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1. Introduction

1.1 Multiple sclerosis

Multiple sclerosis (MS) is an inflammatory, chronic disease of the central nervous
system (CNS), characterized by an immune-mediated degradation of myelin that leads to
the formation of demyelinated lesions, impairing the nervous conduction.

With a 2,5 million of people prevalence worldwide (Atlas of Multiple Sclerosis, 2013),
MS is the most common demyelinating disease of the CNS and the first cause of
neurological disability among young people.

The first detailed description of MS dates back to 1868, when the French neurologist
Jean-Martin Charcot identified the important relationship between
clinical and anatomical findings (Marie P, 1895) and recognized MS
as a distinct illness. Charcot defined the disease as “la sclérose en
plaques”, accompanying the description with an accurate
illustration of the expansion of lesions from the ventricles to the

cerebral hemispheres, demonstrating for the first time that the

pathology of MS involves both the brain and the spinal cord

(Pearce JM, 2005; Orrell RW, 2005). Figl. Jean-Martin
Besides white matter lesions, Charcot also described the presence Charcot (1825-1893).
of cortical demyelinated lesions, although rare (Charcot JM, 1887). Nevertheless, due to
the lack of high-sensitivity imaging techniques, MS has been considered a white-matter
disease until the advent of magnetic resonance imaging (MRI), along with the
histopathological evaluation of lesions, had notably improved MS understanding and
diagnosis, confirming the presence of demyelinated lesions in the grey matter. These
lesions were classified for the first time by Kidd D et al. in 1999, who described 7
different types of cortical lesions based on their location relative to the cortical venous
supply (Kidd D et al., 1999) and Peterson JW et al. in 2001, who classified cortical lesions
based on the distribution within the cortical grey matter layers in 4 different types (ref.
par. 2.6). MRI confirmed the presence of cortical lesions in MS patients also at early

stages and especially in progressive MS forms (Vrenken H et al., 2006).
The most common form of MS is Relapsing-Remitting MS (RRMS), characterized by
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relapses interspersed with periods of partial or complete recovery; the other forms are
progressive and include Primary Progressive MS (PPMS), Secondary Progressive MS
(SPMS) and Progressive Relapsing multiple sclerosis (PRMS) (ref. par. 2.5) (Lublin FD
and Reingold SC, 1996).

The unknown etiology, the complex pathogenesis and the wide variety of clinical
manifestations make MS an extremely heterogeneous disease. Several factors have been
suggested as linked to the development of the disease, from genetic background to
environmental and infective factors. One of the proposed mechanisms involved in MS
pathogenesis is the so-called “molecular mimicry” (ref. par. 2.2.3), in which structural
homologies between the microbial and a self-protein can lead to an autosensitization
(Wucherpfennig KW and Strominger JL, 1995). Despite the hypothesis, the exact event

that triggers the autoreactive response remains elusive.



1.1.1 Epidemiology

Multiple sclerosis affects about 2,5 million of people worldwide, of which 1.5 million
only in Europe (Rosati G, 2001). The disease is more common in world regions farther
from the equator. In Europe, the major number of cases is reported in the northern

populations (Compston A and Coles A, 2002; Tarlinton RE et al., 2019).

i
a2
o)

Fig. 2. Global prevalence of Multiple sclerosis (Tarlinton RE et al., 2019).

In Italy, the highest disease incidence and prevalence were found in the island of
Sardinia (Rosati G, 1996).

MS usually begins between 20 and 50 years, with an average age of onset about 35
years. Women are more than twice as likely to develop multiple sclerosis as men (Alonso

A and Hernan MA, 2008).

1.1.2. Etiology

MS is a heterogeneous and multifactorial disease. Although its precise etiology is
currently unknown, a combination of environmental and genetic factors, as well as
infectious agents, have been suggested to have a role in MS development (Compston A

and Coles A, 2002).



1.1.2.1 Genetics

The study of the genetic background of MS has spanned over a period of 20 years,
successfully demonstrating the involvement of several genetic loci as important risk
factors for the development of the disease.

To date, MS is not considered a hereditary disease, although it has demonstrated that
the probability of developing the disease is higher in relatives of patients and even
greater in closely related (Compston A and Coles A, 2002). In identical twins both are
affected about 30% of the time, while around 5% for non-identical twins and 2.5% of
siblings are affected with a lower percentage of half-siblings (Compston A and Coles A,
2002; Hassan-Smith G and Douglas MR, 2011). Furthermore, when both parents are
affected by MS, the risk in their children is 10 times that of the general population (Milo
R and Kahana E, 2010).

2005
Definitive MS linkage 2012
1996 study of 730 families

identifies no  risk ) e
genes outside the GWAS identifies ~20

HLA additionalrisk loci

1

Results of meta-
analysis of past IMSGC
GWAS data expected

%

First wave of linkage
studies in MS

1972 2002
HLA involvement IMSGC launched

first linked to MS

2007

First MS GWAS studies
(~1000 patients)
identify two non-HLA
risk  genes; IMSGC
expands its ranks

2011

The largest MS GWAS
to date  (~10,000
patients) brings total
number of risk loci to
57

Fig. 3. Studies about the genetic background of MS over time. Timeline includes the major
investigations about the genetic background of MS pathogenesis from 1972 to 2012.

The human leukocyte antigen (HLA) locus (major histocompatibility complex “MHC” in
mice) was identified in 1970 as the first major genetic risk factor related to the disease.
The locus is in the short arm of chromosome 6. HLA class I (A, B and C) present
intracellular peptides, while HLA corresponding class II (DP, DM, DO, DQ, DR) present
exogenous peptides.

Briefly, after the degradation by proteasome, the cytosol-derived peptides are
transported into the endoplasmic reticulum (ER) and loaded onto MHC class I
molecules; on the other hand, MHC class II are assembled in the ER where they form a
complex with the invariant chain (li); the complex is transported through the Golgi to
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the MHC class Il compartment (MIIC), where the endocytosed proteins and the Ii are
degraded and the remained fragment of the Ii in the peptide-binding groove is
exchanged with the antigenic peptide, supported by a chaperon called HLA-DM (H2-M in
mice). Finally, MHC class II are transported to the plasma membrane to present

antigenic peptides to CD4 cells (Neefjes ] et al., 2011).

CD4' T cell
Exogenous

protein

\W

| ) fProtease
»/ \ — t%\
m/ Edgn/\

O
(4 _

Fig. 4. MHC class II antigen presenting pathway. MHC II are assembled in RE and undergoes maturation
within the Golgi, then it is exposed to the plasma cell membrane. MHC II presents antigenic peptides to
CD4 cells (Neefjes J etal., 2011).

The strongest association has been identified between MS and HLA II haplotype DR15, in
particular DRB1*1501 (Olerup O and Hillert J, 1991; Ballerini C et al., 2004) in European
population. The island of Sardinia, in Italy, is an exception: characterized by a genetic
isolated population and a high prevalence of MS and other autoimmune diseases, it
shows a low frequency of DR15 haplotype and a strong association between MS and DR4
(DRB1*0405 - DQA1*0501 - DQB1*0301) and with DR3 (DRB1*0301-DQA1*0501-
DQB1*0201) haplotypes (Marrosu MG et al., 1998).



Class Il Class Il Class |

DP DQ DR B C A
| — | -
400 kb 50 kb 100kb g 1270 kb =_
il
Bl Al Bl Al Bl  B5 A 1070kb
‘ | Modifier Protection

HLA-DRBT* 1501/ HLA-DRBI*1501 High

HLA-DRBT*1501/HLA-DRBI*1503

HLA-DRBI*1501/HLA-DRBT*0801 MS susceptibility induced by
HLA-DRBI*0301/ HLA-DRBI*0401 HLA-DRBI genotypic gradient
HLA-DRBT* 0301/ HLA-DRBI*0301

HLA-DRBT*1501/HLA-DRBI*1401 Low

Fig. 5. HLA genes and MS susceptibility. The human leukocyte antigen (HLA) gene is located on the
short arm of chromosome 6 and included HLA class I (A, B, C) and class II (DP, DQ, DR). HLA class I and 11
are glycoproteins expressed on cell surfaces that present peptide antigens to CD8 and CD4 T cells,
respectively. HLA genes have been linked to MS susceptibility in a genotypic gradient going from high to
low disease susceptibility; e.g., HLA-DRB1*1501 homozygotes and HLA- DRB1*1501/HLA-DRB1*0801
and DRB1*1501/HLA-DRB1*0801 heterozygotes were linked to high susceptibility, while HLA-
DRB1*03/HLA-DRB1*04 heterozygotes and HLA-DRB1*0301 homozygotes to moderate susceptibility
(Oksenberg JR et al., 2008).

In other parts of the world, MS has been associated with other haplotypes, e. g.
DQB1*0602 in African-Brazilian patients (Caballero A et al., 1999) or DRB1*04:05 in
Japan (Nakamura Y et al., 2016). Furthermore, a connection between HLA class I region
and the increased risk of MS (Link | et al., 2010; Cree BA et al., 2010) has been recently
assessed: to mention, the class I region involved in Epstein-Barr virus (EBV) recognition
has been demonstrated to be associated with MS susceptibility (Jafari N et al., 2010),
supporting the hypothesis of the role of EBV in the disease etiology.

Following the confirm of the association between HLA and MS risk, many non-HLA
linked genes were related to the disease, beginning with the variants in the cytokine
receptor genes interleukin-2 receptor alfa (ILZRA) and interleukin-7 receptor (IL7R)
(Gregory SG et al., 2007; Lundmark F et al., 2007). Later, with the increase of the sample
size, new genetic disease risk loci were found: examples are a rare variant of the non-
receptor tyrosine-protein kinase TYK2 gene (Jakkula E et al., 2010), the variants of the
costimulatory molecule CD40, whose lower expression level was found as associated
with increased MS risk (Field | et al.,, 2015) and a common variant of the TNF receptor

superfamily member 1 TNFRSF1A (International Multiple Sclerosis Genetics



Consortium, 2011).

1.1.2.2. Environmental factors: latitude and vitamin D

Environmental factors have a fundamental role in MS causation. The first evidence is the
non-uniform worldwide disease distribution, reflecting in a geographical pattern of
distribution (Lincoln JA and Cook SD, 2009): the occurrence of MS is positively
correlated with the distance from the equator; indeed, higher latitude is associated with
higher MS incidence. Those living beyond the 40-degree mark north or south of the
equator are more likely to develop MS that those living in the warmer climates near the
equator (Alonso A and Hernan MA, 2008). This occurrence has been considered a
consequence of the lower sunlight exposition at higher latitudes, resulting in a vitamin D
deficiency.

A lower risk of MS in women who used supplemental vitamin D (Munger KL et al., 2004)
and a seasonal fluctuation of gadolinium-enhancing lesions in MS patients, with a
greater number of active lesions in spring than in autumn (Embry AF et al., 2000) are
two examples in supporting the hypothesis of the protective role of vitamin D. Later,
vitamin D has been described as an important immunoregulator factor, stimulating the
development of T lymphocytes immunomodulatory properties, increasing the levels of
immunosuppressive cytokines and inhibiting the production of inflammatory ones
(Correale J et al., 2009).

A gene-environment interaction has been observed between vitamin D and HLA-
DRB1*1501 allele. Vitamin D, in fact, modulates the expression of several genes binding
its receptor, the vitamin D receptor (VDR) and the vitamin D response elements (VDREs)
in the genome. Vitamin D has been demonstrated to impact on HLA-DR genes, altering
the antigen expression and presentation (Rigby WF et al., 1990). A single VDRE in the
promoter region of HLA-DRB1 was found as highly conserved only in MS patients with
HLA-DRB1*15 haplotype but not in non-MS-associated ones (Ramagopalan SV et al,
2009). It has been proposed that low availability in VDREs or mutations in these regions
may be unable to induce the expression of HLA-DRB1*15 in early stages of life, allowing
autoreactive T cells to escape thymic deletion. Interestingly, a recent study performed
on MS patients in the island of Sardinia, where MS susceptibility is not linked to HLA-

DRB1*1501 but to other HLA alleles as already mentioned above, the expression of
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DRB1 associated alleles resulted to be VDRE-independent (Cocco E et al., 2012).

1.1.2.3. Infections involvement in MS etiology

The earliest evidence of infections involvement in MS etiology dates to 1965, when
Sibley and Foley demonstrated the role for upper-respiratory infections in the
promotion of MS exacerbation (Sibley WA and Foley JM, 1965). Multiple epidemiological
studies indicate that periods of high-risk for obtaining any upper-respiratory viral
infection correspond to increased relapse risk in MS patients (Spelman T et al., 2014;
Monto AS etal.,, 2014).

One of the arguments proposed as involved in the link between autoimmune diseases
and infections is the concept of “molecular mimicry” (Fujinami RS et al, 1983;
Abromson-Leeman SR and Cantor H, 1983). It assumes that the molecular similarities
between foreign (e. g. viral) and self-peptides may lead to cross-activation of
autoreactive T or B cells by pathogen-derived peptides. Fujinami and Oldstone described
that injection into rabbits of hepatitis B virus (HBV) polymerase peptide 589-598, which
shares 6 aminoacids (a.a.) with the myelin basic protein (MBP) a. a. 66-75, induced an
encephalitis due to an immune cross-reaction against the myelin peptide (Fujinami RS
and Oldstone MBA, 1985). Based on the assumption that cross-recognition only occurs if
two peptides share the same stretch of a.a., molecular mimicry was initially considered a
rare event. With the work of Hemmer et al., who showed that a peptide that shares no
a.a. with MBP (83-99) can still be a molecular mimic, it was clear that the cross-
reactivity of T cells is a very frequent event (Hemmer B et al., 1998). Since in vitro
experiments are not sufficient to clarify the impact of molecular mimicry in humans, a
wide number of in vivo observations has followed: regarding the animal models,
transgenic mice expressing MBP-specific T-cell receptor (TCR) resulted to be susceptible
to Experimental Autoimmune Encephalomyelitis (EAE), the animal model of MS
(Madsen LS et al., 1999).

It was hypothesized that infections acquired in childhood and reactivated in adult life
may have a role in the disease, especially in the relapsing-remitting pattern of the initial
stages (Steelman AJ], 2015). About 20 years ago, Human Herpesvirus 6 (HHV-6) was
suggested involved in MS pathogenesis, since it was found in plaques (Challoner PB et

al, 1995) and subsequently investigated for increased immunoglobulin M (IgM)
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response to HHV-6 early antigen in Relapsing-Remitting Multiple Sclerosis (RRMS)
patients (Soldan SS et al., 1997). Further studies showed that HHV-6 protein U24 shares
an a.a. stretch, enriched in proline (PRTPPPS), with MBP and that T cells might be
activated by this protein recognizing MBP peptide by cross-reaction (Tejada-Simon MV
et al, 2003), supporting the hypothesis of molecular mimic; in addition, HHV-6 was
found in MS plaques and expressed in oligodendrocytes and in astrocytes (Goodman AD
et al,, 2003). However, the role of HHV-6 in the disease etiology is still under debate.
EBV, able to remain latent within the body over long periods, has been widely
investigated for its probable association with MS. Anti-EBV antibodies are elevated in
MS patients, who often reactivate latent EBV infections after relapses (Wandinger K et
al., 2000). Analysis of serum samples obtained more than 10 years before the onset
demonstrated that the risk of developing MS significantly increases together with the
level of EBV-antibody titles (Levin LI et al., 2005). Furthermore, it was observed that
EBV-infected B cells are present in demyelinated lesions and meninges (Serafini B et al,,
2007), while in peripheral an increased frequency of lytic antigen EBV-specific CD8 T
cells were found during active MS (Angelini DF et al., 2013).

Although EBV’s role in MS etiology remains discussed, some interesting scenarios have
been proposed by Giovannoni et al. in 2006, as illustrated in fig. 6; one of these may be
the cross-reaction of Epstein-Barr virus antigen 1 (EBNA1) specific T cells with CNS

autoantigens, resulting in the attack of the myelin sheath of axons.
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Peripheral immune system

Fig. 6. Hypothesis of EBV mediation of autoimmunity in MS. EBNA1-specific T cells (1) or antibodies
(2) cross-react with CNS autoantigens and attack the myelin sheath of axons. 3) EBNA1-specific T cells
assist myelin specific T cells via cytokine-mediated bystander activation. 4) Latent EBV antigens sustain
the survival of autoreactive B cells or the latter could be activated by autoantigens which could initiate
viral replication (5) and augment EBV-specific T cell responses (6). The T-cell receptors of EBNA1-specific
T cells are indicated in blue and those of myelin-specific T cells in purple. Arrows indicate interactions via
cytokines (step 3), cell-cell contact (step 6), or directions of migration (from the peripheral immune
system to the CNS). LMP1=latent membrane protein 1 (Giovannoni G et al., 2006).

As a neurotropic and highly infective virus, Varicella Zoster Virus (VZV) was investigated
for the role in MS pathogenesis: VZV antibodies were found in the cerebrospinal fluid
(CSF) of patients (Leinikki P et al.,, 1982); nevertheless, a strong statistical correlation
with the disease pathogenesis was not found (Marrie RA and Wolfson C, 2001; Kang JH
et al,, 2011) and the presence of compartmentalized antibodies in patients’ CSF may
reflect a polyspecific activation to various neurotropic viruses, including measles and

rubella (Virtanen JO and Jacobson S, 2012).

1.1.3. Pathogenesis

The description of MS as an autoimmune disease and our understandings about the role
of autoreactive T cells in its pathogenesis owe much to the study of EAE, animal model of

MS. In this model, encephalitogenic peptides as MBP, proteolytic protein (PLP) and
13



myelin oligodendrocyte glycoprotein (MOG) are the targets of autoreactive T-cell
response against myelin. EAE had long been considered as a CD4-T-cells mediated
disease, until several studies shed light on the pathogenic role of CD8 T cells (Ford ML et
al,, 2005; Sobottka B et al., 2009).

In MS, autoreactive T cells from periphery migrate across the blood-brain barrier (BBB)
and infiltrate CNS parenchyma, attacking the myelin sheath and leading to neuronal

damage, with the consequent formation of the typical lesions in the white matter.
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Fig. 7. lllustrated representation of immune system dysregulation mechanisms in MS pathogenesis
(Dendrou CA etal., 2015).

MS lesions in the white matter have been widely described for the presence of different
types of T cells involved in sustaining inflammation and CNS damage (Babbe H et al,,
2000; Markovic-Plese S et al. 2001) and for some typical features that allow to
distinguish between different types (“pattern”) of lesions. In fact, despite all lesions are
characterized by the presence of immunological infiltrates including T lymphocytes and
macrophages, there are some immunopathological differences that have been described

by four different patterns (Lucchinetti C et al., 2000): I and II are characterized by the
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predominance of T cells and macrophages in the lesion, but the pattern Il is the only one
that presents deposits of Igs, mainly IgG, and complement C9neo antigens. Pattern III is
characterized by infiltrates of T cells, macrophages and activated microglia, no Ig
deposits, well defined borders and a loss of myelin-associated glycoprotein (MAG).
Finally, pattern IV consists in infiltrates of T cells and macrophages, oligodendrocyte
death around the white matter, well demarcated plaque and radial expansion of the
lesion.

The histopathological observation of lesions and, later, the advent of MRI (ref. par. 2.6),
provided the detection of demyelinated lesions also in the grey matter. The most recent
histopathological cortical lesions classification comes from the work of Peterson JW et
al. in 2001, who described 4 different types: 1) leukocortical lesions, developed in the
deeper layers of the grey matter or within the grey/white matter junction; II)
intracortical lesions, small demyelinated lesions centered on blood vessels; III) lesions
distributed from the pial surface to layers 3-4 of the cortex and IV) lesions extended

within the entire cortex (Peterson JW et al., 2001).

Fig. 8. Patterns I, II and III of MS cortical lesions defined by immunocytochemical distribution of
myelin. (A) Cortical lesion type I, involving both white matter (WM) and cortex (Ctx). (B) Cortical lesion
type 1], confined within the cortex with a centrally located vessel. (C) Cortical lesion type IlI, distributed
across pial surface into the cortex. Scale bars = 200 pm (Peterson JW et al., 2001).
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1.1.3.1. T-cell biology and MS

T lymphocytes are the principal white blood cells involved in cell-mediated immunity.
They originate from hematopoietic progenitors (or lymphoid progenitor cells), in turn
derived from hematopoietic stem cells (HSCs) within the bone marrow. The
hematopoietic progenitors populate the thymus where they undergo expansion,
generating a population of immature thymocytes by the process called “thymopoiesis”
(Schwarz BA and Bhandoola A, 2006). T cells development goes through a first phase of
double-positive thymocytes, expressing both CD4 and CD8, followed by the generation
of single-positive cells (CD4+CD8- or CD4-CD8+) that leave the thymus towards
peripheral tissues.

Thymus is a primary lymphoid organ located in the anterior superior mediastinum and
composed by an outer cortex and in an inner medulla, where T cells undergo positive
and negative selection, respectively. During the positive selection, CD4 or CD8 single-
positive T cells undergo TCR rearrangement (ref. par. 3.2) and then interact with the
complex comprising the peptide and the MHC molecules on cortical thymic epithelial
cells (cTECs); according to their affinity to MHC class I and I, T cells are positively
selected (Takada K and Takahama Y, 2015). These cells next migrate from thymus cortex
to medulla, where they interact with antigen presenting cells (APC) and dendritic cells
(DCs), resulting in the deletion of autoreactive cells (Klein L et al., 2014). These selective

processes are the major mechanisms of central immune tolerance.
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Fig. 9. Schematic illustration of T cells positive and negative selection in the thymus (Takaba H and

Takayanagi H, 2017).

CD4 and CD8 are the principal glycoproteins expressed on T lymphocytes surface. CD4
characterizes T helper (Th) and CD8 is distinctive of cytotoxic T lymphocytes (CTL). CD4
and CD8 are structurally and functionally different. CD4 is a monomeric type I
transmembrane glycoprotein, formed by four immunoglobulin (Ig)-like extracellular
domains connected to a transmembrane domain and a cytoplasmic tail; CD4 interacts
with MHC class II through its membrane-distal D1 domain which contacts the a2 and 2
domains of MHC class II; specifically, CD4 contacts a concavity formed between a2 and
B2 (Li Y et al, 2013). CD8 is a heterodimeric type I transmembrane glycoprotein
equipped with o and B chains, each one composed of an Ig-like domain connected to a
transmembrane domain and a cytoplasmic tail. CD8 interacts with the a3 portion of

MHC class I (Li Y etal., 2013).
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Fig. 10. Illustration of the interaction between CD8 and MHC class I (a) and between CD4 and MHC
class II (b). a) Endogenous peptides presented by MHC class I to CD8 cells are transported into the
endoplasmic reticulum (ER) and loaded into the groove of the MHC class I complex. b) Exogenous antigens
are processed by endolysosomal enzymes into peptides that bind to the groove of the MHC class II
complex by displacing the class Il-associated invariant chain peptide (CLIP), which is derived from the
MHC class Il-associated invariant chain (li) (Kobayashi KS and van den Elsen PJ, 2012).

As in EAE model (Langrish CL et al, 2005; O'Connor RA et al, 2008), the main
pathogenic CD4 cells in MS are T helper 1 (Th1) and T helper 17 (Th17) phenotypes,
that produce the pro-inflammatory cytokines IFNy and IL17, respectively. In human, the
association between HLA class II (e. g. HLA-DR15 haplotype; Ballerini C et al., 2004) and
susceptibility to MS was the first confirm supporting the role of CD4 cells in the disease
pathogenesis.

