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Abbreviation list

AD- autoimmune diseases

ADCC- antibody-dependent cell-

mediated cytotoxicity
AHR- aryl hydrocarbon-receptor

AID - activation-induced cytidine

deaminase
AIRE- autoimmune regulator genes

ALCAM- activated leukocyte cell

adhesion molecule

ALL- acute lymphoblastic leukemia
AP-1 — activator protein 1

APCs- antigen presenting cells

ASCL2 - achaete-scute complex

homolog 2

ATP- adenosine thriphosphate
BBB- blood brain barrier
BCRs- B cell receptors

BM- bone marrow

BMDC- bone marrow derived

dendritic cells
C57BI/6- C57 black 6

CDR- complementarity determining

regions

CFA- complete Freund’'s Adjuvant
CIA- collagen-induced arthritis
CK2- casein kinase |l

CLL- chronic lymphocytic leukemia
CMJ - corticomedullary junction
CNS- central nervous system

CSR - class switch recombination

CTLAA4- cytotoxic T-lymphocyte-
associated protein 4

CTV- CellTrace violet
CXCL- C-X-C motif ligand
CXCR- C-X-C motif receptor

DAMPs- damage associated

molecular patterns

DBA-1- Dilute Brown Non-Agouti 1
DCs- dendritic cells

DLN- draining lymph node

DN- double negative

DNA- deoxyribonucleic acid

DP- double positive

DTH- delayed-type hypersensitivity
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EAE- experimental autoimmune

encephalomyelitis

EMA- European medicines agency
FCS- Fetal calf serum

FDA- food and drug administration
Foxp3- forkhead box p3

Gads- Grb2-related adaptor

downstream of Shc

GITR- glucocorticoid-induced TNFR-

related protein

GM-CSF - granulocyte-macrophage
colony-stimulating factor

GWAS- genome-wide association
studies

HSC- hematopoietic stem cells
I.p.- intraperitoneal

I.v.- intravenous

IBD- Inflammatory bowel disease

ICOS- inducible costimulatory

receptor

ICOSL- inducible costimulatory ligand
IEL- intraepithelial lymphocyte

IFN-y — interferon gamma

Ig- immunoglobulin

IL- interleukin
ILCs- innate lymphoid cells

iPBMCs- irradiated peripheral blood

mononuclear cells

IPEX- immune dysregulation,
polyendocrinopathy, enteropathy, x-
linked

IS- immunological synapse

LAT- linker for activation of T cells
LPS- lipopolysaccharide

LSCL- lymphosarcoma cell leukemia
mAb- monoclonal antibody

MAC- membrane attack complex

MAPK- mitogen-activated protein

kinases
MFI- median fluorescence intensity

MHC- major histocompatibility

complex
MLR- mixed lymphocyte reaction

MOG- myelin oligodendrocyte

glycoprotein
MS- multiple Sclerosis

MTECs- medullary thymic epithelial

cells



MTOR- mammalian target of

rapamycin

NF-xpB - nuclear factor-«f3
NK- natural killer cells
NKT- natural killer T cells
NLR — NOD-like receptor
NO- nitric oxide

NOD- nucleotide-binding

oligomerization domain-like receptors
OVA- ovalbumin

PAMPs- pathogen associated

molecular patterns

PBMCs- peripheral blood

mononuclear cells
PD1- programmed cell death proteinl

PI3K- phosphatidylinositol-4,5-
bisphosphate 3-kinase

PKC- protein kinase C
PMA- phorbol myristate acetate
PRRs- pattern recognition receptor

PTEN- phosphatase and tensin
homolog

RA- rheumathoid arthritis

RAG- recombination-activating genes

ROR- RAR-related orphan receptor
ROS- reactive oxygen species
S.C.- subcutaneous

SAg- superantigen

Satb1l- SATB homeobox 1

SCZ- subcapsular zone

SEA.- staphylococcal enterotoxin A
SEB- staphylococcal enterotoxin B
SEE- staphylococcal enterotoxin E
SLP76- Src homology 2 (SH2)
domain-containing leukocyte
protein of 76 kD

SNP- single nucleotide

polymorphisms
SO- superoxide

SOCS- suppressors of cytokine

signaling

SRCR- scavenger receptor cysteine-

rich

SRSF1- serine and arginine Rich

Splicing Factor 1

STAT- signal transducer and activator

of transcription

TCRs- T cell receptors
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TdT- terminal deoxynucleotidyl

transferase

TECs- thymic epithelial cells
Teff- T effector cells

Tth- T follicular helper cells

TGF-B - transforming growth factor
beta 1

Th- T helper cells
TLRs- Toll-like receptor

TNF- tumour necrosis factor

Tregs- T regulatory cells

TSAd- T cell-specific adapter

TSPs - thymic seeding progenitors
TSST-1 -toxic shock syndrome toxin 1

tTregs- thymic Tregs
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Sumario

Nas ultimas décadas, tem se vindo a verificar um aumento crescente no uso de
anticorpos monoclonais (mAb) sendo que actualmente sédo a classe de agentes
terapéuticos mais usada, representando uma industria de milhées com ja 30 mAb
aprovados para terapéuticas em humanos e mais ainda sob avaliacao clinica.

As suas principais vantagens em comparacao com outras terapéuticas consistem
num elevado grau de especificidade e também flexibilidade que se usadas contra
alvos na sinapse imunoldgica irdo realcar as suas propriedades imuno-
moduladoras.

O CD6 uma glicoproteina transmembranar da sinapse imunoldgica, importante para
estabilidade da apresentacdo de antigénio, maturacdo da sinapse imunoldgica e
uma proliferacdo das células T 6ptima, foi reavivado enquanto alvo terapéutico
aguando da criacdo de um novo anticorpo monoclonal ndo-depletante em meados
dos anos 90. Apesar de ter sido estudado extensivamente ao longo dos anos,
compreender a sua dindmica tem sido bastante dificil sobretudo devido a existéncia
de resultados paradoxais. Contudo uma coisa é certa, 0 seu papel nas patologias
autoimunes, como € o caso da esclerose multipla, artrite reumatoide e psoriase.
Um exemplo de quéo paradoxal o papel do CD6 é, é o caso em que se por um lado
em modelos animais de esclerose multipla ou psoriase a sua auséncia (KO) resulta
em atenuacao ou proteccao da doenca, por outro lado num modelo de artrite a sua
auséncia torna a doenca ainda pior.

Para compreender melhor a razéo de tal comportamento paradoxal, decidimos tirar
partido deste novo anticorpo nédo depletante, anti-CD6 d1, desenvolvido em Cuba
pelos nossos colaboradores, e tentar entdo descobrir como € que o “targeting” do
CD6 pode afectar as propriedades funcionais das células T e como € que isso se
relaciona com as imuno-patologias aqui estudadas. Aqui mostro como € que ambos
0s anticorpos, ratinho e humano, contra o CD6 vao fazer exatamente isso.
Primeiro investigamos como é que fazendo “targeting” do CD6 com 0 nosso

anticorpo iria afectar o normal desenvolvimento de um modelo animal de esclerose
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multipla, para tal usdmos o modelo de EAE, um modelo j& bem estabelecido no
nosso laboratorio.

O tratamento com o0 nosso anti-CD6 foi intrigante, uma vez que os resultados
obtidos estavam fortemente relacionados com as doses administradas. Ou seja,
enguanto uma dose baixa era protectora, ja uma dose alta ou era equivalente ao
controlo ou acentuava a doenca ainda mais. Contudo estes resultados em ratinho
apesar de inesperados, estdo em concordancia com relatérios de ensaios clinicos
em artrite reumatoide, onde também os efeitos protetores mais persistentes no
tempo, advém da dose testada mais baixa. Para compreender os mecanismos por
detras destas observagdes, investigamos como é que o “targeting” de CD6 estaria
a afetar a normal especializacao funcional das células T (polarizacdo). E de acordo
com 0s nossos resultados in-vitro, verificamos uma vez mais um efeito dependente
da dose, enquanto doses crescentes de anti-CD6 d1 comprometiam a polarizacéo
das células T reguladoras, pelo outro lado eram mais favoraveis a polarizacédo de
células Thl.

De forma a tentar excluir um potencial efeito de impedimento estérico, resultante do
elevado tamanho de um anticorpo IgG, usdmos CD166 soluvel (ligando CD6 d3)
como forma de quebrar as interagcdes entre o CD6 nas células T com o CD166
(ALCAM) nas células apresentadoras de antigénio. Contudo o uso do CD166 soluvel
nao foi capaz de mimetizar o efeito do nosso anti-CD6 d1, sugerindo um efeito
independente de impedimento estérico.

Mais ainda, fazer “targeting” do CD6 com o nosso anticorpo, sugere um efeito mais
direcionado para a transducdo de sinal propriamente dita, porque estas
propriedades imuno-moduladoras s6 sdo detetaveis se condicfes de activacao
fisiologicas forem usadas. Para reforcar o seu impacto a um nivel mais especifico,
temos o facto de que nem a proliferacdo ou sobrevivéncia foram afetadas
significativamente. Na verdade, o uso de condigbes supra-fisiolégicas, como
activacdo por anti-CD3/anti-CD28 resulta na perda de quaisquer efeitos a nivel de
polarizacéo.

Seguindo o racional de um efeito dependente de dose aquando do “targeting” de

CD6, decidimos explorar o seu potencial terapéutico noutros modelos de doenca
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com uma cinética de ac¢ao oposta as doengas autoimunes. InvestigaAmos entéo, se
num modelo de cancro da mama doses altas de anti-CD6, dadas com diferentes
estratégias resultariam no total desaparecimento do tumor ou num crescimento mais
reduzido. Os nossos resultados confirmaram entdo que uma dose alta de anti-CD6
d1, ainda que administrada de forma cumulativa, resulta num abrandamento do
crescimento tumoral. Contudo a forma como o “targeting” de CD6 especificamente
afeta as células T CD4* permanece inconclusiva, visto ndo haver significancia
estatistica. Ainda assim, os dados parecem sugerir um impacto negativo ao nivel
das células T reguladoras CD25*Foxp3*, especificamente as que infiltram os
tumores. Outra observacao a considerar, foi um aumento ao nivel da expresséo de
IL-17 por estas mesmas Tregs infiltrantes, expressao esta descrita como associada
com caminhos de activagdo de MAPKinases previamente também eles associados
com activagao de CD6.

Sob estas mesmas condi¢cdes 0s nossos dados sugerem ainda um impacto negativo
por parte do anti-CD6 d1, ao nivel da activacdo propriamente dita como mostrado
pelos niveis de MFI de CD25, uma associacdo previamente estudada em células
humanas por outro laboratoério.

Como forma de validar o nosso anti-CD6 d1 de ratinho enquanto substituto de
estudo adequado para o Itolizumab (human anti-CD6 d1), tivemos entdo de
investigar também como € que o préprio Itolizumab afectava as propriedades
funcionais das células T CD4" in-vitro. E tal como esperado, quando tratadas com
ant-CD6 d1, as células humanas também mostraram um impacto dependente da
dose em que doses crescentes impedium a polarizagao de Tregs enquanto por outro
lado favoreciam as Thls. Contudo, ao contrario do observado em ratinhos, e apesar
de ndo afetar a sobrevivéncia, o “targeting” do CD6 afectou ligeiramente a
proliferacdo em células humanas. Além disso, os dados das células humanas
sugeriram também um efeito independente do impedimento estérico e dependente
de condic¢Oes de activacdo as mais fisiologicas possiveis de forma a que o impacto
do anti-CD6 d1 pudesse ser percetivel.

Estratégias de activacdo como anti-CD3/anti-CD28 ou mistura de SAgs e APCs,
precisamente porque ndo permitem que haja um impacto do anti-CD6 d1 ao nivel
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das céulas T CD4* ajudam a perceber quais as vias de sinalizacdo em que o CD6
esta de facto envolvido.

Em suma, os nossos dados mostram um efeito dependente de dose ao nivel da
polarizagdo das células T quando “targeted” com anti-CD6 d1, efeito esse que
consiste numa menor polarizacdo de Tregs a medida que se aumenta a dose
enguanto que ao mesmo tempo a polarizacéo de Th1l é favorecida, observavel tanto
em células de ratinho como humanas.

Uma explicacdo potencial para estas observacdes poderia ser a relacao existente
entre niveis de ativacdo e sensibilidade de polarizacéo, isto €, niveis diferentes de
ativacdo causados pelo anti-CD6 podem resultar em fendtipos de polarizacéo
especificos.
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Summary

In the last few decades, monoclonal antibodies have become one of the most widely used
classes of therapeutic agents, representing a billion-dollar industry with more than 30
monoclonal antibodies approved for human therapeutics and many others under clinical
evaluation.?

Their main advantages regarding other therapeutic agents consist of high specificity and
high flexibility, which applied against targets involved in immune synapse will enhance its
immunomodulatory therapeutic benefits. CD6 an immune synapse transmembrane
glycoprotein, important for the stability of antigen presentation, maturation of immunological
synapse and optimal T-cell proliferation, has been revived as a therapeutic target since the
creation of a nondepleting anti-CD6 mAb in the early '90s. Despite CD6 has been
extensively studied, understanding its biology has been difficult due to paradoxical results.
Still, one thing is for sure, which is its role in autoimmune pathologies, as it is the case of
Multiple Sclerosis, Rheumatoid Arthritis, and Psoriasis. And an example of CD6 paradoxical
impact is, while in experimental autoimmune encephalomyelitis (EAE) and imiquimod-
induced psoriasis CD6-deficient mice show disease protection or attenuation, in collagen-
induced arthritis (CIA) the absence of CD6 made it even worst.

So, we have decided to take advantage of this new non-depleting mAb against CD6 d1,
developed by our collaborators in Cuba and try to understand how targeting CD6 would
impact T cell functional properties and how it would interfere in immune pathologies. Here,
| show how both murine and human antibodies targeting CD6 domain 1 influenced exactly
that.

First, we have investigated how targeting CD6 with our mAb would affect the normal
development of a mouse model of MS, to do so we used a well-established EAE model,
which had already been used in the lab.

Treatment with anti-CD6 was intriguing, since the outcome was heavily related to the dose
being used, meaning while a low dose was protective, high doses showed a level of disease
severity equivalent or even worse than the control group. However, our mice results do
resemble the reports on RA clinical trials, where lower doses were the ones giving longer-
term responses. To uncover the mechanisms behind it, we investigated how CD6 targeting
was affecting CD4+ T cell functional specialization. And accordingly, to our in-vitro results,

we verified that once more, in a dose-dependent manner, while increasing doses were
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compromising Tregs polarization, in the case of Thl's it was favoring it. To try to exclude a
possible steric hindrance effect due to the mAb size, we used a soluble CD166 (CD6 d3
ligand) as a means to disrupt T cell's CD6 interactions with APC's CD166. However, this did
not mimic CD6 targeting with our anti-CD6 dl1 mAb, suggesting a steric hindrance
independent effect. More, targeting CD6 with our mAb suggests a direct effect over signaling
itself, since its modulatory properties are only detectable if under activating physiologic
conditions. Under supra-physiologic stimulation like with anti-CD3/anti-CD28, the impact
over polarization is lost.

We expected the impact of anti-CD6 d1 to be a fine-tuned one since no major alterations
were seen on either T cell survival or proliferation.

Following the rationale of this dose-dependent effect caused by CD6 targeting, we decided
to explore its therapeutic potential on other disease models with opposite kinetics to
autoimmune diseases. So, we investigated if in a model of breast cancer, high doses of anti-
CDe6, given under different delivery strategies, would result in total tumor clearance or
reduced tumor growth. Our results ended up showing a reduced growth tumor ability if given
in in-situ cumulative doses. However, the way CD6 targeting specifically impacted the CD4+
T cell population was not very conclusive due to the lack of statistical significance. But once
more the data suggested a negative impact over CD25'Foxp3* regulatory T cells,
specifically tumor-infiltrating ones. Another observation was a potential increase of IL-17
expression by these very same infiltrating Tregs which has been associated with MAPK
activation pathways also associated with CD6 activation. Under these same conditions our
data also suggests, a negative impact of CD6 targeting over CD4* T cell activation as
measured by CD25 MFI levels, a relation previously reported on human cells by literature.
To validate the mice anti-CD6 d1 mab as an adequate proxy of itolizumab, we have also
investigated how Itolizumab would impact CD4* T cell's functional properties in-vitro. And as
expected, when treated with anti-CD6 d1, human cells also displayed a dose-dependent
negative impact over Treg polarization while on the other side favoring Thl's. But contrary
to mice, and despite no impact on survival, targeting CD6 did significantly impact. Besides
that, human data also suggested a steric hindrance independent effect and dependence on
physiological activation conditions so that an impact on T-cell functional properties could be
perceived. Activation strategies like anti-CD3/anti-CD28 or SAg mix and APCs, precisely
because did not allow an impact of anti-CD6 d1 on CD4* T cells, shed some light into which

signaling pathways anti-CD6 d1 was affecting.
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Overall our data show a dose-dependent impact of anti-CD6 d1 over T cell functional
specialization, meaning while increasingly high doses reduce T cell's polarization ability
towards Tregs also favors Thl induction, something true for both murine and human cells.
A potential explanation for such observations is the relation between activation levels and
polarization sensitivity, so different activation levels caused by CD6 targeting might favor
specific polarization phenotypes.

Our data highlights the importance of dosage and how the same drug might be beneficial

for different disease conditions.

18



Introduction




INTRODUCTION

1. The Immune System

Immunity derived from the Latin word immunis means free or untouched and is
one of the most complex systems comparable only to the nervous system.

It is essentially a network of molecules, cells, tissues, and organs specialized in
keeping the organisms in a state of equilibrium to avoid disease.

This equilibrium requires neutralization of pathogens like bacteria, virus,
parasites and fungi, recognition and neutralization of harmful environmental
substances and action against damaged or altered cells from the own body.
Any alteration in this equilibrium between pro and anti-inflammatory immune
responses results in disease.!

We can divide the immune system in innate and adaptive immunity, but we must
remember they depend on each other.

To be accurate the first line of defense against infection is anatomical and
physiological barriers followed immediately by an innate response, the oldest
form of immunity throughout evolution. This readiness happens because of its
non-specificity towards antigen, however, adaptive immunity takes longer but is
highly specific for each infection and upon re-exposure becomes faster and

stronger.
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Anatomical and
Physiological barriers Innate Immunity

Adaptive Immunity

- Intact
skin

Ciliary
clearance

Low stomach pH
Humoral

R

Lysozyme
in tears
and saliva

- Antibodies

Fig.1l- Interconnectivities of Human Immune System

As adapted from Turvey et al 2010 The human microbial defense can be divided into
three arms: (i) anatomical and physiological barriers; (ii) innate immunity; and (iii)

adaptive immunity. With some elements making the connection between the arms. 2

1.1 Innate Immunity

When anatomical and physiological barriers like intact skin, mucociliary
clearance, low stomach pH and bacteriolytic enzymes in secretions fail, the
innate immunity gets immediately triggered and an inflammatory response
begins. 3

The triggers are damage-associated molecular patterns (DAMPSs) and pathogen-
associated molecular patterns (PAMPs). The first, DAMPSs, are molecules

upregulated and released during cell lysis and tissue damage either in sterile or
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infectious inflammation. The seconds, PAMPs, are highly conserved microbial
components essential for survival and virulence of pathogens.

