuppres-
sive effects of gal-9 result from the inhibition of both the innate and adaptative immune responses'’. Regarding
innate immunity, gal-9 inhibits NK cell cytotoxicity while enhancing the activity of MDSCs!!-1. Regarding
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adaptive immunity, it is known to induce cell death of CD4* Th1 and Th17 cells and exhaustion of CD8* cells
while enhancing the expansion and activity of suppressive cells like iTregs*'*"”. Despite multiple observations
supporting the contribution of extracellular gal-9 to tumor immune escape, there are still many unknowns
and controversies about the overall contribution of gal-9 to the malignant process. Difficulties and sometimes
confusion in this research area are, in our view, due to two main causes: (1) cells producing gal-9 in the tumor
microenvironment are quite diverse depending on the type of malignancies; (2) there is a suspicion that cell-
associated gal-9—inside malignant cells or at their surface—can have anti-metastatic effects. This hypothesis is
mainly supported by observations from a prospective cohort of breast carcinoma patients where the abundance
of gal-9 in tumor tissue sections is inversely correlated to the risk of metastatic relapse'®. On the other hand,
elevated concentrations of plasma or serum gal-9 are consistently associated with a more severe prognosis in vari-
ous types of malignancies, including pancreatic carcinomas, metastatic melanomas and renal carcinomas®!*%°,

In humans as well as in animal models, tumor gal-9 is often produced both by malignant cells and by infiltrat-
ing cells of lymphoid or myeloid origin*?!. So far, to our knowledge, there is no murine tumor model designed
to assess the immunosuppressive effect of gal-9 produced by the malignant cells themselves separately from
gal-9 released by the infiltrating cells. To address this need, we used a gene editing approach to create isogenic
gal-9-positive and gal-9-negative clones derived from the murine bladder carcinoma cell line MB49. The MB49
line was chosen for 2 reasons: (1) it has a substantial baseline expression of gal-9; (2) it is known to trigger a
robust although ineffective immune response in C57BL/6 syngeneic mice?-**. Using this approach, we could
demonstrate that gal-9 gene ablation makes MB49 cells much more sensitive to the anti-tumor immune response.
However, the emergence of this immune response was progressive, requiring at least 3 serial passages and growth
cycles on syngeneic mice to reach full efficiency and blockade of tumor growth. To elucidate the mechanisms of
the immune response promoted by gal-9 gene ablation, we combined detection of infiltrating leucocytes by IHC,
assessment of the diversity of the stromal T-cell repertoire, differential RNAseq of gal-9-KO and WT tumors
and intra-tumoral cytokine detection at successive cycles of tumor growth. One of the main changes occurring
prior to the blockade of tumor growth was a broad increase in transcription of genes encoding proteins involved
in tumor cell response to interferon-y. Consistently, in vitro, the production of CXCL10 induced by exogenous
interferon-y was more abundant in gal-9-KO cells than in control clones. A contrario, a poor response of gal-
9-positive malignant cells to interferon-y might be one mechanism supporting the immune escape of wild-type
MB49 tumors.

Results

Genetic ablation of the gal-9 gene in the MB49 cells and in vitro characterization of the
gal-9-KO and control clones. In order to explore the contribution of gal-9 produced by malignant cells
to tumor immune escape, we selected the MB49 murine tumor model. MB49 cells originated from a bladder
carcinoma and are compatible with C57BL/6 mice. They are known for generating hot tumors in syngeneic mice
and to trigger relatively strong although inefficient primarily CD8 cytolytic adaptive immune response®~>*. They
are also known to be responsive to immune-checkpoint inhibitors. MB49 cells were shown to have constitutive,
permanent expression of gal-9. The Lgals9 gene was invalidated in clones derived from MB49 cells using the
CRISPR/Cas9 strategy (Supplementary Figure S1A). This procedure resulted in three clones knocked-out for
gal-9 (gal-9-KO clones: # 175, 345, 377) and 2 control clones (WT-Ctrl clones: # 116 and 376) which had under-
gone the same transfection and cloning process but had retained an intact Lgals9 gene and gal-9 expression simi-
lar to the parental MB49 cells (Supplementary Figure S1B,C). We first observed that cell proliferation in vitro
was not affected in gal-9-KO clones by comparison with WT-Ctrl clones and parental MB49 (Supplementary
Figure S2). Comparative RNAseq analysis of gal-9-KO and control MB49 cells propagated in vitro resulted in
two important observations: (1) the absence of a gene subset with a distinct pattern of expression in gal-9-KO
by comparison with WT-Ctrl clones; (2) the absence of distinct transcriptional alterations for genes predicted to
be vulnerable to off-target effects in gal-9-KO by comparison with WT-Ctrl clones (Supplementary Figures S3
and S4). Finally, we found no influence of gal-9 silencing on the expression of other galectins: gal-1, -3 and -8
(Supplementary Figure S5).

A serial tumor transplantation assay unmasks the immune restriction of tumor growth for
gal-9-KO MB49 cells. Moving from in vitro to in vivo experiments, the next step of our study was to
investigate the growth of tumors resulting from subcutaneous injections of gal-9-KO or control MB49 cells.
However, we often faced technical concerns regarding the mode of injections of these cells: either early skin
ulcerations resulting from superficial injections or unwanted infiltration of underlying organs when making
deeper injections. This prompted us to set up tumor growth assays based on subcutaneous implantation of
small tumor fragments. Cell injection was the method retained for the first passage allowing collection of tumor
fragments for subsequent passages. This approach based on the implantation of small tumor fragments was suc-
cessful in reducing the incidence of tumor ulcerations or tumor infiltrations in underlying organs. In addition,
from multiple preliminary experiments like the one depicted in Fig. 1, progressively emerged the evidence that
tumor growth of gal-9-KO clones was undergoing a progressive decline after several passages on syngeneic mice
(C57BL/6 N) when using small tumor fragments in serial transplantations. This experimental sequence was
thereafter designated as “serial tumor transplantation assay”. Using a variant of the protocol used for Fig. 1, we
designed a larger experiment involving all 3 gal-9-KO clones along with the two WT-Ctrl clones and parental
MB49 cells, with concomitant transplantation on immune-competent syngeneic (C57BL/6 N) and immune-
deficient mice (Supplementary Figure S6). As shown in Fig. 2A, a progressive reduction of tumor growth was
observed for gal-9-KO clones through successive passages. This reduction was hardly visible at the 2nd cycle of
tumor growth, but stronger at the 3rd cycle although not statistically significant. At the 4th cycle, it was even
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Figure 1. Pilot serial tumor transplantation assay using MB49 cells and isogenic clones in syngeneic mice
(C57BL/6 N). (A) Cartoon depicting the main steps of the assay. The MB49 parental cell line (n=3), the
WT-Ctrl clone #116 (n=4), the gal-9-KO clones #345 (n=2) and #377 (n=4), were subcutaneously injected into
C57BL/6 female mice (opening the 1st cycle of tumor growth involving mice n°1). Twenty days later, tumors
were collected and cut into small fragments. For each mouse donor, a small aggregate of tumor fragments

(100 mg) was then subcutaneously transplanted into a single recipient mouse (2nd cycle involving mice n°2).
This operation was repeated twice (opening the 3rd and 4th cycles of tumor growth involving mice n°3 and mice
n°4 respectively). (B) Comparison of tumor growth curves for WT and KO tumors during the 4th cycle (mean
volumes + SEM). WT tumors include tumors derived from the parental cells (MB49) and the WT-Ctrl clone
#116. Significant differences in tumor volumes were recorded at day 13 (Mann-Whitney test). (C) Collection
and comparative inspection of WT and gal-9-KO tumors at the completion of the 4th cycle of tumor growth.
Left panel: visualization of selected representative tumors (Ctrl clone #116 and KO clone #377). The growth

of gal-9-KO tumors was drastically reduced. Only small necrotic tumors were recovered. Right panel: graph
showing a comparison of tumor weights for all mice of the 2 groups (7 and 6 mice respectively, Mann-Whitney
test). (D) RNAscope detection of gal-9 transcripts in WT and KO tumor sections at the completion of the 4th
cycle of tumor growth. Several WT and KO tumors were fixed in paraformaldehyde and paraffin-embedded.
Then, tumor sections were subjected to in situ hybridization of gal-9 mRNA using the RNAscope method
according to the manufacturer instructions (ACD—Biotechne). In tumors derived from parental and WT-Ctrl
cells, numerous dots corresponding to gal-9 transcripts were detected in the vast majority of the cells. On the
contrary, in gal-9-KO tumors, gal-9 RNA dots were much less abundant and restricted to some isolated cells
(likely infiltrating immune cells or endothelial cells from the recipient mice).