In EAE, Th1 and Th17 cells have an established role in the onset and maintenance of the
disease (Steinman L et al., 2007). Pathogenic cells can enter the CNS either through the
BBB by the interaction between cell-surface integrins and endothelial adhesion
molecules or by the choroid plexus (Engelhardt B et al., 2001). The choroid plexus is

composed by an epithelium of non-ciliated cells with tight junctions and is located in the
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four brain ventricles forming a blood-cerebrospinal fluid barrier, in order to regulate the
circulation of immune cells and molecules into the CSF. The trafficking of T cells in
steady state and during inflammation is mediated by various chemokines, and different
T-cell phenotypes express different chemokines (Bromley SK et al.,, 2008): Th1 were
found to preferentially express CXCR3 and CCR5, whereas CCR3 and CCR8 were mainly
found on Th2 cells. Similarly, the CCL20-receptor CCR6 was found on Th17 cells. In this
regard, it was observed that CCR6 is strictly required to induce EAE, since CCR6-
deficient mice are resistant to EAE development. Specifically, CCR6- Th17 cells were not
able to pass the choroid plexus and migrate into CNS at early stages of EAE, preventing
the development of the disease (Reboldi A et al., 2009); such findings supported the
pivotal role of Th17 in EAE pathogenesis.

In human MS, a higher frequency of Th17 in peripheral blood and CSF was found during
the acute episodes (Matusevicius D et al., 1999), along with increased levels of IL17 in
active brain lesions (Tzartos ]S et al., 2008). The proportion of Th17 and IL17 correlated
with disease activity, specifically with the number of lesions, the EDSS and the frequency
of relapses (Hedegaard (] et al., 2008).

Moreover, abnormalities in T and B cells are generally present in CSF of patients. A study
performed on 221 subjects reported a significantly higher percentage of CD4 and CD8 T
cells and B cells in RRMS and SPMS patients compared to PPMS, whereas PPMS were
characterized by a significant higher percentage of monocytes and granulocytes in CSF

compared to RRMS and SPMS (Han S et al., 2014).

In MS lesions CD4 cells localize mostly in perivascular spaces, even if fewer than CD8.
Interestingly, CD4 cells producing IFNy and IL17 seem to cross the BBB more efficiently
respect other types of T cells, and this has been suggested as associated with a greater
encephalitogenic capacity (Kebir H et al, 2009). Recently, the involvement in MS
pathogenesis of cytotoxic CD4 T cells (CTL) has been discussed (Peeters LM et al., 2017):
these cells increase in number under inflammatory conditions and seem to be
costimulatory-independent. Moreover, they produce large amounts of IFNy, granzyme b
and perforin (Broux B et al., 2012).

Finally, regulatory T cells (Treg) may have a protective role in the disease, since their

impairment or dysfunction were documented in MS exacerbations (Zozulya AL and
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Wiendl H, 2008). In fact, Tregs control the maintenance of immune tolerance and
suppress the effector activity of CD4 cells that are involved in MS as well as in other
autoimmune diseases (Danikowski KM et al., 2017). Furthermore, the role of Tregs in
MS is sustained by the impact of several treatments in restoring immunotolerance
promoting a switch of T cells phenotype towards a regulatory one or increasing the
number of Tregs (Massey JC et al.,, 2018; Muls N et al., 2014).

Once definitely assessed the involvement of CD4 cells in MS pathogenesis, the focus of
attention shifted towards the pathogenic role of CD8 cells. The association of MHC class
[ with a higher risk of developing MS was initially described for HLA-A3 and B7 alleles
(Jersild C et al., 1972; Naito S et al., 1972) and more recently for HLA-A*0301, associated
with susceptibility to the disease. Furthermore, HLA-A*0201 was described for having a
protective role (Fogdell-Hahn A et al., 2000; Harbo HF et al., 2004).

In MS lesions, CD8 cells outnumber CD4, especially at the edges of active demyelinating
plaques, but they are also predominant in normal-appearing white matter (NAWM)
(Hauser SL et al,, 1986). Lucchinetti CF and collaborators described CD8 as being often
present in cortical plaques, that are usually associated with cognitive impairment in MS
(Lucchinetti CF et al., 2011). In most cases, CNS-infiltrating CD8 cells are clonally
expanded (Babbe H et al,, 2000) and characterized by a less diverse TCR repertoire
compared to CD4 cells (Junker A et al, 2007; Skulina C et al.,, 2004) (ref. par. 3.4),
suggesting that their clonal profile may be due to a process of antigen-driven selection.
In MS, CD8 T cells may cause axonal damage by the production of perforin, granzymes
and cytotoxic cytokines e. g. IL17 (Wang HH et al., 2011), that was originally considered
an exclusive product of CD4 (Tzartos ]S et al., 2008; Vanden ES et al,, 2005). Intriguingly,
some CD8 T cell populations may have a protective role, suppressing the production of
pro-inflammatory cytokines and the proliferation of autoreactive CD4 T cells (Hu D et al,,
2013).

Finally, resident memory CD4 and CD8 T cells (Trm), that originally belong to CNS, could
contribute to MS pathogenesis. In normal condition, these cells prevent autoreactivity,
i.e. by the expression of the Programmed cell death protein 1 (PD-1) on CD8 cells (Raj T
et al., 2014); in MS patients, brain CD8 Trm producing IFNy and TNFa were found as

associated with neuroinflammation (Rasouli ] et al,, 2015).
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Fig. 11. Overview of possible CD8 autoreactivity mechanisms in MS pathogenesis. The activated CD8
T cells can lead to express several molecules involved in adhesion, migration and cytotoxicity. In condition
of inflammation, CD8 T cells migrate across the damaged BBB, reaching the CNS, where they could be
reactivated by resident antigen presenting cells (APC) and undergo to clonal expansion (Marion S et al,,
2015).

1.1.3.2. T-cell subpopulations: characteristics and role in CNS

inflammation

The T lymphocytes compartment consists in two main groups: naive cells, that have not
encountered their antigen (also called "antigen-inexperienced") after the maturation,
and memory cells, that have previously encountered the antigen ("antigen-
experienced") and are able to react by a fast and strong immune response to a second
encounter with the antigen. As reviewed by van den Broek et al. (2018), human naive T
cells express CC-chemokine receptor 7 (CCR7) and CD62 ligand (CD62L or L-selectin) to
recirculate between secondary lymphoid organs and peripheral blood. Naive
subpopulation (or "subset") shows a high diversity in TCR repertoire to recognize a

great variety of antigens. The recognition of an antigen lead to naive-cells differentiation
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into memory cells. The turnover of naive cells is controlled by homeostatic factors (i.e.
IL7 and self-peptide MHC complexes; Takada K and Jameson SC, 2009) and probably
also by epigenetic mechanisms (DNA methylation, histone modifications etc.; Moskowitz
DM et al.,, 2017). Their differentiation and proliferation processes can be accelerated in

certain conditions, e. g. in case of lymphopenia (Takada K and Jameson SC, 2009).
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Fig. 12. Schematic representation of naive T cells differentiation (van den Broek T et al., 2018).

Human naive T lymphocytes express CD45RA and not CD45R0. CD45RA is an isoform of
CD45, also known as protein tyrosine phosphatase receptor type C (PTPRC), which is an
enzyme involved in TCR-signal transduction (Trowbridge IS and Thomas ML., 1994).
Naive CD4 and CD8 cells tend to decrease in number and in TCR diversity with ageing,
probably because of the progressive decline of thymus output (Thome, ]]J et al., 2016;
Murray JM et al., 2003).

Memory T cells result from the encounter between naive cells and antigens. Next,
lymphocytes undergo clonal expansion and then maintain their antigen-specificity over
the lifetime of the individual. Memory-cells compartment consists in three main
subpopulations: effector memory T cells (Tem), central memory T cells (Tcm) and
terminally differentiated Tem cells (Temra); these three subpopulations differ in homing

capacity and effector functions (Sallusto F et al., 2004).
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Human Tem migrate to inflamed peripheral tissues and exert an immediate effector
function. They express CD45R0O (and not CD45RA) and, in some cases, CD62L, whereas
they have lost the expression of CCR7. Tem CD4 and CD8 cells produce IFN-y, IL4 and
IL5 (Sallusto F et al., 2004). In periphery, Tem are predominantly CD8. Moreover, Tem
are particularly abundant in lung, liver and gut. By appropriate stimulation, Tem can
rapidly differentiate in Th1l or Th2 phenotype. Upon stimulation, Tem tend to retain
their Th1l or Th2 phenotype, demonstrating a certain stability (Messi M et al., 2003).
Tem-proliferative capacity lies in the middle between Tcm and Temra and correlates
with a different telomere length. Furthermore, Tem cells seem to be more sensitive to
upregulation of antiapoptotic molecules compared to Tcm (Son NH et al,, 2000).

Human Tcm, as memory cells, express CD45R0, but also CCR7 and CD62L, involved in
Tcm ability to extravase through high endothelial venules (HEV) and migrate to
secondary lymphoid organs, where they provide immunosurveillance against known

pathogens (Gehad A etal., 2018).
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Fig. 13. lllustration of human Tcm cells, characterized by potent effector functions, ability to migrate into
peripheral tissue and to guarantee immunosurveillance within lymph nodes (Gehad A et al., 2018).

Within tissue, Tcm are enriched in lymph nodes and tonsils; in periphery, these cells are
predominantly CD4 and a sizable proportion of them expresses CXCR5 (CXCL13
receptor) and produces IL2 and IL10 upon activation (Gunn MD et al,, 2003). Moreover,
Tcm produce mainly IL2 or IFN-y and IL4 after proliferation and differentiation into
effector cells (Sallusto F et al,, 2004). Tcm show a higher expansion potential and a
decreased telomere length when compared to Tem. Upon stimulation, Tcm possess the
ability to differentiate in two directions, going towards a non-effector state under

neutral conditions or differentiating into Th1l or Th2 cells in presence of IL12 or IL-4
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(Sallusto F et al., 2004), demonstrating to be tendentially more heterogeneous compared
to Tem.

Temra cells lack the expression of CCR7, but are CD45RA+ as naive cells, and are
represented in the CD8 T cells compartment. These cells are more differentiated than
Tcm and Tem, since they are characterized by a senescent replicative history: in fact,
Temra possess shorter telomeres and a high sensitivity to apoptosis (Brenchley JM et al,,
2003). Moreover, they have a very low capability to expand compared to Tcm and Tem
(Sallusto F et al,, 2004), but are also more differentiated than Tcm in terms of effector
functions (Willinger T et al., 2005). According to literature, Temra are the 11% of CD8
global cells in peripheral blood of healthy donors, of which the 41% expresses the
senescent T cells marker CD57 (Verma K et al., 2017). However, a group of CD57- Temra
was identified as characterized by longer telomeres and a higher potential to proliferate
compared to CD57+ (Geginat ] et al.,, 2003). The generation and function of Temra cells
are still under debate. Since they appear late during the immune response, they may be
generated through homeostatic mechanism rather than antigen-dependent pathway
(Sallusto F et al.,, 2004). Moreover, Temra produce large amount of perforin and are
mostly CMV-responsive, that suggests their possible role in protection against viral
infections and reactivation (Scheinberg P et al,, 2009).

In normal conditions, about 150,000 T lymphocytes are present in CSF (Engelhardt B
and Ransohoff RM, 2005). They contribute to cells homeostasis and have an important
role in immunosurveillance, representing the first defense against opportunistic
diseases that can affect CNS in condition of immunosuppression (Ellwardt E et al., 2016).
In case of a primary T cell response in the CNS, some effector T cells migrate through
parenchymal post-capillary venules and differentiate into tissue-resident memory T
cells (Trm) supported by transforming growth factor-p (TGFf), IL33 and IL15 signalling
(Mackay LK et al,, 2015). Trm are characterized by self-renewing potential and a high
antigen-sensitivity and lack of molecules that mediate egress from tissues such as
sphingosine-1-phosphate receptor 1 (S1PR1) and CCR7 (Skon CN etal., 2013).

Tem cells recirculate between CSF and CNS parenchyma via afferent lymphatics and
blood, while Tcm recirculate via afferent lymphatics, secondary lymphoid tissue and
blood. In human CSF about 90% of T cells are Tcm, while about 10% is represented by
Tem (Kivisakk P et al., 2003). Interestingly, in MS patients CSF appears quite depleted of

Tem compared to healthy controls, while they are not altered in peripheral blood,
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suggesting that Tem may have moved from CSF to

antigen-specific response (Kivisakk P et al., 2004).
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Fig. 14. Immunosurveillance in the CNS by memory T-cell subpopulations. While Trm are retained
into CNS parenchyma, Tem and Tcm cells recirculate between blood, CSF and CNS via afferent lymphatics
and blood or via afferent lymphatics, secondary lymphoid tissue and blood respectively (Korn T and
Kallies A, 2017).

In peripheral blood, the differences among memory T-cell subpopulations in MS patients

are less prominent (Nielsen BR et al,, 2017). According to literature, the main significant

difference in the distribution of Tcm, Tem and Temra CD4 and CD8 cells in MS compared

to healthy controls is age-related, due to an accelerated immune senescence (Balint et

al, 2013) associated to a reduced thymic output of naive T cells and an augmented

distribution of Temra cells in periphery, especially in patients affected with Primary-

Progressive MS (PPMS) (Haegert et al., 2011).
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1.1.3.3. Blymphocytes in MS

In MS pathogenesis, B cells are responsible of oligoclonal bands (OCB) production in
brain parenchyma and meninges (Owens GP et al, 2003; Serafini B et al, 2004;
Magliozzi R et al,, 2007; Obermeier B et al., 2011), which are considered a hallmark of
MS, since they are present in more than 95% of patients (Freedman MS et al,, 2005) and
correlate with disease course: OCB negative (OCB-) patients show a slower progression
of MS than OCB positive (OCB+) ones (Joseph FG et al., 2009). Furthermore, B cells
involvement in the disease pathogenesis takes evidence in the presence of lymphoid
follicle-like structures in the cerebral meninges of many MS patients (Magliozzi R et al,,
2007) and in the high levels in patients CSF of cytokines and chemokines involved in B
cells recruitment, e. g. the chemokine C-X-C motif ligand 13 (CXCL13), correlated with
CSF total leukocytes, B cell counts and intrathecal IgG synthesis (Khademi M et al,
2011).

A finding supporting the involvement of B cells in MS is the decrease of Tregs and
follicular regulatory T cells (TFR) in MS patients, that may impact on the B cell tolerance
development (Dhaeze T et al., 2015). Furthermore, it is known that human naive CD27-
B cells can produce immunosuppressive cytokines such as IL-10 upon CD40-ligand
stimulation (Correale ] and Farez M, 2007) and such response was observed to be
abnormal in B cells of MS patients (Duddy ME et al., 2004).

An important evidence of B cells involvement comes from the successful application of
anti-CD20 molecules (i.e. rituximab) in MS treatment, that determine the complete
depletion of CD20+ B cells and the reduction of RRMS patients experiencing relapses
(Khademi M etal.,, 2011).

1.1.4. Symptoms

The primary cause of MS clinical manifestations is the demyelination, in which the
damage of the insulating covers of nerves disrupts the ability of neurons to
communicate (Compston A and Coles A, 2002). This results in a wide range of
symptoms, including mobility restrictions, visual problems, changes in sensation (pain,
hypoesthesia, paresthesia), muscle weakness, spasms, fatigue, bladder and bowel
difficulties, cognitive and emotional impairment.
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Sensory disturbance is one of the first manifestation of the disease, with paresthesias or
dysesthesias, ataxia, vertigo. Optic neuritis is also a typical symptom onset, as well as
bladder disfunction, which can lead to frequent episodes of incontinence (Hauser SL et
al., 2008). Lhermitte’s sign, an electrical sensation down the back during neck’s flexion,
is another classic finding in MS.

With the progress of the disease many physics and psychological symptoms can appear,
mainly a potentially disabling fatigue and chronic pain, intimately linked to emotional

problems as anxiety and depression (Amtmann D et al., 2015; Alschuler KN et al., 2013).

1.1.5. Clinical course

Due to its variable pattern, with relapses and/or a progressive neurological
deterioration, the clinical course of MS has been not exactly described until the study of
Lublin and Reingold in 1996 (recently updated by the International Advisory Committee
on Clinical Trials of MS, Lublin FD et al., 2014), who classified four different disease
courses (Fig. 15): Relapsing Remitting multiple sclerosis (RRMS), Primary Progressive
multiple sclerosis (PPMS), Secondary Progressive multiple sclerosis (SPMS) and
Progressive Relapsing multiple sclerosis (PRMS) (Lublin FD and Reingold SC, 1996).

Today this classification is routinely applied in clinical practice.
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Fig. 15. Illustration of different clinical courses of multiple sclerosis (adaptation from Lublin FD et al,
1996, by Hersh CM and Fox R], 2014).

RRMS (80-85% of all MS patients) manifests in acute attacks (also called relapses or
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exacerbations) followed by full recovery, that could last months of years, or a residual
deficit. Periods between relapses are characterized by a lack of disease progression.
RRMS typically occurs in early adulthood and in two decades approximately half of the
patients develop SPMS (H. Tremlett, Y. Zhao, and V. Devonshire, “Natural history of
secondary-progressive multiple sclerosis,” Multiple Sclerosis Journal, vol. 14, no. 3, pp.
314-324, 2008.), which is considered as a long-term outcome of RRSM, characterized by
an initial RR form followed by progression of disease with minor remissions or plateaus
(Lublin FD and Reingold SC, 1996).

PPMS (10-15% of patients) is characterized by a gradual and continuous neurological
decline from onset; the median age of onset for PPMS is 40 years (Koch M et al., 2009).
The rarest form of MS (only 5% of patients) is PRSM, characterized by acute relapses
separated by a continuous progression of disease.

A certain number of MS patients can be initially diagnosed with clinically isolated
syndrome (CIS), whose hallmarks symptoms are optic neuritis, diplopia, bladder and
bower dysfunction, ataxia, sensory disfunction (Barten L] et al., 2010).

MS prognosis may significantly variate: it is usually more unfavorable in patients with
optic neuritis, motor involvement and coordination dysfunction rather than patients
with visual or sensory symptoms (Barten L] et al., 2010). The disability level of patients
is measured by an Expanded Disability Status Scale (EDSS) that ranges between 0 (no
disability) to 10 (death). Anyhow, death due to MS is a quite rare event and life
expectants after diagnosis is about 25 years, after that most patients die for other causes

(Compston A and Coles A, 2002).

1.1.6. Diagnosis

The clinical evaluation of signs and symptoms, the neuroimaging and laboratory findings
contribute to MS diagnosis. McDonald Criteria, dating from 2001 (McDonald WI et al,,
2001) and undergone revisions in 2005 (Polman CH et al., 2005), 2010 (Polman CH et
al, 2011) and lastly in 2017 (Thompson A] et al,, 2018), include specific guidelines for
the diagnostic process, which can be quite complicated for those disease cases that
manifest with very nonspecific symptoms. MS diagnosis requires the presence of two or

more distinct clinical attacks and two or more inflammatory plaques in myelinated
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regions of CNS. The detection of brain and spinal cord lesions by MRI and the analysis of
cerebrospinal fluid (CSF) strongly support MS diagnosis. At the time of diagnosis, the
disease course must be provisionally indicated and patients must be periodically re-
evaluated to update MS phenotype (Thompson AJ et al., 2018).

MRI is the principal technical tool to make a diagnosis of MS. It allows to detect brain
and spinal cord lesions and to follow their development and space dissemination during
time (Traboulsee AL et al., 2006). The operating principle of MRI is the nuclear magnetic
resonance (NMR), a physical phenomenon in which nuclei can absorb and emit an
electromagnetic radiation in a magnetic field. The resulting image is constructed by two
main parameters, the longitudinal relaxation time (T1) and the transverse relaxation
time (T2). T1 “black holes” are hypointense lesions typical of MS patients and indicate
severe demyelination and axonal loss. T2-weighted hyperintense lesions ("bright spots")
are the prior indication of lesions number, edema and inflammation and patient's
disease burden (Katdare A and Ursekar M, 2015).

T2-weighted lesions evaluation can be usefully complemented with gadolinium
enhancement and spinal imaging (Miller DH et al,, 1998). Gadolinium (Gd) is a chemical
agent able to cross the damaged BBB in MS patients. Gd-enhanced MRI scan gives
information about the age and the activity of MS lesions and the correlation between a
lesion and clinical symptoms, with the eventual detection of "silent" lesions. The ability
of Gd to deposit in regions rich of water, e. g. brain lesions, allows the realignment time
of magnetization vector of water protons, giving brighter MRI images that reveal CNS
damage and spinal cord injury as hyperintense areas. Further contrast agents include
myeloperoxidase activity measure in inflamed tissue (Gray E et al, 2008),
superparamagnetic iron oxide nanoparticles (SPIONs) (Mahmoudi M et al., 2011) and
the contrast agent Gadofluorine M, which selectively accumulates in degenerated nerve

fibers and appears on T1-weighted images (Wessig C et al., 2007; Wuerfel E et al., 2010).
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Fig. 16. Brain MRI of an MS patient. Axial T2 image shows hyperintense lesions (yellow arrows) in the
periventricular location along bilateral lateral ventricles (Katdare A and Ursekar M, 2015).

The application of MRI confirmed the presence of cortical lesions in MS patients also at
early stages, especially in progressive MS forms (Vrenken H et al, 2006). In these
patients, cortical lesions are more extended and numerous and their presence, together

with cortical atrophy, has been linked to cognitive deficits (Calabrese M et al., 2009).

Fig. 17. MRI detection of cortical lesions from 2 MS patients. (A) and (B) report MRI on cortical lesions
(arrows) in two RRMS patients. Arrowheads indicate artifacts in (A) and CSF effusion in the
periventricular white matter in (B) (Calabrese M et al., 2009).
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Despite MRI has notably improved MS diagnosis and understanding, the differential
diagnosis with other CNS diseases represents a major challenge. Accumulated findings
reported the presence of perivenular lesions in the brain, also called the “central vein
sign” (CVS), that are detectable by MRI specifically in MS patients (Sati P et al., 2016;
Maggi P et al., 2018). CVS, in fact, appears in a significantly higher percentage of MS
patients compared to other neurological disorders (Sinnecker T et al., 2012; Solomon A]

etal,, 2015).

Relapsing-remitting MS Primary progressive MS

Ischaemia Migraine

Fig. 18. MRI detection of central vein sign in MS lesions. Figure reports 3T FLAIR* (combined T2*-
weighted MRI and fluid-attenuated inversion recovery) MRI detection of brain in one patient with RRMS,
one with PPMS, one with ischemia and one with migraine. The dark veins are present centrally in the
lesions of MS patients, but not in ischemia and migraine patients. Arrows in magnified panels indicate
lesions (Sati P et al., 2016).

An important tool in MS diagnosis is the analysis of CSF, collected from the patients by
lumbar puncture. In MS patients, CSF is typically clear and colorless and shows a normal
protein and cell counts, even in the acute episodes of the disease. What may be
significative in terms of diagnosis are the increased levels of Ig, resulting in the presence
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of OCBs, detected by the electrophoresis of CSF immunoglobulins (Lowenthal A et al,,
1960; Domingues RB et al,, 2017). Immunoglobulin G (IgG) OCBs are found in more than
90% of MS patient, so they are strongly supportive to the diagnosis, and they are usually
present in the CSF, but not in serum, where IgG is polyclonal (Weber MS et al., 2011;
Winger RC and Zamvil SS, 2016). The maturation of plasma cells from B cells, found as
expanded and activated both in CNS lesions and in CSF, contribute to the development of
OCBs (Cepok S et al., 2006). The presence of antibodies correlates with the complement
activation and the demyelination (Cepok S et al., 2005; Weber MS et al., 2011) and their
involvement in the disease is confirmed; some antigens suggested as possible targets
might MBP or MOG, as well as infectious agents of oligodendrocyte precursors.