These triggers activate cells when recognized by pattern recognition receptors
(PRRs), which are germline-encoded and although this lack of flexibility is a
disadvantage it is overcome by its essentiality to pathogen survival and a ready
to go response.

But there is also the opposite strategy where innate immune cells must recognize
specific molecules expressed only by healthy cells to inhibit their activation.
This independence of genetic recombination and developmental phases buys
time for the adaptive immunity to get triggered and ready.

PRRs are divided into several classes like the nucleotide oligomerization domain
(NOD)-like receptors (NLR), Toll-like receptors (TLRs), C-type lectin receptors
(CLRs) scavenger receptors and cytosolic DNA sensors between others. They
are found either at the cell surface, cytoplasm or endosomes which allows them
to detect both internal and external threats.?

At the cell surface where they detect microbial cell-wall components like LPS
(TLR 4), we find TLR 1, 2, 4, 5 and 6. In endosomes where they recognize
microbial nucleic-acids like ds-RNAs (TLR3), we find TLRs 3, 7, 8 and 9. But
TLRs also recognize DAMPs from the host, like heat shock proteins (TLR2-4)
and Chromatin-IgG complexes (TLR9). 45

Triggering PRRs activates transcription factors like NF-k@, AP-1, and IRFs, this
will start pro-inflammatory cytokines and chemokines production, presentation of
co-stimulatory signals (contact-dependent or independent) and finally cell
recruitment to the site of injury with activation of the adaptive immunity.

The elements involved in this initial phase are from the humoral and cellular
origin. Between the humoral components, we have the Complement, LPS-
binding, and C-reactive proteins as well as other pentraxins, collectins and anti-
microbial peptides like defensins. Regarding the cellular components they can
be of hematopoietic and non-hematopoietic origin. 2

The complement system (C1-C9) it's a liaison between inflammatory triggers and

other immune responses like antibodies and phagocytic cells. This is set in
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motion by a coordinated enzyme cascade resulting in danger clearance, through
pathogen recognition, opsonization, and lysis.

Lysis occurs through a structure called membrane attack complex (MAC) that
essentially introduces pores on pathogen cell walls and kills them.

This is a highly regulated system, which requires activation of its precursors in a
proper sequence to form enzymatic complexes which rapidly dissociate and
return to inactivity.®

The hematopoietic group includes both myeloid cells (macrophages, dendritic
cells-DCs, neutrophils, eosinophils, mast cells, and basophils) and innate
lymphoid cells (ILCs). While the non-hematopoietic, also known as immune
stroma includes fibroblasts, endothelial and epithelial cells essentially cells that
form the architectural structure necessary for proper cell interactions and proper
display of molecular cues needed for position growth and survival.
Macrophages and DCs reside in tissues while scavenging it to find signs of
danger, once they get activated and initiate a pro-inflammatory response, blood
circulating neutrophils are recruited to the tissue. All the three are highly
phagocytic cells, but while macrophages and neutrophils are responsible for
removal and disposal of pathogens, infected cells and immune complexes using
strategies like nitric oxide (NO), superoxide (SO), reactive oxygen species
(ROS), enzymes and pro-inflammatory cytokines with anti-microbial properties,
DCs are responsible for the connection with the adaptive immune system.7 They
bridge this connection by presenting the antigen to T cells, and although other
cell types can also present it (macrophages and B cells) they are the professional
antigen-presenting cells APCs.

When the pathogens are large parasites like helminths they cannot be
phagocytized, so eosinophils come into action and kill them by releasing cytotoxic
granules, cytokines, and lipid mediators. This will increase inflammation as well
as tissue destruction, in fact, eosinophils are responsible for allergic diseases like
asthma. 8

Allergic diseases are also misdirected immune responses perpetrated by long-

lived tissue-resident mast cells and short-lived blood circulating basophils which
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releases inflammatory mediators like histamine and have anti-bacterial
properties.®

But lymphoid cells are also involved in innate immunity, they are the ones with
the germline-encoded ready to go antigen receptors. For more than 30 years
ILCs were all about NK cells but recently, new populations arise, the ILC1, 2 and
3. They look like the innate version of T cells with both ILC1 and Th1 producing
IFN-y, ILC2 and Th2 producing IL-4, 5, 9 and 13, ILC3 and Th17 producing IL-17
and 22 and finally NK and CD8* T cells both being cytotoxic. However, they are
much better pro-inflammatory and immunoregulatory cytokines producers, and
this allows them to direct adaptive immunity in the best way to fight each specific
threat. Their localization is also strategic, they are at sites of potential invasion
and colonization by pathogens like barrier surfaces: skin, lung, intestine, some
adipose tissues, and mucosa lymphoid tissues. 1011

Innate immunity and adaptive immunity are intrinsically

\nnate "“‘m“mt

connected. *?
If on the one hand the adaptive immunity activation depends
on antigen presentation, where DCs uptake the pathogen,
“% migrate to draining lymph nodes, process it mature and
present it to naive T cells and also on the type of DC stimulus, crucial for T cell
polarization, accordingly to the specific group of pathogens to be cleared. On the
other hand, the classical activation of the complement system is dependent on
antibodies to initiate the enzymatic cascade. Essentially, to function properly they

need each other.13
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1.2 Adaptive Immunity

Three words: specificity, adaptability, and memory. As its name states it adapts
to each new threat by making use of genetic recombination to produce antigen-
specific receptors that allow, specific, faster and stronger responses on
subsequent exposures to the same threat.

Like with innate immunity, we can also divide adaptive immunity into humoral and
cellular components.

Humoral components include antibodies that depend on B cell activation and
cellular components include CD8* cytotoxic T cells which depend on T cell
activation. However, we must keep in mind that CD4* T helper cells are also
essential since they provide both B, T and innate cells help.

B cells only require help from T cells if the antigen is a protein, and we call it
thymus-dependent immune responses otherwise they independently activate
themselves.

Once again both innate and adaptive immunity is triggered by cell receptors in
this case, we have the BCRs (B cell receptors) and TCRs (T cell receptors), which
account for specificity since they are antigen specific. But contrary to innate
immunity here they are a result of random somatic recombination as well as a
somatic mutation in B cells' case from germline pools of DNA segments.

These processes called recombination and somatic hypermutation, allow as
much as 102 and 10%° possible TCR and BCR combinations to cover all the
pathogens that could ever be encountered in a lifetime as well as increased
affinity/avidity

Another advantage of adaptive immunity besides specificity and flexibility is the
memory, innate immunity does not have it, no matter how many times they

encounter the threat.
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The immunological memory is the ability to respond specifically, faster and
stronger upon antigen re-exposure and both B and T cells can differentiate into
memory cells during a first encounter with the antigen, the pillar of vaccination.

Again, like some innate cells, B and T cells also derived from hematopoietic stem
cells (HSC) which branched into the lymphoid lineage and while B cells mature

in the bone marrow, T cell progenitors must migrate into the thymus to do so.
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Fig2. lllustration of common lymphoid cell precursors’ production and maturation at
primary lymphoid organs and migration into circulation and secondary lymphoid

organs.
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Bone marrow (BM) and thymus constitute the primary lymphoid organs but is in the
secondary lymphoid organs (spleen, lymph nodes, and mucosa-associated
lymphoid tissues) where all the action takes place. Here B and T cells meet directly
or are presented with the antigen to which they are specific.

While B cells are capable of directly recognize the antigen, T cells require the antigen
to be presented within a major histocompatibility complex (MHC). There two types
of MHCs the | and Il, the MHCI is expressed by all nucleated and healthy cells and
the MHCII is expressed only by APCs a group that includes DCs and B cells. Also,
MHCI antigen presentation is specific of CD8* T cells, while MHCII of CD4* T cells.
When all these conditions are reunited an adaptive immune response begins.

1.3. B cells

Back in the 1890s when diseases like diphtheria and tetanus were Killing
thousands of people a year, Behring and Kitasato discovered the importance of
a group of circulating antitoxins, in the fight against them.*

Then, later in the twentieth century, Ehrlich came to propose that these anti-
toxins (antibodies) were produced and released by certain cells due to antigen
stimulation. 1> But it was only in the 1930s and late in the 1940s that both its
physical nature and cellular source (B cells) were finally discovered. 1618
However, it took until 1965 for B cells to be considered as an independent
lymphocyte lineage. 1°

Like T cells, B cells also derive from hematopoietic stem cells in the bone marrow,
where they will start their development that includes B cell receptor (BCRS)
recombination and which is mediated by enzymes like RAG and TdT resulting in
higher antigen receptor diversity. 2°

BCRs can be divided into two heavy (H-chain) and two light chains (L-chains)
connected by disulfide bonds. But it will be their N- and C- terminal regions that
will define them.
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N-terminal regions of both H- and L- chains form the antigen-binding domain,
accounting for antibody specificity. This domain is comprised of three
hypervariable complementarity determining regions, CDR1-3, the targets of
V(D)J recombination guarantying increased diversity of antigen specificity. 222
By contrast, the C-terminal regions of both H- and L-chains are constant and
define the antibody isotype, responsible for its function.

Naive immature B cells, only express IgM and IgD isotypes, but when they
migrate to secondary lymphoid organs and become activated, class switch
recombination (CSR) is triggered. This process is also mediated by an enzyme
called activation-induced cytidine deaminase (AID) and the outcome of switching
will depend on environmental cues, like cytokines produced by T helper cells.
Thus, if supported by Th2s they will produce IgG1 and IgE, if supported by Thls,
they will produce 1gG2 but if they are in mucosal tissues, they will produce IgA.
These five different isotypes are responsible for activating different types of
immune cells specific for each situation while keeping the same specificity. 2327
To improve specificity and most of all adaptability B cells introduce random
mutations into their Igs' CDR domains through a process of somatic
hypermutation.

Random mutations will be followed by a process of affinity maturation selecting
the B cell clone with the highest antibody affinity, this will ensure a proliferative
advantage upon antigen recognition associated with increased survival and
growth signals. 28

Maturation of B cells will also result in memory, and these long-lived plasma cells
upon antigen re-exposure are capable of rapidly react and secrete higher levels
of antibodies for longer periods. This is the basis for vaccination however is also

the reason why allergies and autoimmune diseases can perdure. 2°
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Fig.3 lllustration of a germinal center, where activated B cells proliferate,
differentiate and go under several rounds of somatic hypermutation and affinity

maturation of their antibody genes.

1.4. T cells

Like B cells, T cells also derive from bone marrow HSC precursors, but contrary to

them they must migrate to the thymus to develop.

These thymic seeding progenitors (TSPs) 3031, enter the thymus in reduced numbers

and once they get in contact with thymic epithelium the journey begins.

The spatial and temporal organization is the key for proper T cell maturation. Thus,
we can divide the thymus into four compartments: subcapsular zone, cortex, medulla

and corticomedullary junction (CMJ). 32
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Fig. 4 lllustration of T cell development and maturation in the thymus.

First TSP enters the corticomedullary junction through postcapillary venules, where
these early thymic precursors, also called double negative CD4- CD8 -(DN1) cells,
proliferate and begin to differentiate. 32 After leaving the CMJ, DN1 cells migrate
deeply into the cortex towards the subcapsular zone (SCZ). Here, DN1 will receive
stimulatory signals from the stroma, mostly thymic epithelial cells (TECs) and
fibroblasts.3233 At this stage (DN2) their fate becomes more restricted and gene
rearrangement at the TCR gene loci begins with upregulation of pre-TCRa chain and
Rag1.3* When reaching DN3 stage, T cell lineage is already defined, either o or

v0.35 T cells expressing ap TCRs, require an additional checkpoint, a B-selection.

This checkpoint demands a fully functional pre-TCR, which is made of a rearranged
TCRB-chain, CD3 chains, and an invariant pre-TCRa chain. Together with Notch1,

the cells can now receive signals for survival and metabolism.36:37

If successful, DN4 cells migrate back to the cortex until reach the medulla, along the
way pre-TCR signaling allows for CD4 and CD8 expression, at this point Ragl and

2 are re-expressed so that TCRa rearrangement can begin.3®

Functional o TCRs will determine if the cell survives and its fate, by establishing

the strength and specificity towards peptides in MHC ligands presented by cTECs,
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DCs, and fibroblasts. This is Positive Selection, where only the TCRs with

intermediate avidity for self-peptide-MHC complexes can thrive. 39

After this second main checkpoint, DP thymocytes will commit either to CD4 or CD8
single-positive lineage (SP).

When finally, they reach the medulla as SP thymocytes they are again tested. In this
third checkpoint (Negative Selection), the goal is to prevent autoreactivity so,
thymocytes with high-affinity TCRs for self-peptides are instructed by mTECs, which
can express tissue-specific antigens (encoded by the autoimmune regulator gene-
AIRE) to commit apoptosis.3°:40

Negative selection in the thymus is the first mechanism of tolerance also known as
Central Tolerance, but this is not enough to constrain autoreactive T cells. Thus, the
pool of mature T cells leaving the thymus towards the secondary lymphoid organs

also include some immature self-reactive naive cells.

All of us have autoreactive T cells, but not all of us have autoimmune diseases, in
fact, a group of self-reactive T cells leaving the thymus and Foxp3+ take a part in

maintaining peripheral tolerance.*!

At the periphery, activation of naive T cells requires interaction between the
TCR/CD3 complex, and antigen presented at the MHC plus a second signal, co-

stimulation.

Co-stimulation is an independent signaling pathway that synergizes with antigen-
specific signals to allow lymphocyte activation otherwise they just become anergic.
Examples of co-stimulatory partnerships between T and APCs are CD28/CD80 or
CD86; OX40: OX40L; ICOS/ICOSL and CD40L/CD40.

However, specific T cell responses are determined by a balance between not only,
co-stimulation but also co-inhibition, examples of inhibitory receptors are CTLA4 and
PD1.4

Besides the common a3 TCRs (90-95% T cells), also known as conventional T cells,

there is also a group of unconventional T cells, ya T cells and NKT cells.*3
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The first to be associated with immunologic memory was the conventional T cells.
These cells are characterized by their af TCRs plus the co-receptors CD4 or CD8

and their capacity to recognize processed antigenic peptides within MHC groves.

While, CD8" T cells, are a subpopulation of MHC | restricted cytotoxic T cells
responsible for killing cancerous or virally infected cells in a contact-dependent
manner through induction of apoptosis. CD4* T cells, are MHC Il-restricted and

mostly responsible for modulating both humoral and cellular immunity.

Unconventional T cells, are kind of a hybrid between adaptive and innate immunity,
if on the one hand they also express TCRs, on the other hand, the repertoire is much
more limited, and the nature and distribution of the recognized molecules are
completely different plus that they bind their antigens directly with no need for

classical MHC presentation but instead dependent on conformational shape.*

Intraepithelial lymphocyte (IEL) compartments, like skin, intestine and genitourinary
tracts are enriched with unconventional T cells, NKTs but mostly yd T cells. The
latter, by recognizing the so-called, "stress antigens” (e.g. phospholipids and alkyl
amines) helps preventing infected or transformed cells dissemination and
contributes for tissue homeostasis.*® NKTs on the other hand are mainly specialized
in responding against certain types of bacteria, fungi and parasites, but recently they
have also been associated with autoimmunity and immunosurveillance. NKTs, on
the other hand, are mainly specialized in responding against certain types of
bacteria, fungi, and parasites, but recently they have also been associated with
autoimmunity and immunosurveillance. NKTs, as its name implies, share T cell
traces like aff TCR expression and NK traces like the expression of CD56 and NK1.1
marker. Similar to T cells, they must be presented with the antigen. However, instead
of peptides, it will be glycolipids and instead of classical MHC presenting it will be a
CD1d molecule.44 Another great advantage of this population is, depending on the
environment they can be triggered to rapidly release big amounts of several
cytokines like IFN-y, IL-4, IL-10, IL-13, IL-5, GM-CSF, TNF, IL-21, and IL-17. As with
conventional T cells, the authors defend this diversity to be a result of different
specialized populations and the need for further studies.*>49
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1.4.1.CD4+ T cells

As previously referred CD4 T cells, also known as T-helpers, provide help to both
adaptive and innate immunity. They do it by secreting specific sets of cytokines
accordingly to environmental cues, resulting in recruitment and activation of other
cells. In fact, they boost, not only primary but also memory immune responses.*°

Along with the context of an immune response, mature APCs activate CD4+ T cells,

resulting in proliferation and differentiation into a variety of specialized subsets.
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Fig.5 lllustration of the different possible CD4* T cell differentiation pathways and
their associated transcription factors and inducing cytokines. Adapted from Coomes
et al 2013.

The concept of differentiation was proposed almost thirty years ago by Mosmann
and Coffman to explain how T-helpers could promote completely different immune
responses.>! Based on their cytokine profile they were classified into two terminally
differentiated groups, Thl, and Th2 plus a controversial regulatory population,
nTregs. Thl cells are responsible for immune responses like delayed-type
hypersensitivity (DTH), cellular immunity, B cell class switching to IgG2a and
clearance of intracellular pathogens or transformed cells.?® In these
microenvironments, APC and NK cells are induced to produce cytokines like 1L-12
and IFN-y.5253 |L-12 is responsible for activating the transcription factor STAT4
which results in more IFN-y expression, responsible for upregulating STAT1 and

resulting in T-BET expression the master regulator of Thl cells. T-BET activation,
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will then lead to IL-12RB upregulation assuring a positive feedback for Th1
differentiation, but a negative one for Th2 and Th17 (later discussed).>* Once
differentiated they produce mostly IFN-y and IL-2, essential for phagocytic activity
and cytotoxic CD8* T cells' activation. But when its activity is not properly regulated,
it results in inflammatory and autoimmune diseases, like colitis or multiple

sclerosis.>:%6

Fig.6 lllustration of CD4* T-helper 1 polarization.

Th2, on the other hand, are responsible for allergies, humoral immunity, B cell class-
switching to IgG1/IgE and clearance of extracellular bacteria or parasites. Th2s are
induced when after activation cytokines like IL-4 and IL-2, abundant in these
microenvironments bind recently activated T cells.

IL-4 recognition then activates STAT6 resulting in GATA3 upregulation, the master
regulator of Th2 cells. Together they activate a set of Th2-related gene loci,
responsible for cytokine production, proliferation, and inhibition of Th1 differentiation.
Other transcription factors involved are IRF4 and STATS. While the first activates IL-
4 promoter resulting in GATAS3 upregulation the second is activated by IL-2 that
together with GATAS3 promotes IL-4 expression. Again, positive feedback is present.
Upon differentiation, they will secrete IL-4, IL-5, and IL-13 which will mostly act upon
innate cells, with IL-4 and IL-13 as its key cytokines.®’
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Their main targets are mostly innate cells like macrophages, basophils and mast
cells, but the impact also on B cells and non-hematopoietic cells like epithelial cells
present in mucosal surfaces.

Seemingly redundant on function, when in physiological conditions IL-4 and 13 have
preferential roles. During a helminth infection, IL-4 is essential for IgE production and
mast cell activation while IL-13 is essential for goblet cell hyperplasia, mucus
production, and parasite expulsion. 58 Even when type 2 response lacks proper
regulation and results in allergic diseases like asthma, IL-4, and IL-13 again despite
overlapping functions have preferential roles. IL-4 favors IgE and IgG1 production,
while IL-13 is essential to goblet cell hyperplasia, smooth muscle contraction, and

mucus production.>®

Fig.7 lllustration of CD4* T-helper 2 polarization.