more marked and statistically significant (individual growth curves are visible in Supplementary Figure S7A,B).
Data based on tumor growth curves were confirmed by weight measurements of tumors excised following
mouse euthanasia at the completion of each cycle, every 10 days. As shown in panel B of Fig. 2, the relative
decline of tumor growth for gal-9-KO clones transplanted on syngeneic mice was statistically significant at cycle
3 and even more dramatic at cycle 4. Beyond cycle 4, we made two additional graft cycles involving all control
tumors (n=>5) along with remaining gal-9-KO tumors (those weighting more than 90 mg at the completion of
the 4th cycle, n=3). At these next steps, all but one gal-9-KO tumor (from clone #345) stopped growing whereas
all control tumors (from parental cells and control clones) still grew at a rapid path (Supplementary Figure S7C).
Since gal-9-KO and WT MB49 cells had the same growth properties in vitro, our observations suggested that the
progressive growth reduction of gal-9-KO tumors was related to a more efficient immune response in syngeneic
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«Figure 2. Serial tumor transplantation assays of MB49 cells and isogenic clones using immunocompetent or
immunodeficient mice. (A) Comparison of tumor growth curves for WT and KO tumors at each cycle (mean
volumes + SEM). WT tumors include tumors derived from the parental cells (MB49) and the 2 WT-Ctrl clones
# 116 and 376. For the 1st cycle of tumor growth, cells from the MB49 parental cell line (n=3), WT-Ctrl clones
#116 (n=3), 376 (n=3) and gal-9-KO clones # 175 (n=3), 345 (n=3) and 377 (n=3), were subcutaneously
injected into C57BL/6N female mice. Subsequent passages were done using subcutaneous inoculation of
aggregated tumor fragments (70 mg). In most cases, tumor fragments collected from one animal were
inoculated in a single recipient mouse. Thus, we had 2 or 3 tumor lineages for each clone and for MB49 parental
cells. Comparison of WT and KO groups were performed at the last point of each cycle and subjected to Mann—
Whitney tests. As in the pilot experiment, the serial transplantations into syngeneic mice led to a progressive
decrease in tumor volume for gal-9-KO tumors compared to WT-Ctrl and parental MB49-derived tumors. (B)
Comparison of the tumor weights when mice were sacrificed at the completion of each cycle each ten days. The
differences between the two groups were significant from the 3rd cycle (Mann-Whitney test). (C and D) The
same experimental scheme was carried out in parallel using nude mice. In the context of these immunodeficient
mice, there was no growth reduction during serial transplantation for gal-9-KO-derived tumors, as compared
to WT-derived tumors (a slight, though non-significant, increase was actually observed). These observations
highlight the contribution of the adaptative immune response to the reduction of gal-9-KO tumor growth.

mice. We suspected that the progressive reduction of tumor growth for gal-9-KO clones was related to some
improvement in the anti-tumor immune response. To confirm this hypothesis, in parallel with the previously
presented experiments, we performed serial tumor growth assays on athymic (nude) mice comparing the 3 gal-
9-KO clones, the 2 WT-Ctrl clones and the parental MB49. As shown in Fig. 2C,D, in the context of athymic
mice, tumors derived from the gal-9-KO clones did not undergo progressive growth reduction. On the contrary,
they had a tendency to grow even faster than the WT cells at cycles 3 and 4 (individual growth curves are visible
in Supplementary Figures S7D,E).

T-cells are involved in the enhancement of the immune response resulting from gal-9 invalida-
tion in MB49 cells. Because athymic mice are characterized by a complete absence of T-cell ontogenesis,
these results suggested that the tumor growth reduction of the gal-9-KO clones was dependent on T-cells. To
strengthen this hypothesis, we used immunohistochemistry to investigate T-cell infiltration of WT and gal-
9-KO tumors grown on syngeneic mice. Tumor sections made at cycle 2, 3 and 4 were processed using antibodies
reacting with Ki-67, CD45, CD4 and CD8. For each marker, density staining was quantified by digital imaging.
Upon visual examination, we made two main observations. First, we noted that the bulk of leucocytes (CD45%),
including T-cells (CD4* and CD8*), were concentrated at the periphery of tumor nodules. Their abundance in
these areas was identical for KO and WT tumors at all cycles of tumor growth (Fig. 3A). In contrast, leucocytes
were quite rare inside the tumor nodules except for gal-9-KO tumors at cycle 4 for which a substantial number
of CD45*, CD4* and CD8* leucocytes were visible inside the nodules (Fig. 3B). This was confirmed by digital
assessment of the 4 markers (Ki-67, CD45*, CD4* and CD8") as shown by the histograms of Fig. 3C. The density
of Ki-67 staining was used to normalize the density of the other markers. At cycles 2 and 3, densities of CD45,
CD4 and CD8 staining inside the nodules were almost identical for KO and WT tumors. On the other hand, at
cycle 4, staining densities of these 3 markers were much higher for KO than WT tumors. Overall, our conclusion
was that T-cell infiltration of tumor nodules was specific for gal-9-KO tumors. However, this infiltration was
detectable only at cycle 4, therefore at a late stage of the anti-tumor immune response, when tumor growth was
already strongly impaired (5/8 KO tumors were of minimal size, weighing less than 70 mg). These observations
suggested that, upstream of T-cells infiltration, some immune-related events were occurring in a different man-
ner in gal-9-KO and WT tumors, at an earlier stage of the serial transplantation assay, possibly during cycles 2
or 3. A glimpse of these early events was given by quantitative assessment of the diversity of the stromal T-cell
repertoire. Using total tumor c-DNA, the diversity of the TCR complementary determining region 3 (CDR3)
was assessed by PCR amplification and high throughput sequencing (Fig. 4). This analysis resulted in clonotypes
characterized by a unique sequence and a frequency of reads matching this sequence. Figure 4 and Supplemen-
tary Table S1 show a greater number of clonotypes in KO by comparison with WT tumors and at cycle 3 by
comparison with cycle 2. In gal-9-KO tumors, a substantial number of emerging clonotypes were of average size
(between 100 and 1000 reads) therefore likely to be representative of functional T-cell clones. In summary, these
observations suggested that the T-cell repertoire had a tendency to increase its diversity from cycle 2 to cycle 3
while being, in both cases, more diverse in KO than in WT tumors. In other words, it was suggested that long
before intra-nodular T-cell infiltration, as early as the second cycle of tumor growth, changes in T-cell distribu-
tion and behavior were taking place preferentially in gal-9-KO tumors.

Gal-9 ablation enhances transcription of genes related to interferon-y response. To further
investigate biological events occurring prior to T-cell infiltration and blockade of tumor growth, we performed
a comparative transcriptome analysis of gal-9-KO and WT tumors through the successive cycles of the serial
tumor transplantation assay (Fig. 5A). Our aim was to find correlations between the dynamics of transcrip-
tional changes and the progressive inhibition of gal-9-KO tumor growth. RNAseq data from 30 samples were
subjected to various types of comparative bioinformatics analyses. Unsupervised clustering as well as supervised
comparisons did not achieve separation of gal-9-KO from WT tumors or early from late passages while there
was a trend towards clusterization of tumors derived from the same MB49 clones (Supplementary Figure S8). It
seems that biological characteristics related to the progressive immune response were, to a large extent, relegated
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«Figure 3. In gal-9-KO tumors, late stages of tumor growth reduction are associated with an increase in T-cells
infiltrating tumor nodules. (A) Low magnification of CD45 staining on sections of WT and gal-9-KO tumors
at cycles 2, 3 and 4 (tumors derived from clones # 116 and 345, respectively). At cycle 2, CD45 staining was
detected almost exclusively in peri-nodular septa. However, for gal-9-KO tumors, at cycle 3 and even more
at cycle 4, CD45 was becoming more and more abundant inside the tumor nodules. (B) High magnification
of CD45, Ki-67, CD4 and CD8 staining on serial sections of a WT-Ctrl tumor (#116) and a gal-9-KO tumor
(#345) at cycle 4. (C) Quantitative assessment of CD45, CD4 and CD8 staining on serial sections of tumors
collected at cycles 2, 3 and 4 of tumor growth. Digitalization was performed in large Regions of Interest (ROIs)
covering in as much as possible the whole tumor sections and excluding areas with absence or very low levels
of Ki-67 staining, including peri-nodular septa. Therefore these ROIs were covering mainly the internal parts
of the tumor nodules. Ratios of CD45, CD4 or CD8 to Ki-67 staining densities were acquired in these ROIs
and plotted for each tumor growth cycles. Comparisons of mean ratios obtained for WT and KO tumors were
subjected to Mann-Whitney tests for assessment of statistical significance.