Finally, the evaluation of the response of the brain to electrical stimulation can help to
confirm the diagnosis of MS. The slowed nervous conduction due to demyelination is
detected by the evoked potential (EP) tests, that consist in the examination of visual and

sensory evoked potentials (Walsh P et al., 2005).

1.1.7. Treatments

The landscape of MS treatments has widely expanded in the last decade, although there
is no definitive cure for the disease. The main strategies of the current therapies point to
relieve symptoms, to stop the progression of disability and to reduce the number of
relapses.

The routine approach to handle acute attacks consists in the administration of high
doses (500-1000 mg) of intravenous corticosteroids, e. g. methylprednisolone, for 3-5
days. These treatments have been demonstrated to be effective in the short-term, but do
not significantly impact on the long-term recovery (Myhr KM and Mellgren SI, 2009). In
the advanced stages of the disease, the immune cells infiltrating CNS perpetuate the
myelin damage leading to irreversible axonal loss, so the primary target of the long-term
therapies is to limit the immune-inflammatory processes that contribute to
demyelination and to neuronal degradation (Haines ]D et al,, 2011). For these purposes,
several disease-modifying therapies (DMTs) have been approved by the US Food and
Drug Administration (FDA) and the European Medicines Agency (EMA). These

treatments reduce the immune-mediated inflammatory process in CNS and lead to an
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improvement in clinical and radiologic outcomes; to date, 13 approved DMTs are

currently available to treat RRMS worldwide (Pardo G and Jones DE, 2017) and each one

targets a different immune pathway and has a different mechanism of action.
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Fig. 19. Illustrated scheme of the sites of therapeutic action of DMTs relatively to MS pathogenesis

(Cross AH and Naismith RT, 2014).

Injectable DMTs include B interferons (B-IFNs) and Glatiramer acetate (GA), used in MS

treatments over two decades. B-IFNs is administered by subcutaneous or intramuscular

injection. Its mechanism of action is still not well known, but it may act reducing T cell

adhesion and entrance in CNS across the BBB (Wee Yong V et al., 1998; Compston A and

Coles A, 2008). GA is an immunomodulator drug composed of 4 amino-acids (glutamic

acid, lysine, alanine and tyrosine) designed to simulate MBP, in order to divert the attack

of myelin-autoreactive cells. Also, GA induces a shift from Th1 towards Th2, contributing
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to an amelioration of the disease (Arnon R and Aharoni R, 2004).

Fingolimod is an immunomodulating drug approved by the FDA (2010) and EMA (2011)
as the first oral DMT for RRMS. It binds the sphingosine-1-phosphate receptor (S1PR) on
the surface of naive and activated lymphocytes, leading to their retention within lymph
nodes and preventing their migration towards CNS (Brinkmann V et al, 2010).
Notwithstanding its therapeutic potential, patients under Fingolimod must be
continuously monitored, because of the eventual side effects (Cohen JA and Chun ],
2011).

Dimethyl fumarate (DMF) is an immunomodulatory drug, orally administered in RRMS
patients. The mechanism of action of DMF is not clear, but it has been demonstrated to
reduce the progression of disability in patients, probably due to its capacity to enhance
endogenous mechanisms that limit oxidative stress (Gold R et al., 2012).

Azathioprine (AZA) is another possible treatment for MS patients who experience
frequent relapses. It is an immunosuppressive drug applied to treat different
autoimmune disorders; it is a purine synthesis inhibitor, blocking DNA and RNA
synthesis with the consequent decreased production of immune cells (Casetta I et al,,
2007).

Finally, monoclonal antibodies (mAbs), characterized by high biological potency and
selectivity of action (Fontoura P, 2010), represent an interesting and effective

alternative from traditional MS treatments.

1.1.7.1. Monoclonal antibodies for MS treatment

The first monoclonal antibody was produced in 1975 by Koéhler and Milstein (Kohler G
and Milstein C, 1975); later, several mAbs have been approved by FDA in oncology,
gastroenterology and transplant rejection prevention (Rommer PS et al., 2014), until the
first application in MS treatment with the humanized mAb Natalizumab in 2006.

Monoclonal antibodies are monovalent antibodies deriving from a single B cell clone and
therefore able to bind to the same epitope. One of the ways to produce mAbs is the
hybridoma technique (Kohler G and Milstein C, 1975), consisting in the fusion of B cells
with immortal myeloma cell line lacking the hypoxanthine-guanine-phosphoribosyl

transferase (HGPRT) gene. The result of this fusion is the hybridoma cells (or
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"hybridomas"), that inherited immortality from the myeloma cells and selective-
resistance from the B cells, becoming the only cell population able to survive in vitro in a
selective medium containing hypoxanthine-aminopterin-thymidine (HAT). After the
selection, each clone is separated by dilution into different culture wells. Then, the
secreted antibodies from the different clones can be assayed for their ability to bind to
the antigen and stored for future use. During time, the efficacy of mAbs has gradually
improved, especially with the genetically engineering of the Fc region, that increased the
mAbs bioavailability (Wang W et al, 2008), for example by treating the antibody
fragments with polyethylene glycol (PEG) to increase mAbs plasma half-life (Kuo TT et
al, 2011). mAbs have a specific nomenclature (International Nonproprietary Names
(INNs), 1997; United States Adopted Names (USAN) Council, 2007) recently revised in
2017 (World Health Organization (WHO), 2017). The stem -mab is official for
monoclonal antibodies. The substem preceding the stem is referred to the animal source
of the antibody (-o- for mouse; -e- for hamsters, -i- for primates and -a- for rats).
Regarding the composition of antibodies, the nomenclature is the following: -xi- for
chimeric antibodies (where the constant region is replaced with the human form); -zu-
for humanized antibodies in which the variable regions is substituted; -xizu- for partly
chimeric and partly humanized antibodies; -u- for purely human antibodies; -axo- for
trifunctional antibodies, where rat/mouse hybrid antibodies are engineered with
binding sites for two different antigens (Lordick F et al, 2008). Furthermore, the
antibody’s target is also indicated in its name: examples are “-lim-" which is referred to
immune system (i.e. Natalizumab or Daclizumab) or “-tum” for miscellaneous (i.e.

Rituximab or Alemtuzumab).
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Fig. 20. Example of mAbs tested for MS treatment with their possible effector functions (Lutterotti A
and Martin R, 2008).

To date, several mAbs are approved as successful MS treatment:

- Alemtuzumab (Campath®, MabCampath®, Lemtrada®) is a humanized mAb directed
against CD52, a glycoprotein expressed on the surface of mature lymphocytes, but not
on lymphoid stem cells. This mAb has been definitively approved by FDA for MS
treatment in 2014, but is also used in other diseases (e.g. chronic lymphocytic leukemia:
CLL). Alemtuzumab causes the depletion of CD52+ cells by Antibody-Dependent Cell-
Mediated Cytotoxicity (ADCC) and Complement Dependent Cytotoxicity (CDC), leading
to a marked leucopenia (Lutterotti A and Martin R, 2008). Intriguingly, this lymphocytes
depletion is not associated with an increased risk of infections (Simpson BS and Coles 4],
2007). RRMS patients treated with Alemtuzumab showed a reduction in relapses and an
improvement in disability (Coles AJ, 2007); however, it may cause several side effects,
such as pyrexia, headache, malaise and rash (Lutterotti A and Martin R, 2008).

- Rituximab (Rituxan®) is a chimeric mAb which binds the protein CD20, expressed by B
lymphocytes, leading to cell apoptosis by ADCC and CDC (Waubant E, 2008). Its use is
approved for non-Hodgkin's lymphoma, rheumatoid arthritis (RA), CLL and other
diseases, whereas in MS it is used off-label to treat difficult cases (Tony HP et al., 2011).
MS patients tested with Rituximab in a Phase II trials had a reduction in Gd-enhancing
lesions (Naismith RT et al., 2010) and a delayed disease progression (Hawker K et al,,
2009). Potential side effects of Rituximab include severe infusion reactions, nausea,
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headache and urinary and respiratory tract infections (Bar-Or A et al., 2008).

- Ocrelizumab (Ocrevus®) is a humanized mAb which targets CD20, similarly to
rituximab, leading to a depletion of B cells and of CD20+ T cells (that are 5% of total
blood T cells) (Palanichamy A et al., 2014). It has been approved by FDA for MS in 2017.
Ocrelizumab showed beneficial effects in RRMS and PPMS patients (Montalban X et al.,
2017). Despite the promising results, further Phase IV clinical trials are required to state
if the mAbD is safe and effective.

Lastly, one of most effective mAbs and also the first one approved by FDA for MS
treatment is Natalizumab (ref. par. 4), which has been also an interesting object of

debate about its effects on immune cells balance and T-cell receptor.

1.2. T-cell receptor

1.2.1. Structure and function

TCR is the molecule expressed on the surface of T lymphocytes, responsible of the
recognition of the antigen bound to MHC molecules. The structure of TCR is
heterodimeric, consisting in two protein chains, mostly (95% in humans) an a and a 3
chain (afp TCR) or, in a minority (5% in humans) a y and 6 chains (yd TCR). Chains a and
B are encoded by TRA and TRB genes, while y and 6 chains are encoded by TRG and TRD.
TCR is anchored to the plasmatic membrane and is associated with two accessory

molecules, the invariant CD3 and {-chain, that form the TCR complex.
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Fig. 21. Schematic illustration of TCR complex. TCR is composed by an af} or a yd chain complex, an
intracellular portion composed of the Immunoreceptor tyrosine-based activation motif (ITAM) and an
extracellular portion to detect peptide antigens presented by MHC complex.

The cluster of differentiation 3 (CD3) is a co-receptor involved in lymphocytes activation
and belongs to immunoglobulin superfamily. It is a protein complex formed, in
mammals, by a CD3y chain, a CD35 chain and two CD3¢ chains. CD3 contains aspartate
residues, that are negatively charged and allow the association to the cell membrane,
which is positively charged.  chain is also inserted in the plasmatic membrane, but it
protrudes mostly in the intracellular space. Both CD3 and C chains contain a conserved
motif on their intracellular tails, which is called Immunoreceptor tyrosine-based
activation motif (ITAM), essential for TCR signaling. £ chain contains 3 ITAM motifs. The
phosphorylation of the ITAM determines the binding of CD3 with the zeta associated
protein 70 (ZAP70), a kinase that initiates the signaling cascade of T cell. The other two
principal TCR co-receptors are CD4 (Th cells) and CD8 (CTL).

Each TCR chain is composed by two extracellular regions: the variable (V) and constant
(C) domains. The variable domain of o and B chain has three hypervariable regions, the
complementarity determining regions (CDRs): CDR1, CDR2 and CDR3, that are non-
consecutively arranged on the amino acid sequence of both the 2 variable domains of
TCR (for a total of 6 CDRs for receptor). The first two (CDR1 and CDR2) are fully
encoded in the genome, while the third (CDR3) is generated somatically, indeed its
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notably great variability lays at the basis for the ability of TCR to recognize a great
variety of antigens (Lemke H, 2018).
The constant domain of the TCR is composed by a short sequence with a cysteine

residue that forms disulfide bonds, linking the two chains.

1.2.2. T-cell receptor V(D)] recombination

TCR results from V(D)] recombination, a process that takes place during the early stages
of T maturation, in thymus or bone marrow respectively, and it results in the highly
diverse repertoire of Igs and TCR. V(D)] rearrangement is a unique mechanism of
somatic recombination and a fundamental feature of adaptive immune system. This
mechanism allows to potentially create between 1015 and 1020 TCR clonotypes, where a
clonotype is a population of T cells carrying the same TCR (Nikolich-Zugich ] et al,,
2004), and a high TCR diversity has been associated with an effective control of viral
infections and other pathogens, which is the fundament of a competent immune system
(Laydon D] et al., 2015).

TCR is composed by an a-chain and a B-chain and its genes are similar to Igs, containing

multiple V, D and ] gene segments for 3-chain and V and ] for a-chain.
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Fig. 22. TCR genes. The T-cell receptor -chain (Tcrb) and Tcra-Tcrd loci (adapted from Schatz DG and Ji
Y, 2011).

V(D)J] recombination is a complex mechanism that involves several molecular “actors”,
which the key ones are: the recombination activating genes 1 and 2 (RAG1, RAG2), the
terminal deoxynucleotidyl transferase (TdT), the Artemis nuclease and the non-
homologous end joining (NHE]) DNA repair factors.

RAG recombinases initiate the process. RAG1 and RAG2 contain important regulatory

domains and are mainly responsible of DNA binding and cleavage (Schatz DG and Ji Y,
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2011). They form a complex which recognizes and binds the DNA at specific sequences,
the recombination signal sequences (RSSs). These sequences flank the V, D and ] gene
segments and consist in conserved heptamers and nonamers (CACAGTG and
ACAAAAACC, respectively) separated by a space region of 12 or 23 base pairs (12 and
23RSS).

Site of DNA
cleavage
Antigen receptor

gene segment R55

5'-CACAGTG ACAAAMACC-3
\23 bE:/i

Fig. 23. The recombination signal sequence. RSS is adjacent to antigen receptor gene segment and
contains the heptamer and the nonamer, separated by a conserved spacer region of 12 or 23 base pairs.
The nonamer acts anchoring the RAG proteins to the DNA, whereas the heptamer enhances this binding
and specifies the site of DNA cleavage (Schatz DG and Ji Y, 2011).

Recombination preferentially occurs between a 12 and a 23RSS, a mechanism called the
“12/23 rule” (van Gent DC et al, 1996). First, the RAG complex binds to one RSS,
generating a signal which is necessary to capture the second RSS and forming the so
called synaptic or paired complex (Mundy CL et al, 2002). The next step is DNA
cleavage: RAG introduces a single strand nick between the heptamer and the gene
segment, generating a 3' hydroxyl group and a 5’ phosphate group on the same strand.
The 3' hydroxyl group attacks the other strand creating a DNA double strand break or
"hairpin". Another group of proteins, the high-mobility group protein B1 and B2
(HMGB1, HMGBZ2), have been observed as contributing to DNA cleavage in vitro, but
their role has yet to be proven in vivo (Swanson PC, 2004).

A DNA-dependent protein kinase, DNA-PK, binds to each broken DNA end and recruits

other proteins such as Artemis, the main one involved in the opening of the coding end
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hairpins (Ma Y et al., 2005). This step is so crucial for V(D)] recombination that Artemis-
deficient mice develop a severe combined immunodeficiency (SCID) associated with
defects in opening and joining V(D)] coding hairpins (Rooney S et al., 2002).

In most cases, hairpins are "off-center" opened, resulting in extra bases remaining on
one strand that are palindromic (P) nucleotides. Then, RAG proteins cooperate with
NHE] DNA repair factor to rejoin the DNA ends, that undergo a random non-templated
(N) nucleotide addition by TdT and nucleotide loss before being joined.
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Fig. 24. V(D)] recombination steps grouped in two phases. Phase 1: DNA cleavage by RAG complex

with the formation of hairpin. Phase 2: hairpin opening and nucleotides addition (adapted from Schatz DG
and]iY, 2011).

Coding joint

In the process of TCR generation, first the B-chain is formed by the D-to-] recombination,
in which DB1 or D2 gene segment joins one of six Jf1 segments (Abbas AKK, 2015).
This event is followed with V(3-to-DB]B rearrangement. The a-chain recombination is
driven by V-to-] rearrangement like Ig light chains, with the formation of a V] complex
and then the addition of the constant chain gene.

Since V(D)] recombination is a complex molecular event, its main regulation mechanism
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resides in chromatin state (Schatz DGand JiY, 2011): the permissive or repressive
chromatin structure can affect the phase of DNA cleavage. It has been observed that
wrapping an RSS around a nucleosome inhibits the DNA binding or cleavage by RAG
proteins (McBlane F and Boyes ], 2000; Kwon | et al., 2000). On the other hand, the
removal of N-terminal histone tails by specific protease (Golding A et al., 1999) or the
action of ATP-dependent chromatin remodeling complexes, e. g. the SWI-SNF ATPase
complex, allows DNA cleavage by RAG (Kwon ] et al, 2000). The presence of
transcriptional control elements, such as enhancers and promotors, has a primary role
in RSSs accessibility for recombination. Histone acetyltransferases (HATs), histone
methylases and chromatin remodeling complexes, promote histone modifications and
RNA polymerase II activity (Li B et al., 2007). The proposed mechanisms involved in
RSSs accessibility are mainly three: histone acetylation, which weakens the association
between histones and DNA (Shogren-Knaak M et al., 2006), the chromatin remodeling,
which liberates RSSs from nucleosome (Zhang Y et al.,, 2006), and the transcriptional
elongation by RNA polymerase II through RSSs (Zhang Y et al., 2006). Moreover, the
recombining locus must be far from repressive chromatin compartments, such as the
pericentric heterochromatin, and must undergo a structural alteration (compaction or
looping) to make possible the separation between gene segments and then their

encounter during rearrangement (Jhunjhunwala S et al.,, 2009).

1.2.3. Methods of investigation of the T-cell receptor

1.2.3.1. CDR3 spectratyping and flow cytometry

The variability and high-responsiveness of the adaptive immune system of vertebrates
lies in the highly diverse recombination process that constitutes the individual TCR
repertoire. For this reason, the investigation of the TCR repertoire on a sequence level
allows us to gain insight in the characteristics of our immune system: immunotolerance,
post-treatment immune reconstitution, disease pathogenesis, T-cell contribution in
disease development and progress and immune senescence are only few examples of
topics that can be explored through the analysis of the TCR repertoire. Most of the
published literature on TCR focuses on the CDR3 region, because of its high variability
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and antigen-specificity.

The first studies on the TCR repertoire were performed by the “spectratyping”
technology, which gives information about the CDR3 length distribution within a
functional TCRBV family from a complex cell population. Briefly, the analysis begins
from complementary DNA (cDNA) obtained and amplified by several rounds of
polymerase chain reaction (PCR) on messenger RNA (mRNA) isolated from a given cell
population. In order to amplify the CDR3 region, the technology takes advantage of a set
of nested fluorescently labelled primers that are specific for several TCRBV families.
Finally, the PCR products are visualized on denaturing polyacrylamide sequencing gel.
Results appear as a gaussian distribution of peaks of different areas, depending on the
CDR3 length distribution in the observed TCRBV families; the areas of peaks can be
analyzed quantitatively with an appropriated, automated DNA sequencing software
(Currier JR and Robinson MA, 2001). Since different cell clones are represented by
different sequences, the CDR3 length distribution can be considered as a measure of the
TCR repertoire diversity (Kepler T et al., 2005). However, even though spectratyping
gives good-quality information about the pattern of distribution and the size of CDR3
sequences within a certain TCRBV family, it does not provide any data about the
sequence. Furthermore, it is hard to determine how much the results are representative
of the entire examined T-cell repertoire (Ciupe SM et al.,, 2013).

Despite limited, spectratyping analysis allowed the first investigations of the murine
(Pannetier C et al., 1993) and human TCR repertoire (Gorski | et al., 1994). To date,
spectratyping is not used anymore for the analysis of big and complex TCR-sequence
datasets, but it can still be a complement in diagnostic and clinical studies to identify
TCR restrictions and to characterize complex T-cell populations from biological
specimens.

Later, TCR repertoire has been analyzed by flow cytometry, using TCRBV-specific
fluorescent monoclonal antibodies. This methodology helps to determine the oligo- or
polyclonality of a cell population and has been used as support to the diagnosis and the
understanding of hematological diseases such as leukemias, EBV-induced
mononucleosis or HIV infection (Beck RC et al., 2003). Similarly to spectratyping, flow
cytometry on TCR provides information only on the VP usage of the analyzed T-cell

population. Furthermore, the interpretation of results may be challenging, since some
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TCR repertoire variations might go undetected and the V usage within a certain T-cell
population, especially in low-frequency-expressed TCRVB families, could be

underestimated (van der Geest KS et al., 2015).

1.2.3.2. Next-generation sequencing and computational immunology

The study of the TCR repertoire has been completely revolutionized with the advent of
Next-Generation Sequencing (NGS) or High-Throughput Sequencing (HTS),
commercially launched in 2005. NGS is based on the massive parallel sequencing by
using platforms suited to obtain from 1 million to 43 billion short reads per run. The
main difference from Sanger sequencing, indeed, is that the last one provides the
electrophoretic separation of products from only individual sequencing reactions
(Voelkerding KV et al., 2009).

The most common NGS platforms are Roche 454 and Illumina. The two platforms are
generally comparable, with some differences in performance and technical aspects.
Roche 454 is based on the utilization of ATP sulfurylase and luciferase
(pyrosequencing): every time the enzyme DNA polymerase incorporates a nucleotide, a
pyrophosphate is released, generating an amount of light which is proportional to the
number of incorporated nucleotides. Furthermore, Roche 454 usually provides higher
read lengths (400 bases for Roche 454 GS FLX versus 36 bases for Illumina Genome
Analyzer) and has a shorter sequencing run time (10 hours for Roche 454 GS FLX, 2.5
days for Illumina Genome Analyzer), but [llumina can provide 1.5 Gb of total bases for
run versus 500 Mb of Roche 454 (Voelkerding KV et al., 2009; Luo C et al, 2012).
Furthermore, Roche 454 utilizes spherical microbeads for the sequencing process: each
DNA fragment is ligated to a bead and undergoes PCR amplification.

On the other hand, [llumina is based on reversible dye-terminators, that identify single
bases when they are introduced into DNA strands. The first step is the "tagmentation”, in
which transposases cut DNA into short segments called "tags". Then, adapters, primer
bindings sites and terminal sites are added at the strand ends. The "bridge
amplification" phase is performed into an acrylamide-coated glass flow cell, where each
flow cell has oligonucleotides that hold the DNA strands. DNA polymerase creates the
complementary strands and the original ones are washed away from the flow cell, then a

forward strand (which will be identical to the first one) is made from the reversed one.
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Then each single strand is clonally amplified several times. At the end, the flow cell is
washed and only the forward strands are left. By using primers, polymerase and
reversible terminators, fluorescently tagged nucleotides are added to strands and,

finally, the machine records the added base.
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Fig. 25. Roche 454 and Illumina. Illustrated scheme of Roche 454 (left) and Illumina (right) sequencing
technology (Voelkerding KV et al., 2009).

With the advent of NGS, the amount and the complexity of sequencing data has
increased rapidly, along with the urge to adopt the right method of investigation in
order to cover a deeper and more complex sequencing depth.

Computational immunology and Machine Learning (ML), based on the development of
statistical models that are applied through the computer systems, enabled the analysis
of high-dimensional sequencing data. ML aims to identify recurrent and/or specific
patterns in TCR/BCR repertoires, in order to characterize the data and to detect features
that differ or are shared across repertoires and, in general, to make possible the use of

molecular data for the explanation of biological phenomenon through a rigorous and
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specific statistical approach.

Greiff V et al. from 2015 reported an exhaustive review of the main bioinformatic and
statistical methodologies that have been applied to the analysis of immune repertoires
(Greiff V et al., 2015). As reviewed by authors, the main challenges encountered in the
application of ML to the study of immune repertoires are: (i) the minimization of errors;
(ii) the definition of clonality and (iii) the data visualization.

To minimize errors (i), the use of unique molecular identifiers (UMIs) or barcodes, that
are degenerated and highly diverse nucleotides that tag DNA or RNA during library
preparation, is very useful for error correction. Also the switch from Illumina MiSeq to
HiSeq platform and increasing RNA input from ng to pg (Greiff V et al, 2015) have
greatly improved the process of repertoires sequencing. Furthermore, a frequent
problem during the characterization of a repertoire is the underestimation of its
diversity, mainly due to sample size variation and PCR errors. As reviewed in Miho E et
al., several groups suggested the use of diversity index estimators to overcome this
problem (Miho E et al, 2018): Laydon D] et al. elaborated a method called “DivE” to
estimate the total repertoire size through the evaluation of species richness composition
within a dataset (Laydon DJ et al, 2015). Kaplinsky | and Arnaout R developed a
maximum likelihood (ML) algorithm called “Recon” (that stays for “reconstruction of
estimated clones from observed maximum”), which can estimate species richness and
also the global diversity within a repertoire (Kaplinsky ] and Arnaout R, 2016).