Besides mutual regulation between Thl and Th2, in the '60s, right after finding out
the importance of thymus for immunity60, a population of T-cells capable of
immunosuppression was proposed. However, such population was accepted only in
the '90s with the induction of autoimmunity by neonatal thymectomy or transfer of T-

cell populations depleted of specific cell types into lymphopenic mice.51.62

Named regulatory T cells (Tregs) and identified by the markers CD5Me" CD25* and

CDA45RB'"" this new population still missed a master regulator. 61.63
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Almost 10 years later, Sakaguchi and his laboratory finally identified Tregs' master
regulator, Foxp3, a transcription factor which absence results in scurfy mice and
IPEX (immune dysregulation, polyendocrinopathy, enteropathy, x-linked) syndrome,

both autoimmune and inflammatory diseases. 646566

Thymic Tregs (tTregs) are the most well studied regulatory T cells, whose specific
epigenetic landscape needed for lineage fate commitment, accordingly to Kitagawa
et al 2017, which requires a permissive epigenetic remodeling of Tregs' specific
super-enhancers. Satbl, a global genome organizer highly expressed during
thymocyte development can bind these super-enhancers even within closed
chromatin, activating them and assuring lineage commitment. 87 67 Full activation of
specific super-enhancers will also depend on TCR avidity and co-stimulatory signals
provided by thymic epithelial and dendritic cells.586° Such permissive remodelling
will allow for Foxp3 expression and fixation of Tregs' specific epigenetic signature
genes, that also include CD25, CTLA-4 and GITR.”

Immune homeostasis, peripheral tolerance, and regulation of inflammation are
mostly dependent on proper Treg function. This function can be either dependent on
cell contact or based at cytokine secretion and metabolic disruption.”*

Suppressive mechanisms include direct action upon Teft cells through induction of
apoptosis and cell cycle arrest (granzymes and galectin-1) or indirectly by
manipulation of DCs function, either inducing negative signaling for Test (CTLA-4) or
disruption of proper DCs-T cells interactions (neuropilin).”>”> Also secretion of
cytokines like IL-10, TGF-B, and IL-35 as well as disruption of target cell metabolism,
by higher consumption of critical cytokines (IL-2) or even increased expression of
proteases (CD39 and CD73) that hydrolyze ATP and compromise DCs' maturation

will impact on Test function.’.76-84
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Fig8. lllustration of CD4* thymic Treg polarization.

Still, these populations were not enough to explain the growing complexity of T-
helper phenotypes, which despite shared characteristics with the previous subsets
presented new ones. But it took extra 5-10 years, until the characterization of these
new populations which include Th17, pTregs, Tth, Th9, and Th22.

Th17 cells appeared in the early 2000s as a new hypothesis for the regulation of
tissue damage present in both microbial infections and autoimmunity, no longer
explained by the Th1/Th2 Mosmann and Coffman hypothesis.8-%0

When they appeared, researchers considered IL-23 as the main inducer of Th1l7,
but in 2006 three independent labs, showed that IL-23 was most important for
survival and expansion while TGF-B and IL-6 were essential for polarization.®1-%4
Binding of TGF-p to its receptor activates the SMAD signaling pathway which results
in both Foxp3 and ROR-yt expression.

At this point depending on microenvironmental cues, these cells can either
differentiate into Th17 or a new population discovered around the same time,
peripheral induced Tregs (pTregs), which we will discuss later.

So, if the microenvironment is more pro-inflammatory and has higher concentrations
of IL-6, STAT3 signaling pathway becomes activated. This results in IL-21

expression initiating an 1L-21/STAT3 autocrine loop responsible for a sustained
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STATS3 activation and expression of Thl7 master regulators, ROR-yt and ROR-
0.93,95

ROR-yt and ROR-a will then induce IL-17A and IL-17F, which will increase
inflammatory mediators, like IL-6, IL-1, IL-21, and CXCLS, as well as the recruitment
of innate immune cells like neutrophils, essential for clearance and control of either
extracellular bacteria or fungal infections at epithelial and mucosal barriers. ROR-yt
and ROR-a also upregulates IL-23R, making Th17 responsive to environmental IL-
23, produced mostly by innate cells and essential for their survival and expansion.®-
93,95,96

However, when IL17 production becomes dysregulated it causes chronic
inflammation and increased tissue damage culminating in autoimmune diseases like
MS, RA, psoriasis and inflammatory bowel disease (IBD).%’

MS considered for a long time as a Thl dependent disease turned out to be also
dependent on Th17, in a way still poorly understood. 2098

Fig 9. lllustration of CD4* T-helper 17 polarization.

Coming back to pTregs, this is a regulatory population that contrary to tTregs, can
be induced in the periphery from conventional naive CD4+ T cells if under

appropriate stimulus.%%-101
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Allergens, food or even non-pathogenic microorganisms (microbiota), in both
inflammatory and non-inflammatory conditions, can trigger pTregs differentiation.
The main trigger is the host microbiome, with germ-free mice showing reduced
numbers of pTregs.102-104

For pTregs differentiation, presentation of lower doses of high-affinity peptides
coupled with low co-stimulation (low CD28 signaling) is crucial.% Also, presentation
by tolerogenic APCs like gut CD103+ DCs capable of synthesizing TGF-3 and
retinoic acid, both inducers of Foxp3 expression together with a microenvironment
rich in IL-2 and other tolerogenic soluble factors, will favor its differentiation. 99:106-108
108Infectous tolerance mediated by tTregs will similarly contribute to pTregs
induction. 10°

pTregs major advantage versus tTregs is their plasticity of Foxp3 expression,
reflected in functional adaptability to evolving immune responses. They permit to
balance protective immunity with tissue tolerance to help contain excessive damage
without compromising pathogen clearance.110-112

Miyao et al. work supported a notion of time restrained inhibition sensitive to
inflammation intensity or antigen availability, where pTregs can revert to Tconv cells.
Less inflammation, less damage out of control, thus no need for more inhibition.13
De novo induced pTregs are mostly known for preventing general inflammation and
contributing to both fetal and mucosal tolerance (airways and gut), however like
tTregs they also contribute to autoimmunity regulation.'4-11° 119 Its main function is

to ensure long term tolerance and not so much initiating it.120:121
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Fig 10. lllustration of CD4* peripheral induced Tregs.

Since the 60's that scientists have known CD4* T cells were indispensable for B cell
memory and germinal center formation, a place for B cell somatic hypermutation,
affinity maturation and class switch recombination (CSR).122-125

And twenty years later, during the Mosmann and Coffman Th1/Th2 period, it was
believed that Th2 cells were the population assuring this help due to IL-4 and IL-10
secretion.?6:127 But later, mice data showing preferential CSR towards IgG2a isotype
prompted us to consider Thl as well. So, this would suggest an unbiased preference
of T cell help, only to be contradicted, another twenty years (1999) later, with the
discovery of a CXCR5" population.t?® Expression of CXCR5 in CD4+ T cells turned
out to be like in B cells, the "key" for migration into follicles where its ligand CXCL13
is expressed.1?8.129

In 2000 the term T follicular helper cell (Tfh) arises, when Breitfeld et al. together
with Schaerli P. et al show this population superiority in promoting B cells production
of immunoglobulins, 130131

But it was only in 2009 with the identification of Bcl-6 as an essential factor for Tth
differentiation that these cells truly become accepted as an independent T helper
subset,132-134

Tfh differentiation is a multi-stage, multi-factorial and highly heterogenic process,
that comprises an initial priming phase, with DCs at the T-zone of secondary
lymphoid organs presenting the peptides and providing co-stimulation in the form of
CD80/CD86 and ICOSL in a balanced environment of IL-2 and IL-6 crucial in cell
fate determination.135136

IL-6 will then induce recently activated CD4+ T cells to upregulate Bcl6, Tt master
regulator that together with ASCL2 results in CXCR5 early expression and migration
into the T-B border.132136-13%9 Here pre-Ti cell will finally interact with antigen-specific

B-cells and initiate the final step of commitment.14°
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This recently differentiated T cells can now enter the follicles to establish fully
operational germinal centers, allowing for somatic hypermutation and selection of
high-affinity B cells culminating in memory B cells and plasma cells capable of
producing antibodies with even greater affinities.?®

At later stages, B-cells will then become the major antigen-presenting cells as
opposite to DCs essential in priming phases.14%:142

So their main function is Germinal Center (GC) development and function and when
it goes well we have not only control of pathogens but also commensal microbiota.'43
But when it goes wrong we might end up developing allergies or even autoimmunity,
due to aberrant generation of autoantibodies or formation and maintenance of
ectopic follicles.144-147

Something interesting is their involvement in cancer, which is not so unexpected if
we consider all the regulatory checkpoints that may fail and result in
disadvantageous mutations. But overall their ability to form and maintain germinal
centers as well as promoting antibody affinity selection will be advantageous against

cancer (Gu-Trantien et al.), but hazardous in autoimmunity.48149
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Fig 11. lllustration of T cell priming towards a Trn phenotype with consequent

relocation to B cell follicle and germinal center initiation.
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For twenty years IL-9 was considered a Th2-derived cytokine, but only until 2008,
when Veldhoen et al. and Dardalhon et al discovered a new independent IL-9
producing T cell subset.150-153

Named Th9, this is a population that although independent, can also be re-
differentiated from Th2 if TGF-B is present and, that shares a variety of functions
with the former,151:154

Both populations are important for resolving parasitic infections and mediating
allergic inflammation.®> However, Th9 are reported to be also involved in transplant
tolerance, tumor immunity and autoimmunity.54156-160

Like any other subset, it needs a proper TCR signal, co-stimulation, and a cytokine
cocktail, with a preference for OX40 which selectively enhances IL-9 over IL-4 or IL-
5 (NF-kB noncanonical pathway). This, in a microenvironment rich in IL-2, TGF-(3,
IL-4, and IL-1 culminates with the expression of PU.1 and IRF4. Both transcription
factors capable of modifying chromatin at the IL9 locus and directly binding to its
promotor,161-164

Their close relationship with the Th2 effector program favors a certain degree of
plasticity to allow "fine-tuning" of responses accordingly to the need.'®®> Such lack of
stability or not fully understood flexibility coupled with the absence of a transcription
factor are the fuel for the doubts around its identity.

The use of Licona—Limén et al IL-9 fluorescent reporter mice, would ease the
doubts around this newbie T helper subset. Even because it would also exclude
other sources of IL-9, like mast-cells, eosinophils, ILCs or NKT cells accounting only
for T cell production and relevance on the ongoing response.'®° , In fact, EAE is one
example of such situation, where other cell types might just be the source of IL-9
which is the case of Th17. Again Licona—Limon et al reporter mice would shed some

light on this.
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IL-21

Fig 12. lllustration of CD4* T-helper 9 polarization.

To shake things a little bit more, in 2009 a cytokine first discovered in 2000 which
was initially attributed to Thl cells and latter to Th17 ended up having its own
lineage.'65-168 We are referring to IL-22, a cytokine with a very important role in skin
homeostasis and inflammation.

Due to its ability to bind epithelial cells, which abundantly express IL-22R, it allows
TH22 cell to establish a bridge between adaptive immunity and barrier organs, very
important for wound healing and antimicrobial defense. 169172 Indeed, IL-22 can
trigger anti-microbial peptides (S100 proteins and defensins) and synergise with IL-
17 and TNF-a to fight pathogens like Candida albicans.168.169.173

This new lineage, like any other lineage, requires antigen presentation, in this case
preferentially by skin DCs', co-stimulation and a microenvironment specifically rich
in TNF-B and IL-6.174175 With a relatively stable phenotype, these cells still lack an
unquestionable master regulator, but like Th9 they also have a candidate, aryl
hydrocarbon-receptor (AHR).176

Th22 is a population highly abundant in the skin (upper parts of the epidermis) but
scarce in circulation, something explained by skin strong expression of chemokines
that bind CCR4, CCR6, and CCR10 present in these cells.168.174.177

And what could be a good thing, left unregulated could result in autoimmunity like
psoriasis (hyperkeratosis) or even potentiation of malignancies due to exacerbated
anti-apoptotic effect.178-180
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Still, many questions remain to be answered, like detailed differentiation and
regulation mechanisms, dynamics regarding other IL-22 producers and better
readouts of Th22 targeting treatments.

Now more than ever, with all these different T cell lineages, differentiation is
perceived as a very complex and interdisciplinary process, dependent on factors
such as the cytokine pool, antigen concentration, APC phenotype, and co-

stimulatory stimulus.8?

Fig 13. lllustration of CD4* T-helper 22 polarization.

But if it was not enough, van Panhuys introduced an extra variable with his temporal
signaling model were long term interactions producing high strength TCR signals
favor Th1l and short-term interactions (weak TCR signal) with strong co-stimulation
favor Th2.182 Also induction of Th17 and Tfh are influenced by TCR strength, but
while strong signals favor Tfh, for Th17 there are divergent data and for Th9 or Th22

is still unknown, 183-186

Another aspect that has been gaining relevance is the plasticity of the CD4+ T cell

population contradicting the previously accepted notion of terminal differentiation.
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Until not so many years ago, each lineage characterized by the expression of a
master regulator and a set of signature cytokine(s), was believed to be fully and
irreversibly differentiated. Something apparently contradicted by the most recent
lineages like Th9 that can be differentiated from Th2 and the well-known dichotomies
of Thl7/Thl and Thl1l7/Treg. Lineage tracing systems and phenotypic analyses
coupled with TCR sequencing helped to support this concept both in mice and
humans, which may suggest an evolutionary advantage to overcome the
unstoppable decline of naive T cells reservoir over time .187-1%1 And such plasticity,
increases adaptability upon re-challenge, propping the host fitter to face old threats
in new scenarios.'8%192 The existence of such ability, of reading environmental cues

and act upon that information, is the key behind T-cell plasticity.

Extracellular cues like TCR and co-stimulation strength, responsible for starting
polarization, will be decoded in the form of cytosolic signalling cascades, like the
PISK-AKT-mTOR axis and later imprinted in the nucleus establishing new gene
expression profiles. Depending on how strong those external cues are and how well
established are those gene expression programs, T cells will either resist or remodel
their functions to better fit the needs.'%31%* With a higher resistance supported for
example by selective expression of cytokine receptors and SOCS proteins and

higher plasticity supported by factors like a more lose methylation pattern.®>

Metabolic programs also impact on T cell resistance or adoption of new
functionalities with glicose favoring inflammatory phenotypes and fatty acids

regulatory phenotypes.196-201

For example, PTEN deficient Tregs end up losing Foxp3 and effector cytokines
expression as a result of a favored glycolytic metabolism, which normally is inhibited
by PTEN.198'199'202

Indeed, deciphering how all these extracellular inputs drive plasticity is challenging,

and the answer to clarify this complexity might just be in mathematical modeling.

Once we understand this dynamic, we will be able to implement new therapeutic
strategies to manipulate immune responses accordingly to our needs. Cancer and

autoimmune diseases are authentic niches of reprogramming and we might just be
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able of turning the tide to our favor.?%3 Upregulation of IL-10 by self-reactive Thls
under chronic stimulation (e.g. EAE model) or high antigen dosage is an example of

plasticity and a way of manipulating the system.204.205

1.5. Autoimmunity

Over the last 30 years, western societies have shown a concerning increase of
autoimmunity diseases (AD) like inflammatory bowel diseases (IBD), rheumatoid
arthritis (RA), psoriasis or even multiple sclerosis (MS). Currently between 5-8% of
the worldwide population suffers from at least one autoimmune disease with females

being the most affected.?%¢

Autoimmune diseases are a group of disorders where our immune system becomes
dysregulated and begins to attack the body own tissues unable to sustain an
effective tolerance. Theoretically either environmental or genetic factors could be
triggers for such pathologies, however, the geo-epidemiological distribution,
socioeconomic status, and impact on migrant populations (developed countries
being the most affected) suggest a stronger environmental influence. Factors like
better health conditions (old friend hypothesis) and increased consumption of
industrial food additives (increased intestinal permeability) seem to be the major

causes of this increasing inability to sustain a proper tolerance status.206-20°

Accordingly, to the "old friend" hypothesis, the inability to induce tolerance is a
consequence of insufficient exposure to probiotics and “friendly helminths",
important for Treg polarization and establishment of bystander supression.20%-211
Which coupled with a disrupted intestinal barrier by food additives and a consequent
leakage of immunogenic antigens will culminate in the activation of the autoimmune
cascade.?%® Which involves the activity of Thl and Th17 cells and more recently a

newly identified member of the Th22 cells.

Although this sudden increase is better explained by environmental factors, people
with a genetic predisposition to develop autoimmunity, like single nucleotide

polymorphisms and specific mutations will be more susceptible.
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Fig 14. Bystander suppression induced by non-pathogenic microorganisms and helminths.

1.5.1.MS

Accordingly, to the Multiple Sclerosis International Federation 2013 atlas, 2.3 million
people suffer from MS (mostly woman) a number expected to increase.?12-214

MS is a chronic autoimmune and inflammatory disease that affects the central
nervous system by destroying oligodendrocytes with consequent neuron
demyelination and disfunction (impaired motor movement and paralysis followed by
periods of remission with partial or total recovery). Its principal and most well studied
immune mediators are Th1l and Th17 cells with a smaller involvement of B cells and
autoantibodies production. However, recently a new population has also been
reported to be involved, Th22, something yet to be clarified. 215216

Still lacking a definitive cause, it mostly integrates a combination of genetic
susceptibility, infections, nutrition and environmental factors that in the end are
enough to trigger a self-sustained autoimmune disorder associated with recurrent
immune attacks on the central nervous system (CNS).2%’

So far, there is not a single diagnostic test for MS and the clinicians still require the
disease to manifest in order to have a diagnose based on a combinatorial
phenotype.?'3

This is becoming a big socio-economic problem, due to negative effects on health-
social- and work-related issues. Disease-modifying agents (e.g. methotrexate) are
being used so that acute exacerbations and episode frequencies can be diminished
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and symptoms relieved.?'” However, some patients continue refractory and others
eventually become non-responders, combination with mAb therapies like
Natalizumab seems to be an alternative.?'8-220 An alternative many times with a high
price like debilitating side effects and no cure.

To better understand MS induction and pathogenesis so that new therapeutic
strategies can be developed, we must use animal models and the most used/studied
Is the experimental autoimmune encephalomyelitis-EAE model. Without forgetting
that no single model can recapitulate all aspects of MS, the fact is, all the current US
Food and Drug Administration (FDA)-approved MS immunomodulatory drugs are at
some extent effective in EAE and some were actually first tested on it.??1:222

The advantages of using such model concerns mostly with the inbred genotype of
laboratory mice, rapid breeding capacity, easy genetic manipulation and the
existence of transgenic or knockout mice.??* And although other models like
marmoset better resemble the human immune system, factors like high costs and
ethical constraints make improbable to use this non-human primate daily for

compound screening.???
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1.6. Monoclonal antibodies

Facing a new era of personalized medicine, monoclonal antibodies are at the very
heart of it. AlImost 40 years ago in 1986, muromonab-CD3 a mAb to prevent kidney
transplant rejection had its license approved for clinical purposes.?2*

And although it was not exactly a straight forward process until our days, recently it
represents a $20 billion industry with approximately 30 monoclonal antibodies

approved for human therapeutics and many others under clinical evaluation.??®

Due to a high degree of specificity and flexibility, they pose as the ideal candidates
to develop new therapies against conditions like transplantation, cardiovascular
diseases, infectious diseases, cancer and to remember autoimmune diseases like
MS.