to the background by other clonal private characteristics. We reasoned that it was not sufficient to compare the
whole set of WT tumors with the whole set of KO tumors. We thought that it was possible to gain sensitivity by
focusing the comparison on the subset of KO-tumors taken at the late stages of the serial transplantations, espe-
cially at the last cycles preceding the collapse or quasi-collapse of tumor growth, hereafter named “pre-terminal
cycles” (Fig. 5A). Our bet was that it would be easier to find transcriptional characteristics consistent with the
enhancement of the immune response in this subset of “pre-terminal” tumors. Reciprocally, these characteristics
were expected to be absent or less visible in the rest of the KO tumors, non-pre-terminal tumors thereafter called
“aggressive” KO tumors (Fig. 5A). Combining the RUVseq package? with the DESeq2 software we generated a
list of differentially expressed (DE) genes resulting from the comparison of “pre-terminal” KO vs all WT tumors.
This list of 344 genes resulted in effective separation of “pre-terminal” gal-9-KO from WT tumors as shown by
the heat map in Fig. 5B. This same list was subjected to enrichment analysis using the package ClusterProfiler?.
The greater enrichment scores were obtained for the following general functions: cell response to interferon-y,
allograft rejection and inflammatory response (Fig. 5C). One gene related to these 3 general functions—CCL5
(also called Rantes)—appeared to be strongly expressed in “pre-terminal” gal-9-KO tumors. Seeking confir-
mation of the enhancement of interferon-y response in “pre-terminal” KO tumors, we investigated by q-RT-
PCR the abundance of interferon-y m-RNA along with mRNAs encoding 3 chemokines (CCL5, CXCL9 and
CXCL10) and two components of the MHC II complex (CD274 and the a-chain). The expression of these tran-
scripts is known to be often enhanced by interferon-y. For each of them, we found a greater abundance in pre-
terminal KO tumors than in WT tumors. The differences were statistically significant for interferon-y, CXCL9
and CXCL10 (Fig. 5D).

Progressive increase in the concentrations of CXCL10 in gal-9-KO tumors. In order to better
understand the immune mechanisms of the progressive growth inhibition of gal-9-KO tumors, we used a mul-
tiplex ELISA assay to investigate the expression of a panel of 31 cytokines in the tumor cells and their micro-
environment. This assay was carried on whole proteins extracted from WT and KO tumor fragments collected
at cycle 2 and 3 of tumor growth. Cytokine concentrations were compared between these 3 sets of tumors:
WT, aggressive gal-9-KO and “pre-terminal” gal-9-KO tumors (Fig. 6A). Significant differences between “pre-
terminal” KO tumors and WT tumors were found for 2 cytokines—IL-1 o and p—which were more abundant in
“pre-terminal” KO tumors than in WT tumors. The concentrations of CXCL9 and CXCL10 were also increased
in “pre-terminal” KO tumors, although the differences with WT tumor did not reach statistical significance.
Nevertheless, we retain this observation for our subsequent investigations for two reasons. First, as shown in
Fig. 5D, CXCL9 and CXCL10 mRNAs were more abundant in pre-terminal than in WT tumors with statistical
significance. Next, we were struck by the facts that, even at baseline (WT tumors), the concentrations of CXCL9
and CXCL10 in tumor extracts were greater than those of other cytokines by one or two orders of magnitude.
This suggested that these two cytokines were produced, at least to a large extent, by malignant cells. To confirm
this assumption we performed detection of their transcripts on tissue sections using the RNAscope technology.
As shown in Fig. 6B, signals related to CXCL9 and CXCL10 mRNAs were mainly observed in malignant epithe-
lial cells. In an attempt to connect results based on protein detection and RNAscope with the data resulting from
transcriptome profiling, we investigated a potential correlation between the abundance of the transcripts encod-
ing the four cytokines overexpressed in “pre-terminal” KO tumors and the mRNAs encoding interferon-y. As
shown in Fig. 6C, for these four cytokines, there was a strong positive linear correlation of their expression with
interferon-y expression in KO and WT tumors. The highest levels of concomitant expression for interferon-y on
the one hand and IL-1 a or f, CXCL-9 or 10 on the other hand, were recorded for “pre-terminal” tumors. This
was one additional observation suggesting a critical role of interferon-y in the progressive deployment of the
anti-tumor immune response.

Gal-9 gene ablation in MB49 cells enhances in vitro CXCL10 induction in response to recom-
binant interferon-y. In order to confirm the hypothesis of a greater sensitivity of MB49 cells to their
stimulation by interferon-y in the absence of gal-9, we performed the following experiment in vitro. Gal-9-KO
and WT cells were subjected to a 72 h treatment with increasing concentrations of recombinant interferon-y
(from 2 to 25 ng/ml). Then, the concentration of CXCL10 was assayed in the conditioned medium. As shown
in Fig. 7A, CXCL10 production was completely absent at baseline. It was induced in a dose-dependent manner
by interferon-y. This induction was much stronger for gal-9-KO clones than for WT clones or MB49 parental
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Figure 4. Modifications of T-cell clonotype profile at an early stage of tumor growth reduction in gal-9-KO tumors.
The diversity of the CDR3 segment of the TCR {-chain was investigated using total tumor RNA subjected to reverse
transcription, selective PCR amplification of the CDR3 coding region and deep sequencing. Here are shown tree
maps of the clonotypes identified in one WT-Ctrl (#116) and two gal-9-KO (#175 and 377) tumors at the 2nd and
3rd cycles of tumor growth. These tree maps were generated as follows: the entire plot area was divided into sub-areas
according to V-usage, then subdivided according to J-usage and again according to unique CDR3 sequences resulting
from somatic hypermutations. Each clonotype is characterized by its unique sequence and the frequency of the reads
matching this sequence. Those with a sufficient frequency of reads are represented by a rounded rectangle whose size
is proportional to this frequency. At cycle 2, the number of clonotypes of average size (small rectangles) was greater in
tumors derived from KO (#377 and #175) than from WT (#116) clones. This number was increasing from cycle 2 to
cycle 3 but still with a greater abundance in tumors derived from gal-9-KO clones. Simultaneously, there was a relative
size reduction of very large pre-existing clonotypes (represented by big rectangles). These tree map characteristics are
in favor of a greater TCR diversity at cycle 3 compared to cycle 2 and in both cases for KO compared to WT tumors.
For the precise numbers of unique sequences in the various experimental conditions, see Supplementary Table S1.
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cells. This was a confirmation of the greater sensitivity of MB49 cells to their stimulation by interferon-y in the
absence of gal-9.

Discussion

The aim of this study was to build a murine tumor model designed to investigate the role of gal-9 in host-tumor
relationships in the context of immunocompetent syngeneic animals. Our approach was based on the produc-
tion of MB49 isogenic clones with or without gal-9 expression. These clones were generated by the CRISPR/
Cas9 method of gene editing. One major advantage of this approach was to guaranty that the silencing of the
gal-9 gene would be irreversible. One disadvantage was the possibility of off-target genetic lesions that could
randomly affect the phenotype of edited clones in a way which had nothing to do with gal-9 biology. Another
source of heterogeneity was the cloning step taking place after transfection of the editing material. In order to
minimize the influence of unwanted clonal heterogeneity, we have compared the gal-9-KO clones with control
clones subjected to the same editing process but having retained gal-9 expression. They were used in addition to
the parental MB49 cells through the whole study. No differences in terms of tumor growth were apparent when
gal-9-KO or WT-Ctrl cells were injected subcutaneously. However serial transplantations of tumor fragments
unmasked a completely different pattern of growth for gal-9-KO and Ctrl-cells. Gal-9-KO tumors were affected
by a progressive inhibition of tumor growth resulting in minute, “exhausted” tumors at the third or fourth cycles
of growth. This reduction of tumor growth was dependent on the immune response and involved T-cells since
it was not observed when the serial transplantations were made into nude mice.