The concept of clonality (ii) is a fundamental point when discussing the interpretation of
HTS data. In fact, while it is broadly accepted in immunology that a population of
identical immune cells is clonal, the definition of what a “clone” is when analyzing CDR3
sequences from a certain repertoire is hard to state, given the fact that errors can occur
during several steps of the process (PCR, library preparation...), leading to redundant
results or missing others. To date, a "clonotype" is considered as the result of clustering
sequences with high CDR3 homology and V/] gene usage (Hershberg U and Prak ETL,
2015). The diversity in a set of clonotypes can be calculated by appropriated diversity
indices, that provide a parameterization of repertoires making possible a comparison
between different datasets (Miho E et al., 2018). The Hill-Diversity equation is generally

used to calculate the diversity (“D) of a repertoire based on Species Richness (SR):

D= (38 £
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where fi is the frequency of the ith clone in a given TCR dataset (ref. Materials and
methods, par. 8.11.2).
Shannon-Entropy, which provides the measurement of the grade of entropy, or

diversity, based on the sequence-composition in a repertoire:

Shannon-Entropy = —Z f, log f,

where fi is the frequency of the ith clone in a given TCR dataset. More recently, Shannon-
Evenness, instead of Shannon-Entropy, has been proposed as a reliable measure of TCR

diversity, and is calculated as follows:
Shannon-Evenness = exp(—Z f; log f.) /SR

Shannon-Evenness is the quotient of the exponential of the Shannon entropy and SR
(Greiff V et al., 2017). Shannon-Evenness, rather than Shannon-Entropy, simplifies the
comparison of the diversity between different repertoires because its value is
normalized in a range between 0 and 1: Shannon-Evenness is 1 if all clones in a
repertoire have the same frequency or it converges to 0 if very few clones dominate in
the repertoire.

Finally, the data visualization (iii) has made huge progresses in the last years, mainly
thanks to ML. Venn diagrams were firstly adopted to represent sequence overlap
between repertoires and public clones (Jackson K] et al., 2014; Krzywinski M et al,,
2009). However, this representation does not consent to visualize the overlap with a
high number (>10) of datasets.

A major step in HTS data visualization has been made with the elaboration of clone
“networks”. A clone network consists of connections between similar and/or identical
clones within a repertoire, when connections (or “edges”) are made between clones
differing for a certain number (in most cases only 1) of amino acids. Clone networks
provide an overview of the repertoire architecture in healthy individuals or during
disease and/or treatment, capturing the antigen recognition breadth and the abundance
of clones within a repertoire. To date, clone networks can be built using several
dedicated R packages such as igraph (Csardi G and Nepusz T) and the Cytoscape
software (Shannon P etal., 2003).

Repertoire architecture can be also investigated on a subsequence level. The study of

Biirckert J-P et al. reports an interesting method of gene expression analysis, called
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DESeq2, that helped to identify overrepresented CDR3 sequences in different groups of
immunized rats that match with previously documented sequences associated with
tetanus toxoid and measles (Biirckert JP et al., 2017). A further methodology to analyze
subsequences composition across repertoires consists in the decomposition of
sequences in “k-mers”, that are amino acid subsequences of length “k” (see Materials
and methods, ref. par. 8.11.3). This kind of analysis is a promising tool to identify
common patterns in sequence rearrangement across different repertoires and to build
sequence prediction profiles. In 2017, Greiff V et al. developed a ML approach based on
CDR3 sequence decomposition into k-mers of length 3 (k=3), that enabled them to
predict whether a clone was public or private with 80% accuracy in both humans and
mice repertoire (Greiff V et al., 2017). In the same year, Apeltsin L et al. reported an
algorithm (the "Haystack Heuristic") able to detect disease-associated motifs from
immune repertoires discriminating between healthy and disease individuals (Apeltsin L
et al., 2017). All these findings suggest that ML represents a valid tool to the study of
immune repertoires, that may be able to shed light on unrevealed features of the

immune system in both health and disease.

1.2.4. The investigation of the T-cell receptor repertoire in

disease

Once established how the TCR is generated and how T cells are selected after the
interaction with MHC molecules, researchers raised the hypothesis that the molecular
characterization of TCR through the sequencing of the CDR3 region during disease may
address important insights about the pathogenesis of diseases.

In cancer, the analysis of how the TCR repertoire variates between affected and healthy
people helped to elucidate what is the role of the adaptive immune system in such
diseases characterized by a pathogenesis that is not exclusively immunological. In
particular, the individuation of specific and shared sequences in the TCR repertoires of
patients, for example, may support the identification of possible biomarkers to diagnosis
a disease or to predict the clinical outcome of a disease and/or a treatment, which is in
fact one of the main aims of the bioinformatic investigation of the TCR repertoire.

In this direction, some very recent studies characterized the TCR repertoire in cancer. A
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2019 study on TCR repertoire of tumor-infiltrating lymphocytes (TIL) in primary
pancreatic cancer reported an extensive sequence overlap between TCR repertoires of
TIL from different regions of the same tumor in 5 patients, showing that this overlap
was not found with the same extent in the peripheral blood (Cui C et al.,, 2019). In the
same year, Simnica D et al. reported a TCR repertoire investigation in more than 300
individuals, including healthy and cancer (hematological or solid) patients, showing that
cancer patients were characterized by a less diverse TCR repertoire compared to
healthy individuals; furthermore, they found that the TCR repertoire underwent a
process of reconstitution after chemotherapy (Simnica D et al., 2019). These results
match with other findings in several types of cancer: Liu YY et al. found a less diverse
TCR repertoire in advanced lung cancer patients that reflected a worse immune status
compared to healthy controls (Liu YY et al. 2019) and Cui JH et al. detected a substantial
difference in TCR repertoire diversity between patients with cervical cancer and healthy
women, with a lower diversity in affected patients (Cui JH et al., 2018).

On the same line, the sequencing of the TCR repertoire in autoimmune diseases showed
a biased TCR rearrangement, linked to an altered balance in immunotolerance, and
disease-specific, abnormal characteristics of the TCR repertoire that were not found in
healthy individuals. In Systemic Lupus Erythematosus (SLE), an autoimmune,
rheumatological and systemic disease, there are some contradictory results: Yu | et al.
found a narrowed TCR repertoire, reflecting a skewed capacity of the TCR in recognizing
antigens (Yu ] et al, 2017), whereas another study did not report any significant
variation in the TCR repertoire in SLE patients (Thapa DR et al., 2015). Nevertheless,
some findings indicate a biased TCR rearrangement in SLE, with some dominant,
recurrent TCR sequences in several patients, suggesting that those sequences may have
arole in SLE pathogenesis (Sui W et al. 2015).

TCR repertoire has been studied also in other autoimmune diseases, such as
Rheumatoid Arthritis (RA), Type 1 Diabetes Mellitus (T1DM), Crohn’s disease (CD),
ulcerative colitis (UC) and MS. In RA, where the immune system attacks self-antigens
associated to the synovium, several studies indicated a skewed TCR repertoire in
patients and a high overlap between TCR sequences within the joints and in the
peripheral blood, which may suggest that the abnormal expansion of some T-cell clones
could depend on the response to some specific autoantigens within the synovium

(Klarenbeek PL et al., 2012; Chini L et al., 2002). Similar findings were reported for
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T1DM, where a narrowed TCR repertoire with some islet tissue-specific clones were
found (Marrero I et al, 2013). A recent, interesting HTS study in type 1 diabetes
reported a shortened CDR3 sequence in the TCR repertoire of patients, that authors
suggest may be linked to the development autoreactive T-cell clones that escape the
selection in the thymus, increasing the risk to develop the disease (Gomez-Tourino I et
al,, 2017).

In autoimmune disorders of the intestine there are some interesting findings: a high TCR
repertoire diversity was found in UC patients, while a reduced one in the intestine of CD
patients (Glinaltay S et al.,, 2017; Doorenspleet ME et al.,, 2017), but the link with the
pathogenesis of these diseases is still not clear and further insights in larger cohorts are

required.

In MS, the TCR repertoire was first investigated by spectratyping, detecting a skewed
TCR repertoire in terms of CDR3 length distribution within different TRVB families
(Laplaud DA et al.,, 2004) and the TCR clonal expansion in CD8 T-cell clones in brain
lesions (Babbe H et al, 2000) as well as in CSF and blood (Skulina C et al, 2004).
Nevertheless, most of our knowledge about the TCR repertoire characterization in MS
owes much to the advent of HTS, that provided a detailed sequence analysis of the TCR
repertoire in brain lesions, CSF and peripheral blood of patients. The main recent
findings include the study of Lossius A et al., who characterized the TCR repertoire and
the EBV-reactivity in CSF and blood of MS patients compared to patients with other
inflammatory neurological diseases (OINDs). Authors detected expanded T-cell clones in
both compartments, although they differed between CSF and blood. Furthermore, EBV-
reactive TCR sequences in CD8 cells were enriched in CSF of MS patients compared to
the control group (Lossius A et al,, 2014). In a study from 2015, Salou M et al. found
predominant CD8 T-cell clones shared between CSF, brain lesions and peripheral blood
of 3 MS patients (Salou M et al., 2015).

In 2018, Planas R et al. identified some shared and clonally expanded TCR sequences
among white matter lesions and peripheral blood of MS patients, especially in the CD8
cell compartment (Planas R et al,, 2018) In the same year, Jelcic I et al. detected an
autoproliferative T-cell subpopulation in peripheral CD4 Th1 cells of MS patients that
may sustain B cell survival through T-B interaction in the pathogenesis of the disease;

furthermore, authors also indicated a protein, RAS guanyl-releasing protein 2
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(RASGRP2), expressed in the brain of patients, as a possible antigen target of this
population (Jelcic I et al., 2018). Recently, a comparison between the TCR repertoire of
MS patients and patients with a chronic neurological disorder, the HTLV-I-associated
myelopathy/tropical spastic paraparesis (HAM/TSP), showed that MS patients were
characterized by a higher TCR repertoire diversity compared to HAM/TSP and,
interestingly, a cluster of sequences was exclusively shared within a subgroup of MS
patients, suggesting the presence of a molecular signature that specifically characterizes
MS (Alves Sousa AP et al., 2019).

Taken together, these results highlight how complex MS is, with a pathogenesis which
involves many different cell types and a high variability across individuals, and that the
investigation of the TCR repertoire represents a promising tool to gain insight the

different aspects of the disease that, to date, remain elusive.

1.3. Natalizumab

1.3.1. Definition and history

Natalizumab (Tysabri®, Biogen Idec, Cambridge, MA, USA) is a humanized monoclonal
antibody directed against the integrin a4f1 (also known as Very Late Antigen 4: VLA-4
or CD49d) and is the first mAb in a class of DMTs that are selective adhesion molecule
(SAM) inhibitors (Léger O] et al., 1997).

After the approval in 2004 by FDA, Natalizumab was withdrawn by Biogen Idec and Elan
from the US market because three patients developed a rare and dangerous neurological
disease, the progressive multifocal leukoencephalopathy (PML) (ref. par. 4.5), while
treated with Natalizumab in combination with IFN-B-1a (Chaudhuri A, 2006).
Subsequently, Natalizumab was reviewed as safe and returned to the US market in 2006.
Despite further documented cases of PML in the following years, the drug was not
withdrawn again because its clinical benefits outweigh the risks. However, the
monoclonal antibody is not a first-line choice, but a second-line drug for patients who
failed other treatments, e. g. IFN and glatiramer acetate (Brandstadter R and Katz Sand |,

2017). To date, Natalizumab is approved for RRMS treatment.
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1.3.2. Mechanism of action

The a4p1 integrin VLA-4 (or CD49d) is an adhesion molecule expressed at high levels on
the surface of all leukocytes except neutrophils (Elices M] et al., 1990). VLA-4 interacts
with the vascular cell adhesion molecule-1 (VCAM-1) expressed by the endothelial cells
on the lumen of blood vessels at active MS lesions level (Carlos TM et al 1990). This
interaction is necessary for leukocyte adhesion and migration across the BBB into the
CNS (Lobb RR and Hemler ME, 1994). Natalizumab binds to a431 integrin blocking the
interaction with VCAM-1 and, consequently, the migration of immune cells into the CNS,

preventing the formation of lesions (Rudick and Sandrock 2004).
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Fig. 26. Mechanism of action of Natalizumab. (A) a4 integrin binds to VCAM1 and gives lymphocytes
access to the CNS. (B) Natalizumab blocks binding of lymphocytes to VCAM-1 preventing lymphocyte
entry into the CNS (Steinman L, 2015).

The whole process of VLA-4 blocking by Natalizumab is not yet fully clear. The inhibition
of T cells migration into CNS is confirmed by multiple evidences that report an increase
in peripheral T lymphocytes count (Kivisakk P et al., 2009; lannetta M et al., 2016) and a
downregulation of CD49d on T cells surface (Kimura K et al., 2016; Iannetta M et al,,
2016); the proposed mechanism behind those effects could be the VLA-4 internalization
and degradation within the cell. Also, the observed increase in cytokines production
after a prolonged administration of Natalizumab suggests that the monoclonal antibody

exerts effects on cell signaling (Benkert TF et al., 2012).
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1.3.3. Preclinical and clinical studies

The successful in vivo administration of a4p1 antibodies in EAE mice, resulting in the
reduction of clinical signs and inflammation (Yednock TA et al., 1992), paved the way
towards the development of humanized antibodies directed against adhesion molecules.
An early clinical trial in 1996-1998 on 35 patients reported a significant reduction in the
number of lesions after 12 weeks of Natalizumab therapy (Tubridy N et al., 1999). Few
years later, Miller DH et al. performed a placebo-controlled and double-blinded study on
70 MS patients, reporting a decrease of 90% in new active lesions compared to placebo
after 6 months of Natalizumab (3 or 6 mg/kg) (Miller DH et al., 2003). In the phase III
trial by The Natalizumab Safety and Efficacy in Relapsing-Remitting Multiple Sclerosis
(AFFIRM), treated RRMS patients (n=942) showed a decrease of 67% in relapse rate and
a reduction of 50% in the accumulation of disability (Polman CH et al, 2006).
Concerning MRI evidences, Natalizumab reduced the number of T2-hyperintense lesions
by 83%, gadolinium-enhancing lesions by 92% and T1-hypointense lesions by 76%
(Miller DH et al.,, 2007). Natalizumab demonstrated to be effective on RRMS also in
combination with other treatments such as IFN-B-1a, reducing the number of lesions
over a 2-year trial (Radue EW et al, 2010). Given the effectiveness of the therapy in
RRMS, the Clinical Study of the Efficacy of Natalizumab on Reducing Disability
Progression in Participants With Secondary Progressive Multiple Sclerosis (ASCEND in
SPMS) trial was performed on 439 SPMS patients treated with 300 mg of Natalizumab
once a month for up to 96 weeks (Steiner D, 2016). Unfortunately, there was no
significant difference between treated patients and placebo group after 2 years of

therapy; to date, Natalizumab is still considered not effective for SPMS treatment.

1.3.4. Adverse effects

Natalizumab is administered at a dose of 300 mg, intravenously, every 4 weeks. The
most common side effects are nausea, headache, pharyngitis, urinary tract infections,
myalgia, depression, diarrhea (Biogen, 2016). The AFFIRM study reports a 5% of
patients experiencing hypersensitivity reactions and a 0.8% of severe reactions (i.e.
anaphylactic shock) (Philips | et al., 2006). Some viral infections (H. zoster, H. simplex)
may be slightly more frequent during treatment (Ransohoff R, 2007). To date, the main
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dangerous adverse effect due to the monoclonal antibody is represented by PML, which

could be potentially fatal.

1.3.5. Progressive Multifocal Leukoencephalopathy

The first 3 cases of PML under Natalizumab were reported in 2005, followed first by the
withdrawn of the drug (Kleinschmidt-DeMasters BK and Tyler KL, 2005; Yousry TA, et
al., 2006), then by a reintroduction after a safety long-term report by Tysabri Global
Observational Program in Safety Study (TYGRIS-US).

PML is a neurological disorder caused by the reactivation of the John Cunningham virus
(JCV), that damages the white matter multifocally leading to oligodendrocytes death
(Kean JM et al, 2009). Despite 50%-70% of the population encounters JCV during
lifetime with no clinical consequences (Ferenczy MW et al., 2012), in some people the
virus develops neurotropism and causes PML in concomitance with a condition of
immunosuppression (Mancuso R et al., 2012): during Natalizumab, the sequestration of
T cells in periphery could lead to an impaired immunosurveillance within CNS
promoting viral reactivation, but the mechanism is still under debate (Warnke C et al,,
2010). MRI analysis in PML patients reveals subcortical lesions commonly in the frontal
lobe (48%) followed by the occipital (20%), the parietal (12%), the temporal (10%) and
cerebellum (10%) (Richert N et al., 2012). The most common clinical signs are seizures,
cognitive deterioration, impairment in speech and visual and psychiatric manifestations.
The risk to develop PML is strongly connected to JCV positivity and, moreover, it is
higher in men compared to women and increases with age (Bloomgren G et al., 2012).
From clinical studies, the overall risk to develop PML was calculated of 3.87 cases per
1000 JCV-positive patients that underwent immunosuppressive treatments before
Natalizumab, with a greatest risk after more than 2 years of treatment (Bozic C et al,,
2012). Given the bad prognosis of PML, Natalizumab patients must be periodically
checked for the presence of serum anti-JCV antibodies or JCV activity in blood, urine or
CSF by JCV-DNA PCR detection. Usually, JCV tests are repeated every 6 months,
accompanied by MRI at least once a year in JCV-negative patients and every 6 months in
case of JCV-positivity (Brandstadter R and Katz Sand I, 2017). The occurrence of JCV
positivity requires the interruption of Natalizumab, warding off the risk of PML but,

unfortunately, exposing the patient to a possible bad MS relapse (Tan I et al,, 2011).
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1.3.6. Immune-reconstitution Inflammatory Syndrome

In patients developing PML, Natalizumab discontinuation is necessary. The cessation of
the therapy rehabilitates the autoreactive cells to migrate into the CNS, leading to a
phenomenon called Immune-reconstitution Inflammatory Syndrome (IRIS), that
consists in a reactivation of the disease that could be even worse than the pre-treatment
condition (Sorensen PS et al, 2014). MS relapses appear in few months after
Natalizumab interruption, with a peak at 4-7 months (O'Connor PW et al., 2011). Many
possible solutions have been proposed to avoid IRIS, e. g. the administration of
corticosteroids as a bridge-treatment after the monoclonal antibody cessation but, to
date, there is still no agreement about the issue. Recently, the successful application of
the autologous hematopoietic stem cell transplantation (AHSCT) to previously
Natalizumab-treated RRMS patients has been proposed as a possible strategy to
overcome this problem (Mariottini A et al., 2018).

1.4. Autologous hematopoietic stem cell transplantation

1.4.1. Definition and history

The hematopoietic stem cell transplantation (HSCT) was firstly applied as a treatment
for hematopoietic system disorders, i.e. hematologic malignancies, until its successful
test for autoimmune diseases and metabolic disorders (Henig I and Zuckerman T, 2014).
The first bone marrow transfusion was performed on a patient affected with aplastic
anemia in 1939 (Osgood EE et al, 1939). Two types of HSCT are: the allogeneic
transplant, where the patient receives the infusion of stem cells derived from HLA-
matching donor, and the AHSCT, based on using the patient’s own stem cells, with the
main advantage of no needing to identify a potential donor and a lower probability to
develop graft-versus-host disease (GVHD). After phase II and III trials, AHSCT has been
approved for RRMS treatment.
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1.4.2. Procedure and mechanism of action

AHSCT consists in four steps: 1) mobilization, 2) harvesting, 3) ablative conditioning and
4) transplantation. During the mobilization, the patient is administered with granulocyte
colony-stimulating factor (G-CSF) and cyclophosphamide (2-4 g/m?2) to facilitate the
aspiration of CD34+ HSCs from the posterior iliac crests of bone marrow (BM) under
anesthesia (Saccardi R and Gualandi F, 2008). In the second step, HSCs are harvested
from peripheral blood by leukapheresis. Then, the ablation of immune system (or phase
of “conditioning regimen”) is achieved by high-dose chemotherapy or
chemoradiotherapy, bringing to a transient BM aplasia. In this phase, patients are
usually treated with chemotherapeutic agents such as BEAM (a combination of bis-
chloroethyl nitrosourea (BCNU), etoposide, cytosine arabinoside (ARA-C) and
melphalan) and antithymocyte globulin (ATG) to deplete T cells. Finally, HSCs previously
cryopreserved and stored are intravenously infused to the patient. During the post-
transplantation recovery, antibiotic and antiviral prophylaxis protects the patients from
infections. Mobilization, harvesting and conditioning usually cover the first 2-4 weeks of

the process; the post-transplantation phase can last 2-3 weeks (Muraro PA et al., 2017).
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Fig. 27. AHSCT procedure. Figure reports a schematic illustration of AHSCT procedure (Muraro PA et al,,
2017). The first phase is the mobilization of CD34+ HSCs with G-CSF and cyclophosphamide, followed by
leukapheresis. The conditioning regimen (BEAM, ATG etc.) leads to the ablation of immune cells. Then,
patient’s own stem cells are re-infused to repopulate the immune system. Finally, the patient goes through
the post-transplantation recovery under antibiotic and antiviral prophylaxis. The whole procedure takes
approximately 4 weeks.

AHSCT acts depleting autoreactive cells and repopulating the immune system of the
patient from stem cells with a reset of the immune system and the restoration of
immunotolerance. The process of reconstitution is gradual: natural killer (NK) cells, CD8
T cells and B cells are the first that repopulate the immune system (6 months from the
transplantation), followed by CD4 T cells, whose development requires up to 2 years
(Saccardi R et al, 2005). Immune ablation induces lymphopenia-induced -cell
proliferation: in the first 1-2 years after the transplantation, thymopoiesis produces new
T cells that undergo TCR rearrangement and, in parallel, naive B cells are restored
(Muraro PA et al., 2017). After 2 years from AHSCT, also gene expression of tolerance is
normalized; furthermore, it has been described an increased expression of regulatory

factors such as FOXP3 and FOXO1 (Arruda LCM et al., 2015).
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Fig. 28. Proposed mechanism for immunotolerance reconstitution after AHSCT. AHSCT leads to the
depletion of autoreactive T and B cells, reprogramming of the autoimmune and pro-inflammatory profile
together with the generation of new thymic-derived naive cells and the expansion of regulatory T
lymphocytes (Arruda LCM et al,, 2016).

Autoimmunity

1.4.3. Preclinical and clinical studies

HSCT was tested on animals with "spontaneous"” (genetic etiology) or "induced" (by
adjuvants) autoimmune disorders, showing that normal mice could develop the disease
when transferred with BM transplantation from mice with both forms of autoimmune
diseases, and particularly quickly when sustained by a genetic background (Denman AM
et al., 1969; Morton JI and Siegel BV, 1974). Further studies confirmed this effect
performing allogeneic or autologous HSCT in animal models of several autoimmune
diseases, such as experimental allergic encephalomyelitis and myasthenia gravis
(Knaan-Shanzer S et al,, 1991).