The major challenges mAb had to face in the early days were, inefficient models for
generation and immunogenicity, but characteristics such as affinity, effector
functions, and pharmacokinetics are still a concern. However, with today's
technology, we can overcome many of those concerns. Using humanized antibodies
or whenever possible fragments instead of all protein are two ways of minimizing
immunogenicity.226227 Also affinity can be improved with the use of phage libraries,
but high affinities are not always in our best interest, for example, to penetrate

tissues lower affinities are a better alternative.?28

As a continuously growing arm of biologicals, improved effector functions and more
advantageous pharmacokinetics are essential. Thus, strategies like improved
affinities for the FcyRllla receptor, which enhances ADCC or improved FcRn affinity
which increases bioavailability in the plasma will be of great interest.?2°-233

Also, overall cost-effectiveness which was a major drawback in the past does not
seem to scare big pharmaceutical companies that continue to invest in the
development of mAb for both clinics and research. In fact, the main focus is on
identifying new targets and maximize efficacy by adding beneficial modifications.?!8
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In MS, the first mAb to get approved was Natalizumab in 2004, only to be followed
by Alemtuzumab in 2013 and more recently this year by Ocrelizumab.?34235
However, both of them are very potent drugs and severe side effects are always
associated. Natalizumab, for example, was out of circulation from 2005 until 2006
due to progressive multifocal leukoencephalopathy in patients with MS and Crohn's
disease. Also, Alemtuzumab had to be withdrawn for some time, but despite the
associated risks for autoimmunity the benefits were bigger and EMA (European

medicines agency) recommended its return to the market.?36

1.6.1.CD6

In an era of technologies, we should be able to predict how likely a person is of
developing a certain disease and if possible, act to prevent it. Over the last 15 years,
genome-wide association studies (GWAS) become that tool with their ability to
screen DNA sequence variations across all genome. By identifying patterns of single
nucleotide polymorphisms (SNP), the units of genetic variation, these studies helped
to identify genetic risk factors for common and complex diseases like MS.2%7

In 2011 after a meta-analysis of GWAS for MS, Koffler et al. identified a new
susceptibility locus tagged by a SNP, rs17824933 (p = 3.8 x 10-9), found in a block
of linkage disequilibrium containing the CD6 gene. Meaning people with the genetic
variant rs17824933CC were more likely to develop MS than people with the
rs17824933GG allele.?® This data came to reinforce Jager et al conclusions of 2009
were they also identified CD6 (rs17824933 SNP) out of three new MS susceptibility
loci.>®® This and the fact that endothelial cells' transmigratory cups used by
lymphocytes to cross the blood-brain barrier (BBB) in the CNS show co-localization
of CD6 (lymphocytes) with ALCAM (endothelial cells), transforms CD6 in the perfect
target for MS treatment strategies. 215240-245

CDé6 is a transmembrane glycoprotein (105/130 kDa) mainly expressed in mature T
cells but we can also find it, at a lower extent, in thymocytes, Bla cells, CD56+ NK
cells, certain regions of the brain and malignant cells ( ALL T cells and B-type

CLL).246-249 249 Its structure as shown in fig.15 is composed of three extracellular

50



domains,1,2 and 3 and one long cytoplasmic tail (244 amino acids), that contrary to

expectations does not have any catalytic activity. 246-24°

Mouse
anti-CDé
epitope

Domain 1

Domain 2

Extracellular domains Cytoplasmic tail

Fig.15- Mouse CD6 3D structural simulation. Mouse CD6 structural simulation based
on human CD6 surface representation as published by Chappel et al 2015. In red we represent our

mADb binding site, in orange and green the mutation sites necessary to “murinize” Itolizumab.

As a member of the scavenger receptor cysteine-rich superfamily (SRCR), a family
known by its role in immune modulation, the same would be expected from CD6.
The truth is, despite a non-catalytic cytoplasmic tail, its tail does participate in
signaling transduction since it contains a Tyr-Asp-Asp-lle motif, two proline-rich
motifs, three serine/threonine rich motifs (hyperphosphorylated upon activation),
three PKC and ten CK2 phosphorylation site motifs. 241.250.251 Al of them potential
targets for phosphorylation and/or interaction with signal-transducing effectors. In
fact, upon activation serine and tyrosine residues do get phosphorylated or even
hyperphosphorylated. 241:250.252-254 Byt, posttranslational modifications are not the
only ones, post-transcriptional modifications like downmodulation of SRSF1, a

transcriptional factor that binds exon 4, also occurs. This will increase exon 5
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alternative splicing and consequent expression of a truncated form of CD6 that no

longer bears domain 3, as seen in fig.15. 241,250,251

Resting T cells Activated T cells

Basal £D% acetylation levels Ingreased CD6 acetylation levels

Sufficient SRSF1 recruitment Deficient SRSF1 recruitment

Fig.16- Model proposed by Gloéria V. et al 2016 illustrating CD6 exon 5 alternative
splicing regulation upon T cell activation.

So far, two ligands of CDG6 (if we exclude the galectinl and 3 to be discussed later)
have been described: CD318, that binds CD6 domain 1 (d1) being expressed mostly
on synovial tissues by epithelial cells but also in some tumors; and the activated
leukocyte cell adhesion molecule (ALCAM) or CD166, that binds CD6 d3 and is
expressed mainly by monocyte-derived cells and endothelial cells. 255258 From the
two ligands, ALCAM is the best characterized, being established that its ligation to
CD6 allows for stable T cell-antigen presenting cell (APC) interactions essential for
maturation of immunological synapse (IS) and consequent optimal T cell
proliferation. 259-263

ALCAM-CD6 interaction seems to have some sort of evolutive advantage since it
has been so well conserved across evolution. With species like humans, mice, rat,
and chicken sharing a high degree of conservation in the residues (nine by the way)
used between ALCAM and CD6 to bind each other, the structural display (binding
faces) and the intron/exon organization of the CD6 gene. 240:264-267
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Back in 2015, CD6 extracellular domains' crystal structure had finally been resolved
by Marion Brown's team and contrary to expectations it revealed a nonlinear
organization suggesting the idea of a biological relevant structure. They also showed
how SNPs in the CD6 loci resulted in altered glycosylation patterns or truncated
forms lacking domain 3 (risk allele rs17824933CC) both conditions compromising
CD6/ALCAM interactions. 238265268 |n fact, both human and murine T cells do
express multiple CD6 isoforms, 3 extracellular and 5 intracellular. 288 Intracellular
isoforms, which refer to the cytoplasmic domain, will mostly impact over signal
transduction. For example, while in some cases CD6 tyrosine's are constitutively
phosphorylated in others they are resistant, it even impacts over Ca2* influx were
some isoforms do not require TCR activation for it to happen.?4?

Despite 30 years of research, CD6 was never a very straightforward study subject
and it has always raised many controversies around its co-stimulatory or inhibitory
role in T cell function.. 246

Such disagreement might just be understandable by the fact that just like LAT, CD6
also acts as a signaling hub were a series of adaptor proteins like SLP76, Gads or
TSAd can bind and initiate a variety of signaling cascades either negative or positive.
Also its huge and highly phosphorylatable cytoplasmic tail, were many of the same
kinases that bind the TCR/CD3 complex can bind, (Ick fyn zap70 and itk) might either
potentiate the signalling or act as decoy as suggested by Santos et al 2016.254269-
212 Which would explain why in some cases targeting CD6 increases T cell activation
and proliferation, especially under sub-optimal conditions, and in others reduce
it_259,262,269,273—276

But controversies aside CD6 does participate in T cell activation, proliferation, and
migration across the blood-brain barrier, supporting its relevance in MS treatment
strategies.259:261,262

In fact, in the '80s and anti-CD6 mAb (anti-T12) was used for the first time against
MS, but at the time, problems like immunogenicity (mouse IgM) and allergies end up
putting it aside.?”7-27°, Still, around the same time in Cuba another anti-CD6 mAb, ior
T1 was also developed, but this one was tested in psoriasis and RA instead and

although therapeutic effects were observed, it also presented the same problems.
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The solution was the humanization of ior T1, and so Itolizumab was created, an
improved version keeping the same CD6 recognition profile and similar affinity
constant, but much less immunogenic.?8%281 |n 2013 Itolizumab (IgG1) had its first
clinical use approval in India for the treatment of moderate-to-severe chronic plaque
psoriasis and just recently Cuba finished a phase | clinical trial in safety and clinical
response for 12 weeks treatment in active RA despite previous disease-modifying
therapy.?®? Itolizumab promising results in both psoriasis and RA, plus a better safety

profile compared to other anti-CD6 mADs raises the possibility of using it to treat MS.

1.7. Aims of the thesis

Despite controversies regarding CD6 mode of action, its involvement in T-cell
activation, proliferation and migration across the blood-brain barrier is something
more than accepted. 259261262 Thus our hypothesis was: Targeting CD6 on domain

1 prevents neurodegeneration.

As main objectives we wanted to:

e Understand the impact of CD6 targeting in the natural course of EAE (a
mouse model of multiple sclerosis) but without compromising the interaction
CD6-ALCAM, using for that purpose an anti-mouse mAb targeting CD6

domain 1;

e Identify the cellular and molecular mechanism underlying CD6-targeting in

both murine and human cells;

e Demonstrate the equivalence between mice and human anti-CD6 mAbs

As already referred, the association of several CD6 SNPs with a higher susceptibility
of MS development, plus promising results obtained with anti-human CD6d1 mAb
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(Itolizumab) on other autoimmune diseases prompted CD6 targeting as the next
logical strategy for the treatment of MS. Because our collaborators, who developed
the anti-human CD6 also developed an equivalent murine version, we had the tools
to test in-vivo how CD6 targeting, without compromising the binding CD6-ALCAM,
would influence the natural course of a mouse model of MS. For that purpose, we
used the experimental autoimmune encephalomyelitis (EAE) model, a model well
established in our lab.

We also addressed how targeting of CD6 domain 1 would impact on T cell acquisition
of effector function, survival, and proliferation. This would provide data if CD6
targeting was having a type of specific response or just affecting all T cell populations
the same way. To do that we induced in-vitro Thl, Th2, Th17, and Treg cells and
studied how CD6 targeting conditioned their ability to differentiate even if the
environment was favorable.

To demonstrate that the anti-mouse CD6 was mimicking the anti-human CD6, we
reproduced the mice in-vitro experiments with human cells to validate the relevance
of the mouse reagents and in-vivo data.

Surprisingly, our results ended up uncovering an aspect of therapeutic antibodies
that sometimes goes unnoticed, that different doses may present paradoxical
effects. Indeed, our antibodies targeting both murine and human CD6, depending on
the dose they either favor regulation, when used at lower doses, or when used at
higher doses they favor Th1 induction and inhibit pTreg induction, which might result
in a more inflammatory scenario. Thus, depending on the dosage, the same drug

can be used in different therapeutic scenarios.
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Autoimmunity

2. Itolizumab murine equivalente clone 10F12 in a model of EAE

2.1. Background

Itolizumab, is an IgG1 humanized recombinant anti-CD6 monoclonal antibody, which
specifically binds the CD6 membrane distal domain 1. As shown by Alonso and
collaborators this interaction will not compromise the ability of CD6 to still bind its
most well studied ligand, ALCAM which binds the membrane proximal domain 3
instead. 280

Despite limitations such as sample size, open label design, absence of a control arm
or a possible impact of populational genetic background, recent clinical trials on
psoriasis and rheumatoid arthritis have shown Itolizumab as a promising alternative
compared to other commonly used biologicals. Characteristics like better safety
profile, slightly less but still considerable efficacy coupled with smaller cost make it
more attractive for “first in class” strategies than commonly used biologicals like anti-
TNFa blockers. Itolizumab is commercialized in India since 2013, under the name
ALZUMab,™ as a “first in class” biologic for the treatment of patients with active
moderate to severe chronic plague psoriasis.?®> Also recent reports suggesting an
association between anti-TNFa blockers (infliximab, adalimumab or etanercept)
and increased risk of developing central and peripheral nervous system (CNS)
demyelinating disorders, supports the potential of Itolizumab as an alternative to be
considered.?84286

Itolizumab has also been studied in the context of other autoimmune diseases, like
RA, that show a higher incidence of both CD6 ligands, ALCAM and CD318, was

demonstrated in the synovia of patients.?5”.28” As well as in Sjogren’s syndrome and
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MS, with salivary gland epithelial cells and BBB endothelium, respectively, displaying
increased expression of ALCAM.

Nonetheless, and regardless of clinical trials outcomes or case report studies, the
immunomodulatory effect of Itolizumab remains unclear.

Recently Yan Li, showed that DBA-1 CD6-deficient mice were resistant to EAE
induction, a contradictory result if compared to other disease models like collagen-
induced arthritis (CIA) where CD6 deficiency resulted in higher disease severity, but
more in accordance to a model of imiquimod-induced psoriasis. 276290.291 gych
different outcomes most certainly are influenced by factors like different genetic
backgrounds or even particularities intrinsic to each model.

The transition to animal models became crucial to uncover the mechanisms
underlying CD6 targeting, since diseases like MS which are multifactorial need to be
dissected in a whole organism context. Taking into consideration the complex myriad
of functions exerted by CD6, we intended to pinpoint our approach, rather than going
for complete receptor abrogation. So by directly targeting CD6 domain 1 we
expected to avoid interference with other relevant biological functions. 2%

For that we used a murine mAb developed by our collaborators in Cuba trough
immunization of rats with the recombinant extracellular regions of CD6. From the
three selected antibodies two of them presented the highest affinity, thus we decided

to use the clone 10F12 as the murine equivalent of Itolizumab.

2.2. Material and methods

Animals and in vivo experiments

C57BL/6 and OVA-specific TCR-transgenic mice (OT-ll Rag2”’) were bred and
maintained under specific pathogen-free conditions. Sex-matched mice, between 8
and 10 weeks of age, were used in the experiments. All experimental protocols were
approved by the Local Ethics Committee and are in compliance with European Union
guidelines. EAE was induced in C57BI/6 mice by s.c. immunization with 125 ug
MOGss-55 peptide (MEVGWYRSPFSRVVHLYRNGK) (AnaSpec, Inc.) emulsified in

complete Freund’s Adjuvant (CFA) suspension (4 mg/ml mycobacteria in IFA), and
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I.v. injection of 200 ng pertussis toxin (List Biological Laboratories) on days 0 and 2
following immunization. Disease severity was scored based on the following scale:
0.5-tip of tail is limp; 1-Limp tail; 1.5- hind leg inhibition; 2- weakness of hind legs;
2.5- dragging of hind legs; 3- complete paralysis of hind legs; 3.5- flattening of hind
quarters with complete paralysis; 4- complete hind leg and partial front leg paralysis
(minimal movement and feeding); 4.5- complete leg paralysis (absence of

movement), euthanasia is recommended; 5- Death.
Histopathology

Mice were deeply anesthetized for transcardiac perfusion with PBS, followed with
4% paraformaldehyde. After perfusion, head and spinal cord were further immersed
into neutral buffered formalin for 48 h. Brain and spinal cord were then removed from
the bone, trimmed and routinely processed for paraffin embedding. Sections with 4
Mm were stained with hematoxylin-eosin and Luxol fast blue, and screened by a
pathologist blinded to experimental groups, in a Leica DM2500 microscope coupled
to a Leica MC170 HD microscope camera. Semi-quantification of inflammation and
demyelination were performed using a 5-tier system with 0—4 grading scale: 0,

absent; 1, minimal; 2, mild; 3, moderate; 4, marked.

mADbs and flow cytometry

Anti-mouse CD6 d1 (10F12) as well as isotype control (rat IgG) were produced at
the Centro de Inmunologia Molecular (Havana, Cuba). Anti-IL4 (11B11), and anti-
IFNy mAbs were produced at IMM (Lisbon, Portugal) using Integra CL1000 flasks
(IBS Integra Biosciences, Chur, Switzerland), purified by 50% (w/v) ammonium
sulfate precipitation, dialyzed against PBS, and purity was checked by native and
SDS gel electrophoresis. Murine single cell suspensions were stained with CD4-PE
(GK1.5, eBioscience); CD4 APC-eFluor® 780 (RM4-5 eBioscience); TCRB APC-
eFluor® 780 (H57-597 eBioscience); CD25 PE-Cy7 (PC61.5 eBioscience); IFN-y
FITC (XMG1.2 eBioscience); IL-13 PE (eBio13A eBioscience); IL-17 PE (ebiol17B7
eBioscience); Foxp3 APC (FJK-16s eBioscience), anti-rat IgG Biotin (eBioscience)
and Streptavidin PE (eBioscience), CD6 PE (BX222 Biolegend). Cell viability was
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detected with Live/Dead Fixable Aqua Dead Cell Stain Kit (Life Technologies) and
Annexin 'V Apoptosis Detection Kit (eBioscience). CellTrace™ Violet Cell
Proliferation Kit was used for cell proliferation assessment accordingly to
manufacturer protocol (Thermofisher Scientific #C34557). In some studies, cytokine
production was assessed following 4 h stimulation with 50 ng/ml PMA, 500 ng/ml
ionomycin, 10 pg/ml brefeldin (all three from Sigma Aldritch) and 0.66ul/ml
golgistop™ (BD Biosciences). Cells were permeabilized with eBioscience kit (#
A25866A).

Recombinant mouse extracellular CD6 protein

Murine soluble CD6 (Gly17-Thr398) was provided by INVIGATE GmbH, Jena,
Germany (www.invigate.com). The recombinant protein is derived from HEK 293
cells and comprises C-terminally fused HA-Tag (YPYDVPDYA), BirA-Tag
(GLNDIFEAQKIEWH) and His-Tag (HHHHHH).

T-cell activation and polarization (murine cells)

OVA-specific CD4* T cells were magnetically sorted with CD4 (L3T4) microbeads
(Miltenyi Biotec, Bergisch Gladbach, Germany) from OTlI-Rag2”’ mice, with a purity
greater than 90%. T cells were cultured for 4 days and activated with bone marrow-
derived dendritic cells (BMDCs) (at a 2:1 ratio) 2°2 and 10uM OVAsz23-339 peptide
(Eurogentec) or with 3 pg/ml plate bound anti-CD3 and 2 pug/ml soluble anti-CD28
(OKT3 and 37.51, eBioscience). For Thl polarization the medium was supplemented
with 5 ng/ml IL-2 and 10 ng/ml IL-12 (both from Peprotech), and 0.5 mg/ml anti-IL-4
(11B11). For Treg polarization, we added 5 ng/ml IL-2 and 5 ng/m TGF- (R&D). For
Th17 polarization the medium included 10 ng/ml IL-18 and 20 ng/ml IL-6 (both from
Peprotech), 1 ng/m TGF- (R&D), and 0.5 mg/ml anti-IFNy (R46A2). Finally, for Th2
polarization we added 5 ng/ml IL-2, 10 ng/ml IL-4 (Peprotech), and 0.5 mg/ml anti-
IFNy.
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Statistical analysis

Statistical significance was calculated using nonparametric Mann-Whitney U test,
and Kruskal-Wallis one-way analysis of variance, p values of <0.05 were considered
statistically significant (*p<0.05, **p<0.01, ***p<0.001). Results are presented as

mean = SEM.