Our investigations based on IHC, RNAseq and cytokine profiling have confirmed the progressive enhance-
ment of the immune response through 2 or 3 cycles of tumor growth. T-cell infiltration in the tumor nodules
was only detected in terminal “exhausted” tumors. However, this change of histological pattern concomitant of
growth termination was preceded by transcriptional changes in the micro-environment of “pre-terminal” tumors
i.e. tumors taken at the last cycle of growth prior to the exhaustion. A fraction of these changes was highly sug-
gestive of the emergence of an immune response. Enrichment analysis of genes differentially expressed between
pre-terminal KO and WT tumors have highlighted three main processes related to the immune response: cell
response to interferon-y, allograft rejection and inflammatory response. The CCL5 mRNA was standing at the
intersection of the three sets of genes highlighted by the enrichment analysis. This is consistent with a recent
publication reporting the crucial role of CCL5 produced by malignant cells to stimulate the penetration of tumor
infiltrating lymphocytes in human malignancies and murine tumor models?.

Profiling of the T-cell repertoire by deep sequencing has unveiled critical events in host-tumor interactions
which were taking place in KO-tumors upstream of pre-terminal tumors as early as the second cycle of tumor
growth. Indeed, already at this stage, the repertoire of T-cell clonotypes was more diverse for gal-9-KO tumors.
Thanks to our data obtained by IHC, we know that, at this stage, the overwhelming majority of T-cells are con-
tained in perinodular margins. Therefore our observations on the T-cell repertoire suggest a mobilization of
T-cells in these margins taking place before nodular invasion.

Overall, our data show that for tumors derived from gal-9-KO clones, the deployment of the immune response
leading to tumor growth arrest requires 2 simultaneous conditions: (1) absence of gal-9 produced by tumor cells;
(2) serial transplantation for 2 or 3 cycles of tumor growth. We now have to discuss by which mechanisms these
two conditions are suspected to contribute to the anti-tumor immune response.

The contribution of gal-9 ablation to the enhancement of the immune response against MB49 tumors is
consistent with several inhibitory effects of extra-cellular gal-9 on immune effectors cells which have been well
documented in the murine context. These effects are mainly death of CD4" Th1 cells, expansion of MDSCs and
functional impairment of natural killer cells*!""!2. Independently of these cell non-autonomous mechanisms, our
investigations based on serial MB49 tumor transplantations has pointed to potential mechanisms of immune
escape intrinsic to malignant cells. First, transcriptional studies have suggested a better response to interferon-y
in tumors resulting from gal-9-KO cells. This was confirmed by additional investigations focused on cytokines.
Cytokine profiling on tumor protein extracts showed a substantial increase in the expression of IL-1a and B,
CXCL9 and CXCL10 in pre-terminal gal-9-KO tumors by comparison with WT and aggressive gal-9-KO tumors.
In addition, going back to the transcriptional level, we found remarkable correlations between the abundance
of interferon-y transcripts and those of the above-mentioned cytokines including CXCL9 and CXCL10 which
were shown to be produced by malignant cells (Fig. 6B,C). Finally, we obtained direct evidence of the influence
of gal-9 expression on tumor cell response to interferon-y by in vitro comparative stimulation of gal-9-KO and
WT MB49 clones. All these cells responded to recombinant interferon-y by a de novo, dose-dependent release
of CXCL10. However, this release was much more abundant for gal-9-KO clones than for WT-Ctrl clones or
parental cells. This suggests that gal-9 impairs MB49 cell response to interferon-y. So far, we do not know whether
it exerts this effect when it is trafficking inside the cells or when it is bound to their surface and/or released in the
extra-cellular medium. Although the mechanism of this alteration is not known, we can speculate that gal-9 slows
down a feed-forward loop involving CD4" Thl + T-cells, interferon-y, malignant cells and CXCL10 as explained
in the cartoon on Fig. 7B. Our data showing that gal-9 produced by MB49 cells impairs the anti-tumor immune
response probably by both cell-autonomous and cell-intrinsic mechanisms seems to contradict reports of a bet-
ter prognosis for a category of human malignancies—especially breast carcinomas—with abundant expression
of gal-9'8. To cope with this paradox, one has to keep in mind that some biomolecules can have both pro- and
anti-tumor effects. Intra-cellular gal-9 is suspected to decrease the metastatic potential of malignant cells but
this might be achieved at the cost of some immunosuppressive effects'®. In the future, concomitant detections
of interferon-y and CXCL10 in tumor tissue sections and maybe in plasma samples might help to assess the
immunosuppressive effects of gal-9 in various tumor contexts.
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«Figure 5. RNAseq analysis of WT and gal-9-KO tumors at different cycles of in vivo tumor growth. (A)
Cartoon depicting the serial tumor transplantation assay with emphasis on the tumor “lineages” and their
changes in growth and aggressiveness : WT tumors are represented in blue, “aggressive” (WT-like) KO tumors
in red, “terminal” (infiltrated by T-cells and exhausted) KO tumors in yellow and the “pre-terminal” KO tumors
in orange. The annotated rectangles represent tumors used for RNA and/or protein analyses. Other tumors
are represented by squares without annotations. The complete set of investigations performed on each tumor
of this assay is shown in Supplementary Figure S6. (B) Heatmap representing the expression profile of the 344
most differentially expressed genes between WT and “pre-terminal” KO tumors, based on RUVseq (k=3) and
DEseq2 analysis (fold change > 2, adjusted p value <0.05). (C) Enrichment analysis of the differentially expressed
genes within the “hallmark” gene sets defined in the clusterProfiler package (Bioconductor): 15 up-regulated
genes in the “pre-terminal” KO tumors are associated with the “allograft rejection”, 9 with the “inflammatory
response” and 15 with the “interferon-y response”. (D) RT-qPCR for quantitation of mRNAs transcribed from
the interferon-y gene and 5 genes whose expression is known to be often stimulated by interferon-y (encoding
the CCL5, CXCL9 and CXCL10 chemokines and the MHC class II components CD74 and H2-DMA).
Comparative assessment was made in WT (n=6), “aggressive” KO (n=5) and “pre-terminal” KO tumors (n=6).
Interferon-y, CXCL9 and CXCL10 m-RNAs are significantly more abundant in “pre-terminal” gal-9-KO than in
WT tumors (Kruskal-Wallis test followed by Dunn’s multiple comparisons test).

Serial transplantations are common in experimental hematology and onco-hematology, especially in studies
dealing with stem cells or tumor initiating cells?®?. In contrast, to our knowledge, this method has not been pre-
viously reported for solid tumors grafted in syngeneic mice. It was introduced in our experimental system partly
by chance while we were seeking better conditions of tumor growth which were achieved by transplantation of
tumor fragments instead of cells expanded in vitro. Then, we realized that serial transplantations were required to
unmask the greater vulnerability of gal-9-KO tumors to the immune response. On the side of malignant cells, it
is difficult to consider a type of immune-editing that would result in the selection of cells with greater sensitivity
to the immune response. In fact, it would be the contradiction of the concept of immuno-editing. On the other
hand, tumor fragments used for serial transplantation are the only possible “vectors” going from one mouse to
another with the capacity to increase the efficiency of the immune response. Since transplanted tumor fragments
contain infiltrating leucocytes, their implantation in the recipient mice may result in the adoptive transfer of
immune cells which may facilitate and accelerate the onset of the immune response in the recipient mice. This
effect might be enhanced by concomitant mechanical factors: (1) the mincing of small tumor fragments may
increase their immunogenicity; (2) the sub-cutaneous insertion of these fragments undergoing partial necrosis
is likely to increase local inflammation in the tumor niche. Investigating the role of immune cells contained
in tumor fragments and passively transferred from one mouse to another is conceivable but would require a
dedicated project. However, on the basis of our data, we can already consider serial transplantation in synge-
neic mice as a possible approach to refine the exploration of some mechanisms of tumor immune tolerance or
rejection. It seems that it might help to investigate the maturation of host-tumor relationships through a greater
period of time than what is possible when working with transplantation in a single mouse. Indeed, except for
tumor models growing very slowly, it is usually difficult to extend for more than 3 to 4 weeks the investigations
made on tumors grafted on a single animal, without breaking practical and/or ethical limits. Therefore, serial
transplantation might prove useful to better mimic the evolution of host-tumor relationships as it takes place in
the patients where tumor history usually spans several months or even several years.

Material and methods

MB49 cell line. MB49 is a murine bladder carcinoma cell line derived from the C57BL/6 mouse strain
which was purchased from Merck Inc (Millipore Cat# SCC148, RRID:CVCL_7076). Cells were grown in DMEM
medium (Gibco, Life Technologies) supplemented with 5% fetal calf serum, 2 mM glutamine and 5 ug/mL gen-
tamycin.