The largest study on MS patients is the EBMT-CIBMTR (European Group for Blood and
Marrow Transplantation-Center for International Blood & Marrow Transplant Research)
study, with 281 patients receiving AHSCT for different forms of MS in the period 1995-
2006 (Muraro PA et al,, 2015). This study showed that half of patients survived to the
treatment and, during the first 1 year after the transplantation, 52% of RRMS and 31%

of patients with progressive MS experienced neurological improvements.
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In a phase II trial of 3 years, the HALT-MS study tested AHSCT in 24 RRMS patients
(Nash RA et al, 2015): after 3 years, 86.3% of patients were free from relapses and
90.9% did not experience any worsening disability; moreover, young age and RRMS
diagnosis were demonstrated as supportive of a good treatment-outcome. Another large
study included 123 RRMS and 28 SPMS (Burt RK et al., 2015) and reported a proportion
of relapse-free patients of 80% (4 years after AHSCT), with the improvement of
disability in 64% of RRMS. In parallel, a significant improvement in EDSS was
documented. To date, about 800 MS patients have been successfully treated with AHSCT
(Sormani MP et al,, 2017).

1.4.4. Adverse effects

The risk to develop adverse effects after AHSCT is mainly linked to the intensity of the
conditioning regimen (type and dose of the chemotherapeutic agents), along with
comorbidities and age of the patient (Muraro PA et al.,, 2017). Today, to minimize that
risk, a low-intensity regimen is preferred. Nevertheless, secondary to the
immunosuppression, it is possible to develop infections, fever, viral reactivations and
neurological toxicity (Saccardi R et al, 2006). Further adverse effects are frequent
urinary infections, the Uhtoff phenomenon, limb spasticity, alopecia and amenorrhea
(Atkins H and Freedman M, 2009). Concerning late adverse effects (months or years
after the transplantation), two EBMT Registry analyses report an incidence of secondary
autoimmune diseases of 3.6% and 6.4% (Saccardi R et al., 2006; Daikeler T et al., 2011),
while a study by the CIBMTR reports a 3.2% of patients developing malignancies
(Muraro PA et al., 2017).

Concerning post-transplant mortality, on 281 MS patients Saccardi R et al. documented a
treatment-related mortality lower than 2.8% and a positive correlation between a
higher risk of death and a higher EDSS score (Saccardi R et al, 2006). Recent meta-
analyses reported a post-AHSCT mortality of 2.1% (764 patients, 15 different studies)
(Sormani MP et al, 2017) and 3.58% (732 patients, 18 different studies) (Ge F et al,,
2019).
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1.5. Impact of MS treatments on T-cell subpopulations and T-

cell receptor

MS treatments impact on T-cell subpopulations and TCR in different ways, depending on
their mechanism of actions. Fingolimod, that retains T cells within lymph nodes,
determines a reduction of the total lymphocytes count in the periphery, especially of
CCR7+ naive and memory T cells; these effects manifest in the early phases of treatment
(within 1 month) (Teniente-Serra A et al., 2016). Intriguingly, in the same paper,
Teniente-Serra A et al. documented an increased percentage of late CD4 Tem cells in
responder patients compared to non-responder. Contrarily, naive, memory and
regulatory T lymphocytes that not recirculate between lymphoid tissues and blood are
less affected in total counts (Hunter SF et al,, 2016) and were found increased in number
after 12 months of Fingolimod (Claes N et al, 2014). Fingolimod also interferes with
TCR-dependent T cells activation, reducing the release of IL-2 and IFN-y from activated T
cells (Baer L et al, 2018). Furthermore, MS patients showed the presence of TCR
restrictions, that were already present at pre-treatment, increased after 12 months of
treatment (Chiarini M et al., 2015).

Dimethyl fumarate was tested in MS patients for its effects on CD4 and CD8 memory
cells after 6 months of therapy (Gross CC et al.,, 2015). Fewer CD4 and CD8 cells were
found, together with a reduction of Thl cells and an increase of Th2 and Treg, while
Th17 remained unaltered. In the light of these results, the authors suggested that the
benefit that patients experienced from DMF therapy may depend on a predominance in
Th1 cells. On the other hand, not much is known about the effect of DMF on TCR
signaling or molecular repertoire.

In 2008, Korporal M et al. demonstrated that in RRMS patients peripheral naive Tregs
were upregulated after 3 and 6 months of IFN-B-1a, along with a reduction of memory
Tregs, that contributed to improve disease progression (Korporal M et al., 2008). Few
years later, an analysis of T-cell subpopulations frequency in two groups of RRMS
patients after 6 and 12 months of IFN-$-1a or glatiramer acetate reported an increased
frequency of naive cells, along with a decrease of memory cells after both treatments,
but especially of Tcm after 6 and 12 months of GA (Praksova P et al.,, 2012). With these
observations, the authors suggested that the beneficial effects of these two treatments in

MS patients may lie in their immunomodulatory action on circulating T lymphocytes.
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Less is known about the impact of IFN-B-1a and GA on TCR.

Alemtuzumab, acting as agonist of CD52 expressed on B cells surface, shows effects on
innate immune cells, suggested by the authors as connected to long-term effectiveness
of the treatment: after 6 months, the monoclonal antibody causes CD52+ cells depletion,
decrease of circulating plasmacytoid and conventional DCs and expansion of CD56bright
NK cells (Gross CC et al., 2016). Some interesting data about the effect of Alemtuzumab
on TCR are available so far: in a pilot study, Rezvany MR et al. reported the increase of
CDR3 restrictions in peripheral T cells after Alemtuzumab treatment in 5 patients with
B-cell chronic lymphocytic leukaemia (Rezvany MR et al., 2006). More recently, Ruck et
al. described 3 RRMS patients developing vitiligo after 14, 18 and 52 months of
Alemtuzumab (Ruck T et al.,, 2018). These patients had CD8 T cell infiltration in the
depigmented skin areas and a reduced TCR repertoire diversity in CD8 compartment. In
the light of this, the authors speculate that the impaired TCR repertoire might be
connected to the development of vitiligo after Alemtuzumab administration.

Concerning anti-CD20 treatments, Rituximab’s effects on immune cell balance has been
explored especially in rheumatoid arthritis: Leandro M] described that Rituximab
successfully depletes most of the circulating CD20+ B cells during the first 3 months of
treatment and that, in the following 8 months, B cells compartment undergoes
repopulation with an increase of immature B cells (Leandro MJ, 2013). However,
knowledge about the effect of Rituximab on T cells and TCR in MS patients is still lacking.
Interesting data are documented about the effects of Natalizumab and AHSCT on T-cell
subpopulation balance and TCR repertoire, providing insights about the individual

response to therapy and treatments mechanism of action.

1.5.1. Reconstitution of T cells and T-cell receptor repertoire after

AHSCT

As mentioned above, AHSCT resets the immune system providing its renewal. This
implies an intensified thymic output, confirmed either by the observation of the
functional reactivation, the volume enlargement of the thymus after the transplantation
(Arruda LCM et al., 2016) and the increase of circulating T-cell receptor excision circles

(TRECs), circular DNA molecules produced by TCR gene rearrangement and marker of
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thymic output, that have been demonstrated to double in frequency at 2 years post-
AHSCT (Arruda LCM et al., 2016; Muraro PA et al., 2005).

After the transplantation, cells involved in innate immunity repopulate over weeks,
while the reconstitution of adaptive immune cells requires years (Lutter L et al., 2018).
Regarding T cells, naive and Tem cells decrease while Tcm increase over the first 3
months after AHSCT (Arruda LCM et al,, 2016). The regeneration of CD8 occurs faster (6-
12 months after AHSCT), while CD4 are fully renewed after 2 years or more (Muraro PA
et al.,, 2005; Lutter L et al., 2018). In parallel, T-cells gene expression normalizes within 1
year for CD8 and is comparable with pre-transplantation whereas, for CD4, it completely

changes after AHSCT (de Paula Sousa A et al,, 2015).

A Pre-Transplant B Early Reconsitution C Late Reconstitution
Expanded clonal populations directed Lymphopenia induced proliferation Thymic rebound
towards the antigenic trigger of g
disease Expanded memory and effector T Increasing naive T cells
cells :
Dysfunctional Tregs Diversification of the TCR repertoire
Tolerance

Pro-inflammatory cytokine
environment

Clonal exhaustion of effector T cells

ABLATIVE _CONDITIONING

4A\

Fig. 29. Schematic illustration of immune reconstitution after AHSCT. A) Pre-transplant environment:
clonal expansions of few T cell populations; B) Reconstitution of immune system with early regeneration
of CD8 memory cells; C) Late reconstitution including thymic rebound, increase of naive T cells and
restoration of immunotolerance (Massey JC et al., 2018).

About Treg, contradictory evidences are documented: some studies address a post-
AHSCT increase of these cells, while others report no variation (Arruda LCM et al,, 2018;
Lutter L et al,, 2018). However, it has been observed the post-transplant upregulation of
immunoregulatory molecules e. g. the cytotoxic T lymphocyte-associated protein 4
(CTLA-4) on Treg surface of MS and diabetes mellitus (DM type 1) patients, along with
an increased production of IL-10, even if these results did not positively correlate with
the clinical outcome (Arruda LCM et al., 2016; Ye L et al,, 2017).

The reconstitution of the immune system and the restoration of immune tolerance
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following AHSCT pass through a reassessment of the TCR repertoire that is, as
mentioned above, intimately dependent on the post-transplant increase of thymic
activity.

In systemic sclerosis (SSc), an autoimmune disease characterized by the accumulation of
collagen in the connective tissue, the TCR repertoire of 10 patients became more diverse
6 months after AHSCT compared to baseline and more similar to healthy individuals
(Farge D et al.,, 2017). A greater TCR-repertoire clonality has been documented in the
mucosal T cell compartment of 16 patients with Crohn’s disease (CD), along with the
improvement of patients clinical condition (Le Bourhis L et al., 2017).

Muraro et al. have made an extensive investigation of TCR repertoire reconstitution
after AHSCT in MS patients. In 2014, they performed high-throughput sequencing (HTS)
of TCRP chain in 24 MS patients before and two months and one year after AHSCT
(Muraro PA et al,, 2014). They found that, despite an initial skewed TCR repertoire, CD4
cells were characterized by a completely renewed TCR repertoire after one year: indeed,
compared to baseline, CD4 clones were new in a proportion of a median of 81.52%. On
the contrary, the proportion of new CD8 clones after one year from AHSCT was a median
value of 45.32%, so almost half compared to the proportion of new CD4 clones.
Furthermore, the authors observed a more diverse TCR repertoire in responder patients
compared to non-responders 2 months after AHSCT; such difference disappeared after
one year.

Those results have been fundamental to begin to discuss whether the investigation of
TCR repertoire changes after a treatment that reassesses the immune system may be
helpful, in the future, to understand and to putatively predict the clinical outcome of

patients.

1.5.2. Redistribution of T cells and T-cell receptor repertoire after

Natalizumab

To date, our knowledge about how Natalizumab impacts the TCR repertoire in MS is
very limited. The main published study about this topic dates to 2013, when Warnke C et
al. investigated the TCR repertoire through spectratyping in CSF and blood of 59 MS
patients treated with Natalizumab. Authors identified the presence of TCR restrictions in

CSF and not in the peripheral blood of MS patients, that they suggest that may be linked
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to an impaired immunosurveillance within the CNS and, consequently, to the higher risk
of PML. However, due to the limits of the methodology, there is no information on a
sequence level.

Of note, a recent study performed by HTS investigated the impact of Natalizumab on the
TCR repertoire in the treatment of Rasmussen encephalitis (RE) (Schneider-Hohendorf
T et al, 2016), a rare neurological disease, particularly common among children,
mediated by T lymphocytes (more likely CD8) and characterized by unilateral
inflammation of the cerebral cortex (Varadkar S et al., 2014). Nevertheless, authors did
not find any significant result after 5 months of Natalizumab treatment on the TCR

repertoire of RE patients.
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2. Aim of the study

Despite the progress that has been made thanks to HTS in the study of the TCR
repertoire in MS and the increasingly deeper computational methods of analysis of TCR
databases, there is still much to address. First, we lack of a large, comprehensive TCR
database in MS under treatments. Second, the contribution of different T-cell
subpopulations and their TCR repertoire in the pathogenesis of the disease and in
treatments outcome is still not enough investigated. Furthermore, since bioinformatic
analysis of TCR databases is a developing field, we lack of a broadly accepted statistical

approach in the analysis of the TCR repertoire.

The present study aimed to perform a high-dimensional longitudinal investigation of the
TCR repertoire variation in T-cell subpopulations of RRMS patients before and after the
most effective immunomodulatory treatments, in order to correlate TCR variation and
state of the disease identifying treatment-specific molecular traces in the TCR repertoire
of patients. Therefore, the CDR3 amino acid (CDR3-a.a.) sequence of the TCR VB gene
was sequenced by an Illumina MiSeq platform (iRepertoire Inc., Alabama, USA) from the
mRNA isolated from sorted peripheral T-cell subpopulations from 15 RRMS patients
before (t0, baseline) and after 24 months (t24) of two successful RRMS treatments,
Natalizumab and AHSCT. In parallel, patients were also evaluated for serum cytokines
levels at t0 and t24. Finally, the same analyses were performed on CSF of 4 incoming MS

patients and their paired peripheral memory T-cell subpopulations.

This study provided the largest TCR database of RRMS patients under treatment so far,
for a total of 180 repertoires and more than 55 million of CDR3-a.a. sequences. The TCR
repertoires were deeply investigated by bioinformatic analysis through the choice of
quantitative (number of sorted cells, total sequences or “reads”, unique sequences or
“clones”, Shannon-Evenness, clonal persistence over treatment) and qualitative
(repertoire architecture, sub-sequence composition, public sequences across samples

and with published TCR databases) parameters.
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3. Material and methods

3.1. Patients

All patients included in the study were enrolled at the Clinic of the Second Division of
Neurology, Careggi University Hospital, Florence, Italy. The diagnosis of RRMS was
performed according to McDonald criteria (McDonald WI et al, 2001). During
treatments (AHSCT; Natalizumab), patients were followed monthly and evaluated
collecting clinical, MRI and laboratory data. A third group of patients undergone lumbar
puncture for CSF analysis at the time of diagnosis was included in the study. Patient

characteristics are summarized in Tab. 1, Tab. 2 and Tab. 3.

3.1.1. AHSCT patients enrollment

Patients affected by MS and resistant to conventional therapies were included in the
AHSCT program of the Hematology Unit of Careggi University Hospital, Florence, Italy.
All signed informed consent was approved by the Local Ethical Committee (prat.
467/11). For all patients, MR], clinical and laboratory data (IgG index and oligoclonal IgG
bands) were performed. Patients recruited for AHSCT had the following characteristics:
- MS diagnosed according to the McDonald criteria;

- age between 18 and 55 years;

- EDSS =1-6,5;

- Relapsing-Remitting MS form, with MRI activity and/or clinical worsening of the
disability despite treatment, in the previous 6 months;

- refractory to treatment with Natalizumab or impossibility to perform this therapy due

to allergic reaction to the drugs or presence of neutralizing antibodies.

3.1.2. Transplantation procedure

Peripheral blood stem cells (PBSCs) from patients were mobilized by Cyclophosphamide
(4 g/sqm) and Filgrastim (5 mcg/Kg from). Cells were collected by continuous flow
leukapheresis (2 whole body blood volumes) when circulating CD34+ cells exceed
20/mcl of whole blood. 3-8x10¢ CD34+ cells/Kg were collected and stored in liquid

nitrogen. Conditioning regimen included Carmustine (300 mg/sqm/day), Cytosine
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Arabinoside (ARA-C) (200 mg/sqm/day), Etoposide (200 mg/sqm/day) and Melphalan
(BEAM) (140 mg/sqm/day) for 3 consecutive days. Rabbit anti-T globulin (ATG,
Thymoglobuline™) was administered at day +1 and +2 at a total dosage of 7.5 mg/Kg.
During the Reduced Intensity Conditioning (RIC) phase, Cyclophosphamide (50
mg/Kg/day) and ATG (2.5 mg/Kg) were administered at +2 and +6 and at +2 and +4
respectively. Biological samples from RRMS patients before (t0) and 24 months (t24)
after AHSCT were collected at the Hematology Unit, Careggi University Hospital,
Florence, Italy. Antibiotic and antiviral prophylaxis were administered during the phase
of aplasia according to Hematology Unit practice. At t0, immunosuppressive treatments

were stopped at least 1 month before sample collection.

3.1.3. Natalizumab patients enrollment

All Natalizumab patients were enrolled at the 2rd Neurological Clinic of the Careggi
University Hospital (Florence, Italy) and were diagnosed as RRMS following reviewed
McDonald criteria. Local Ethical Committee approval was obtained for the study and all
patients signed informed consent (#CEAVC12745). Patients included were previously
treated 12 months with Copaxone/IFN-B, as first line therapy. All patients showed
aggressive form of MS (patients that failed the first line therapy and with high disease
activity: 2 relapses in the last year of therapy or 1 relapse with no complete recovery
and up to 9 lesions T2 in MRI or one Gadolinium positive, or rapidly evolving patients: 2
or more relapses in one year and 1 or more Gd+ lesions or with a significative increment
of T2 lesions). All samples of the study had the following characteristics:

- age between 18-60 years;

- EDSS score between 0-5.5.

Inclusion and Exclusion criteria are described in detail in SURPASS study
(ClinicalTrials.gov Identifier: NCT01058005). Presence of antibodies anti JCV and anti-

Natalizumab in serum was evaluated in the whole sample.
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3.1.4. Cerebrospinal fluid patients enrollment

CSF samples were obtained from incoming patients undergoing the diagnostic lumbar
puncture and enrolled at Neurological Clinic (University of Florence, Italy). All patients
signed informed consent and Local Ethical Committee authorized the study
(#2014/003601). Recruited patients had the following characteristics:

- age between 18 and 55 years;

- no immunomodulatory therapy since at least 6 months;

- no immune-suppressive therapy since at least 12 months;

- no corticosteroid administration in the previous month.

Exclusion criteria:

- cognitive decline preventing informed consent release;

- concomitant diseases that may interact with disease course or with sample processing
(i.e. neoplasms or infections as hepatitis and HIV) or induce any risk for the patient;

- pregnancy or breastfeeding.

Recruited patients were clinically assessed every 6 months. All patient material was
encoded to avoid identification of individual’s name or identity during material

processing.

3.2. Samples collection

3.2.1. Peripheral blood mononuclear cells collection

Whole peripheral blood (PB) has been collected in heparin containing tubes.
Mononuclear cells (MNCs) were collected by density gradient centrifugation using
Pancoll (density: 1.077 g/ml; PAN-Biotech) at 1500 rpm, RT, for 30 min within 6 hours
from blood collection. MNCs were cryopreserved in 10% dimethyl sulfoxide (DMSO) in

aliquots containing 20x10°¢ cells and stored in liquid nitrogen freezer until used.

3.2.2. Serum samples collection

Serum samples were collected according to the same time schedule and in the same vein

puncture as performed for PB collection. For each time point, 10 ml of blood were drawn
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in serum-separated tubes (SST). Serum was separated from clotted blood by
centrifugation at 3000 rpm for 10 min, RT, then aliquoted and stored in -80°C freezer

until used.

3.2.3. C(lassical samples phenotypic characterization

Immunophenotype was analysed as routine from fresh whole blood upon erythrocyte
lysis (BD Lysis buffer, BD Bioscences) by labelling cells with the following panel of
fluorescent monoclonal antibodies: anti-CD45RA FITC (Clone: HI30), anti-CD3 PE
(Clone: UCHT1), anti-CD4 APC (Clone: OKT4), anti-CD8 APC-Cy7 (Clone: SK1), anti-CD19
PerCP (Clone: SJ25C1), anti-CD16 APC (Clone: 3G8), anti-CD56 PerCP Cy5.5 (Clone:
B159), anti-HLA-DR HV450 (Clone: L243) (all from BD Bioscences). Cells were analysed
by FACSCanto II flow cytometer (BD Bioscence).

3.2.4. Phenotypical analysis of activated memory T cells

Frozen PBMCs from Natalizumab patients were analyzed by flow cytometry to monitor
the absolute cell counts of activated memory T-cell subpopulations. Cells were stained
with the following antibodies: anti-CD4 APC (Clone: OKT4, eBioscence), anti-CD8 APC-
Cy7 (Clone: SK1), anti-CCR7 PE (Clone: 3D12, eBioscence), anti-CD45R0 PE-Cy5 (Clone:
UCHL1, eBioscence), anti-CD25 FITC (Clone: P4A10, eBioscence).

3.2.5. Cerebrospinal fluid collection

CSF from each patient was collected by lumbar puncture. The spinal tap was carried out
using a Sprotte type 19 or 20 G conical elliptic shaped spinal atraumatic needle (Pajuk,
Germany), inserted through a 4 cm long, cutting tip needle as intruder needle. The
volume of the samples was 10-15 ml for patient. CSF samples were analyzed
immediately after lumbar puncture for cell counts, quantitative (IgM and IgG indices)
and qualitative (oligoclonal bands) analysis of intrathecal Ig synthesis, and albumin
quotient as indicator of the BBB status using standard methods. Samples containing at
least 10000 cells were included in the study and centrifuged at 800 rpm for 15 min, RT.

CSF cells were destined to RNA isolation, as described below. CSF supernatants were
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collected and frozen at -80 °C. At the same time an equal number of paired PBMCs were
destined to RNA extraction as CSF cells. Serum was also collected and stored at -80°C.
Exclusion criteria: CSF samples containing <10x10* mononuclear cells and/or >10 red

blood cells/pL.

3.3. Immunophenotype of MS patients cerebrospinal fluid

CSF were characterized for the percentage of Tem and Tcm CD4 and CD8 cells
immediately after collection. CSF cells were divided in two tubes and labelled 20 min,
RT, in the dark, with the following antibodies: one tube with anti-CD4 APC (Clone: OKT4,
eBioscence), anti-CCR7 PE (Clone: GO043H7, BioLegend) and anti-CD45RO PE-Cy5
(Clone: UCHL1, eBioscence) and the other tube with anti-CD8 FITC (Clone: OKTS,
eBioscence), anti-CCR7 PE and anti-CD45R0O PE-Cy5. The percentage of Tem and Tcm
CDh4 and CD8 cells was then evaluated by flow  cytometry
(CyFlow Space, Sysmex Partec).

3.4. HLAII genotyping

All patients were typed for HLA class Il by Sequence Specific Primers PCR (PCR-SSP)
technique using the AllSet+™ Gold SSP Low-Resolution kit (One Lambda).

3.5. Cytokine and chemokine evaluation

Serum of Natalizumab and AHSCT patients were analyzed for the presence of a panel of
17 cytokines and chemokines (IFNy, IL4, IL1«, IL13, IL2, IL6, IL8, IL10, IL12p40,
IL12p70, IL17, IL23, TNFa, GM-CSF, CXCL10, CXCL13, MMP9) by Luminex technology,
using Milliplex assay (Merck Millipore) and Bioplex device (Biorad).

Luminex technology allows a quantitative analysis of an elevated number (within 100)
of different biomolecules contained in small volumes (ranging from 15 to 50 pl). The
technology provides the utilization of magnetic microspheres (characterized by a

diameter of 5,6 um) conjugated to an antibody which is specific for the analyte to
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quantify. Each microsphere is also conjugated to 2 fluorochromes that emit in two
different regions of the visible spectrum, one in the red and the other in the infrared
spectrum. The combination of these colors, each one present in 10 different gradations,
products a hundred of different tones of red and infrared. Each resulting intensity of
fluorescence univocally defines a precise population of microspheres, called “class”. By
the moment that each microsphere class is conjugated with a primary antibody (capture
antibody) directed to the analyte to quantify, it is possible to identify the analyte based
on the fluorescence emitted by the microsphere. A further fluorophore (reporter), which
emits in the green spectrum when excited, provides a quantification of the analyte
bound to the antibody. This fluorophore (i.e. phycoerythrin) is conjugated to
streptavidin, a protein with high affinity to the biotin bound to the secondary antibody

(detection antibody).
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Fig. 30. Luminex technology scheme. The technology provides the utilitation of magnetic microsphere
conjugated to an antibody specific for the analyte to quantify. Each microsphere is conjugated also to 2
fluorochromes which emit in two different regions of the visible spectrum (one in the red and the other in
the infrared spectrum).