2.3. Results:

2.3.1.1. Targeting CD6 d1 leads to anti-inflammatory effects exclusively at low

doses.

In 2011, a GWAS meta-analysis identified the CD6 locus, as a new susceptibility
locus for MS (rs17824933¢ -risk allele).?%822° This finding, together with new data
showing CD6-deficient mice to resist EAE induction 2°°, prompted us to investigate
whether antibodies targeting CD6 d1 could prevent neuroinflammation. To address
this, we used an established model of EAE, which consisted in a subcutaneous
immunization with MOG-CFA into C57BI/6 mice followed by pertussis toxin
administration (Figure 1A). Our lab has previously shown that it is possible to
prevent EAE by using non-depleting antibodies against CD4, through favouring
peripheral Tregs induction. 2°2 Because of that we used the YTS177 (a non-depleting
pro-tolerogenic anti-CD4) as our positive control (Figure 1B). In our experimental
setting we decided to titrate our antibody and evaluate the impact of different
dosages in the natural course of EAE. We observed that mice were only partially
protected from a severe form of EAE if treated with the lowest dose of anti-CD6 d1
mAb (Figure 1C). While on the other hand, the high doses of anti-CD6 d1 mAb did

not show any beneficial effect, as seen in fig.1C

Although low-dose of anti-CD6 reduced EAE severity it was not sufficient to
completely annul inflammatory changes observed by histopathology, or to

completely abolish infiltration of the CNS with lymphocytes (Fig. 1D).
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Figure 1- A low dose of anti-CD6 Mab (10F12) prevents the onset of EAE. (A) C57BL/6

mice were immunized with MOG and treated with different doses of anti-CD6, or an isotype control
at day 0. (B) Clinical score of mice treated with different doses of non-depleting anti-CD4 (YTS177),
on the day before MOG35-55 immunization. All mice treated with anti-CD4 were protected from EAE
(n=5 per group). (c) Clinical score for each concentration of anti-CD6 and control group of mice
immunized with MOG35-55 peptide are shown as mean values + SEM, pooled data from three
independent experiments. Mice treated with 30ug anti-CD6 (n=11) were protected from EAE.
However, mice treated with 100ug anti-CD6 (n=8), or greater doses (n=4 per group), developed EAE
with disease severity and incidence similar to the control group (n=15). (d) Longitudinal sections of
spinal cord from mice 22days after MOG35-55 immunization. In the Luxol fast blue stained section
(upper panel), mice treated with anti-CD6 but not anti-CD4 show demyelination of the peripheral
spinal cord white matter (black arrow), similar to control mice (original magnification 10x, bar 250um).
In the hematoxylin-eosin-stained section (lower panel), mice treated with anti-CD6 but not anti-CD4
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also show an intense mononuclear inflammatory infiltration of the peripheral white matter, with
macrophage-rich areas that include numerous myelin-containing phagocytes (white arrowhead), and

with fewer lymphocytes (black arrowhead), similar to control (original magnification 40x%, bar 50p).

2.3.1. Anti-mouse CD6 d1 mAb (clone 10F12) modulates T cell differentiation by

favouring Th1l, in detriment of T-regulatory cells.

Previous data from our lab showed protection from EAE in presence of CD4-
blockade, due to expansion of peripheral Tregs, along with inhibition of effector T
cells (Thl and Th17). As a consequence, we decided to investigate the impact of
CD6 d1 targeting on T cell polarization.?®3

As a source of antigen specific naive T-cells we sorted CD4* OVA TCR-transgenic
cells from OT-Il.Rag” mice and demonstrated that more than 95% of CD4* T cells

constitutively bear CD6 on its surface, similarly to CD8* T cells (Figure 2).

CD4*T cells CD8*T cells
] ] Figure 2-Virtually all murine CD4" and
1 . CD8* T cells express CD6. C57BI/6
] 99.3 y 97.2 splenocytes were stained for CD6.

] - Histograms represent the percentage of
- . CD4* (left) and CD8* (right) cells that express
_ b CD6. Gated on CD3* lymphocytes.

Normalized to mode

CD6

To activate the sorted naive OVA-specific CD4* T-cells, we used BMDCs loaded
with OVA peptide, in presence of the appropriate cytokine milieu to drive the

intended functional polarization, namely Tregs, Thl, Th2 or Th17.

What we observed was a dose-dependent suppression of Tregs polarization, as
shown in fig. 3A and B, as evaluated by a decrease in Foxp3 expression. Both cell

viability and proliferative ability remained unaffected as presented in fig.3C and D,
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as no change in cell numbers of the culture was observed (Figure 3D). Interestingly,
a trend showing less cells undergoing increased rounds of cell division was
observed, thus resulting in an accumulation of cells at intermediate divisions

whenever high doses of anti-CD6 d1 were being used (Figure 3E).

Also, we observed that under Thl polarizing conditions, naive T-cells in presence of
high doses of anti-CD6 d1 displayed an increased polarization of a Thl phenotype
as shown in fig. 3F and G, as evaluated by IFNy expression. Again, no significant

impact on survival or proliferation was observed (Figure 3H-J).

Regarding polarization towards a Th1l7 or Th2 phenotype, no differences were
observed, as judged by the expression of IL-17 and II-13, respectively (Figure 3K).
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Figure 3. CD6-targeting increases Thl polarization, while inhibiting Treg differentiation. OVA-

specific TCR-transgenic OT-II.Rag” sorted CD4* T cells were cultured for 4 days in a 2:1 ratio with
bone marrow derived dendritic cells (BMDCs) in Thl and Treg polarising conditions. (A, B)
Representative flow cytometry dotplots and scatter plots showing the percentage of CD25*Foxp3* T
cells within CD4*TCR* T cells at the end of Treg polarizing cultures with different doses of anti-CD6
(10F12) or 100 pg/ml isotype control (IC). (C) Survival of CD4 T cells at the end of culture. (D) Number
of CD4 T cells recovered at the end of the culture. (E) Representative histograms showing CTV
dilution of T cells following culture and bar graph displaying the frequency of cells within gates

representing low, intermediate and high proliferation, as displayed in the histograms. (F, G)
Representative flow cytometry dotplots and scatter plots showing the percentage of CD4*IFNy * T

cells in Thl-polarizing conditions. (H) Viability of CD4 T cells under Thl polarizing conditions. (1)
Number of CD4 cells recovered at the end of culture. (J) T cell proliferation under Th1 polarizing
conditions. (K) Representative dotplots and scatter plots showing the percentage of T cells producing
IL-17 (top) or IL-13 (bottom) following culture under Th17 and Th2 polarizing conditions, respectively,
as well as cell viability (right). Statistical tests: Kruskal-Wallis and Mann-Whitney. Representative of

three independent experiments, each with n=3. *p<0.05 **p<0.01

2.3.1.2. Alteration of T cell functional specialization by anti-CD6 d1 is influenced
by the abrogation of CD6-CD166 interactions

Because the observed impact of anti-CD6 d1 on Treg and Thl polarization could
have resulted from ordinary steric hindrance, we decided to investigate this.

To do that, we induced peripheral Tregs under direct stimulation with anti-CD3 and
anti-CD28, so that CD166, the ligand for CD6 d3 would be absent. We observed that
adding anti-CD6 d1 in these conditions did not change the ability of naive CD4 T
cells to polarize towards a Treg phenotype, as shown by expression of Foxp3 in fig.
4A. However, considering that different activation strategies may impact differently
on polarization, we decided to use a more physiological strategy, having used BMDC
as APCs for that effect. Knowing that CD166 is now present, we used either soluble
CD6 or soluble CD166 as strategies to prevent CD166 on APCs from interacting with
CD6 on T cells. If the effect of anti-CD6 d1 on T cells to polarize towards a Treg
phenotype could be attributed to mere steric hindrance, we would expect similar
outcomes, specifically a dose dependent inhibition in expression of Foxp3. But while
using soluble CD6, resulted in a dose-dependent reduction of Treg polarization
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similar to the one observed with anti-CD6 (Figure 4B, C), using soluble CD166
showed no impact on Tregs' polarization. Thus we conclude, that anti-CD6
modulation of T cell functional specialization upon activation is influenced by
the displacement of CD6-CD166 interactions but other mechanisms are involved and

requires further studies.
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Figure 4. CD4" T cell polarization is influenced by CD166 binding. (A) CD25"Foxp3* T cells
within CD4"TCRB" T cells at the end of 4-days culture of OVA-specific TCR-transgenic OT-
I.LRag” CD4 T cells with plate-bound anti-CD3 and anti-CD28 under Treg polarizing
conditions. Anti-CD6 did not alter the frequency of induced Foxp3* T cells. (B) OT-ll.Rag™
CD4 T cells were cultured in a 2:1 ratio with BMDC for 4 days under Treg polarizing
conditions with increasing concentrations of soluble CD6. Representative dot plots and (C)
graphs showing the frequency and number of CD25"Foxp3* T cells within CD4'TCRB" T
cells. Data are representative of two independent experiments (n=4). (D) OT-ll.Rag-/- CD4
T cells were cultured in a 2:1 ratio with BMDCs for 4 days under Tregs polarizing conditions
with increasing concentrations of mCD166 soluble protein. Representative dotplots and
graph showing the frequency of CD25+Foxp3+ T cells within CD4*TCRB" T cells. Data

representative of two independent experiments (n=4).
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2.4. Discussion

Overall, accordingly to our data targeting CD6 d1 with a mAbD, differently impacts T
cell functional specialization, and while Treg differentiation is inhibited by increasing
concentrations of anti-CD6 d1, Thl differentiation is favoured.

This might explain our in vivo data, where animals treated with high doses of anti-
CD6 d1 at the time of EAE induction, present a level of disease severity equivalent
or even higher than the control group. Such dosage effect resembles what was
reported on ongoing clinical trials with a human version of anti-CD6 d1, Itolizumab,
for the treatment of RA 283, These studies suggested that patients treated with the
highest dose of Itolizumab had lower term responses compared to low dosage
treatment.

Our initial hypothesis for the mechanism of action of anti-CD6 d1 was a possible
steric hindrance effect due to antibody size, thereby resulting in disruption of CD6-
CD166 interactions. To test this, we used both soluble CD6 and soluble CD166 so
that interactions between T cells’ CD6 and APCs’ CD166 would be disrupted. Our
hypothesis was only partially supported, with the treatment of soluble CD6 showing
an outcome similar to the one observed with anti-CD6 d1, while the treatment with
soluble CD166 did not impact on T cells ability to polarize. The observed modulatory
property was only detectable under physiologic conditions, meaning that supra-
physiologic conditions, like activation with anti-CD3 and anti-CD28, result in such a
commitment that anti-CD6 d1 no longer affects T cells’ functional polarization. Our
observations are supported by the work of Consuegra-Fernandez et al 2017, where
they also showed that under contact-independent and supraphysiological conditions
there is no difference for in vitro Treg induction, either for CD6™"~ or for CD6** T cells.
294

Because no major alterations regarding proliferation or viability were observed, we
expect the impact of anti-CD6 d1 to be a subtle and specific one. This dose
dependent impact, where somewhat paradoxically low doses are protective, while
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high doses are detrimental, prompted us to explore its potential for disease models

other than EAE, with both different kinetics and underlying mechanisms.
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Cancer

3. Clone 10F12, the murine equivalent of itolizumab, as a therapeutic
agent in a model of Breast Cancer.

3.1. Background

When CD6 was first discovered in the 80’s, as a differentiation antigen recognized
by a monoclonal antibody named 12.1, it was known to be expressed in T-cells,
although it was also detected in B cells under malignant conditions, namely chronic
lymphocytic leukemias (CLL) and lymphosarcoma cell leukemias (LSCL).!

The main strategies against leukemia relate to bone marrow or stem cell
transplantation, and back in the 90’s the previously referred mab T12 was used as
a mean to reduce the incidence of graft versus host disease after alllogeneic
transplantation, mostly due to its depleting properties. Indeed, this treatment
approach was so effective that it even reduced the necessity for immune suppressive
drugs for most of the patients.* Meanwhile, another anti-CD6 mab targeting a
different epitope, but lacking depleting properties, was discovered in Cuba, ior-t1.°
However ior-t1 was somewhat paradoxical in terms of its effect, as while in B-CLL
it promoted cell survival through regulation of the Bcl-2/Bax ratio, in cutaneous T-cell
lymphoma it resulted in clinical and histopathological regression of lesions.5’
Because ior-tl, originally developed as a murine monoclonal antibody, was
humanized in the early 2000’s to minimize issues like imunogenecity and allergies,
while preserving antigen affinity.1° This newly humanized ior-t1, named Itolizumab,
exhibited enhanced selectivity as evaluated by its effect on B-CLL with selective
apoptosis induction of transformed lymphocytes and without a detectable impact
on healthy cells.!! Indeed CLL patients who received a weekly dose of 0.8mg/kg for
12 weeks showed at least preliminary clinical or haematological improvement. *?

In addition, both clinical and in-vitro studies, suggest that lack of CD6 in leukemic
cells increased the apoptotic effect of other therapeutic drugs.314
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Another aspect is also the involvement of both CD6 ligands, ALCAM and CD318 in
tumour progression and development. While ALCAM assists cancer cells in
migration and angiogenesis, absence of CD318 (CD318KO) results in enhanced
tumour growth. 1516

As referred in chapter 2, the effect of anti-CD6 d1 was dependent on the dose used;
therefore, and because higher doses showed an increase in Thl polarization, while
reducing induction of Tregs, we sought to investigate what would the effect of a high
dose be in a model of cancer.

For that we used a breast cancer model, that according to the “The HUMAN
PROTEIN ATLAS” (in 2018) would display a more favourable prognostic with higher
CD6 expression. So, we tested high systemic doses as well as a high in-situ
cumulative dose and investigated how this would impact tumour growth and immune

infiltrating populations.

3.2. Material and methods

Cell lines and culture

Breast tumour cell line EO771 (C57BL/6 genetic background) was obtained from the
laboratory of Bruno Silva Santos Lab, IMM Portugal and maintained in DMEM
medium containing 10% (v/v) fetal calf serum (FCS) and penicillin-streptomycin
10000U/ml 1% (v/v) (GIBCO), until they reached log growth phase (<50%
confluence). Then they were collected and kept at 0,5x10° cells/50ul for in vivo

experiments.

Animals and in vivo experiments

C57BL/6 were bred and maintained under specific pathogen-free conditions. Sex-
matched mice, between 6 and 12 weeks of age, were used in the experiments. All
experimental protocols were approved by the Local Ethics Committee and follow
European Union guidelines. The E0771 syngeneic breast carcinoma model was

introduced through s.c injection of 0,5x10° cells into the second bottom left nipple.
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To better follow tumour growth, the tumour site was shaved 5-7 days post
inoculation. The animals received either treatment or IC when tumour reached 100
mm?. Mice were divided as follows into 4 groups, with 4 animals each: control group:
injected with IC (rat 1I9G); second group: injected every two days with 6 intra-tumour
cumulative doses of anti-CD6 d1 (40pg/mice); third group: injected with one single
dose i.p. of anti-CD6 d1 at 100ug/mice; fourth group: injected with one single dose
i.p. of anti-CD6 d1 at Img/mice. To measure tumour volume a caliper was used, and
the following formula applied Volume=(Vmin®(2*Vmax))/2. When tumours reached a
volume of 1000mm?3, usually around 20 to 21 days post-inoculation, animals were
sacrificed. Draiing lymph nodes (DLN-mesenchymal) and tumour tissues were
harvested, and mononuclear cells were purified for phenotypic and cytokine profile

analyses in vitro.

mADbs and flow cytometry

Anti-mouse CD6 d1 (10F12), as well as isotype control (rat IgG), were produced at
the CIM (Havana, Cuba). Murine single cell suspensions were stained with CD4-PB
(RM4-4, biolegend); CD3-PercPCy5.5 (145-2C11 ebioscience); CD25 PE-Cy7
(PC61.5 ebioscience); CD45.2-APC-Cy7 (104 ebioscience); CD6-PE (BX222
biolegend); IFN-y BV711 (XMG1.2 BD biosciences); IL-17A-Alexa Fluor® 488
(BL168 biolegend); Foxp3 APC (FJK-16s ebioscience). Cell viability was detected
with Live/Dead Fixable Aqua Dead Cell Stain Kit (Life Technologies) and Annexin V
Apoptosis Detection Kit (ebioscience). Cytokine production was assessed following
4 h stimulation with 50 ng/ml PMA, 500 ng/ml ionomycin, 10 pug/ml brefeldin (all three
from Sigma Aldritch) and 0.66ul/ml golgistop™ (BD Biosciences). Cells were
permeabilized with eBioscience kit (#) A25866A.

Statistical analysis

Statistical significance was calculated using nonparametric Mann-Whitney U test,
and Kruskal-Wallis one-way analysis of variance, p values of <0.05 were considered
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statistically significant (*p<0.05, **p<0.01, ***p<0.001). Results are presented as

mean = SEM.

3.3. Results:

3.3.1. Intra-tumour treatment with anti-CD6 dl1 Mab (10F12) shows a
tendency to reduce tumour growth rate.

Because previous studies using Itolizumab as a therapeutic strategy in malignancies
did show clinical improvement, and because our data have also shown that high
doses favour Th1l differentiation while inhibiting Treg, we decided to test 10F12 mAb
in a well-established model of breast cancer. In collaboration with the lab of Bruno
Silva Santos, we induced the EO771 breast cancer model by s.c. injection of
exponentially growing EQ771 breast cells into C57BI/6 female mice (Figure 1A). In
mice treated intra-tumourly with anti-CD6 d1 a tendency for slower tumour growth
rate was observed, although not statistically significant when compared to the control
group (Figure 1B). Regarding the i.p. administration of anti-CD6 d1 and the impact
of the higher doses on tumour growth we observed a transient decrease (around day
15), which became unobservable towards the end of the experiment, contrary to the

intra-tumour treatment.
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Figure 1. Intra-tumour Treatment with anti-CD6 mAb (10F12) suggests a delay in tumour
growth. C57BI/6 mice (5 mice per group) were injected s.c. with 0,5*10° E0771 breast
carcinoma cells at day 0 and treated with the indicated doses of anti-CD6, or an isotype
control, for 6 consecutive days starting day 9. Mice treated with six doses of 40ug anti-CD6
intra-tumor show a decrease in tumor volume compared to the control. Results are
represented as the mean tumor size (mm?). Data are representative of two independent

experiments.

3.1.1. Dose and route of administration of anti-CD6 d1 suggest an impact over

tumour infiltrating populations.

Following our in-vivo results (Figure 1) we investigated how anti-CD6 d1 treatments
were specifically impacting on CD4* T cell populations. For that we collected both
tumour and draining lymph nodes (mesenchymal) and purified the infiltrating
lymphocytes, which were stained for CD45, CD4, CD3, Foxp3, IL-17 and IFNy
expression. Following treatment with anti-CD6 d1 we detected no signal for IFNy,
but observed a trend in the increased expression of IL-17, in CD25*Foxp3*and CD25
Foxp3* T cell populations as can be seen in (Fig2 A), with a more pronounced effect
visible on the CD25" group (Fig2 A, C and D). Treatment with anti-CD6 d1 also
suggested a decrease in the CD25*Foxp3* T cell population, more specifically with
the in-situ cumulative dosage and 1mg i.p. per mouse (Figure 2 A, B), and even
though it was not statistically significant, it is merits further investigation.