Ablation of the gal-9 gene in the MB49 cells. Our strategy to invalidate the gal-9 gene was to make
a deletion framing the start codon by concomitant transfection of 2 guide RNAs. The sequences of these guide
RNAs were designed in silico using the CRISPOR tools®. They were matching a sequence in the first exon
and first intron of the gal-9 gene, respectively. The DNA inserts encoding the upstream and downstream guide
RNAs were generated from two pairs of single strand oligonucleotides, respectively (F: 5-CACCGCTGTCGT
CCACCATCGAGTG-3"; R: 5-AAACCACTCGATGGTGGACGACAGC-3') and (F: 5-CACCGAGTCGCC
GTGTGTGCAGGT-3'; R: 5'-AAACACCTGCACACACGGCGACTC-3'). These two pairs of oligonucleotides
were annealed by denaturation and slow renaturation prior to vector insertion. These inserts were ligated to a
backbone Lenti-CRISPR-V2puro plasmid (RRID:Addgene_52961) to co-express the guide RNA sequences with
Streptococcus pyogenes Cas9 linked either to the GFP or mCherry sequence by a P2A sequence encoding a self-
cleaving peptide. These plasmids were digested by BsmBI and ligated with the annealed guide RNA sequences.
Cell lines were transfected with both GFP and mCherry plasmids, using the TurboFect (Thermo Scientific) rea-
gent according to the manufacturer’s instructions. They were harvested, 48 h after transfection, sorted according
to their double GFP/mCherry positive expression and automatically seeded at one cell/well in a 96 well cloning
plate (BD Influx). After 2 weeks, emerging clones were tested for their gal-9 expression by intracellular stain-
ing using rat anti-mouse gal-9 antibody clone 108A2 conjugated with allophycocyanin (APC) (BioLegend Cat#
137,911, RRID:AB_2750154); they were analysed with an Accuri C6 flow cytometer (BD Biosciences). After
sequencing analysis confirming their knock-out status, 3 of them were selected for the study (KO # 175, 345 and
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«Figure 6. Cytokine status in gal-9-KO and WT tumors. (A) Concentrations of four cytokines resulting from
a multiplex ELISA performed on 31 cytokines detected in tumor protein extracts at various cycles of tumor
growth (8 WT tumors, 6 aggressive KO tumors and 3 “pre-terminal” KO tumors). For Il-1 o and B, there was a
significant increase in their concentrations in the extracts of “pre-terminal” KO tumors compared to the WT.
CXCL9 and CXCL10 concentrations were also greater in “pre-terminal” KO tumors, although the differences
were not statistically significant. However, these observations are worth to mention because the concentrations
of CXCL9 and CXCL10 in tumor extracts were greater than those of other cytokines by 2 orders of magnitude
even at baseline (WT tumors). (B) RNAscope detection of CXCL9 and CXCL10 transcripts in “pre-terminal”
KO tumors. Signals related to CXCL9 and CXCL10 mRNAs are mainly detected in malignant epithelial cells
which often have a basal-like appearance, often located at the periphery of tumor nodules (this is best illustrated
for CXCL9 in the left panel). (C) Abundance of the messenger RNAs of the above-mentioned cytokines (FPKM
values from RNAseq data) as a function of the amount of IFN-y transcripts. For the four cytokines mentioned
in (A), there is a strong positive linear correlation between their level of expression and that of interferon-y.
This correlation is observed in KO as well as in WT tumors. However, tumors combining highest expressions
of interferon-y combined with highest expressions of IL-1 a or IL-1 3, CXCL9 or CXCL10 were “pre-terminal”
tumors.

377). In addition, we selected 2 clones having undergone the same transfection treatment, sorting and clonal
selection, but having preserved an intact gene sequence at the sites targeted by the guides and still strongly
expressing gal-9 (Ctrl # 116 and 376). Furthermore, we generated a list of the most probable off-targets by in
silico analysis (Supplementary Table S2 and Supplementary Figure S4) and compared the FPKM values of these
transcripts in KO clones with the controls and parental lines. No differences went outside this analysis. Exome
sequencing has been performed for authentication of MB49 parental cells and derived clones (3 gal-9-KO and
2 control clones). The corresponding data are publicly available on the ArrayExpress database of the European
Bioinformatics Institute (http://www.ebi.ac.uk/arrayexpress) with the following accession number: MTAB-9836.

Genomic DNA extraction, PCR and sequencing analysis. Cells were lysed in Tri-reagent (MRC) and
genomic DNA isolated according to the manufacturer’s instructions, using chloroform for the phase separation.
DNA quality was assessed by spectrophotometry (Thermo Scientific Nanodrop 2000 microvolume spectropho-
tometer, RRID:SCR_018042). PCR tests were performed (F: 5-CCGTGCTAGATCAGGCTCTG-3; R: 5'-TGG
CCATGTGACTGGTTCTC-3') to amplify the region targeted by the guide RNAs, with a high-fidelity DNA
polymerase Q5 (New England BioLabs) (amplicon size = 1360 bp for the WT). After migration on a 1.5% agarose
gel, PCR products were extracted with DNA/RNA extraction/purification kit (SmartPure Gel kit, Eurogentec).
After quality assessment, samples were sequenced by Sanger sequencing (Eurofins) using both forward and
reverse primers. Sequencing results were analysed using FinchTV software.

Protein extraction and western blotting. Experiments were performed as previously described in
Lhuillier et al.*!. The following primary antibodies were used: polyclonal goat anti-mouse gal-1 (R&D Systems
Cat# AF1245, RRID:AB_354693), mouse anti-human/murine gal-3 clone B2C10 (Santa Cruz Biotechnology
Cat# sc-32790, RRID:AB_627657), polyclonal rabbit anti-human/murine gal-8 (#MBS828618, MyBioSource),
rat anti-mouse galectin-9 clone 108A2 (BioLegend Cat# 137,901, RRID:AB_10568691); mouse anti-B-actin
clone AC-74 (Sigma-Aldrich Cat# A2228, RRID:AB_476697).

Cell proliferation assay. MBA49 cells (WT and KO) were seeded in a 96-well plate at the rate of 2000 cells/
well. The proliferation rate in 24 h was determined by measuring the ATP concentration in the wells at 24 and
48 h (ATPlite Luminescence Assay System, PerkinElmer).

RNAseq analyses. RNAseq analyses were performed in 2 distinct stages for in vitro cultured cells and
tumor cells transplanted on syngeneic mice.

In vitro cultured cells were lysed in Tri-reagent (MRC) and total RNA isolated according to the manufac-
turer’s instructions, using chloroform for the phase separation. RNA quality was assessed by spectrophotometry
(Thermo Scientific Nanodrop 2000 microvolume spectrophotometer, RRID:SCR_018042). RNA sequencing and
analysis were performed by IntegraGen (Evry, France). The raw data (bam files) are available on ArrayExpress
under the following accession number: E-MTAB-9570. The quality of reads was assessed for each sample using
FastQC. Fastq files were aligned to the reference Mouse genome mm10 with STAR (STAR, RRID:SCR_015899).
Reads mapping to multiple locations were removed. Gene expression was quantified using the full Gencode
vM18 annotation. STAR was also used to obtain the number of reads associated to each gene in the Gencode
(GENCODE, RRID:SCR_014966) vM18 database (restricted to protein-coding genes, antisense and lincRNAs).
Bioconductor DESeq package was used to generate the count matrix. After normalizing for library size, the
count matrix was normalized by the coding length of genes to compute FPKM scores (number of fragments per
kilobase of exon model and millions of mapped reads) (internal IntegraGen document and Anders et al. and
Wang et al.*>%).