The assay execution provides the following steps:

- adding of a combination of different microspheres in a 96-well plate with flat bottom,
followed by washing with a buffer solution using a magnet under the plate to keep the
microspheres in the wells;

- adding of samples containing the analytes to quantify and washing with buffer

solution;
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- adding of a secondary antibody conjugated to biotin, which binds the analyte in a
different site from the one recognized by the antibody conjugated to the microsphere,
then washing as previously described;

- adding of streptavidin conjugated to a third fluorophor and washing;

- resuspension of the microspheres in a reading buffer.

In the reading instrument, the microspheres are aspired by a capillary needle and
passed one by one through a reading chamber, where they are hit by two different laser:
the first (classification laser) excites the 2 fluorochromes that identify the microspheres
class and consequently the analyte bound to the antibody; the second (laser reporter)
excites the fluorophore bound to the secondary antibody, allowing the analyte

quantification.

3.6. CD3+ cells isolation

CD3+ cells were isolated from at least 25x10¢ PBMCs of Natalizumab, AHSCT and paired
PBMCs of CSF patients. PBMCs were thawed in defrosting medium (10% FCS in DPBS),
centrifuged at 1300 rpm, RT, for 10 min, then counted and used for T cell isolation by
negative immunomagnetic depletion using the Pan T Cell Isolation Kit human (Miltenyi
Biotec), consisting in a Pan Cell Biotin-Antibody Cocktail and a Pan T Cell MicroBead
Cocktail that provide the retention of the unwanted cell fraction (CD3 negative cells) and
the elution of the CD3-positive cells fraction through the LS column placed on a suitable
MACS Separator (Miltenyi Biotec). Finally, CD3+ isolated cells were washed once in
MACS buffer (PBS 1X with 0.5% bovine serum albumin (BSA) and 2mM
ethylenediaminetetraacetic acid (EDTA)) at 1500 rpm, RT, for 5 minutes, then
resuspended in RPMI 1640 medium and counted. Mean CD3+ cells value per sample:

4x106 (+2.2).

3.7. Sorting of T-cell subpopulations
3.7.1. AHSCT patients

CD3+ cells were washed once in MACS buffer (PBS 1X with 0.5% bovine serum albumin

(BSA) and 2mM ethylenediaminetetraacetic acid [EDTA]) at 1500 rpm, RT, for 5
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minutes, then resuspended in RPMI 1640 medium and counted. To identify naive and
memory CD4 and CD8 T lymphocytes, CD3+ cells were labelled in one tube for 20 min,
RT, in the dark, with the following fluorescent antibodies: anti-CD4 APC (Clone: OKT4),
anti-CD8 PE Cy7 (Clone: RPA-T8), anti-CD45RA FITC (Clone: HI100), all from
eBioscience. T-cell subpopulations were sorted by FACSAria II flow cytometer (BD
Bioscience).

Fluorescence-activated cell sorting (FACS)is a specific type of flow cytometry, that
consents to quantitatively record fluorescent signals from individual cells and to
physically separate cells based on prefixed characteristics.

To detect signals, cell surface proteins are labelled with a target-specific antibody
associated with a fluorescent molecule. The cell suspension enters in a flowing stream of
liquid, which consents to separate cells relatively to their diameter. A laser beam allows
to monitor cells flow, which consists in droplets containing single cells with a positive or
a negative charge. The laser hits each cell producing a fluorescent signal that depends on
the antibody used for cell labelling. Then, each droplet flows towards a different

container leading to the sorting of different cell populations.
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Fig. 31. Flow cytometry and cell sorting. Illustration source: http://www.sinobiological.com/flow-
cytometry-fcm-facs-fluorescence-activated-cell-sorting-facs.html.
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3.7.2. Natalizumab patients

Purified CD3+ cells were washed and counted as described above. To identify naive, EM,
CM CD4 and CD8 and Temra CD8 T lymphocytes, cells were divided in two tubes and
labelled for 20 min, RT, in the dark, with the following fluorescent antibodies: one tube
with anti-CD4 APC (Clone: OKT4), anti-CD45RA FITC (Clone: HI100), anti-CCR7 PE
(Clone: 3D12); the other one with anti-CD8 PE Cy7 (Clone: RPA-T8), anti-CD45RA FITC
(Clone: HI100), anti-CCR7 PE (Clone: 3D12). All the antibodies are from eBioscience. T-

cell subpopulations were sorted by FACSAria Il flow cytometer (BD Bioscience).

3.7.3. Cerebrospinal fluid patients

Purified CD3+ cells from paired PBMCs of CSF patients at the time of diagnosis (t0) were
washed and counted as described above. To identify EM and CM CD4 and CD8 T
lymphocytes, CD3+ cells from PBMCs were divided in two tubes and labelled for 20 min,
RT, in the dark, with the following fluorescent antibodies: one tube with anti-CD4 APC
(Clone: OKT4), anti-CD45RA FITC (Clone: HI100), anti-CCR7 PE (Clone: 3D12); the other
one with anti-CD8 PE Cy7 (Clone: RPA-T8), anti-CD45RA FITC (Clone: HI100), anti-CCR7
PE (Clone: 3D12). All the antibodies are from eBioscience. T-cell subpopulations were

sorted by FACSAria II flow cytometer (BD Bioscience).

3.8. RNA isolation

RNA was isolated immediately after sorting by using the RNeasy Plus Micro Kit (Qiagen),
according to manufacturer’s protocol, from PBMCs of the three groups of patients and
from the whole CSF cell samples of CSF patients. RNA purity was assessed by NanoDrop
ND-1000 spectrophotometer (EuroClone) evaluating the 260/280 nm absorbance. RNA
concentration (pg/ul), rRNA ratio [28s/18s] and RNA Integrity Number (RIN) were
assessed using the RNA 6000 Pico Kit (Agilent), according to the manufacturer’s

recommendations, and analyzed by Agilent BioAnalyzer 2100.
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3.9. T-cell receptor library generation

TCR VP chain libraries were prepared using a multiplex PCR technology, the patented
tem-PCR (for target enriched multiplex PCR technology; Fig. 32), where nested primers
were designed for every target to be co-amplified (Fo: Forward outside; Fi: Forward
inside; Ro: Reverse outside; Ri: Reverse inside) in the multiplex assay. The inside
primers for all the targets share the same tag sequence which will bind to a pair of
“Superprimers” (FS: Forward superprimer; RS: Reverse superprimer). Nested primers

and superprimers are in the same reaction together.

FS
Fo \\E Fi
—

Ri \ Ro

RS

Fo: Forward outside; Fi: Forward inside; FS: Forward superprimer;
Ri: Reverse inside; Ro: Reverse outside; RS: Reverse superprimer.

Fig. 32. The tem-PCR technology. Nester primers (Fo, Fi, Ro and Ri), designed for every target to be co-
amplified, share the same tag sequence, which will bind to a pair of Superprimers (FS and RS).
http://www.irepertoire.com/technology.

Two rounds of PCR were carried out; in the first one high concentration of the nested
primers was used, in the second-round fresh communal primers (recognizing the shared
tag sequence already introduced during the first round of amplification) and enzymes

were added.

3.10. Next-Generation Sequencing

Amplified libraries, after purification, were sequenced by MiSeq Illumina platform, using
250 PER (paired-end read) primers, that cover from within the first framework region
through the C-region (Fig. 33). The term “paired-end” read (PER) refers to the reading of
both the forward and reverse template strands of the same receptor sequence during
sequencing. The overall read length of the sequence can be increased by using the

sequence read from both strands (with some overlap between both reads to increase
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confidence in the paired-read). The human I[llumina MiSeq 250 PER primers and all

Roche 454 primers cover from within the first framework region through the C-region.

250 PER  Long-read human TCR & BCR V-C primer kits

FR2.CDR2 | FR3" DRI

'FR1 ~ CDR1

C

Fig. 33. 250 PER (paired-end read) primers. The human Illumina MiSeq 250 PER primers cover from
within the first framework region through the C-region. Picture from:
http://www.irepertoire.com/technology.

A software offered by iRepertoire, iRweb, allowed to perform some basic analysis, as the
determination of V- & J-gene combinations in relation to frequency, the individuation of
all called CDRs for a given peptide sequence, the calculation of shared CDR3 across

samples, the determination of percentage use of V and ] genes within the sample.

3.11. Statistical analysis

3.11.1. Repertoire data analysis
Statistical analysis of TCR VP sequence data was performed using the statistical
programming environment R (R Core Team, Austria) and GraphPad Prism v.6
(GraphPad Inc.). Graphs in R were generated by the packages ggplot2 (Hadley W, 2016),
ggpubr (Kassambara A), igraph (Csardi G and Nepusz T) and ComplexHeatmap (Gu Z et
al, 2016). Hierarchical clustering of evenness profiles was performed based on
correlation-based distance and visualized by heatmaps using the NMF R package
(Gaujoux R and Seoighe C, 2010). Repertoire architecture networks were made using
Cytoscape (Shannon P et al.,, 2003). Each network has been constructed based on the
10,000 highest frequency clones (that account in each repertoire for at least 90% of the
reads) and is based on Levenshtein distance of 1 (CDR3s-a.a. are connected when they
differ maximally of 1 amino acid [a.a.]) (Miho E et al, 2018; Greiff V et al.,, 2015).
Statistical analyses were performed with non-parametric tests or One-way ANOVA

where appropriated. Statistical significance was considered when p<0.05.
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3.11.2. Shannon-Evenness and clonal expansion profiles
Shannon-Evenness and clonal expansion profiles were calculated as previously
established by Greiff V et al,, 2017. Briefly, the Shannon-Evenness is defined as the
quotient of the exponential of the Shannon entropy and Species Richness (SR: number of

unique CDR3s in a given TCR dataset).

Shannon-Entropy = —Z f; log f,,

where fi is the frequency of the ith clone in a given TCR dataset.
Shannon-Evenness = exp(—ZI f, log f.)/SR

Shannon-Evenness is 1 if all clones in a repertoire have the same frequency (an “even”
repertoire), or it converges to 0 if very few clones dominate in the repertoire (a
“polarized” repertoire). That is, if very few clones have very high frequency and a lot of

clones have very low frequency.

Clonal expansion profiles (also called Evenness profiles) represent Hill-diversity profiles

scaled by the repertoire Species Richness (SR). Hill diversity profiles are defined as:
D =(ZE feq)ﬁ'

where fiis the frequency of the ith clone in a given TCR dataset. Clonal expansion profiles
are then defined as ? D/SR, where q ranging from 0 to 10 with a step size of 0.2. The

parameter q determines the importance of high frequency clones in the determination of
the g-parameterized evenness; the higher g, the more higher frequency clones are

weighted (Greiff V et al., 2015).

3.11.3. k-mer decomposition analysis

All amino acid CDR3s from each patient TCR repertoire were deconstructed into

overlapping sub-sequences (“k-mers”) of length 3 (k=3) using the tokenizers R package
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(Mullen AL et al,, 2018). Then, all k-mers were condensed into a k-mer frequency
distribution providing each k-mer’s frequency across all CDR3s of a given repertoire.
Finally, k-mer frequency distributions were correlated across repertoires using Pearson

correlation and visualized using hierarchical clustering and heatmap as described above.

3.11.4. Definition and quantification of clonal persistence

A clone is defined as V-J-CDRB3 (amino acid sequence). Pairwise clonal persistence

between repertoires A and B is calculated as:

AnE

Clonal persistence(A,B) = —NT

)

where A N B is the absolute number of persisting clones and |A] signifies the number of
clones in repertoire A. The clonal persistence was calculated over treatment (t0-t24)

within each patient.

3.11.5. Private and public clones

A clone was considered private when present only in one sample and public when

shared at least twice across samples.

3.11.6. Cytokine and chemokine data analysis

Statistical analysis of cytokine and chemokine levels at t0 and t24 within or among the
two groups of patients was performed by non-parametric Wilcoxon test using R

software (R Core Team, Austria). Statistical significance where considered when p<0.05.
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4. Results

4.1. Natalizumab and AHSCT

4.1.2. Patients characteristics and clinical follow-up

To date, 13/15 patients are still followed at the Second Division of Neurology, Careggi
University Hospital in Florence, Italy. Natalizumab and ASHCT patients characteristics
are reported in Tab. 1 and Tab. 2, respectively.

Among AHSCT patients, only one (MS032) experienced a relapse at t24 from AHSCT. Of
note, MS032 has a family history of MS and interrupted the standard protocol of
conditioning chemotherapy to minimize infection risk, subsequently to positivity to a
multi-resistant strain of Klebsiella pneumoniae. Specifically, MS032 received BCNU, VP-
16 and Ara-c as 1st, 2nd and 3rd conditioning drugs respectively, whereas the other
patients received BEAM, following the standard AHSCT protocol. The patient P received
melphalan as 1st conditioning drug and BCNU as 2" and 34 conditioning drug because of
a BCNU-related anaphylactic shock.

MS020, MS029, MS032 and MS034 were treated with Natalizumab before
transplantation and MS029 is the only one that interrupted Natalizumab treatment after
the development of antibodies against JCV. Among Natalizumab patients, Ty20, Ty21
and Ty25 experienced MS relapses during treatment, whereas MRI brain inflammatory
activity (defined as new MRI T2 lesions or Gd-enhancing lesions) was present in patient
Ty29. Ty12, Tyl17, Ty21, Ty25 and Ty26 suspended the treatment because of JCV-
positivity. None of the Natalizumab-treated patients had anti-Natalizumab antibodies.
Anti-JCV antibodies were present in all patients except for Ty20. During NTZ, Ty26 had
an ischemic stroke and Ty30 developed depression and was lost at the follow-up; no
other concomitant disease has been reported. During washout after Natalizumab, Ty12,
Ty20, Ty25 and Ty26 had relapses. Ty21 suspended NTZ for JCV+ and ineffectiveness of

treatment.
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Table 1. Clinical characteristics of Natalizumab patients

N. of patients
Gender (F:M)
Age average (min-max)

Age at treatment initiation average (min-max)

Type of MS
Disease duration average (min-max)

EDSS T0-T24 average (min-max TO; min-max T24)

N. of patients with relapses before Natalizumab
(AIFA criteria A:B)*

N. of patients positive for anti-JCV Abs*

N. of patients with relapses®

N. of patients with disease activity (MRI)®

N. of patients developing anti-Natalizumab Abs®
N. of patients with washout relapses

Therapy:

IFN-beta
Copaxone
Azathioprine
No therapies

8
8:0
39,5 (28-45)

38,5 (21-39)

RRMS
14,3 (8-21)

3-2,1(1,5-4,5; 1-3,5)

8/8 (5:3)

7/8
3/8
2/8
1/8
4/8

6/8
1/8
3/8
1/8

#A= patients that failed the first line therapy, with high disease activity: 2 relapses
in the last year of therapy, or 1 relapse with not complete recovery and up to 9

lesions T2 in MRI or one Gd+ lesions

#B= rapidly evolving patients, with 2 or more relapses in one year and 1 or more

Gd+ lesions/a significative increment of T2
Aat the first Natalizumab administration

Bduring Natalizumab therapy
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Table 2. Clinical characteristics of AHSCT patients

N. of patients

Gender F:M

Age average (min-max)

Age at treatment initiation average (min-max)
Type of MS

Disease duration average (min-max)

EDSS before AHSCT average (min-max)

EDSS after AHSCT average (min-max)
N. of patients with relapses before AHSCT*

N. of patients with disease progression before AHSCT"

N. of patients with relapses after AHSCT®

N. of patients with disease progression after AHSCT®
Therapy:

Natalizumab

Cyclophosphamide

Copaxone

Azathioprine

IFN-beta

Mitoxantrone

No therapies

7

7:0

39,9 (31-47)
32,7 (21-47)
RRMS

19,7 (13-38)
4,9 (2,5-6,5)
4,4 (1,5-6,5)
6/7

0/7

1/7

0/7

4/7
3/7
2/7
2/7
4/7
2/7
0/7

Aduring the 2 years before the transplant; 8during the 2 years after the transplant
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4.1.3. Immunophenotypic characterization of peripheral blood from

Natalizumab patients

Immunophenotypes were analyzed by flow cytometry on fresh blood samples of 16
Natalizumab patients, of whom 5/16 were then included in the TCR sequencing
experiments. Phenotypic analyses were performed at baseline (t0) and at 6, 12 and 24
months of treatment (t6, t12, t24) and included the evaluation of percentage and
absolute cell count of total T, B, NK, lymphokine-activated Kkiller (LAK) cells and
CD4/CD8 ratio.

Results showed a significant (p<0.05; p<0.01; p<0.001) increase of the absolute cell

number of all examined populations over time, without altering the CD4/CD8 ratio (Fig.

34).
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Fig. 34. Absolute cell counts of circulating lymphocytes in patients under Natalizumab. Graphs
report the percentage and absolute cell count of total T, B, NK, lymphokine-activated killer (LAK) cells and
the ratio between CD4 and CD8 T cells at baseline (t0) and after 6, 12 or 24 (t6, t12, t24) months of
Natalizumab treatment. Mean+SEM 1is reported. Statistical significance was determined by One-way
ANOVA followed by post-hoc Tukey test (*p<0.05; **p<0.01; ***p<0.001; ns= not significant).
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Then, from frozen PBMCs of 8/16 Natalizumab patients, the absolute cell counts of
sorted T-cell subpopulations (naive, EM, CM CD4 and CD8 and Temra CD8) and activated
memory T-cell subpopulations (EM and CM CD4 and CD8 and Temra CD8) were
evaluated at t0, t6, t12 and t24 of Natalizumab treatment.

Results showed a significant (p<0.05) increase of CM CD4 and a significant (p<0.05)
decrease of EM CD4 T-cell absolute cell count at t24 compared to t0. Activated EM CD4
absolute cell count was significantly (p<0.05) decreased at t24 compared to t0 as well. A
trend towards an increase of naive and CM CD8 absolute cell counts at t24 compared to

t0 was observed, although the variation was not statistically significant (Fig. 35).
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Fig. 35. Absolute cell counts of T-cell subpopulations and activated memory T-cell subpopulations
in patients under Natalizumab. Graphs show the absolute cell counts of sorted T-cell subpopulations
and activated memory T-cell subpopulations in 8 Natalizumab patients at t0, t6, t12 and t24.
CD45R0O+CCR7- = EM T cells; CD45RO+CCR7+ = CM T cells; CD25+ = activated T cells. Statistical
significance was determined by non-parametric Mann Whitney test (*p<0.05).
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4.1.4. Data acquisition: experimental workflow

The TCRP gene from T-cell subpopulations (naive, EM, CM CD4 and CD8 and Temra CD8
for Natalizumab patients; naive and memory CD4 and CD8 for AHSCT patients) of 15
RRMS patients, of which 8 Natalizumab and 7 AHSCT, was sequenced. T-cell
subpopulations were sorted from PBMCs at t0 and t24, obtaining a total number of
57,330,057 reads (total sequences) and 1,500,769 V-CDR3-] amino acid (a.a.) clones (or

unique sequences). The experimental workflow is reported in Fig. 36.

RRMS :
. T0 (baseline), N=7 CD3+ cells isolation

patients 124 (24 months) = n and T-cell subpopulations sorting
(N=15) ‘ -PBMCs ) \ ) AHSCT
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Fig. 36. Experimental workflow. PBMCs and serum were collected from RRMS patients (N=15) before
(t0) and after 24 months (t24) AHSCT (N=7) or Natalizumab (“NTZ”; N=8). Serum samples were analyzed
for the presence of cytokines and chemokines. CD3+ cells were isolated from PBMCs and T-cell
subpopulations (naive, EM, CM CD4 and CD8 and Temra CD8 from Natalizumab patients; naive and
memory CD4 and CD8 from AHSCT patients) were isolated. From total mRNA, TCRp chain (TCRp)
sequencing was performed by iRepertoire Inc., Alabama, USA. High-dimensional TCRB data analyses
included repertoire sequencing statistics, repertoire architecture, clonal expansion distribution, sequence
similarity, clonal persistence across time points, and comparison with public TCRp databases.
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4.1.5. T-cell subpopulation sorting: gating strategy

For each Natalizumab patients, 7 T-cell subpopulations were sorted by FACSAria II flow
cytometer as already mentioned (see Methods) at t0 and t24 timepoints, for a total of 14
cell tubes/patient. For each AHSCT patient, 4 T-cell subpopulations were sorted at t0

and t24, for a total of 8 cell tubes/patient. The gating strategy from one representative

patient (Ty12, CD4 t0) is reported in Fig. 37.
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Fig. 37 Gating strategy for T-cell subpopulations sorting by flow cytometry. Panel reports an example
of gating from one representative patient (Ty12, CD4 t0) for T-cell subpopulations sorting by FACSAria Il
flow cytometry. The morphological gate P1 includes all T cells on the total of events (first row, left dot
plot). T cells were furtherly selected by P2 gate, excluding doublets and triplets (first row, middle dot
plot). T-cell subpopulations gates (first row, third dot plot) include CM (CCR7+CD45RA-), EM (CCR7-

CD45RA-) and naive (CCR7+CD45RA+) CD4 cells. All CD4 cells are included in gate P3 (second row, left
dot plot).
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4.1.6. Data quality and repertoire statistics

To confirm the quality of our dataset, excluding under- or oversampling in the
sequencing depth, it was calculated the Pearson correlation coefficient (r) between
several quantitative parameters: the number of reads (#Reads), clones (#Clones) and
the Shannon-Evenness versus the number of sorted cells; #Reads versus #Clones and
Shannon-Evenness and, finally, Shannon-Evenness versus #Clones.