Regarding tumour infiltration, as shown in fig. 2E we could not detect any impact
due to anti-CD6 d1 therapy. Nonetheless, we could observe a generalized reduction
in the median fluorescence intensity (MFI) of CD25 for all experimental conditions,
suggestive of an impact on cellular activation, more evident in the higher dose of 1
mg/mouse, as shown in fig. 2F.

When analyzing DLN infiltrating populations no impact was observed on
CD25*Foxp3* regulatory T cells (Tregs) regardless of treatment strategy, as shown
in fig.3. Worthy of note was the increased trend in the expression of IL-17 producing
Tregs under all anti-CD6 d1 treatment strategies (Fig. 3C), even though in a non-

statistically significant manner.
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Accordingly, treatment with anti-CD6 d1 also did not impair the ability of CD4* T cells
to infiltrate DLN (fig. 3D) as observed with tumour tissues (Fig. 2E). However,
regarding activation of CD4* T cell populations in DLNs, it appears that only in-situ
cumulative doses and the highest dose of 1mg/mouse of anti-CD6 d1 could reduce
activation as shown in fig. 3E through a decrease of CD25 MFI levels. Although this
data is somewhat preliminary, it suggests a negative impact of anti-CD6 d1 mab over
tumour infiltrating regulatory T cells, coupled with an increasing ability to secrete IL-
17. Also, it seems to suggest that in-situ cumulative doses or a very high systemic
dose, e.g. Img/animal, were the best strategies.
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Figure 2. Local treatment and high systemic doses suggest an impact over activation and
the phenotype of T cells infiltrating the tumour. C57BI/6 mice (5 mice per group) were
injected with 0,5*108 EQ771 breast carcinoma cells s.c. and treated with different doses of
anti-CD6, or an isotype control at day 0. A) Representative counterplots of tumour infiltrating
regulatory T cells either activated CD25*Foxp3* or not CD25Foxp3* and the expression of
IL-17 on each subset. B) Scatter plot representing the percentages for both CD25*Foxp3*
and CD25Foxp3* regulatory T cell populations. C) Scatter plot showing the percentage of
IL-17 producers inside CD25"Foxp3* T cells. D) Scatter plot showing the percentage of IL-
17 producers inside CD25Foxp3* T cells. E) Scatter plot representing the number of
infiltrating CD4*CD3* T cells per gram of tumour tissue under each experimental condition.
F) Scatter plot showing how treatment strategy impacted over T-cell activation, as shown by
the median fluorescence intensity of CD25 expression. Statistical tests: Kruskal-Wallis * p<0,05.
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Figure 3. Treatment with anti-CD6 d1 has minimal impact over draining lymph nodes (DLN)
CDA4'T cell populations. C57BI/6 mice (5 mice per group) were injected with 0,510 E0771
breast carcinoma cells s.c. and treated with different doses of anti-CD6, or an isotype control
at day 0. A) Representative counterplots of DLN infiltrating CD25*Foxp3* regulatory T cells
and their expression of IL-17. B) Scatter plot representing the percentages for both
CD25*Foxp3* regulatory T cels. C) Scatter plot showing the percentage of IL-17 producers
inside CD25*Foxp3* T cells. D) Scatter plot representing the number of infiltrating CD4*CD3*
T cells per gram of tumour tissue under each experimental condition. F) Scatter plot showing
how treatment strategy impacted over T-cell activation, as shown by the median
fluorescence intensity of CD25 expression. Statistical tests: Kruskal-Wallis * p<0,05. Preliminary

data.

3.4. Discussion

Overall, anti-CD6 d1 mAb seems to reduce tumour growth as observed in fig.1, if
given in in-situ cumulative doses.

Although not conclusive, due to the lack of statistical significance, our preliminary
data from fig.2 might provide a possible explanation for such observation, which
consists in the reduction of CD25*Foxp3* regulatory T cells (Figure 2A, B) and an
increased ability to secrete IL-17 compared to control group. (Figure 2A, C).

These observations were restricted to tumour tissue, not being observed in
phenotypically equivalent cell populations present in the DLNs (Figure 3), with the
exception of IL-17 expression that was also increased (Figure 3C).

According to the literature the presence of Tregs at the tumour microenvironment
correlates with a poor prognosis for several types of cancer, including breast
cancer.3% |n addition, even though for some types of cancer their ability to control
inflammation through IL-10 expression is an advantage, eventually, and after
continuous inflammatory stimulus, they end up switching to expression of 1L-17.3%7
Indeed in our observations the treatment strategy inducing a higher increment in IL-
17 secretion (Img/animal i.p.) (Figure 2C), was the one that impacted tumour growth

in-vivo (day 21) equivalent to the control.
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The presence of an IL17Foxp3 double positive CD4* T cell population has already
been reported for several groups.3°8-310 This is a population known for being induced
through MAPK activation pathways which induce IL1[3, then resulting in this double
positive phenotype.3%8311 According to the work of Ibafiez et al 2006 activation of
CD6 with its ligand will result in the activation of the three MAPK cascades, which,
despite the unquestionable need for further studies, seems to go in line with our
preliminary observations.3'?

During our studies we also observed a lack of impact on the infiltrating CD4*CD3* T
cells, both in tumour tissue as well as in DLNs (Figures 2E and 3D), but we did
notice a negative impact on the activation, as measured by CD25 MFI levels
(Figures 2F and 3E) when in-situ cumulative dosage or very high doses like
1mg/mouse were used. Accordingly, the work of Carrasco et al 2017 demonstrated
how CD6 down-modulation inversely correlates with CD25 upregulation; thus, and
despite this data was generated from human cells, we might consider to further
investigate if the opposite is also true, meaning if higher CD6 expression could result
in CD25 downregulation.3%?

Although our data suggests a protective effect by in-situ delivery of cumulative
doses of anti-CD6 d1, and that this effect might be correlated with a decrease in
tumour infiltrating Tregs, this is just preliminary data and requires further validation.
However, it is interesting to observe the persistence of a negative effect caused by

CD6 d1 targeting over the regulatory T cell population as referred on chapter I.
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ltolizumab

4. Itolizumab, a humanised monoclonal antibody against CD6 d1.

4.1. Background

As previously referred in chapter |, Itolizumab is an IgG1 humanized recombinant
monoclonal antibody targeting CD6 domain 1, but contrary to ior T1, its murine
counterpart, it does not cause immunogenicity and retains its ability to bind its ligand,
ALCAM.?80 |n fact, not only does it preserve the therapeutic profile of ior T1, as well
as the process of humanization improved the side effect profile, most probably
related to immunogenicity issues.313:314

With a selective impact over T cells, this immunomodulatory mAb, with a molecular
weight of 148kDa and 449 amino acids (a.a.) in length, is composed of two heavy
and two light chains plus a disulphide bond.?84314315 Commercialized in India since
2013 by Biocon Ltd, it appeared in the markets as Alzumab™ a preservative-free,
single-use 25 mg/5 mL colourless buffered solution (pH 7.0+0.5) for intravenous (iv)
injection.284

This new biological has proven to be highly advantageous as a therapeutic strategy
against psoriasis and rheumatoid arthritis, even when compared to other commonly
used biologicals, like anti-TNFa blockers.?83284 To support this, factors like better
safety profile, comparable efficacy and lower costs, made Itolizumab a good
candidate for “first line” therapeutic strategies.?®> But other aspects like sample size,
open label design, absence of a control arm or a possible impact of populational
genetic background over trials’ readout, must be sorted out.

Thus, given the good results of Itolizumab in both psoriasis and RA therapeutics and
genome wide association studies (GWAS) linking some CD6 specific polymorphisms
to MS development?38239.316317 it hecame relevant to study if CD6 targeting indeed

improved disease outcome and which T cell populations were being affected.318 319
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In chapter | we show that by using a murine version of Itolizumab, when low doses
were being administered, we could observe a significant decrease in disease
severity (Figure 1 of chapter I). Also, we verified in-vitro that while CD6 targeting
was reducing the ability of T-cells to polarize towards Tregs, for Thls it was actually
Improving its polarization (Figure 3, chapter I). And although it lacked statistical
significance, also on chapter Il on fig. 2A and B we could observe a tendency for
less infiltrating Tregs.

Our animal data combined with data from RA patients, where the better clinical
benefit and long lasting improvements came from the lower doses, prompted us to
study if Itolizumab had the same dose effect over regulatory and helper 1 T cell
populations. 283320

This parallelism between murine and human data might be important as a proof of

concept for further studies using Itolizumab on other autoimmune diseases as MS.

4.2. Material and Methods

mAbs and flow cytometry

Single cells suspensions were stained with CD4-PE (RPA-T4); CD4-FITC (OKT4);
CD3-PE (OKT3); CD25-PE-Cy7 (BC96); CD45RA-APC-eFluor® 780 (HI100); IFN-y-
PerCP-Cy5.5 (4S.B3); IL-13 PerCP-Cy5.5 (JES10-5A2); IL-17-APC
(eBio64DEC17); Foxp3-APC (PCH101), CD6-FITC (BL-CD6) and anti-human IgG-
APC-Cy7. Cell viability was detected with Live/Dead Fixable Aqua Dead Cell Stain
Kit (Life Technologies). CellTrace™ Violet Cell Proliferation Kit was used for cell
proliferation assessment according to the manufacturer’s protocol (Thermofisher). In
some studies, cytokine production was assessed following 4 h stimulation with 50
ng/ml PMA, 500 ng/mlionomycin, 10 pug/ml brefeldin A (all from Sigma Aldritch) and
0.66/ml Golgistop™ (BD Biosciences). Cells were permeabilized with eBioscience
kit (# A25866A).
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T-cell activation and polarization

Peripheral blood mononuclear cells (PBMCs) were isolated from blood or buffy-coats
from healthy volunteers provided by Instituto Portugués do Sangue e
Transplantacédo (IPST) by Ficoll gradient (Sigma Aldritch) using SepMate™
(STEMCELL Technologies). Naive T cells (CD4*CD3*CD25 CD45RA*) were then
sorted with FACS Aria Il (BD Biosciences). Irradiated (25 Gy) PBMCs (iPBMCs) or
Raji cells (donated by Alexandre do Carmo lab, i3S Porto) were used as APCs.
CD4* cells were cultured with iPBMCs (at 1:2 ratio) and 1 pg/ml of soluble anti-CD3
(OKT3); with 3 pg/ml plate bound anti-CD3 (OKT3) and 2 pg/ml soluble anti-CD28
(CD28.2) or mix of superantigens lug/ml, SEB (Sigma Aldrich), SEE, SEA and
TSST-1 (Toxin Technology). For Thl polarization the medium was supplemented
with 10 ng/ml IL-2, 2.5 ng/ml IL-12, and 5 pg/ml anti-IL-4 (11B11) mAb (all from
Peprotech). For Treg polarization we added 10 ng/ml IL-2 and 10 ng/m TGF-
(R&D).

Statistical analysis

Statistical significance was calculated using nonparametric Mann-Whitney U test,
and Kruskal-Wallis one-way analysis of variance, p values of <0.05 were considered
significant (*p<0.05, **p<0.01, **p<0.001). Results are presented as mean + SEM.

4.3. Results

4.3.1.1. Inhumans, Itolizumab modulates T cell differentiation by favouring Thl

in detriment of T-regulatory cells, just like in mice.

To investigated whether Itolizumab could also influence the acquisition of effector
functions by activated human CD4 T cells, we used sort-purified naive CD4 T cells,
and as observed in mice, it was not necessary to discriminate populations based on
CD6 expression, as around 98% of CD4* T cells constitutively bear CD6 on its

surface (Figure 1).
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Because we could not use TCR specific populations (like in mice), instead we
stimulated them with soluble anti-CD3 in the presence of antigen presenting cells
(APCs). We decided to use anti-CD3, because the presence of Itolizumab under
allogeneic stimulatory conditions inhibited T cell activation and, consequently, their
ability to enter division almost completely as shown in fig.2.

Thus, by adding soluble anti-CD3 to irradiated peripheral blood mononuclear cells
(PBMCs), we could overcome the negative impact of Itolizumab over T cell
activation/proliferation, as shown on figure 3A through the profile of CTV dilution.
Also, we could see (Figure 3B) that under these stimulatory conditions, survival was
not significantly affected.

Then, we could proceed to investigate the impact of Itolizumab over T cell functional
specialization, just like we did with murine cells. So we cultured sorted naive CD4*
human T cells under Tregs or Thl favoring conditions also with titrated anti-CD6 d1
(Itolizumab).

Once again, as shown in fig. 4A and B, a dose-dependent reduction in the frequency
of induced Tregs was observed, with no significant impact on cell viability (Figure
4C), with a small, although significant, impairment on cell proliferation at higher
doses of Itolizumab (Figure 4D, E).

As for the Th1l favoring conditions, a dose dependent increase of Thl polarized cells
was observed instead (Figure 4F, G). Regarding survival and proliferation, an
impact to the one described for Tregs was again observed (Figure 4H-J).

Overall murine and human data seem to be concordant regarding the impact of CD6

d1 targeting.
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CD4" T cells CcD8" T cells

Normalized to mode

CD6

Figure 1- Virtually all human CD4" T cells express CD6. Peripheral blood mononuclear cells
(PBMCs) from healthy donors gated on CD3* lymphocytes showing the percentage of
positive CD6" T cells within CD4" (left) and CD8" (right) populations.
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Figure 2- Itolizumab reduces both proliferation and survival compromising T cell entry into
division. CD4*CD3*CD25 CD45RA" sorted peripheral blood mononuclear cells (PBMC) from
healthy donors were used as source of naive T cells (responders) while irradiated PBMCs
as stimulators. The CD4 T cells were labelled with CTV and stimulated with iPBMCs only
(A, C) or with iPBMCs and anti-CD3 (B,D), in the presence of IL-2 for five days. (A)
Itolizumab inhibits T cell entry into division in MLR conditions, (B) but activation with anti-
CD3 partially recovers that inhibition. (E,F) Itolizumab induces CD25 downregulation as
measured by the MFI, with anti-CD3 (F) only having a positive impact in CD25 expression.
Data are representative of three independent experiments. Statistical test: Kruskal-Wallis
p**>0.01 p*>0.05
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Figure 3. Itolizumab has no significant impact in proliferation or viability under direct CD3
stimulation. Peripheral blood mononuclear cells (PBMCs) from healthy donors were used as
source of naive T cells (responders). The naive T cells were labelled with CTV and
stimulated with irradiated PBMC plus anti-CD3 (A) or with anti-CD3 and anti-CD28 in the
absence of stimulating cells (C). Responder naive CD4 T cells were cultured for 5 days in a
ratio of 1:2 with the irradiated PBMCs (C) in non-polarizing conditions with IL-2. (A, C)
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Representative histograms of cultures with and without itolizumab and bar graphs showing

the number of recovered CD4 T cells (left) and their viability (B,D). Statistical test: Mann-

Whitney. Data are representative of three independent experiments, each of them run in

triplicate.
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Figure 4. lItolizumab inhibits Treg polarization while enhancing acquisition of Thil
phenotype. (A-E) PBMCs from healthy donors were used as source of naive CD4 T cells
(responders), labelled with CTV and stimulated 5 days with syngeneic irradiated PBMC (at
a 1:2 ratio) with added anti-CD3, TGF-f3, and IL-2 for Treg polarization; or (F-J) with IL-12,
IL-2 and anti-1L4 for Th1 polarization. (A) Representative contourplots of CD25"Foxp3* Treg
cells and (B) graph with pooled data. (C) Viability of CD4 T cells at the end of the culture in
Treg polarizing conditions and (D) number of recovered cells. (E) Representative histograms
showing T cell proliferation (CTV dilution) under Treg polarizing conditions and pooled data
with the frequency of T cells within the represented low, intermediate and high cell division
gate. (F) Representative contour plots of IFNy producing CD4 T cells and (G) graph with
pooled data. (H-J) Viability, number of recovered CD4 T cells, and T cell proliferation at the
end of cultures under Thl-polarizing conditions. Data are representative of two independent
experiments, each of them run in triplicate. Statistical test: Kruskal-Wallis. *p<0.05 **p<0.01

4.3.1.1. Impact of Itolizumab over T cell functional specialization suggests a

dependence on the nature of the activation stimulus.

To investigate if the impact of CD6 targeting over human T cells’ functional
specialization was due to a putative disruption of CD6-CD166 interactions, we
repeated the in-vitro assays, to exclude the CD166 stimulus we didn’t use APCs
(Figure 5). Instead we used anti-CD3 and anti-CD28 as a direct activation strategy,
and the absence of CD6-CD166 interactions did not result in any altered functional
specialization when in the presence of Itolizumab (Figure 5). This data went in
accordance with the literature (Rodriguez et al 2012), that the impact of CD6 d1
targeting is CD166 independent. 31 Also the absence of ALCAM did not seem to
affect either proliferation or survival as seen in fig. 3C, D.

Similar to the murine data, (Chapter I, Fig.4) we observed that the strategy used for
activation is important for a putative impact of Itolizumab over T cell functional
specialization and activating capacity. With superantigen activation (SAg) the impact
of Itolizumab over functional differentiation was lost, just like what happened with
anti-CD3/anti-CD28. Also, both strategies impacted differently on T cell activation
status as shown in fig.6 by CD25 MFI, with superantigen Itolizumab increasing the
activation (Figure 6A) and with CD3/anti-CD28 stimulation decreasing it (Figure
6D).

90



A Opg/ml aCD6 100ug/ml aCD6 g B
@ 80+ 80+
U mm |l =] 2 «f
L @@ @ . $ of
! i i ! 3 =
21 S~ || | £
O i 81.7 1 85.1 8 . -
o | i 1}
A i —— 0 o4
0 100 0 100
Foxp3 anti-CD6 pg/ml anti-CD6 pg/ml
100
C g D 100-
Oug/ml aCD6 100pg/ml aCD6 - 80
= 80-
i 1 § o A
i [ | (e H £ 60
1 4 1 e g o :
‘ i ‘ i ﬁ 3 407
w L | V= 20-
I i -
9 O 644 1 O a7 g 20
S B I F—— 6
anti-CD6 pg/mi 0 100
FOXp3 anti-CD6 ug/ml

Figure 5- Itolizumab does not impact Treg polarization when stimulated either with anti-CD28
and anti-CD3 or with SAg. Peripheral blood mononuclear cells (PBMCs) from healthy
donors were used as source of naive T cells (responders). (A, B) Naive T cells were
stimulated with anti-CD3 and anti-CD28, in presence of Treg polarizing conditions for five
days. (B) Bar graph showing the survival of CD4 T cells. (C. D) Naive T cells were stimulated
with either Raji plus SAg mix 1ug/ml_(C) Naive CD4 T cells were cultured in a ratio of 1:1
with Raji cells in Treg polarizing conditions for 4 days (D) Bar graph showing the survival of

CD4 T cells. Data representative of three independent experiments.
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Figure 6- Activation strategy is relevant for the impact of Itolizumab on CD4* T cell activation.
CD4"CD3"CD25 CD45RA" sorted peripheral blood mononuclear cells (PBMC) from healthy
donors were used as source of naive T cells (responders) while Raji cells were used as
APCs. Naive sorted CD4 T cells were labelled with CTV and activated either with (A-C) SAg
mix in the presence of IL-2 for 4/5 days or with (D-F) anti-CD3 & anti-CD28. (A, D) CD6-
targeting with Itolizumab showed no impact on T cell proliferation (assessed by CTV
dilution), and no reduction in the number of CD4 T cells recovered at the end of the culture.
(B) When activated with a Sag mix and treated with Itolizumab, CD4 T cells showed an
increase in the CD25 median fluorescence intensity (MFI), however (E), when activated with
anti-CD3/anti-CD28 there is a reduction in CD25 MFI. (C, F) No impact was observed on
cell survival. Data are representative of two independent experiments. Statistical test:
Kruskal-Wallis.