When dealing with tumors carried by syngeneic mice, RNA was extracted from frozen tumor fragments
(30 mg) using the RNAeasy kit (Qiagen) according to the manufacturer’s instructions. During the cell lysis step,
tumor fragments were crushed with TissueRuptor (Qiagen) in RLT buffer supplemented with 40 mM dithi-
othreitol (DTT). RNA concentration and quality were assessed with a Bioanalyzer instrument (Agilent). RNA
sequencing and analysis were performed by Novogene (Cambridge, UK). The raw data (bam files) are available
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Figure 7. Gal-9 expressed by malignant epithelial cells inhibits CXCL10 induction resulting from stimulation
by interferon-y (A) Comparative assessment of CXCL10 production by gal-9-KO and WT MB49 cells
stimulated in vitro by recombinant interferon-y. Conditioned media were collected after 72 h of stimulation
with increasing concentrations of interferon-y and subjected to CXCL10 ELISA assay. At 25 ng/mL of
interferon-y there was a significant difference of CXCL10 concentration in the medium between KO [KO#175
(n=2); KO#345 (n=2); KO#377 (n=2)] and WT cells [MB49 (n=2); Ctrl#116 (n=2); Ctrl#376 (n=2)](Mann-
Whitney test). (B) Proposed model of gal-9 attenuation of the amplification loop involving interferon-y and
CXCL10. We assume that in the tumor microenvironment in vivo, interferon-y released by activated T-cells
stimulates the production of CXCL10 by MB49 cells. In turn, CXCL10 stimulates T-cell infiltration, therefore
boosting the anti-tumor immune response. However, the expression of gal-9 by malignant cells reduces their
sensitivity to interferon-y therefore slowing down the amplification loop finally making the immune response
weaker. So far, we do not know whether this inhibition is due to intra-cellular gal-9, gal-9 bound to the cell-
surface and/or gal-9 released in the extra-cellular medium. Therefore, in our cartoon, the symbol of gal-9 is
positioned with partial overlap of the intra-cellular structures, plasma membrane and extracellular medium.
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on ArrayExpress under the following accession number: E-MTAB-9220. Sequencing libraries were generated
using the NEBNext Ultra RNA Library Prep Kit for Illumina (NEB, USA). Index-coding was done by ligation
of sequencing adaptors. Following PCR enrichment, index-coded samples were clustered using a cBot Cluster
Generation System with the PE Cluster Kit cBot-HS (Illumina). Then libraries were sequenced on an Illumina
platform and paired-end reads were generated. Raw data of FASTQ format were first filtered to remove reads
with adaptor contamination and reads with low quality. The Q20, Q30 and GC content of the clean data were
calculated. Downstream analyses were based on the paired-end clean reads which were aligned to the reference
genome using the STAR software (Mus musculus GRCm38). The HT Seq software (HTSeq, RRID:SCR_005514)
was used to count the read numbers mapped of each gene. Then FPKM (Fragments Per Kilobase of transcript
sequence per Million base pairs sequence) was calculated for each gene; it takes in account gene lengths in addi-
tion to mapped reads counts.

Differential expression was performed on raw counts of RNAseq, by applying the DESeq2* package, version
1.26.0, combined with the RUVseq (RUVSeq, RRID:SCR_006263) package®*, version 1.20.0 (both in R language).
We identified genes with absolute value of fold change >2 and FDR adjusted p value of F test <0.05 as differen-
tially expressed (DE). Heatmaps of DE genes were generated with Pheatmap (pheatmap, RRID:SCR_016418)
R package, version 1.0.12, after a transformation of raw counts using the function of variance stabilizing trans-
formation of DESeq2.

Gene ontology was explored using the Bioconductor ClusterProfiler package® version 3.14.3, with DE genes
identified from DESeq2 analysis. Over-representation and gene set enrichment analysis were done against
MSigDb (Molecular Signatures Database, RRID:SCR_016863) gene sets, which were loaded through the MSigDb
package version 7.1.1, and genome wide annotation for Mouse, sourced from org.Mm.eg.db package version
3.10.0 (available at www.bioconductor.org). Enrichment analyses were later visualized by enrichplot (R package,
version 1.6.1) (www.bioconductor.org).

M-RNA quantification by RT-qPCR. Following total RNA extraction, reverse transcription was made
using the “High capacity cDNA reverse transcription kit” (#4368814, LifeTechnologies), g-PCR was done using
TagMan Real-Time PCR assays from Thermo Scientific according to the manufacturer instructions. Four house-
keeping genes were used for normalization (GUSB, GAPDH, PPIA, RPLP0).

Animal care and tumor growth assays. Animal procedures were performed according to protocols
approved by the Ethics Committee for animal experimentation n°26 certified by the French ministry of agri-
culture (“Comité d’Ethique en Expérimentation Animale n°26”) (project number n°20171108124492). Female
C57BL/6 N were purchased from Janvier Labs (France) and housed in the Gustave Roussy animal facility. Mice
were used between 8 and 12 weeks of age. Overall, 200 mice were used for this study. Animal care was done as
previously described®: mice were housed in pathogen-free conditions in filter cap cages holding a maximum
of 5 animals with irradiated aspen chip bedding and cotton fiber nesting material. They were maintained on a
12/12 light/dark cycle, with ad libitum UV-treated water and RM1 rodent diet. The animals were monitored
every day for signs of pain, such as immobility or restlessness, reduction of drinking and food intake. The persis-
tence of abnormal behaviors for more than one day led to the euthanasia of animals with suffering presumption.
Prior to tumor collection, mice were sacrificed by cervical elongation. Otherwise, mice were euthanatized by
carbon dioxide asphyxiation. Body weight and tumor volume of all mice were measured at least twice a week.
In any event, the animals were euthanized, when their tumor size had reached the limit of 1.7 cm®. Before and
during tumor transplantations, mice were anesthetized with a 2L/min continuous flow of 2% isofluorane/oxy-
gen mixture, using a rodent anesthesia work station (Anesteo, France). For initial tumor inoculation, in vitro
expanded cells were injected subcutaneously (5.10° cells suspended in 100 pL of PBS). After 10 to 20 days of
sub-cutaneous growth and mouse euthanasia, tumors were collected, weighted and cut in small fragments (70
or 100 mg) which were then subcutaneously engrafted on recipient mice. Tumor dimensions were measured
every day using a digital caliper, starting from day 4 or 5 post-graft, and volumes were calculated based on the
formula: width? xlength/2. In addition, tumors collected at the time of sacrifice were weighed. A part of them
was fixed in 4% paraformaldehyde in order to carry out IHC and/or RNAscope analysis, and the rest was frozen
for RNA/protein extractions. Overall, our animal studies were conducted according to the ARRIVE guidelines
(Animal Research: Reporting of In Vivo Experiments). Particularly, physical randomization of recipient mice
based on ear tag numbers was done prior to tumor transplantation. Partial blinding was applied to outcome
assessment: tumor measurements were made in a random order by a person not aware of the tumor status (gal-
9-KO or wild-type). Statistical methods are described in a later part of the Material and methods section and in
the figure legends.

Statement: As the corresponding author, on behalf of all authors, Dr Pierre Busson certifies that all experi-
ments performed on mice were done according to the relevant guidelines and regulations of the French ministry
of agriculture with the assistance and under the supervision of the Gustave Roussy committee for animal welfare.

Histology and immunohistochemistry. After fixation of tumors in 4% PFA, paraffin-embedded tumors
were cut into 4 pm thick sections. At least one section per tumor was stained with hematoxylin-eosin-saffranin
(HES) for quality control. For Ki-67 and CD8 detection, slides were incubated with rabbit monoclonal anti-
bodies specific of Ki-67 (1:500) (Cell Signaling Technology Cat# 12202, RRID:AB_2620142) and CD8 (1:200)
(Cell Signaling Technology Cat# 98941, RRID:AB_2756376). Primary antibody binding was revealed with the
Rabbit PowerVision Kit (UltraVision Technologies) and the DAB PowerVision kit (ImmunoVisionTechnologies
Co.). For detection of CD45 and CD4, slides were incubated with rat monoclonal antibodies specific of CD45
(#10051.05, 1:100, Histopathology) and CD4 (1:100) (Thermo Scientific Cat# MA1-146, RRID:AB_2536856).
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Primary antibody binding was revealed with Polink 2 plus rat HRP kit (GBI Labs). All antibody applications
were performed with a Bond RX automated Leica Slide Stainer. Image acquisition was performed with a Virtual
Slide microscope VS120-SL (Olympus, Tokyo, Japan), 20X air objective (0.75 NA, 345 nm/pixel). Quantification
of immunostaining was done using the Definiens Tissue Studio software (Definiens AG, Munich, Germany). For
all markers, staining densities were expressed as a number of stained cells—equivalent to stained nuclei—per
mm? of analyzed tissue. For Ki-67 which is concentrated in the nuclei, we used an algorithm performing auto-
matic detection of nuclei stained with DAB according to their spectral properties. Positive and negative nuclei
were counted in a manually selected Region of Interest (ROI) (excluding areas of necrosis, preparation artifacts,
etc.). For CD45%, CD4* and CD8" staining, positive cells were detected using another algorithm performing
detection of stained “objects” with a high probability of being single cells.