The Pearson correlation coefficient (r) resulted negative (r<0.5) in almost all the
comparisons and in both groups of patients, indicating that the number of clones did not
increase with the number of reads, representing a sufficient sequencing depth (Fig. 38).
A moderate correlation (0.5<r<0.7) was found between #Clones and cell numbers
(r=0.57 for AHSCT; r=0.54 for Natalizumab) and between Shannon-Evenness and
#Clones (r=0.69 for AHSCT; r=0.76 for Natalizumab).
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Fig. 38. Repertoire statistics correlation. Graphs report the Pearson correlation coefficient (r)
calculated between various quantitative TCR repertoire parameters in RRMS patients. In all graphs, blue
dots represent NTZ patients and red dots represent AHSCT patients. The correlations are reported as
follows: reads number (#Reads) versus cell numbers (first row, left graph); clones number (#Clones)
versus cell numbers (first row, middle graph); Shannon-Evenness versus cell numbers (first row, right
graph); #Clones versus #Reads (second row, left graph); Shannon-Evenness versus #Reads (second row,
middle graph); Shannon-Evenness versus #Clones (second row, right graph). Correlation values for the
two groups of patients are reported on the upper left of each graph.
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Next, the variation of the number of cells, reads, clones and Shannon-Evenness (see
Methods for a definition of Shannon-Evenness) was evaluated by T-cell subpopulation at
t0 and t24 across treatments (Fig. 39). Results showed a significantly (p<0.05)
decreased Shannon-Evenness (closer to 0: few clones dominate) in CD8 naive cells from
t0 (Shannon-Evenness mean value = 0.3) to t24 (Shannon-Evenness mean value = 0.12)
in Natalizumab patients compared to AHSCT, as well as a significant (p<0.01) reduction

in the number of clones (t0x8700, t24x2000).
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Fig. 39. Clonal statistics in the two groups of patients across timepoints. Cell number, #Reads,
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AHSCT (red) patients at t0 (upper panel) and t24 (lower panel). Mean values are shown for each T-cell
subpopulation. Statistical significance was determined by Wilcoxon test (*p<0.05; **p<0.01).
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4.1.7. Individuality of the T-cell receptor repertoire variation

Repertoire statistics was evaluated on an individual basis for Natalizumab (Ty12, Ty17,
Ty20, Ty21, Ty25, Ty26, Ty29, Ty30) and AHSCT (MS002, MS003, MS020, MS029,
MS032, MS034, P) patients, in all T-cell subpopulations at t0 and t24 (Fig. 40). Results
did not show any treatment-specificc common molecular trace across patients: no

specific trends emerged and each patient showed its own TCR repertoire variation.
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Fig. 40. Individual TCR repertoire dynamics. Cell numbers, number of reads (#Reads), number of
clones (#Clones) (y-axis: absolute values) and Shannon-Evenness reported patient by patient for T-cell
subpopulations of AHSCT (upper graph) and NTZ (lower graph) patients at t0 (left panel in each graph)
and t24 (right panel in each graph). Each bar represents a T-cell subpopulation.
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4.1.8. State of the T-cell receptor repertoire clonal expansion

Since the differences in the TCR repertoire variation across timepoints were difficult to
detect on an individual basis, the global state of the TCR repertoire clonal expansion was
investigated using previously established Hill-based evenness profiles (Greiff V et al,,
2015). Hill evenness profiles have been developed in mathematical ecology and allow a
fine-grained comparison of clonal expansion across patient TCR repertoires.

Findings showed that the clonal expansion state differed among the two groups of
patients for both CD4 and CD8 T-cell subpopulations based on treatment (Fig. 41A). In
the light of the documented association of MS susceptibility with the HLA class II
haplotype DRB1*1501 (Ballerini C et al., 2004), the clonal expansion variation by HLA-
DRB1*1501 type of patients (-/+) was also evaluated. Interestingly, results report a
global effect of HLA class II on the entire CD4 T-cell compartment, including both naive
and memory cells (Fig. 41B). No difference in clonal expansion was detected between

timepoints.
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Fig. 41. Global state of TCR clonal expansion in NTZ and AHSCT patients. Heatmap of the Pearson
correlation of all evenness profiles (or state of clonal expansion) visualized by all T-cell subpopulations
(A) or only by CD4 (B) or CD8 (C). In each heatmap, color bars indicate treatment (AHSCT in red, NTZ in
blue), T-cell subpopulation (different shades of pink or green are reported for CD4 or CD8 subpopulations,
respectively), timepoint (t0-t24 in light and dark blue, respectively) and HLA class II of patients when
DR1501+ (white) or DR1501- (black). The heatmap x-axis labels indicate T-cell subpopulation and the y-
axis labels indicate sample name. Hierarchical clustering of evenness profiles was performed using
correlation-based distance.
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4.1.9. Clonal persistence over treatments

In order to quantify how many TCRP clones were still in the peripheral blood after
Natalizumab and AHSCT, the clonal persistence from t0 to t24 was calculated (see
Methods). Fig. 42 reports the clonal persistence as a percentage and scaled by color for
all Natalizumab and AHSCT patients. Results showed that the CD4 and CD8 memory
compartment has a generally higher clonal persistence compared to the naive
compartment. In Natalizumab patients, the percentage of persistent clones across
timepoints is higher in CD4 (0.1-18.5%) and CD8 (0.4- 35.8%) memory subpopulations
compared to AHSCT patients (0.2-9.6% and 2.2-15.7% in CD4 and CD8 memory cells,
respectively). However, some exceptions are present: patient MS032, who received a
different conditioning chemotherapy during transplantation compared to the other
patients, showed the highest observed percentage of clonal persistence of all AHSCT
patients (15.7% in CD8 memory and 9.6% in CD4 memory), whereas in the Natalizumab
group Ty17, 391 Ty21 and Ty25 (of whom Ty21 and Ty25 experienced a relapse during
treatment) differed from the other Natalizumab patients by showing no or very low

clonal persistence in most cell subpopulations.
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Fig. 42. Clonal persistence across timepoints in Natalizumab and AHSCT patients. Percentage of
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patients.
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4.1.10. Public clones across patients over treatments

The percentage of public clones shared across all Natalizumab and AHSCT patients was
next investigated. A clone was defined as public when shared among at least two patient
repertoires.

Results showed (Fig. 43) a significantly (p<0.01) lower absolute number of public clones
in CD8 naive cells of Natalizumab compared to AHSCT at t24.

When investigating those clones that are highly shared across repertoires, a group of
clones exclusively shared among AHSCT patients was found in both CD4 and CD8 cell
subpopulations (Fig. 44A, B). The percentage of highly-shared public clones was found
to be significantly (p<0.05) higher in CD4 and in CD8 (p<0.01) naive cells of AHSCT
patients compared to Natalizumab at t0 and at t24, respectively (Fig. 44C).
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Fig. 44. Graphical representation and statistics of the highly shared public clones in the two groups
of patients. TCR clones shared among more than 10 samples visualized by treatment (AHSCT in red, NTZ
in blue) in all T-cell subpopulation (A) or in only CD4 or only CD8 (B). CD4 or CD8 subpopulations are
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DR1501- (black). TCR clones are reported on the left and sample name on the top of the heatmaps. C)
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panel). Statistical significance was determined by Wilcoxon test (*p<0.05).
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4.1.11. Architecture of the T-cell receptor repertoire across

treatments

The clonal architecture of a TCR repertoire represents the sequence similarity of its
composing immune receptor sequences. Therefore, the repertoire architecture is a
direct correlate of antigen recognition breadth: when all TCR sequences are similar to
each other, the recognition breadth is poor; in contrast, if sequences are more dissimilar,
a larger space of the antigenome is covered. In this study, the TCR repertoire
architecture was evaluated in each patient before and after Natalizumab or AHSCT, to
evaluate the impact of treatments on the TCR repertoire architecture reconstitution.
To explore the repertoire architecture in the two groups of patients, clone network and
subsequence (k-mer) decomposition analysis were evaluated (see Methods). For the
analysis of clone network, the sequence similarity of all sequences was determined by
recording for each CDR3 whether is differed in maximally one amino acid from the other
CDR3s of TCR repertoire (Miho E et al., 2019; Madi A et al,, 2017). In fact, changes of 1
single a.a. may reflect clones with similar antigen binding profile (Dash P et al., 2017).
The sequence similarity was measured as a degree of similarity, which is the number of
a CDR3 sequence connections. The degree distribution then enumerates the number of
CDR3s with an identical degree.

Results showed that AHSCT repertoires have many more clones with degree 0 (no
similar clones in the repertoire) compared to Natalizumab repertoires (Fig. 45). This
was both true for CD4 and CD8 subpopulations (Fig. 45A). In CD4 subpopulations, the
additional clustering by HLA DRB1*1501 was found (Fig. 45B). Of interest, differences in
clonal connectivity were mostly located in the private part of TCR repertoires. Public
clones showed fewer unconnected clones. Furthermore, the connectivity of public and
private clones percentage increased in Natalizumab compared to AHSCT at t24 as
evidenced by a significant (p<0.01) increase in CD8 naive compartment connectivity

from tO0 to t24 (Fig. 46C).
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Euclidean distance.
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To extend the investigation of TCR repertoire architecture in patients, the similarity of
CDR3 subsequence distribution across repertoires was also analyzed (Greiff V et al,,
2017). In particular, the TCR sequence similarity was evaluated across Natalizumab
treatment or AHSCT, timepoints (from t0 to t24), T-cell subpopulation and haplotype,
basing on subsequence length of 3 amino acids (k-mers where k=3 or "3-mers"). All
CDR3 sequences of each repertoire were cut into overlapping 3-mers which were then
aggregated to calculate the frequency of each 3-mers. 3-mer frequency was analyzed
across repertoires by correlation. Results showed that AHSCT patients have a higher
TCR subsequence similarity than Natalizumab patients (Fig. 47), indicating higher

preservation of repertoire architecture across AHSCT patients.
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Fig. 47. CDR3 subsequence (k-mers) decomposition of NTZ and AHSCT TCR repertoires. Heatmap of
the Pearson correlation of CDR3 k-mer decomposition profiles in all T-cell subpopulations (A) or in only
CD4 (B) or CD8 (C) subpopulations. Color bars indicate treatment (AHSCT in red, NTZ in blue), T-cell
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DR1501+ (white) or DR1501- (black). The heatmap x-axis labels indicate T-cell subpopulation and the y-
axis labels indicate sample name. Hierarchical clustering of evenness profiles was performed on
correlation-based distance.
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4.1.12.V gene usage variation before and after treatments

V gene usage of patients TCR repertoires was evaluated before and after 24 months of
Natalizumab treatment or from AHSCT. Results did not show any variation in V gene

usage before and after treatments or across timepoints (Fig. 48).
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Fig. 48. V gene usage between RRMS treatments and across timepoints. Heatmap of the Pearson
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heatmap x-axis labels indicate T-cell subpopulation and the y-axis labels indicate sample name.
Hierarchical clustering was performed using correlation-based distance.
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4.1.13. Shared sequences with public T-cell receptor databases

Given the suggested association between several viruses, e.g. EBV (Lossius A et al,,
2014), with MS risk development and since Natalizumab and AHSCT expose patients to
the risk of viral reactivation, the CDR3 sequence overlap between our dataset and three
public CDR3 databases was evaluated. The databases are: McPAS-TCR (Tickotsky N et
al., 2017), VD]Jdb (Shugay M et al., 2018) and the TCRp sequencing dataset from the work
of Jelcic I et al. (Jelcic I et al, 2018), who identified a population of proliferative
peripheral T cells that share clones with MS lesions (Planas R et al., 2018). McPAS-TCR
and VD]db store TCR clones of known disease association and/or antigen specificity.
First, the databases were characterized. At time of download, McPAS-TCR (Fig. 49A)
included 1297 sequences putatively associated with autoimmune diseases, 6979
associated with pathogens out of which most are influenza, Cytomegalovirus (CMV), EBV
and few MS-associated (118). VDJdb (Fig. 49B), including a total of 2459 human-
associated sequences, stored several viral-associated CDR3s, out of which CMV (5776),
human immunodeficiency viruses-1 (HIV-1) (2637) and EBV (1825)-associated CDR3s
are the most represented. The Jelcic I et al.-dataset (Fig. 49C) reported information on
patient origin (MS1 and MS2), CD4/CD8 memory cells, peripheral or brain-infiltrating
cells and auto-proliferative or non auto-proliferative cells as previously described by
authors (Jelcic I et al.,, 2018). The highest number of CDR3s (60449) was identified
among the non-proliferative PBMCs of patient MS2.
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Fig. 49. Characterization of McPAS-TCR, VD]db and Jelcic I et al. datasets. (A) TCRs number of McPas-
TCR database is reported by disease category, including autoimmune and pathogens (left panel) or by
specific pathology (right panel). (B) TCRs number of VD]db is reported by antigen species. (C) Number of
TCRs found in Jelcic et al. MS dataset is reported by sample name (4). CFSE: Carboxyfluorescein Diacetate
Succinimidyl Ester.

116



The percentage of overlapping CDR3-a.a. sequences between RRMS repertoires and all
the examined databases (McPAS-TCR, VDJdb and Jelcic I et al., fig. 50A-C) resulted
significantly (p<0.01) lower in CD8 naive cells of Natalizumab patients compared to

AHSCT at t24.
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Fig. 50. Shared sequences between RRMS cohorts and public TCR databases. CDR3 sequence overlap
with McPAS-TCR (A), VD]db (B) and TCRf sequencing databases of two MS patients from Jelcic et al. (4)
(C). CDR3 sequence overlap is reported as absolute number (upper panel in each graph) or relative
percentage (lower panel in each graph) between AHSCT (in red) and NTZ (in blue) patients at t0 (left
panel in each graph) and at t24 (right panel in each graph), shown by T-cell subpopulations. Statistical
significance was determined by the Wilcoxon test (*p<0.05; **p<0.01).
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Furthermore, comparing RRMS repertoires by disease-type with McPAS-TCR (Fig. 51A)
or by antigen-species with VD]db (Fig. 51B), the major overlap was identified with
sequences classified as viral-infection associated rather than autoimmunity-associated.
Specifically, the overlap was higher with EBV- and CMV-associated sequences (Fig. 514,
B) and, for VDJdb, also with Influenza A virus (Fig. 51B).
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Fig. 51. Shared sequences between RRMS cohorts and public TCR databases by disease-type. The
absolute number of overlapping CDR3 sequences between McPAS-TCR (A) or VD]db (B) TCR databases
and AHSCT (in red) or NTZ (in blue) patients at tO (upper panel in each graph) and at t24 (lower panel in
each graph) shown by disease-type. On the x-axis, from left to right, T-cell subpopulations are reported as
follows: CD4 naive, CD4 memory, CD4 CM, CD4 EM, CD8 naive, CD8 memory, CD8 CM, CD8 EM, CD8
Temra. Statistical significance was determined by Wilcoxon test.
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4.1.14. Serum cytokines evaluation in RRMS cohorts

Since alterations in cytokines production may govern T-cell differentiation, we
evaluated the inflammatory profile in Natalizumab and AHSCT patients before and after
treatments.

Among all the cytokines and chemokines measured in serum, findings show that TNFa is
significantly (p<0.01) lower in Natalizumab t0, while at t24 it is significantly increased
in Natalizumab patients (p<0.05) compared to AHSCT (Fig. 52). These results indicate an
increase in TNFa production in Natalizumab versus a stable production in AHSCT. On
the contrary, recall chemokines CXCL10 and CXCL13 are significantly (p<0.05) increased
at t24 in AHSCT patients compared to Natalizumab.
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Fig. 52. Serum cytokine levels in AHSCT and NTZ patients. Panel reports, from the top to the bottom,
TNFa, CXCL10 and CXCL13 levels (pg/ml) in serum samples of AHSCT (in red) and NTZ (in blue) patients
at t0 (left graphs) and at t24 (right graphs). Each dot is a patient. Mean+SEM is reported. Statistical
significance was determined by Wilcoxon test (*p<0.05; **p<0.01).
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4.2. Cerebrospinal fluid patients

4.2.1. Patients characteristics and clinical follow-up

The 4 patients included in the study (CSF2, CSF3, CSF4, CSF5) undergone CSF collection
at the time of diagnosis (t0). All patients were confirmed with RRMS diagnosis except for
one patient (CSF2), whom diagnosis switched from RRMS to PPMS. The first symptoms
of MS included uncertain walk (1/4), diplopia (2/4) and lower limb dysaesthesia (1/4).
CSF2 patient has familiarity with MS (2 cousins). All patients showed the presence of
OCBs except one (CSF5). All patients except for one (CSF4) had a disease relapse after
the lumbar puncture. CSF4 was the only patient who had Gd+ lesions at both the first

and the second MRI. CSF patients characteristics are summarized in Tab. 3.

Table 3. Clinical characteristics of CSF patients

N. of patients 4
Gender F:M 2:2
Age at diagnosis average (min-max) 34,5 (19-46)
Type of MS 3RR,1PP
Disease duration (years) average (min-max) 3 (2-4)
CFS n. of cells/pl average (min-max) 3,5(2-6)
BBB* damage (N. of positive patients/tot) 0/4
IgG index alteration (N. of positive patients/tot) 4/4
OCB® (N. of positive patients/tot) 3/4
N. of patients with pre-lumbar puncture relapse 3/4
N. of patients with post-lumbar puncture relapse 3/4
Therapy:

Dimethyl fumarate® 3/4
IFN-beta® 2/4
Azathriopine 1/4
No therapies 0/4
Corticosteroids* 1/4

Ablood-brain barrier; Boligoclonal bands; ©1/4 patient switched to
IFN-beta because of ineffectiveness of the first therapy; °1/4
patient switched to Azathriopine because of drug intolerance;
Epre-lumbar puncture administration
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4.2.2. Immunophenotype of cerebrospinal fluid of MS patients

First, 20 incoming MS patients were immunophenotypically characterized by flow
cytometry (see Methods) for the percentage of Tem and Tcm cells within their CSF
samples, collected at the diagnosis. Gating strategy is reported in Fig. 53A. Among these
20 patients, 2 were then selected for TCR sequencing experiments. Results showed that
the total lymphomonocytes population of CSF included a significantly (p<0.05) higher
percentage of CD4 cells compared to CD8 and a significantly (p<0.0001) higher
percentage of Tem compared to Tcm cells (Fig. 53B). Most of these Tem cells were CD4
EM (median=38.2%) rather than CD8 EM (median=8.47%), while the percentages of
total Tcm cells in CSF samples were so low (median=0.46%) that discriminating

between CD4 and CD8 was challenging (data not shown).
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Fig. 53. Immunophenotype of MS patients CSF. A) Flow cytometry gating strategy to select CD4 and
CD8 EM and CM cells. Figure reports the analysis performed on CSF of one representative incoming MSs
patient. Gate R1 morphologically includes T lymphocytes (left dot plot). Gate QB1 includes Tem
(CD45R0O+CCR7-) and gate QB2 includes Tcm (CD45R0+CCR7+) (middle dot plot). Dot plot on the right
reports the percentages of CD4 and CD8 cells within the gate QB1, that collects Tem cells. B) Graph reports
the percentage (%) of CD4 and CD8 cells (left graph) and of Tem (CD45RO0+CCR7-) and Tcm
(CD45R0O+CCR7+) cells (right graph) on the total population of lymphomonocytes from the CSF of 20 MS
patients enrolled at the diagnosis. Mean+SEM is reported. Statistical significance was determined by non-
parametric Mann-Whitney test (*p<0.05; ****p<0.0001).
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4.2.3. Data acquisition and repertoire statistics

The TCRp gene from memory T-cell subpopulations (EM and CM CD4 and CD8) or from
the whole CSF cell population of 4 incoming MS patients was sequenced. T-cell
subpopulations were sorted from PBMCs collected at the time of diagnosis (t0),
obtaining a total number of 4,395,408 reads (total sequences) and 153,040 V-CDR3-] a.a.
clones (or unique sequences). For each CSF patients, 4 sorted T-cell subpopulations and
CSF were obtained, for a total of 5 tubes/patient. Gating strategy for T-cell
subpopulations sorting was the same as mentioned for AHSCT and Natalizumab patients

(Fig. 37). The experimental workflow is reported in Fig. 54.
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Fig. 54. Experimental workflow. From 4 patients (CSF2, CSF3, CSF4, CSF5), PBMCs, serum and CSF (or
“liquor” in the figure) were collected. Serum samples were stored in 10% dimethyl sulfoxide (DMSO) for
future analysis of cytokines and chemokines. CD3+ T cells were isolated from the whole CSF cell
population and paired PBMCs of each patient. From peripheral CD3+ cells, memory T-cell subpopulations
(EM and CM CD4 and CD8) were sorted. Subsequently, from total mRNA TCRp sequencing was performed
by iRepertoire Inc., Alabama, USA. High-dimensional TCRP data analyses included: repertoire statistics,
clonal overlap between CSF and paired PBMCs, TCR repertoire architecture, sequence overlap with public
TCR databases.
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To confirm the quality of our dataset as already mentioned for Natalizumab and AHSCT,

it was calculated the Pearson correlation coefficient (r) between Shannon-Evenness and

reads number (#Reads) and between #Reads and clo

nes numbers (#Clones) (Fig. 55).

For both comparisons, the Pearson correlation resulted negative (Shannon-Evenness

versus #Reads: -0.27; #Reads versus #Clones num

sequencing depth.

ber: r=-0.13), indicating a good

r=-0.13

@® CSF2
@ CSF3
@ CSF4

@ CSF5
L]

2.0 r=-0.27 8e+051 o
[72]
@ 1.57 6e-+05 -
c
g
2 S
L 1.0+ 3
c & 4e+05 -
S =
s
@
& 0.5+ o @0 o o ©
e © 2e+05 .-;..\r.\
e O 0: ° * 5]
? ° ®
0.0 Qo Qe
26405 4e+05 6e+05 8e+0! 0
#Reads

5000 10000 15000 20000
#Clones

Fig. 55. Data quality assessment in CSF patients. Pearson correlation coefficient (r) between Shannon-

Evenness and reads number (#Reads) (left graph) and #Reads

versus clones number (#Clones) (right

graph) in CSF patients. Each dot represents a different patient. Pearson correlation coefficient (r) value is

reported in the upper right of both graphs.
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Next, the variation of the number of cells, reads, clones and Shannon-Evenness was
evaluated by T-cell subpopulation (Fig. 56). Results showed a significantly (p<0.05)
higher cell numbers and #Clones in CD4 CM and EM compared to CD8 CM and CSF and a
significantly (p<0.05) higher Shannon-Evenness in CD4 CM and EM compared to CD8 CM
and also in CD4 CM compared to CSF. No significant differences in the number of reads

among peripheral T-cell subpopulations and CSF repertoires were found.
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Fig. 56. Repertoire statistics in CSF patients. Graph reports, from the top to the bottom, cell numbers,
#Reads, #Clones and Shannon-Evenness in peripheral memory T-cell subpopulations (CD4 CM, CD4 EM,
CD8 CM, CD8 EM) and in the CSF (liquor=CSF) of patients at t0. Mean values are shown for each T-cell
subpopulation. Statistical significance was determined by non-parametric Kruskal-Wallis test (*p<0.05).
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4.2.4. Visualization of T-cell receptor repertoires sequence composition and

frequency in cerebrospinal fluid of patients

The service iRepertoire (iRepertoire Inc.) offers an online platform, iRweb, for basic
bioinformatic analysis and visualization of data. iRweb allows to visualize TCR
repertoires as small tree maps based on sequence composition and frequency, where
each color rectangle is a CDR3-a.a. sequence and the size of the rectangles is
proportional to the frequency of the sequences. The tree maps come along with a top 10
of more represented sequences.

Results showed that whereas 3/4 patients are characterized by a generally highly
variable TCR repertoire composition in terms of total and unique (or distinct) CDR3
sequences, one patient, CSF2, shows the predominance of one sequence,
CASSLLPGDEQF, that appears in the CSF of this patient 766784 times (=copy number)
(Fig. 57). Of note, CSF2 is the only patient who received a final diagnosis of PPMS.