4.4. Discussion

Again, our results, support the idea that CD6 targeting with a mAb against domain
1, which is the case of Itolizumab, results in a negative impact over Tregs

polarization, while favouring a Th1l phenotype polarization.
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Similarly, very important is that, just as in mice, this is a dose dependent effect, again
highlighting the importance of dosage. However contrary to mice we noticed a small,
yet significant, impact over proliferation. Regarding survival, both the murine clone
10F12 and Itolizumb did not negatively impact T cell survival when compared to
control group as seen in fig.4.

Because in humans we could not activate our purified naive CD4* T cells in an
antigen specific manner, as we did in mice, we decided to use a mixed lymphocyte
reaction (MLR). The MLR strategy mimics an activation resembling the TCR
recognition of nominal peptide epitopes presented by self-MHC molecules,
hypothetically maintaining the assays as physiological as possible.3?! However, as
shown in fig.2, when we targeted CD6 with Itolizumab, we observed that the T cells,
although alive, were not activating, in opposition to what happened when anti-CD3
was added.3?! So, in light of this observation, we decided to include anti-CD3, and
with this new activating strategy not only did the cells activate (Figure 2), but also
the CD6 targeting impact observed in murine cells was reproduceable with human
cells (Figure 4), e.g. high doses of Itolizumab increased Th1 differentiation, while
decreasing peripheral Treg induction.

Indeed, Nair et al 2010 had previously shown CD6 co-stimulation involvement in Thl
commitment, thus supporting our observations.?"3

Despite no impact on overall proliferation, we were able to detect a dose dependent
cell division arrest at intermediate divisions (Figure 4E, J) which goes in line with
Bughani et al 2017, where a microarray analysis demonstrated that Itolizumab
impacts over cell cycle.3??

As in mice we also wanted to investigate in human if targeting CD6 d1 with Itolizumab
was causing some kind of steric hindrance over CD6 d3 interaction with its ligand
ALCAM. For that we activated our T cells without APCs, using anti-CD3 and anti-
CD28 so that ALCAM would not be present and just like in mice, we registered no
difference between the experimental and control groups (Figure 5C, D), suggesting
the impact of Itolizumab over differentiation was independent of CD6 d3-ALCAM
interactions. However, just like with murine cells a different more physiological

activation strategy might have had the opposite effect, as supported by the the work
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of Bughani et al 2017, where they showed that while Itolizumab F(ab’) fragments
cannot disrupt CD6-ALCAM interactions, full Itolizumab can.3??

During our experiments we noticed another, very important, aspect regarding the
impact of Itolizumab over functional specialization and T cell activation. Indeed,
depending on the type of activation strategy, Itolizumab affected polarization or not.
If we used iIPBMCs and anti-CD3 (Figure 4) we had lower Treg differentiation,
however if we used anti-CD3/anti-CD28 or a SAg mix and APCs we would lose that
negative impact (Figure 5). That cannot be attributed solely to an interference over
CD6 d3- ALCAM interactions, since both had the same outcome and the first was
lacking ALCAM. Moreover, the impact over T cell activation by both strategies was
different, with our anti-CD3/anti-CD28 results being similar to the ones of Bughani et
al 2017, showing less CD25 expression when treated with Itolizumab. Again, if
different activation strategies were used, as we show in fig.6 Itolizumab, instead of
decreasing CD25 expression, it increases it.

This data suggest that the signalling and activation pathways affected by Itolizumab
can be exposed using different activation strategies. Future studies will then be
required to identify how Itolizumab specifically affects signalling elements and how
that will affect activation and consequently functional specialization.

In fact, it is already documented in the literature that TCR activation and consequent
ZAP70 phosphorylation facilitates the interaction of CD6 with the TCR, with the
physical binding of CD6 and the CD3 complex mediated through Lck.?’* Also, just
like LAT, CD6 behaves as a signalling hub important for SLP-76 and Vavl
recruitment, both of them adaptor proteins.?5*323 And it will be the ability of CD6 to
hyper-phosphorylate tyrosine, serine and threonine residues on its cytoplasmic tail
that will allow SLP76 binding, thus resulting in a time and dose dependent activation
of MAPKinases.312:322

Overall, our results show that therapeutic antibodies, specifically anti-CD6 d1, are
dosage sensitive, meaning that only when used at high doses they do prevent Treg
induction, while favouring Thl differentiation at lower doses, just like in mice.

This impact over functional specificity might be related to different levels of activation

favouring alternative polarization phenotypes 82,
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This observation highlights the relevance of dosage, drawing our attention to the fact
that the same drug might be useful for different therapeutic targets depending on the
dose used.
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Discussion




General discussion

Summarizing, we show that targeting CD6 d1 with a monoclonal antibody allows, in
a dose dependent manner, specific modulation of T cell functional specialization.
Indeed, in both mice and humans we verified that when we use high doses of anti-
CD6 d1 mADb, induction of peripheral Tregs is impaired while induction of Thl cells
is favoured.

We also noticed that the strategy used to activate T cells influenced how anti-CD6
d1 affected the T cells. T cell activation with strategies like anti-CD3/anti-CD28 or
SAg mix, does not allow anti-CD6 d1 impact over T cell functional specialization to
be detectable. Probably, and this obviously requires further investigation, due to the
signalling pathways differently used by these strategies or to a supra-physiologic
stimulation that masks the impact of anti-CD6 d1.

Overall, we show that anti-CD6 dl1, a therapeutic antibody with an already
commercially available version, may present paradoxical effects depending on the
dose at which it is used and all because of a distinct impact over CD4 T cells
functional specialization. Such dose selection becomes crucial as it is the case of
EAE, where only low doses were protective while high doses may even exacerbate
disease severity. The relevance of dosage in this scenario seems to suggest that the
same compound depending on its dose may be therapeutically useful for several
diseases. Because of that, we decided to explore its impact on a mouse model of
breast cancer, which despite the lack of statistical significance, suggested a
protective effect with in-situ delivery of anti-CD6 d1 cumulative doses, possibly due
to higher availability at the tumour site.

Clinical trials using the human version of anti-CD6 d1, Itolizumab, to treat RA
suggested a preferential use of lower dosages compared to high doses since they
allowed for longer term responses. © This goes in accordance with our mice results
where we also observed a dose dependent effect. In fact, it is interesting to notice
that when high doses are used not only did we observe an increase in disease
severity in-vivo, but also an increase in Thl polarization coupled with a decrease in

Treg polarization in-vitro.
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Because we suspected that anti-CD6 d1 impact over T cell functional specialization
would be no more than a consequence of steric hindrance compromising CD6-
CD166 ligation, we decided to investigate this. Our murine results partially supported
this hypothesis. Also we observed that the anti-CD6 d1 immunomodulatory effect is
lost when physiologic conditions are not met, meaning supra-physiologic stimulation
like anti-CD3 and anti-CD28 activation masks the immunomodulatory impact of anti-
CD6. Observations supported by the literature, where Consuegra-Fernandez et al
2017 also shows that under contact-independent and supra-physiological activating
conditions the differences observed for in vitro Treg induction, between CD6~~ and
CD6** T cells, disappear. 2*

Such an impact, sensitive to supra-physiological conditions and that seems to be
directly associated with activation signalling, highlights its specific nature instead of
a pan impact usually correlated with major alterations over proliferation and viability
which is not the case.

The somewhat paradoxical nature of anti-CD6 d1 in a model of EAE, where low
doses were protective, and high doses detrimental, shed the hypothesis for a
beneficial impact over other disease models should different dosages be applied.
We decided to explore that possibility and to achieve this we used a mouse model
of breast cancer, the EQ771 breast cancer cell line model. Indeed, according, to the
literature, breast cancer belongs to a list of cancer types where infiltration of Tregs
in the tumours correlates with a poor prognosis, and since CD6 targeting with high
doses reduced the induction of Tregs, we investigated the impact of CD6 targeting
in this scenario. 2°

We observed that only when administering in-situ cumulative doses of anti-CD6 d1,
we were able to slow down tumour growth. Such observation, although not
statistically significant, might be explained by a tumour tissue restricted reduction of
infiltrating CD25*Foxp3* regulatory T cells and an increased ability to secrete IL-17
compared to control group. Several groups have already reported the existence of
an IL17Foxp3 double positive CD4* T cell population, known for being induced
through MAPK activation pathways, which induces IL1B thus resulting in this

phenotype. %6-2° Indeed, Ibafiez et al 2006 have shown that CD6 activation with its
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ligand results in the activation of three MAPK cascades, which, despite the need for
further studies, appears to go in line with our preliminary observations.?!

When in-situ cumulative doses or even doses like 1mg/mouse were tested, we
noticed a negative impact over activation as measured by CD25 MFI levels similarly
to Carrasco et al 2017. There they also showed a correlation between CD6 immune-
modulation and CD25 expression, and although this is humans, we might
contemplate the possibility of investigating it and verify if higher human CD6
expression also results in CD25 downregulation.3°

So, the use of high doses in the form of in-situ cumulative dosage, although not
statistically significant and preliminary, points to a protective effect against breast
cancer development in this mouse model. Despite the obvious necessity for
validation, it was interesting to observe that the negative impact of CD6 d1 targeting
over the regulatory T cell population still persisted as previously shown by in-vitro
data from chapter |I.

Indeed, even when transposed to human cells, anti-CD6 d1 (ltolizumab) continued
to diminish Tregs polarization in-vitro. But not only did it diminish Treg polarization,
it also, like in mice, favoured Th1 polarization, again, in a dose dependent manner.
Therefore, the dose factor was crucial for the impact of anti-CD6 d1 mAb over T cell
functional specialization. However, and contrary to mice, Itolizumab did significantly
impact proliferation, despite its small amplitude. Moreover, now in line with published
mice data, increasing treatment doses caused cell cycle arrest at intermediate
divisions as shown by CTV plots.1” Survival, on its turn, was unaffected by Itolizumab
treatment both in humans and mice.

To support even more this parallelism between mice and human anti-CD6 d1, we
also investigated a possible impact attributable to steric hindrance. Thus, we
activated T cells without APCs, using instead anti-CD3 and anti-CD28 so that
ALCAM would not be present. Again, just as in mice, no difference between the
experimental and the control group was detected. This, although not enough,
suggested that Itolizumab impacts T cell differentiation not only through disruption
of CD6 d3-ALCAM interactions, as supported by Bughani et al 2017, but also in
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accordance with Oliveira et al. 2012 the binding of anti-CD6 might be per se enough
to impact activation signalling and proliferation?37.

For more than 50 years, the mixed lymphocyte reactions (MLR) was considered as
one of the most physiological ways of activating T cells. When considering human
cells, where antigen specific activation is very difficult, MLR becomes even more
relevant. 1> However, when we targeted CD6 with Itolizumab, T cells did not activate
what was only overcame after adding anti-CD3 to the cultures.'®> Addition of anti-
CD3 allowed not only to finally activate T cells, but also to reproduce mice data,
where Itolizumab also increased Thl induction and decreased Treg induction in a
dose dependent manner. In fact, in 2010 Nair et al also showed CD6 co-stimulation
involvement in Thl commitment, thereby supporting the observations.6

As just pointed out, the activation strategy turned out to be a crucial element of anti-
CD6 dl1 impact over T cell functional specialization. This happens because
depending on the type of activation, Itolizumab may or may not interfere with T cell
polarization. So, if we used iPBMCs with anti-CD3, Itolizumab would decrease Treg
polarization, but if instead we used anti-CD3/anti-CD28, or even a SAg mix and
APCs, Itolizumab would no longer impact on polarization. This differential impact
over polarization could not be only a consequence of steric hindrance, causing CD6
d3- ALCAM interactions to disrupt, since both conditions masked Itolizumab impact
on polarization and the first had no ALCAM at all but the second had. Also, the impact
over T cell activation itself was different depending on the strategy used. If we used
anti-CD3/anti-CD28, like Bughani et al 2017, Itolizumab would induce less CD25
expression, whereas if we used a SAg mix instead, we would increase CD25
expression.

By using different activation strategies, we were then able to expose several
signalling and activation pathways affected by Itolizumab. To answer the question of
which are the signal elements and pathways affected by CD6 targeting and how
these will specifically impact on T cell activation and polarization, further
investigation is pivotal. If we go through the literature, we know already that TCR
activation and ZAP70 phosphorylation facilitates CD6 interaction with the TCR,
which is expected since CD6 physically interacts with the CD3 complex through
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direct contact with Lck.'8Also, the role of CD6 as a signalling hub appears to be
important for SLP-76 and Vavl recruitment, both of them adaptor proteins.920
Indeed, it will be the ability of CD6 to hyper-phosphorylate tyrosine, serine and
threonine residues on its very long cytoplasmic tail that will be responsible for SLP76
recruitment, and, consequently, for the time and dose dependent activation of
MAPKinases.1"2!

In summary, our data shows that therapeutic antibodies, specifically anti-CD6 d1,
display dosage dependent immunomodulatory effects, and only when used at high
doses do they prevent Treg induction, while favouring Thl differentiation at lower
doses. This impact over functional specificity might be related to different levels of
activation favouring alternative polarization phenotypes 2.

This stands out the importance of dosage, drawing our attention to the fact that the
same drug might be useful for different therapeutic targets depending on the dose.
Considering our results are consensual between human and mice, data obtained

from mice anti-CD6 d1 can be used as a pre-clinical proof of concept.
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In recent years molecules involved on the immune synapse became successful targets for therapeutic immune
modulation. CD6 has been extensively studied, yet, results regarding CD6 biology have been controversial, in
spite of the ubiquitous presence of this molecule on virtually all CD4 T cells. We investigated the outcome of
murine and human antibodies targeting CD6 domain 1. We found that CD6-targeting had a major impact on
the functional specialization of CD4 cells, both human and murine. Differentiation of CD4 T cells towards a
Keywords: Foxp3™ Treg fate was prevented with increasing doses of anti-CD6, while Th1 polarization was favoured. No
CD6 impact was observed on Th2 or Th17 specialization. These in vitro results provided an explanation for the

CDAT cells dose-dependent outcome of in vivo anti-CD6 administration where the anti-inflammatory action is lost at
Treg cells the highest doses. Our data show that therapeutic targeting of the immune synapse may lead to paradoxical
Foxp3 dose-dependent effects due to modification of T cell fate.

EAE © 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

T-cell polarization

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

CD6 is a transmembrane glycoprotein (105/130 kDa) expressed
mostly on mature T cells, but also in thymocytes, Bla lymphocytes
and CD56 NK cells. Its structure includes three extracellular scavenger
receptor cysteine-rich (SRCR) domains and a cytoplasmic tail (244
amino acids) without catalytic activity but with several sites for phos-
phorylation and recruitment of signal transduction proteins [1-3]. So
far, two CD6 ligands have been described: CD318, that binds CD6 do-
main 1 (d1), being expressed mostly on synovial tissues by epithelial
cells but also in some tumors; and the activated leukocyte cell adhesion
molecule (ALCAM) or CD166, that binds CD6 d3 and is expressed mainly
by monocyte-derived cells and endothelial cells [4-7]. From the two li-
gands, ALCAM is the best characterized, being established that its liga-
tion to CD6 allows for stable T cell-antigen presenting cell (APC)
interactions, essential for maturation of immunological synapse (IS)
and consequent optimal T cell proliferation [8-12].
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The high degree of conservation of CD6 and ALCAM binding regions
suggests an evolutionary relevance for this specific interaction [13-16].
Because CD6 is a SRCR family member, present at the immune synapse
during activation, a putative role for CD6 in the pathogenesis of autoim-
munity has been investigated [17,18]. Indeed, it was reported that
CD6-deficient mice have altered susceptibility to autoimmunity. How-
ever, while in experimental autoimmune encephalomyelitis (EAE) and
imiquimod-induced psoriasis CD6-deficient mice had disease protec-
tion or attenuation, in collagen-induced arthritis (CIA) CD6-deficient
mice had more severe disease [19-21]. Different genetic backgrounds,
different knockout strategies, and particularities intrinsic to the patho-
genesis of each disease model might justify the differences.

In humans, CD6 was also implicated in the pathogenesis of several
autoimmune diseases, including rheumatoid arthritis (RA), Sjogren's
syndrome and psoriasis [22-25]. Furthermore, genome wide associa-
tion studies (GWAS) and gene-specific candidate-driven studies also
identified CD6 as a major susceptibility locus for multiple sclerosis
(MS), psoriasis and Behcet's disease [26-29].

Given the involvement of CD6 in autoimmunity, there has been an
effort to develop therapeutic strategies based on CD6-targeting [30,31].

One of these strategies relates to Itolizumab, a humanized non-
depleting mADb targeting CD6 d1, that was shown effective and safe for

2352-3964/© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Research in context
Evidence before the study

CD6 has been linked to autoimmunity, and CD6-targeting antibod-
ies have been proposed as a promising autoimmune therapy. A key
issue regarding the biology of CD6-targeting has remained unad-
dressed: its impact on the functional polarization of CD4 T cells.

Added value of this study

We found a surprising dose-response effect of anti-CD6 monoclo-
nal antibodies on the functional specialization of murine and
human CD4 T cells: High doses of anti-CD6 inhibited polarization
towards Foxp3+ Treg cells while favouring Th1 polarization.
Th2 and Th17 polarization remained unaffected. The impact of
CD6-targeting on T cell specialization was observed in the absence
of any major effect on T cell survival or proliferation.

Implications

Our data show that therapeutic antibodies targeting the immune
synapse, namely anti-CD6, may lead to paradoxical dose-
dependent effects due to modification of T cell fate.

the treatment of psoriasis [32,33]. Clinical trials in RA also showed clin-
ical benefits, with lower doses providing the highest and long-lasting
improvements [34,35]. Thus, we investigated how different dosages of
CD6 d1-targeting would impact on murine neuroinflammatory disease.
We found that high doses of anti-CD6 were not protective and could
even promote inflammation. In order to find the mechanism for such
high-dose exacerbation of disease, we addressed the impact of CD6
d1-targeting on the functional specialization of activated CD4 T cells.
Here we show that CD4 T cells exposed to higher doses of anti-CD6
were prevented from acquiring a regulatory T (Treg) cell phenotype,
while preferentially differentiating towards Th1. Our findings were ob-
served with murine and human cells.

2. Materials and methods
2.1. Ethics and in vivo experiments

C57BL/6 and OVA-specific TCR-transgenic mice (OT-II Rag2 ™)
were bred and maintained under specific pathogen-free conditions.
Sex-matched mice, between 8 and 10 weeks of age were used in the ex-
periments. All experimental protocols were approved by the Local
Ethics Committee and are in compliance with European Union guide-
lines. EAE was induced in C57BL/6 mice by s.c. immunization with 125
pg MOGss_55 (MEVGWYRSPFSRVVHLYRNGK) (AnaSpec, Inc.) emulsi-
fied in complete Freund's Adjuvant (CFA) suspension (4 mg/ml
mycobacteria in IFA), and i.v. injection of 200 ng pertussis toxin (List Bi-
ological Laboratories) on days 0 and 2 following immunization. Disease
severity was scored daily: 1, tail atony; 2, hind limb weakness; 3, hind
limb paralysis; 3.5- flattening of hind quarters with complete paralysis;
4, quadriplegia; 5, moribund.