In situ hybridization of mRNAs in tissue sections. The detection of mRNAs in tumor sections was
made by in situ hybridization using the RNAscope technology (ACD and Biotechne). Fixed (4% PFA) and paraf-
fin-embedded tumors were cut into 5+ /- 1 um sections using a microtome. The paraffin ribbons were mounted
on Superfrost Plus slides and deparaffinized before starting the RNAscope workflow. This was performed fol-
lowing the manufacturer’s instructions. Gal-9 mRNA probe was specifically designed by BioTechne’s team and
we validated it on our samples making parallel staining with a positive (Mm-Ppib) and negative control (DapB)
probe. Probes for CXCL9 and CXCL10 were catalog probes. After the signal detection step, slides were coun-
terstained with 50% hematoxylin staining solution and dehydrated with 70% ethanol. After mounting slides,
images were acquired with a Virtual Slide microscope VS120-SL (Olympus, Tokyo, Japan), 20X air objective
(0.75 NA, 345 nm/pixel).

Deep profiling of the expressed TCR beta repertoire. RNAs extracted from tumor fragments (as
explained above) were used to profile the TCR beta repertoire of tumor lymphocytes. Wet lab and bioinformatics
analyses were performed by iRepertoire Inc. (Alabama, USA). Sequencing libraries were generated using their
proprietary “dimer avoiding multiplex” (dam)-PCR technology which uses iterative rounds of amplification
and amplicon recovery to selectively amplify the TCR beta chains (all possible murine VD] combinations in
one single reaction). Libraries were then sequenced on an Illumina MiSeq platform and paired-end reads were
generated. Data analysis and “tree map” illustrations were performed by iRepertoire Inc.

Cytokines profiling.  Protein extraction was performed from 30 mg of frozen tumor fragments by crushing
them with TissueRuptor (Qiagen) in low detergent lysis buffer (20 mM Tric-HCI pH 7.5, 0.5% tween20, 150 mM
NaCl) supplemented with the cOmplete Protease Inhibitor Cocktail (Roche Applied Science). Extracts were then
clarified and protein concentrations were determined by the Bradford method using protein assay (Bio-Rad) and
amicroplate reader (Tecan Infinity F200 Pro). Undiluted samples from 1.23 to 5.38 mg/mL were used to perform
the mouse cytokine array/chemokine array 31-Plex (MD31, Evetechnologies) (Eotaxin, G-CSF, GM-CSE, IFN-y,
IL-1a, IL-1f, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-9, IL-10, IL-12 (p40), IL-12 (p70), IL-13, IL-15, IL-17A, IP-10,
KC, LIE, MCP-1, M-CSE, MIG, MIP-1a, MIP-13, MIP-2, RANTES, TNFa, VEGF). The cytokine concentrations
were then normalized to protein concentrations.

CXCL10ELISA assay. WT (MB49, Ctrl # 116 and 376) and KO (KO # 175, 345 and 377) cells were cultured
in normal media supplemented or not with recombinant murine IFN-y (#315-05, PeproTech): 0, 2, 5, 10 and
25 ng/mL. After 72 h of IFN-y treatment, supernatants were collected and secreted CXCL10 was assayed with
mouse CXCL10 ELISA kit (#DY466-05, #DY008, R&D Systems) according to the manufacturer’s instructions.

Statistical analysis. Except for RNAseq data, statistical tests were performed using GraphPad Prism ver-
sion 7.00 (GraphPad Prism, RRID:SCR_002798). Kaplan-Meier survival curves were generated and analyzed
using the log-rank, Mantel-cox test. Significant differences when comparing two groups were determined
by two-tails Mann-Whitney test. Significant differences when comparing three groups were determined by
Krustal-Wallis test followed by Dunn’s multiple comparisons test. P value <0.05 was considered as significant.
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Résumé

Caractéristiques immunomodulatrices de la galectine-9: études
expérimentales et translationnelles

Les galectines sont des lectines animales capables d'interagir avec des polysaccharides
comportant des liaisons B1-3 ou 1-4 galactosides. Certaines galectines, notamment la galectine-
9 (gal-9) peuvent étre libérées dans le milieu extracellulaire ou elles se comportement comme des
cytokines en se liant a des protéines partenaires a la surface des cellules cibles. Tim-3 et Dectine-
1 font partie des récepteurs membranaires de la gal-9 extra-cellulaire. Globalement les effets
immunomodulateurs de la gal-9 qui sont tres variés vont plutét dans le sens de
I'immunosuppression. Elle exerce un effet inhibiteur sur la plupart des cellules de I'immunité
adaptative notamment les T CD8" et d'autre part elle favorise une polarisation M2 des
macrophages. La gal-9 est souvent impliquée dans les résistances primaires ou secondaires aux

agents de I'immunothérapie classique.

L'axe principal de ma these concernait la caractérisation des cellules T qui possedent une
résistance a |'effet apoptotique induit par la galectine-9. Une étude précédente dans notre équipe,
qui a été réalisée par Claire Lhuillier, a montré que sur les cellules Jurkat ainsi que sur les cellules
T isolées, galectine-9 provoquait deux effets en paralleles. Alors qu'une grande partie de la
population (jusqu'a 80%) subissait I'apoptose sous |'effet de la galectine-9 extracellulaire, il se
passait aussi une libération de calcium dans le cytoplasme des cellules Jurkat. Cette mobilisation
était annulée dans les lignées Jurkat ayant les défauts dans les génes de TCRB, CD3{, ou Lck qui
touchaient directement I'intégralité de la signalisation TCR. Cependant, le flux de calcium revenait
quand l'expression de TCRB, CD3{, ou Lck était rétablie dans ces lignées mutantes, ce qui montre
que la galectine-9 stimule les cellules Jurkat par la voie de signalisation TCR. Les effets identiques

ont été obtenus sur les cellules T isolées des PBMCs. Pour ces raisons, notre équipe s'intéresse
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aux cellules qui sont sujettes a la stimulation par TCR et qui survivent au traitement par la galectin-

9 extracellulaires.
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Fig. 22 La galectine-9 provoque 2 effets en paralléle. A) Dans la lignée sauvage de Jurkat, la gal-
9 stimule un flux de calcium dans le cytoplasme, ce qui est abrogé dans les lignées mutantes. B)
Ce flux revient dans les lignées avec Lck, TCRB ou CD3C restauré.

Pour étudier cette question, j'ai établi un protocole expérimental ou les PBMC récoltées des
donneurs sains ont été cultivées en absence ou en présence de la galectine-9 a 45 nM, dans le
milieu complémenté avec I'anti-CD3 et I'anti-CD28. Au bout de 7 jours, les cellules ont été passées
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a une colonne magnétique qui permet d'isoler les cellules T dans la population. Ces lymphocytes
T ont été caractérisées ensuite a plusieurs niveaux, pour explorer les modifications du phénotype
des cellules T périphériques humaines. Celles exposées a la galectine-9 sont définie comme
G9Expo-T cells et celles qui ne sont jamais exposées sont considérées comme G9Naive-T cells.
Dans certaines étapes de caractérisation, une deuxieme exposition a la galectine-9 a été effectuée
sur chacun des types cellule T (G9Expo et G9Naive) en parallele avec la culture en milieu contrdle.
Cette exposition a donné comme résultat 4 types de cellules T: G9Expo-unstimulated (GEU),
G9Expo-stimulated (GES), G9Naive-unstimulated (GNU) and G9Naive-stimulated (GNS).

Fig. 23 Schéma de la procédure expérimentale. La galectine-9 utilisée dans cette étude se
compose d'un N-terminal CRD (N-CRD) attaché directement a un C-terminal CRD, sans passer par
le peptide linker. Cette gal-9 est une forme artificielle qui permet une meilleure stabilité que des
formes naturelles et est appelée gal-9 NC due a sa structure. Dans certaines étapes de
caractérisation, la gal-9 de l'isoforme M ayant une forme naturelle est utilisée.