CSF 2

total CDR3: 776392
distinct CDR3: 41

total CDR3: 109989
distinct CDR3: 2423

CSF2 CSF3

CDR3 (peptide) Vdomain Jdomain  Copy CDR3 (peptide) V domain J domain  Copy
ASSLLPGDEQF hTRBV28  hTRBJ2-1 766784 AWNRGGTEAF hTRBV30 hTRBJ1-1 1742
ASSLLPGGEQF hTRBV28  hTRBU2-1 3327 AWSQDTEAF hTRBV30 hTRBJ1-1 1729
ASSLLPGDGQF hTRBV28  hTRBU2-1 3054 SAQGQGNEQF hTRBV29- hTRBJ2-1 1542
ASSSLPGDEQF hTRBV28  hTRBU2-1 822 AFRLAGAKNIQY hTRBV30 hTRBJ2-4 819
ASSLLPGDKQF hTRBV28  hTRBJ2-1 765 SAQVVRDEQY hTRBV29- hTRBU2-7 756
ASSLLPGNEQF hTRBV28  hTRBU2-1 490 SVYLDPEQF hTRBV29- hTRBJ2-1 676
ASSLLPGDVQF hTRBV28  hTRBJ2-1 260 AIMTSGTYEQY hTRBV10- hTRBJ2-7 581
ASSLLPGEEQF hTRBV28  hTRBJ2-1 177 SADRGLEAF hTRBV29- hTRBJ1-1 578
ASSLLPGVEQF hTRBV28  hTRBU2-1 113 SVEPTRNTEAF hTRBV29-hTRBJ1-1 557
ASSILPGDEQF hTRBV28  hTRBU2-1 101 ASSVNTATDTQY hTRBVY  hTRBJ2-3 506

CSF 4

CSF5
- .

total CDR3: 198396
distinct CDR3: 1301

CSF4 CSF 5

CDR3 (peptide) V domain J domain  Copy CDR?3 (peptide) Vdomain Jdomain  Copy

AWTSGGNQPQH hTRBV30  hTRBJ1-§ 2431 ASSPPAGGIRLVNTEAF hTRBV9 hTRBJ1-1 10428
ASNNPGPLH hTRBVS hTRBJ1-6 2085 SAGQGRREQY hTRBV29-1  hTRBJ2-7 6384
SVLQGGTEAF hTRBV29-1 hTRBJ1-1 2017 AISEQGSEKLF hTRBV10-3  hTRBJ14 3999
ATSRVAGPNTEAF hTRBV15  hTRBJ1-1 1932 SAPSEIGGDEQY hTRBV29-1  hTRBJ2-7 3748
ASSRDRGHEQY hTRBV10-2 hTRBJ2-7 1847 ASSFGQPIVEAF hTRBVS-6  hTRBJ1-1 3248
ASSLDTDHNEQF hTRBV54  hTRBJ2-1 1799 SVARDGYQPQH hTRBV29-1  hTRBJ1-5 3034
ASSYSRQGEQPQH hTRBV6-6  hTRBJ1-5 1794 ASSYVQGIDNEQF hTRBV6-6 hTRBJ2-1 2681
SVLGQGVYNEQF hTRBV29-1 hTRBJ2-1 1651 SVASNRGRNEKLF hTRBV29-1  hTRBJ14 2469
ASSSSYEQY hTRBV5-6  hTRBJ2-7 1486 ASSQGGNQPQH hTRBVE4  hTRBJ1-5 2319
SGDRENTEAF hTRBV29-1 hTRBJ1-1 1429 SVETNTEAF hTRBV29-1  hTRBJ1-1 2188

Fig. 57. Visualization of TCR repertoires in the CSF of incoming MS patients. Figure reports an
overview of the CDR3 composition of CSF-TCR repertoires (CSF2, CSF3, CSF4, CSF5) visualized as tree
maps by iRweb platform (iRepertoire, Inc.). Each colored rectangle in the tree maps represents a unique
CDR3 sequence and the size of the rectangle depends on the sequence’s frequency. A top 10 list of the
more represented CDR3 sequences is reported below each tree map.
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4.2.5. Individual variability of repertoire statistics

Repertoire statistics was evaluated on an individual basis in all CSF patients (CSF2, CSF3,
CSF4, CSF5), in all memory T-cell subpopulations and CSF at t0 (Fig. 58). Results showed
a trend towards a higher Shannon-Evenness in memory CD4 cells compared to memory
CD8 compartment and, interestingly, a higher variability across patients in the Shannon-

Evenness of CSF repertoires.

2e+051

N l - - []

8e+054

s1squInU |80

6e+051

4e+051

2e+05 . . . .cm_cm
0e+00 . - . - CD4_EM

Speoy#

CD8_CM
200001 CD8_EM
15000 A " . Liquor
o
[=]
10000 1 3
w
5000 l
o- | L —
0.6 1
w
pu
E
0.4 2
7
m
<=
- — I I ;
]
D
w
l ’
O‘O- T T T T
CSF2 CSF3 CSF4 CSF5

Fig. 58. Repertoire statistics patient by patient. Cell numbers, #Reads, #Clones and Shannon-Evenness
are reported by T-cell subpopulation and CSF for each patient (CSF2, CSF3, CSF4, CSF5). Each bar
represents a T-cell subpopulation.
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4.2.6. Clonal overlap between cerebrospinal fluid and periphery

The percentage of a.a. clones, or unique sequences, shared between CSF and peripheral
memory T-cell subpopulations was evaluated for each CSF patient (Fig. 59).
Results showed a generally higher clonal overlap between CSF and CD8 EM cells (1.8-
4.8%), followed by the overlap between CSF and CD4 EM (1.1-4.5), CD4 CM (0.4-1.5) and
CD8 CM (0-1.3). Patient CSF2, who has very few unique sequences in the CSF (41 a.a.
clones) and a clonal expansion, showed no overlap with paired peripheral T-cell
subpopulations. The higher clonal overlap percentage was observed between CSF and

CD8 EM cells of the patient CSF3 (4.8%).
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Fig. 59. Clonal overlap between CSF and peripheral blood cell populations of MS patients. Figure
reports the percentage of overlapping clones (a.a. unique sequences), scaled by color, between TCR
repertoires of CSF (y-axis, “Liquor”) and peripheral T-cell subpopulations (x-axis) for each patient.
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4.1.7. Architecture of the T-cell receptor repertoire in CSF patients

To investigate how the TCR repertoire of CSF and peripheral T-cell subpopulations of
CSF patients appeared as a clone network and whether there was a difference between
the two compartments, clone networks of CSF patients TCR repertoires and paired
statistics were analyzed as already mentioned for Natalizumab and AHSCT patients.
Results showed that the percentage of both private and public clones with connections
is similar across peripheral T-cell subpopulations and there are no significant
differences among memory CD4 and CD8 subpopulations and CSF (Fig. 60C).
Nevertheless, CSF TCR repertoires are generally more variable in terms of connected
clones compared to paired peripheral cell populations.

Interestingly, the patient CSF2 showed a TCR repertoire characterized by a low number
of clones (41) highly connected between each other (Fig. 60B). The difference can be
particularly appreciated in the comparison with another CSF TCR repertoire (patient
CSF3; Fig. 60A), that is characterized by a higher number of total clones and less
connections. Of note, CSF2 is the only PPMS of the cohort.
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Fig. 60. Clone networks visualization in CSF patients and statistics. (A, B) Representative TCR
repertoire architectures, displayed as clone networks, of the CSF of CSF3 and CSF2 patients. Each node is
an amino acid CDR3 sequence (CDR3-a.a.) and links between nodes connect CDR3s-a.a. based on
Levenhstein distance of 1 (LD = 1). Node size scales with log clone frequency and node color indicate
private (dark blue) or public (yellow) clones (see legend). (C) Percentage of connected private (left panel),
public (right panel) clones in T-cell subpopulations of CSF patients.
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4.1.8. Shared sequences with public T-cell receptor databases

As already reported for Natalizumab and AHSCT groups, the CDR3 sequences overlap
was evaluated between our CSF dataset and the public CDR3 databases McPAS-TCR
(Tickotsky N et al,, 2017) and VD]db (Shugay M et al,, 2018), characterized in Fig. 494, B.
Results were much similar in both comparisons with McPAS-TCR and VD]db databases,
with a significantly (p<0.05) higher overlap, as absolute number or percentage, in
peripheral CD4 CM and EM subpopulations compared to CD8 CM and EM and CSF of all
CSF patients (Fig. 61). The overlap is particularly low in CSF TCR repertoires, that

therefore are more private than the peripheral cell compartments.
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Fig. 61. Sequence overlap between CSF dataset and public TCR databases. Graphs report the
sequence overlap between our CSF patients and two public TCR databases: McPAS-TCR (upper graph) and
VDJdb (lower graph). The overlap is reported as absolute number (upper panel in each graph) or as
percentage (lower panel in each graph) in both cases. T-cell subpopulations are reported on x-axis. Each
dot represents a patient. Mean values are shown for each T-cell subpopulation. Statistical significance was
determined by non-parametric Kruskal-Wallis test (*p<0.05).
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The CDR3-a.a. sequence overlap with McPAS-TCR by disease-type (Fig. 62A) is higher for
pathogens compared to autoimmune diseases and, within the pathogens category, the
overlap is significantly (p<0.05) higher in EM and CM CD4 cells compared to memory
CD8 cells and CSF TCR repertoires. The overlap with VD]Jdb visualized by antigen-
species (Fig. 62B) is significantly (p<0.05) higher in memory CD4 cells compared to
memory CD8 cells and CSF with CDR3-a.a. sequences associated to Homo Sapiens
epitopes and CMV, EBV and Influenza A viruses. Globally, TCR repertoires of CSF share

less sequence compared to peripheral memory T-cell subpopulations with public

databases.
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Fig. 62. Shared sequences between RRMS cohorts and public TCR databases by disease-type. The
absolute number of overlapping CDR3 sequences between McPAS-TCR (A) or VD]db (B) TCR databases
and CSF patients shown by disease-type. Statistical significance was determined by Wilcoxon test
(*p<0.05).
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5. Discussion

The present study investigated how Natalizumab and AHSCT, two successful
immunomodulatory treatments for RRMS, longitudinally impacted the adaptive immune
system and the TCR repertoire in RRMS patients. Through a rigorous and methodical
statistical approach, the bioinformatic analysis of our data allowed to detect treatment-
specific molecular traces in the TCR repertoire from peripheral T-cell subpopulations of
15 RRMS patients, before and after 24 months of immunomodulatory treatments.

Since there is no single, universally accepted method to analyze TCR sequencing data,
our choice to describe the molecular features of the TCR repertoire of patients based on
quantitative (number of sorted cells, reads, clones, Shannon-Evenness and clonal
persistence) and qualitative (repertoire architecture and public clones across patients)

parameters was successful, allowing to obtain clear and consistent results.

First, Natalizumab patients were immunophenotypically evaluated for absolute cell
count of T-cell subpopulations before and after 6, 12 and 24 months of treatment.
Results showed an increase in the count of all immune cells, as expected due to the
mechanism of action of Natalizumab, that blocks T cells in the peripheral blood (Fig. 34);
specifically, it was observed a significant increase of CM CD4 cells and a significant
decrease of EM CD4 cells at t24 compared to tO0.

The first step of sequencing data analysis was the quality assessment, through the
calculation of the Pearson correlation coefficient (r) calculated between some of the TCR
repertoire quantitative parameters in Natalizumab and AHSCT patients: number of
reads, number of clones, number of sorted cells and Shannon-Evenness (Fig. 38). The
Pearson correlation resulted negative in almost all comparisons, with a slight
correlation between clones number and cell numbers and Shannon-Evenness and clones
number; however, it was found a negative Pearson correlation between the number of
clones and the number of reads in both groups of patients. In fact, in a reliable TCR
repertoire, the number of reads, or total sequences, and the number of clones, or unique
sequences, are supposed to be two independent variables that do not flow together.
Next, the variation of quantitative parameters (number of sorted cells, clones, reads and
Shannon-Evenness) of TCR repertoires was evaluated over treatments. Results showed
a significantly less diverse TCR repertoire in CD8 naive cells of Natalizumab patients
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compared to AHSCT at t24 (Fig. 39). In previous literature, any significant effect of
Natalizumab on CD8 naive cells was reported (Schneider-Hohendorf T et al,, 2016). In
this case, it is possible that the reduced TCR diversity of CD8 naive cells may reflect
decreased immune protection, also considering the capability of Natalizumab to reduce
immune surveillance through the modulation of immune cell populations (Kaufmann M
et al,, 2018). Furthermore, the restricted TCR repertoire in this subpopulation may
depend on antigen-specific triggering and/or the persistence of a state of inflammation,
as sustained by the increased serum level of TNFa from t0 to t24 in Natalizumab
compared to AHSCT (Fig. 52).

The variation of TCR repertoire statistics was challenging to quantify on an individual
basis, showing no common pattern across patients when evaluated patient by patient
(Fig. 40); therefore, the global state of the TCR clonal expansion based on different
variables (cell population, treatment, timepoint, HLA) was investigated. Results showed
that TCR clonal expansion differed by treatment (Fig. 41A). Furthermore, given the role
of the HLA-DRB1*1501 in MS susceptibility (Jelcic I et al., 2018; Ballerini C et al., 2004),
it was interesting to detect the impact of HLA-DRB1*1501 on CD4 clonal expansion (Fig.
41B).

Quantitative parameters included the evaluation of clonal persistence, that measures the
percentage of clones that are still in the peripheral blood of patients after treatments.
The clonal persistence differed by treatment: Natalizumab patients showed a clonal
persistence in CD4 and CD8 subpopulations to a higher extent compared to AHSCT,
where clonal persistence was slightly pronounced only in memory CD8 cells, whereas
the other subpopulations resulted widely renewed (Fig. 42). This result is comparable
with previous findings from the study of Muraro PA et al, who reported a higher
renewal in the CD4 cell compartment compared to CD8 (unsorted) in RRMS patients one
year after AHSCT (Muraro PA etal., 2014).

Nevertheless, there are some exceptions among our patients. The AHSCT patient MS032
showed the highest percentage of clonal persistence from t0 to t24 among all
transplanted patients. This patient interrupted the standard protocol of conditioning
chemotherapy for safety reasons and underwent a milder conditioning regimen;
furthermore, MS032 experienced a disease relapse at t24. Among Natalizumab, where
the periphery is enriched by pathogenic clones due to drug's mechanism of action, clonal

persistence is generally higher compared to AHSCT patients, except for Ty17, Ty21 and
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Ty25, whom 2/3 (Ty21 and Ty25) had a relapse during treatment. Interestingly, Muraro
PA et al. documented a lower TCR repertoire diversity in AHSCT non-responder patients
compared to responders (Muraro PA. et al, 2014), suggesting a link between TCR
repertoire degree of reconstitution and treatment outcome. In light of these results, it is
possible to speculate that the evaluation of clonal persistence may contribute to predict
the patient outcome to treatment in the future.

The repertoire architecture was next evaluated. It qualitatively describes the TCR
repertoire organization and structure based on similarity between amino acid CDR3
sequences. The concept is that T-cell clones with similar CDR3 sequences may have been
selected by a common force, such as such as V(D)] recombination, thymic selection,
antigen encounter and, in this case, immunomodulatory treatment (Miho E et al,, 2019;
Greiff V et al.,, 2017). The TCR repertoire architecture in our patients was also evaluated
on a sub-sequence level, decomposing a.a. sequences in sub-sequences of length "k"
called "k-mers". In both analyses, the repertoire architecture differed by treatment. A
greater percentage of connected private and public clones was found at t24 in CD8 naive
T cells of Natalizumab compared to AHSCT (Fig. 45C). Of note, clone networks were
constructed including a top of 10,000 frequency-based clones, that accounts for the 90%
of all 180 repertoires. This choice was made because in complex diseases such as MS,
where the antigen is unknown, it is not possible to state that high-frequency clones are
surely linked to MS pathogenesis compared to low-frequency clones, therefore the
selection of a top of a random number of clones could not be meaningful.

In k-mers analysis, a higher similarity on a sub-sequence level was found among AHSCT
patients compared to Natalizumab (Fig. 46). Since k-mers distribution reflects the
process of insertion/deletion of single amino acid during the V(D)] recombination that
leads to TCR generation, this similarity may depend on the fact that AHSCT patients
underwent the same post-transplant protocol, remaining at least one month in a sterile
chamber, sharing the same nutritional restrictions and the same antimicrobial therapies.
The V-gene usage did not show any variation over cell population, treatment, timepoints
or HLA (Fig. 48).

As a further qualitative parameter, the CDR3-a.a. sequence overlap between our
database and publicly available TCR databases (McPAS-TCR, VD]db and the database
from the study of Jelcic I et al., 2018) was evaluated. A statistically significant difference

was found between AHSCT and Natalizumab patients in CD8 naive cells at t24: in this
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subpopulation, the percentage of shared sequences with public TCR databases was
significantly lower at t24 in Natalizumab compared to AHSCT (Fig. 49). This result,
together with the decreased Shannon-Evenness (Fig. 39), the higher sequence similarity
(Fig. 45-47) and the lower number of public clones (Fig. 44) after 24 months of
Natalizumab indicates a restricted TCR repertoire of CD8 naive cells in this group of
patients. This may depend on a mild impact of Natalizumab on VLA-4 expression on the
surface of naive cells compared to memory subpopulations, as previously documented
(Iannetta M et al,, 2016), with the consequence of an increased thymic retention of this
cell population (Sawada M et al., 1992).

Moreover, the majority of sequences shared with McPAS-TCR and VDJdb was virus-
associated and only few of them were classified as associated with autoimmune diseases
(Fig. 51); of note, virus-associated sequences are more abundant than autoimmune-
associated ones and this could have affected this result.

Finally, an opposite trend in cytokines and chemokines level was found between
Natalizumab and AHSCT patients over treatment (Fig. 52). Specifically, TNFo was
significantly higher in Natalizumab patients compared to AHSCT at t24, whereas CXCL10
and CXCL13 were significantly higher in AHSCT patients compared to Natalizumab at
t24. Not much is known, from literature, about recall chemokines after AHSCT; on the
other hand, it is known that Natalizumab determines an increase in pro-inflammatory
cytokines in periphery (Khademi M et al, 2009). However, the levels of other pro-
inflammatory cytokines, such as IFNy, were not significantly increased in our patients
after 24 months of Natalizumab. This result could depend on the fact that, in some cases,
IFNy and other pro-inflammatory cytokines are too low to be detectable in the serum
and, furthermore, the presence of autoantibodies directed against cytokines, as reported
in literature in MS patients, could affect their detection (Cappellano G et al., 2012).

It is worth mentioning that our results do not suggest that previous first-line treatments
of patients impacted the TCR repertoire, since these treatments were randomly
distributed in the two cohorts and variate intra- and inter- patient groups.

In summary, repertoire sequencing statistics evaluated longitudinally patient by patient
suggest that, even though it was possible to distinguish the two treatments describing
the TCR repertoire dynamics, each patient has its own repertoire and shows an

individual treatment response (Fig. 40). However, when investigating multiple different

137



aspects of repertoire diversity, results showed that clonal expansion (Fig. 41), clonal
persistence (Fig. 42), public clones number (Fig. 43, Fig. 44) and repertoire architecture
(Fig. 45, Fig. 46) differentiate readily between treatment groups. Specifically, for
Natalizumab there is a trend toward a status a less diverse TCR repertoire, that is
significantly different from transplanted patients in CD8 naive cells, whereas in AHSCT
there is an almost complete TCR repertoire reconstitution in all the observed T-cell
subpopulations.

The same bioinformatic analyses were performed on TCR repertoire of CSF and paired
memory T-cell subpopulations from a third group of 4 incoming MS patients.
The immunophenotypic analysis performed by flow cytometry on the CSF of previously
collected 20 MS patients (Fig. 53) showed that most of the T cells present within the CSF
of incoming patients are CD4 EM. Specifically, the total percentage of CD4 cells are
significantly more abundant than CD8 cells and Tem cells are significantly higher
compared to Tcm cells. This is in contrast with previous findings, that reported a
majority of CD4 CM cells in the composition of CSF from MS patients (Kivisdkk P et al.,
2003; van Nierop GP etal., 2017).

The negative Pearson correlation coefficient between Shannon-Evenness and reads and
between reads and clones number ensured the good quality of data (Fig. 55).

Repertoire statistics showed a significant difference between peripheral memory (EM
and CM) CD4 cells, peripheral memory CD8 cells and CSF: memory CD4 cells are
characterized by a significantly higher number of sorted cells, clones and Shannon-
Evenness compared to memory CD8 cells and CSF repertoires (Fig. 56). Of note, the
significant difference in the number of clones, that are the unique sequences, and not in
the number of reads, that are the total sequences, reflects a difference that lies
specifically in the clonality of the peripheral memory subpopulations and it is
presumably not biased by the number of total sequences. The difference in the Shannon-
Evenness value reflects a higher diversity in the TCR repertoire of memory CD4 cells.
Repertoire statistics visualized patient by patient showed a trend in a higher number of
clones and Shannon-Evenness values in memory CD4 cells compared to CD8 and CSF,
that are more variable across patients (Fig. 58).

The clonal overlap was then evaluated between the CSF compartment and paired
peripheral memory T-cell subpopulations in each patient (Fig. 58). Generally, the higher

clonal overlap was found between CD8 EM cells and CSF (1.8-4.8%) compared to CD4
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EM (1.1-4.5%) and CM subpopulations (0.4-1.5% between CD4 CM and CSF and 0-1.3%
between CD8 CM and CSF), that may be linked with results from the previously
mentioned phenotypic analysis of CSF from 20 MS patients (Fig. 59), that showed an
enrichment of Tem cells compared to Tcm in this compartment.

The highest overlap between periphery and CSF was found between CD4 and CD8 EM
cells and CSF (4.5% and 4.8%, respectively) of patient CSF3, whereas the lowest clonal
overlap was found in patient CSF2, who does not share any clone between the CSF and
the peripheral memory T compartment. Of note, this patient is the only one who was
diagnosed with PPMS, whereas the other three were confirmed with RRMS;
furthermore, in the CSF of patient CSF2 (that is characterized by only 41 total unique
sequences) it was observed the presence of a CDR3-a.a. sequence (CASSLLPGDEQF) that
strongly predominates, in terms of frequency, on the other ones (766784 number of
copies) (Fig. 57). To mention, the overlap between periphery and CSF of our patients is
generally lower compared to previous studies (Lossius A et al., 2014), but such
difference may lie in the low number of patients (N=4) included in our study.

As already described for Natalizumab and AHSCT patients, the percentage of sequences
shared between TCR repertoires of CSF patients and McPAS-TCR and VDJ]db was
evaluated. Results showed a significantly higher overlap between peripheral EM and CM
CD4 cells compared to EM and CM CDS8 cells and CSF (Fig. 61). When considering the
disease type in McPAS-TCR (Fig. 62A) or the antigen-species in VDJdb (Fig. 62B),
memory CD4 cells showed a significantly higher sequence overlap with virus-associated
CDR3 sequences compared to memory CD8 cells and CSF, in particular with CMV, EBV
and Influenza A classified in VD]db database (Fig. 62B).

In general, these results showed that TCR repertoires of CSF are more private and more
variable across patients in terms of repertoire statistics (Fig. 56, Fig. 58) and of shared
clones with public databases (Fig. 61, Fig. 62), whereas memory CD4 cells are
characterized by a more diverse and more public TCR repertoire.

Patient CSF2, who was finally diagnosed with PPMS, was characterized by a highly
prominent CDR3-a.a. sequence (CASSLLPGDEQF) in his CSF. In the biggest study on TCR
repertoire in CSF of MS patients, including a total of 10 patients (Lossius A et al,, 2014), a
similar profile in TCR repertoires of patients CSF was not reported. Furthermore, the

sequence CASSLLPGDEQF is not classified in any of the public TCR databases examined
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in this study. It would be worthwhile to investigate whether the presence of this

expanded sequence may correlate with clinical characteristics of patient.

In conclusion, this study demonstrated that the bioinformatic analysis of a big amount of
sequencing data, such as our RRMS database (180 TCR repertoires), requires rigorous
statistics through the choice of quantitative and qualitative parameters to analyze, in
order to perform a consistent comparison between different TCR repertoires. Despite
our results showed that is possible to find a link between molecular and clinical data,
more insights are required, and the bioinformatic analyses workflow that was adopted
in this study could be successfully replicated for similar data. First, it would be
worthwhile, in the future, to enlarge the cohorts, including more Natalizumab and
AHSCT patients and treatment-naive incoming MS patients, and also to extend the
analysis to other T-cell subpopulations, such as Tregs. Furthermore, this study
highlighted on the necessity to find a consensus, within the scientific community, on the
way of analyzing TCR sequencing data, in order to make possible a reliable comparison

across different studies.
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