Nous avons commencé la caractérisation par mesurer la capacité de prolifération des cellules T
G9Naive et G9Expo et évaluer leur résistance a la galectine-9. Nous avons observé une nette
prolifération dans le cas des cellules T G9Expo, démontrée par la dilution du marquage de
prolifération Cell Trace et par l'incorporation de I'EdU, qui mesure la néosynthése de I'ADN (5-
éthynyl-2'-déoxyuridine), aprés 4 jours de culture supplémentaire a partir de lI'isolation
magnétique des cellules T. De l'autre c6té, la résistance des cellules contre I'effet apoptotique de
la galectine-9 a été évaluer par la mise en culture les cellules T isolées avec la gal-9. Le marquage
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a été fait a 24 heures aprés |'exposition sur des cellules T qui n'avaient jamais été exposé a la gal-
9 et celles qui avaient enduré 7 jours de traitement avec la gal-9. Dans le cas du traitement par la
gal-9 NC ainsi que celui par la gal-9 M, les cellules T résistaient mieux a I'effet apoptotique quand
elles avaient eu antérieurement une exposition a la gal-9. Ces résultats ont montré que les
lymphocytes T G9Expo avaient un phénotype héritable et la plupart de cette population conservait
la résistance a I'apoptose induite par la gal-9.

Au niveau transcriptomique, les cellules T G9Naive et G9Expo ont montrés des profils distincts.
Par le séquencgage d'ARN total sur les échantillons de 3 différents donneurs, j'ai obtenu une liste
des genes différentiellement exprimés qui ont séparé les cellules T G9Expo des cellules G9Naive;
ces genes ont été identifiés par DESeq2. Par contre, pour identifier un phénotype spécifique, une
deuxieme analyse a été faite sur une liste qui focalisait aux genes typiques de chaque sous-
population de lymphocytes T, notamment les genes de lignée (par exemple CD4, CD8), de facteurs
de transcriptions, récepteurs membranaires, et cytokines. Les échantillons de méme type ont été
bien regroupé selon leur modalité d'exposition a la galectin-9, ce qui a reconfirmé la distinction
entre des cellules T G9Expo et G9Naive au niveau de leur transcriptome. En plus, grace a cette
liste de gene inspirée de I'étude de ..., nous avons identifié une augmentation des transcrits des
genes liés au phénotype de lymphocyte T folliculaire, notamment CXCR5, CD40L et IL-21, dans les
lymphocytes T G9Expo. Ces résultats ont donné une indication qu'il y avait probablement une
expansion de la sous-population de lymphocytes T folliculaires.

Fig. 24 Regroupement des échantillons basé une liste de géne définie par la publication
de Wong et al. (2015). Cette liste focalise sur les génes phénotypiques des sous-population
de lymphocyte T.

155



Fig. 25 Analyse statistique de quelques génes présents dans la liste a la figure 24

Par la suite, j'ai vérifié cette accumulation au niveau protéique, en faisant une analyse de
cyrtométrie de masse avec un panel de 21 marqueurs, y compris des facteurs de transcriptions et
des protéines membranaires. Pour analyser |'expression des 21 marqueurs sur chaque cellule, il
nécessite une réduction dimensionnelle, qui aide a représenter plusieurs dimensions sur une
surface de 2 dimensions. Dans le cas de CyTOF, le profil de chaque cellule est représenté par un
point sur une surface ; plus 2 cellules sont identiques, plus elles se retrouvent l'une a c6té de
I'autre sur un graphe qui s'appelle ViSNE. L'expression de chaque marqueur est alors visualisée
par un code couleur qui varie du bleu au rouge, le bleu étant une expression faible. En observant
la variation de chaque cluster a travers des graphes ViSNE, nous avons constaté un cluster
apparaitre dans la population des lymphocytes T G9Expo, qui correspondait a une sous-
population de T CD4, avec une expression plus forte de CXCR5, Bcl-6 et FoxP3. Certaines cellules
dans ce cluster avaient en plus une forte expression de CD40L, ICOS, PD-1 et CCR4. Une étape de
vérification par la cytométrie conventionnelle a été faite avec un panel composant de CD4, CXCR5,
CDA40L et FoxP3 sur les cellules de 3 donneurs. Comme attendu, I'expression de CXCR5, CD40L et
FoxP3 étaient significativement plus forte dans les lymphocytes T G9Expo en termes de
pourcentage de cellule positive et de la médiane de l'intensité fluorescente (MFI). Ces
observations nous ont permis de confirmer I'induction d'expression de CXCRS5 sur les lymphocytes
T par I'exposition a la galectine-9.

156



=
w

©
=
1

‘ *

dedkk * %k *kk

- "
3 Control med Z i
i ontrol medium [ 4000 - |—|I 3 Control medium
2 =3 Gal-SM 45 nM 2 .
3 601 £ 30001 +eer = Gal-9M 45 nM
° hkk B Gal-9M 90 nM = EE Gal-9M 90 nM
> € al- n
2 40 B Gal-9 NC 45 nM @ 2000
7 e o Hl Gal-9 NC 45 nM
o 2
g 5 lese
© 20+ 2
- - 1000
&
0- i< [
cD4oL + - - + g 0 - T T
CXCRS - + - + bQ\/ 046} 'SﬂJ
FoxP3 R - + + & Gr <°

Fig. 26 Analyse par cytométrie en flux sur I'expression de CXCR5, CD40 et FoxP3 des
lymphocytes T traitées par la gal-9 NC ou la gal-9 M. A) Pourcentage des cellules T CD4" qui
expriment CXCR5, CD40L, FoxP3 ou co-expriment les 3 marqueurs. B) Médiane de l'intensité
fluorescente mesurée dans chacune des populations.

Les dernieres parties de cette étude consiste des observations in vivo et une premiere tentative
de mettre en évidence la fonction de la population G9Expo. En examinant I'expression de CXCR5
et CD40L dans I'ensemble des splénocytes des souris sauvages et souris KO-gal-9, nous avons
remarqué une baisse d'expression de CXCR5 en termes de pourcentage de positivité dans les
souris KO-gal-9, par rapport aux sauvages. Quant au ligand de CD40, des sections histologiques
ont montré aussi une expression plus abondante dans la rate sauvage, en particulier la zone
périphérique des centres germinatifs. Dans le contexte physiologique normal, la galectine-9 se
trouve plus abondante a la périphérie et a la zone sombre du centre germinatif. L'expression de
CD40L observée dans ces sections histologiques ont mis en valeur le lien entre la production de
la galectine-9 et I'expression de CD40L. Concernant la fonctionnalité de cellules T G9Expo, nous
avons posé une hypothese selon laquelle I'augmentation de CD40L induite par la galectine-9
pourrait protéger ou favoriser la survie des lymphocytes B en risque d'apoptose. Dans la premiere
tentative, nous avons observé qu'il y avait moins de cellules B qui sont entrées en apoptose dans
les co-culture avec des lymphos T G9Expos, dans un milieu avec ou sans galectine-9. Au regard
de ces résultats, nous avons mis en avant une hypothese que dans le contexte des structures
lymphoides secondaires, la production en abondance de la galectin-9 par les lymphocytes B
naives effectuait une induction du phénotype folliculaire sur les lymphocytes T. Ces dernieres
expriment alors une augmentation de CXCR5 et du ligand de CD40, qui permet un sauvetage aux
lymphocytes B en risque d'apoptose a travers l'interaction entre CD40 et son ligand sur les T
folliculaires. Nous avons prévu d'améliorer des conditions d'étudier la fonction des lymphocytes
T G9Expo en utilisant des cellules B autologues et les stimuler avec anti-IgM. Concernant les
observations /n vivo, nous voulons examiner les souris sauvages et KO-Gal-9 littermates pour
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vérifier si nous pourrions retrouver les mémes motifs d'expression de CXCRS5 et du ligand de CD40.
Ces résultats feront partie d'un article qui devrait arriver a maturité dans quelques mois.

Fig. 27 Modéle d'interaction entre lymphocytes B et T sous I'effet de la galectine-
9, dans le contexte du microenvironnement des follicules secondaires.

Le deuxiéeme volet de ma these consiste a étudier le statut de la galectine-9 plasmatique dans les
carcinomes épidermoides de la téte et du cou, dans le cadre du projet de recherche
translationnelle TopNivo. Une série de 90 patients sont pris en charge pour des carcinomes des
voies aérodigestives supérieures en rechute. En utilisant des systemes d'ELISA, nous avons mise
en évidence des concentrations plasmatiques de gal-9 plus élevées dans deux sous-groupes de
patients : ceux dont la tumeur primitive dérivait de I'hypopharynx et ceux présentant plusieurs
sites métastatiques. Les analyses plus approfondies sur la corrélation entre la galectine-9 et
CXCL9, ou sur le profil métabolomique de ces patients sont prévues et feront partie d'un article
en préparation.
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Fig. 28 Distribution de la concentration de la galectine-9 plasmatique selon les sites de la
tumeur primaire (3@ gauche) ou le nombre de sites métastatiques (a droite).
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