2.2. Histopathology

Mice were deeply anesthetized for transcardiac perfusion with PBS,
followed with 4% paraformaldehyde. After perfusion, head and spinal
cord were further immersed into neutral buffered formalin for 48 h.
Brain and spinal cord were then removed from the bone, trimmed and
routinely processed for paraffin embedding. Sections with 4 um were
stained with hematoxylin-eosin and Luxol fast blue, and screened by a

pathologist blinded to experimental groups, in a Leica DM2500 micro-
scope coupled to a Leica MC170 HD microscope camera. Semi-
quantification of inflammation and demyelination were performed
using a 5-tier system with 0-4 grading scale: 0, absent; 1, minimal; 2,
mild; 3, moderate; 4, marked.

2.3. mAbs and flow cytometry

Anti-mouse CD6 d1 (10F12) and anti-human CD6 d1 (Itolizumab),
as well as isotype controls were produced at the CIM (Havana, Cuba).
Anti-IL-4 (11B11) and anti-IFNy mAbs were produced at IMM (Lisbon,
Portugal) using Integra CL1000 flasks (IBS Integra Biosciences, Chur,
Switzerland), purified by 50% (w/v) ammonium sulphate precipitation,
dialyzed against PBS, and purity was checked by native and SDS gel elec-
trophoresis. Murine single cell suspensions were stained with CD4 PE
(GK1.5); CD4 APC-eFluor® 780 (RM4-5); TCRp APC-eFluor® 780
(H57-597); CD25 PE-Cy7 (PC61.5); IFN<y FITC (XMG1.2); IL-13 PE
(eBio13A); IL-17 PE (ebio17B7); Foxp3 APC (FJK-16 s), CD6 PE (BX222
Biolegend), anti-rat IgG Biotin and Streptavidin PE (all from
eBioscience). Human single cells suspensions were stained with CD4
PE (RPA-T4); CD4 FITC (OKT4); CD3 PE (OKT3); CD25 PE-Cy7
(BC96); CD45RA APC-eFluor® 780 (HI100); IFNvy PerCP-Cy5.5 (4S.
B3); IL-13 PerCP-Cy5.5 (JES10-5A2); IL-17 APC (eBio64DEC17);
Foxp3 APC (PCH101), CD6 FITC (BL-CD6) and anti-human IgG APC-
Cy7. Cell viability was detected with Live/Dead Fixable Aqua Dead
Cell Stain Kit (Life Technologies) and Annexin V Apoptosis Detection
Kit (eBioscience). CellTrace™ Violet Cell Proliferation Kit was used for
cell proliferation assessment according to the manufacturer's protocol
(Thermofisher). In some studies, cytokine production was assessed
following 4 h stimulation with 50 ng/ml PMA, 500 ng/ml ionomycin,
10 pg/ml brefeldin (all from Sigma Aldritch) and 0.66/ml Golgistop™
(BD Biosciences). Cells were permeabilized with eBioscience kit
(# A25866A).

2.4. Recombinant mouse extracellular CD6 protein

Murine soluble CD6 (Gly17-Thr398) was provided by INVIGATE
GmbH, Jena, Germany (www.invigate.com). The recombinant protein
is derived from HEK 293 cells and comprises C-terminally fused HA-
Tag (YPYDVPDYA), BirA-Tag (GLNDIFEAQKIEWH) and His-Tag
(HHHHHH).

2.5. T-cell activation and polarization (murine cells)

OVA-specific CD4™ T cells were magnetically sorted with CD4
(L3 T4) microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany)
from OTII-Rag2~/~ mice, with a purity >90%. T cells were cultured for
4 days and activated with bone marrow-derived dendritic cells
(bmDCs) (at 2:1 ratio) [44] and 10 uM OVAs3,3_339 (Eurogentec) or
with 3 pg/ml plate bound anti-CD3 and 2 pg/ml soluble anti-CD28
(OKT3 and 37.51, eBioscience). For Th1 polarization the medium was
supplemented with 5 ng/ml IL-2 and 10 ng/ml IL-12 (both from
Peprotech), and 0.5 mg/ml anti-IL-4 (11B11). For Treg polarization,
we added 5 ng/ml IL-2 and 5 ng/m TGF-3 (R&D). For Th17 polarization,
the medium included 10 ng/ml IL-1 and 20 ng/ml IL-6 (both from
Peprotech), 1 ng/m TGF-3 (R&D), and 0.5 mg/ml anti-IFNy (R46A2). Fi-
nally, for Th2 polarization we added 5 ng/ml IL-2, 10 ng/ml IL-4
(Peprotech), and 0.5 mg/ml anti-IFNv.

2.6. T-cell activation and polarization (human cells)

Peripheral blood mononuclear cells (PBMCs) were isolated from
blood or buffy-coats from healthy volunteers provided by Instituto
Portugués do Sangue e Transplantagdo (IPST), following informed con-
sent, by Ficoll gradient (Sigma Aldritch) using SepMate™ (STEMCELL
Technologies). Naive CD4™ T cells (CD4"CD3*CD25~ CD45RA™) were
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then sorted with FACS Aria III (BD Biosciences). Irradiated (25 Gy)
PBMCs were used as APCs (iPBMCs). CD4™" cells were cultured with
iPBMCs (at 1:2 ratio) and 1 pg/ml of soluble anti-CD3 (OKT3); or with
3 pg/ml plate bound anti-CD3 (OKT3) and 2 pg/ml soluble anti-CD28
(CD28.2). For Th1 polarization the medium was supplemented with
10 ng/ml IL-2, 2.5 ng/ml IL-12 (both from Peprotech), and 5 pg/ml
anti-IL-4 (11B11) mAb. For Treg polarization we added 10 ng/ml IL-2
and 10 ng/ml TGF-3 (R&D).

2.7. Statistical analysis

Statistical significance was calculated using nonparametric
Mann-Whitney U test, and Kruskal-Wallis one-way analysis of variance,
p values of <0.05 were considered significant (*p <.05, **p <.01, **p <
.001). Results are presented as mean + SEM.
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3. Results

3.1. Targeting CD6 d1 leads to anti-inflammatory effects exclusively at low
doses

Given prior reports on the importance of CD6 alleles for MS suscep-
tibility [26,27], and studies showing CD6-deficient mice resist induction
of EAE [19], we investigated whether antibodies targeting CD6 d1 can
prevent neuroinflammation.

We used an established model of EAE, induced following MOG-CFA
and pertussis toxin administration to C57BL/6 mice (Fig. 1a). It is
possible to prevent the onset of EAE in this experimental system using
antibodies that promote peripheral induction of Treg cells, such as neu-
tralizing anti-CD4 antibodies that do not induce cell lysis [36]. We used
YTS177 (a non-depleting pro-tolerogenic anti-CD4) as positive control
(Fig. 1b and Supplementary Table 1).
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Fig. 1. Low dose of anti-CD6 mAb (10F12) prevents the onset of EAE. (a) C57BL/6 mice were immunized with MOG and treated with different doses of anti-CD6, or an isotype control at day 0.
(b) Clinical score of mice treated with different doses of non-depleting anti-CD4 (YTS177), on the day before MOGs;s_ss immunization. All mice treated with anti-CD4 were protected from
EAE (n = 5 per group). (c) Clinical score for each concentration of anti-CD6 and control group of mice immunized with MOGs;s_ss peptide are shown as mean values + SEM, pooled data
from three independent experiments. Mice treated with 30 pg anti-CD6 (n = 11) were protected from EAE. However, mice treated with 100 pg anti-CD6 (n = 8), or greater doses (n = 4
per group), developed EAE with disease severity and incidence similar to the control group (n = 15). (d) Longitudinal sections of spinal cord from mice 22 days after MOGs3s_ss
immunization. In the Luxol fast blue stained section (upper panel), mice treated with anti-CD6 but not anti-CD4 show demyelination of the peripheral spinal cord white matter (black
arrow), similar to control mice (original magnification 10x, bar 250 um). In the hematoxylin-eosin-stained section (lower panel), mice treated with anti-CD6 but not anti-CD4 also
show an intense mononuclear inflammatory infiltration of the peripheral white matter, with macrophage-rich areas that include numerous myelin-containing phagocytes (white
arrowhead), and with fewer lymphocytes (black arrowhead), similar to control (original magnification 40x, bar 50 p).
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Fig. 3. CD4 T cell polarization is dependent on CD166 binding. (a) CD25*Foxp3™ T cells within CD4"TCRB™ T cells at the end of 4-days culture of OVA-specific TCR-transgenic OT-IL.Rag '~
CD4 T cells with plate-bound anti-CD3 and anti-CD28 under Treg polarizing conditions. Anti-CD6 did not alter the frequency of induced Foxp3* T cells. (b) OT-ILRag~/~ CD4 T cells were
cultured in a 2:1 ratio with BMDC for 4 days under Treg polarizing conditions with increasing concentrations of soluble CD6. Representative dot plots and (c) graphs showing the frequency
and number of CD25Foxp3 ™ T cells within CD4*TCRB™ T cells. Data are representative of two independent experiments (n = 4).

3.2. CD6 d1-targeting favours Th1 differentiation while suppressing Treg
cell induction

In mice treated with mAbs targeting CD6 d1 we could only find a
partial protection from EAE with the lowest dose (Fig. 1c and Supple-
mentary Table 2). On the contrary, the highest doses of anti-CD6 d1
did not show any beneficial effect (Fig. 1c).

The partial suppression afforded by low-dose anti-CD6 was not suf-
ficient to completely abrogate inflammatory changes observed by histo-
pathology, or to completely abolish infiltration of the CNS with
lymphocytes (Fig. 1d and Supplementary Table 3).

Given our previous results showing that protection from EAE follow-
ing CD4-blockade was due to peripheral expansion of Treg cells at the
expense of effector T cell (Th1 and Th17) polarization [36], we investi-
gated how CD6 d1 targeting impacted on T cell polarization.

Fig. 2. CD6-targeting increases Th1 polarization while inhibiting Treg differentiation. OVA-specific TCR-transgenic OT-IL.Rag~/~ CD4 T cells were cultured for 4 days in a 2:1 ratio with bone
marrow derived dendritic cells (BMDC) in Th1 and Treg polarizing conditions. (a, b) Representative flow cytometry dot plots and scatter plots showing the percentage of CD25*Foxp3 ™ T
cells within CD4"TCRR™ T cells at the end of Treg polarizing cultures with different doses of anti-CD6 (10F12) or 100 pg/ml isotype control (IC). (c) Survival of CD4 T cells at the end of
culture. (d) Number of CD4 T cells recovered at the end of the culture. (e) Representative histograms showing CTV dilution of T cells following culture and bar graph displaying the
frequency of cells within gates representing low, intermediate and high proliferation as displayed in the histograms. (f, g) Representative flow cytometry dot plots and scatter plots
showing the percentage of CD25"IFNy T T cells within CD4TTCRB™ T cells in Th1-polarizing cultures. (h) Viability of CD4 T cells under Th1 polarizing conditions. (i) Number of CD4
cells recovered at the end of culture. (j) T cell proliferation under Th1 polarizing conditions. (k) Representative dot plots and scatter plots showing the percentage of T cells producing
IL-17 (top) or IL-13 (bottom) following culture under, respectively, Th17 and Th2 polarizing conditions as well as their viability (right). Statistical tests: Kruskal-Wallis and Mann-
Whitney. Data are representative of three independent experiments, each with n = 3. *p <.05 **p <.01.
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To do that, we sorted CD4* OVA-specific TCR-transgenic cells from
OT-1L.Rag ™/~ mice. Because virtually all murine CD4 T cells constitu-
tively bear CD6 on their surface, it was unnecessary to sort subsets of
CD4 cells based on CD6 levels (Supplementary Fig. 1). The sorted
OVA-specific CD4 T cells were then stimulated with OVA-loaded DCs
under the appropriate cytokine environment to promote functional po-
larization of uncommitted CD4 cells towards Treg, Th1, Th2, or Th17
effector phenotype. We found that CD6 d1 targeting showed a dose-
dependent suppression of Treg polarization, as assessed by the decrease
of Foxp3 expression (Fig. 2a,b), without an impact on T cell viability
(Fig. 2¢). Cell proliferation also remained largely unaffected as the num-
ber of cells retrieved at the end of the culture remained unchanged
(Fig. 2d), although a trend in slower progression through intermediate
classes of cell division was observed at the highest dose of anti-CD6
(Fig. 2e). We confirmed that the number of Treg cells were consistently
decreased, and CD6 was not downmodulated/internalized during
in vitro cultures or in vivo, in mice treated with anti-CD6 (Supplemen-
tary Fig. 2).
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We also found that polarization towards a Th1 phenotype
responded to CD6 d1-targeting in an opposite way, with higher doses
of anti-CD6 d1 leading to greater frequency of Th1 cells (Fig. 2f,g),
again without significant impact on T cell survival or proliferation
(Fig. 2h-j).

The polarization of uncommitted CD4 T cells towards Th2 and Th17
phenotypes remained unaffected by anti-CD6 d1, even at the highest
doses (Fig. 2k).

3.3. Alteration of T cell functional specialization by anti-CD6 d1 is a conse-
quence of abrogation of CD6-CD166 interactions

We then investigated whether the observed impact of anti-CD6 d1
on T cell polarization was a consequence of steric hindrance of CD166
binding to CD6.

First, we stimulated T cells, under cytokine conditions favouring Treg
polarization, by providing anti-CD3 and anti-CD28 in the absence of
APCs (and, consequently, without CD166 provision at the T cell - APC
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Fig. 4. Impact of itolizumab on human CD4 T cell proliferation and survival. Peripheral blood mononuclear cells (PBMCs) from healthy donors were used as source of naive T cells
(responders). Those naive T cells were labelled with CTV and stimulated with syngeneic irradiated PBMC plus anti-CD3 (a); with allogeneic irradiated PBMCs (b); or with anti-CD3
and anti-CD28 in the absence of stimulating cells (c). Responder naive CD4 T cells were cultured for 5 days in a ratio of 1:2 with the irradiated PBMCs (except in C) in non-polarizing
conditions with IL-2. (a-c) Representative histograms of cultures with and without itolizumab and bar graphs showing the number of recovered CD4 T cells (left) and their viability
(right). The graphs represent the pooled data from seven independent experiments, each with triplicates. Statistical test: Mann-Whitney.
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interface). We found that addition of anti-CD6 d1 to those conditions
did not change the polarization of uncommitted CD4 T cells (Fig. 3a).
However, the different stimulation regime (APCs vs. anti-CD3/
anti-CD28) leads in itself to a different polarization efficiency. As a con-
sequence, we addressed this issue with a more comparable stimulatory

433

regime. We stimulated uncommitted CD4 T cells under the same condi-
tions as described in Fig. 2, but now using soluble CD6 to prevent CD6
interactions with CD166 on APCs. We found that the addition of soluble
CD6 led to a dose-dependent impact on Treg polarization similar to
what we observed with anti-CD6 (Fig. 3b,c). Therefore, anti-CD6
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Fig. 5. Itolizumab inhibits Treg polarization while enhancing acquisition of Th1 phenotype. (a—e) PBMCs from healthy donors were used as source of naive CD4 T cells (responders), labelled
with CTV and stimulated 5 days with syngeneic irradiated PBMC (at a 1:2 ratio) with added anti-CD3, TGF-(3, and IL-2 for Treg polarization; or (f-j) with IL-12, IL-2 and anti-IL4 for Th1
polarization. (a) Representative contour plots of CD25"Foxp3™ Treg cells and (b) graph with pooled data. (c) Viability of CD4 T cells at the end of culture in Treg polarizing conditions and
(d) number of recovered cells. (e) Representative histograms showing T cell proliferation (CTV dilution) under Treg polarizing conditions and pooled data with the frequency of T cells
within the represented low, intermediate and high cell division gate. (f) Representative contour plots of IFN<y producing CD4 T cells and (g) graph with pooled data. (h-j) Viability,
number of recovered CD4 T cells, and T cell proliferation at the end of cultures under Th1-polarizing conditions. Data are representative of two independent experiments, each of them

run with triplicates. Statistical test: Kruskal-Wallis. *p < .05 **p <.01.
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modulation of T cell functional specialization upon activation appears to
be a consequence of displacement of CD6-CD166 interactions.

3.4. CD6-targeting in human T cells with itolizumab reduces proliferation
and Treg cell induction

We then investigated whether itolizumab, a humanized monoclonal
antibody targeting human CD6 d1, can also influence the acquisition of
effector functions by activated human CD4 T cells. With human experi-
ments, due to the inability to use populations of T cells with a defined
TCR, we sort-purified naive CD4 T cell that were then stimulated with
soluble anti-CD3 in the presence of antigen presenting cells (APCs), or
by direct stimulation with allogeneic APCs. In addition, we also used
plate-bound anti-CD3 as a strategy to activate T cells in the absence of
APCs. We also confirmed that virtually all human CD4 cells constitu-
tively display CD6 on their surface (Supplementary Fig. 1b).

First, we investigated the impact of CD6-targeting with itolizumab
following T cell stimulation in presence of APCs. We found that when
T cell stimulation was provided with soluble anti-CD3 added to synge-
neic irradiated peripheral blood mononuclear cells (PBMCs, Fig. 4a), or
when allogeneic irradiated PBMCs were used as stimulators (Fig. 4b),
itolizumab tended to reduce T cell proliferation, as assessed by CTV dilu-
tion, leading to a reduced number of T cells at the end of the culture. The
figure shows data from seven independent experiments, each with trip-
licates. A statistically significant impact on proliferation was observed in
approximately half the experiments, but when all data were pooled, the
reduction in proliferation did not reach statistical significance. No signif-
icant impact on T cell survival, assessed as the percentage of live cells,
was observed (Fig. 4a,b).

We also performed in vitro assays providing T cell stimulation in con-
ditions where APCs were absent (Fig. 4c). Under those conditions T cell
proliferation was not affected by itolizumab, as assessed by CTV dilu-
tion, with similar numbers of T cells recovered at the end of the cultures
and with no significant impact on T cell viability.

We also found that anti-CD6 had a small impact on the activation of
CDA4T cells, as upregulation of CD69 (used as a surrogate marker for T cell
activation) was affected in presence of anti-CD6 (Supplementary Fig. 3).

Finally, we investigated whether CD6 targeting with Itolizumab
would have a similar impact on T cell functional specialization as we
have observed with murine antibodies targeting the same CD6 d1. We
cultured sorted human naive CD4 T cells in conditions favouring Treg
or Th1 polarization. We found a dose-dependent reduction on the fre-
quency of induced Treg cells when itolizumab was added to the cultures
(Fig. 5a,b). There was no significant impact on T cell viability (Fig. 5¢),
and only a small, albeit significant, impairment in T cell proliferation at
the highest doses of itolizumab (Fig. 5d,e). Conversely, addition of
itolizumab to Th1-polarizing cultures led to a dose-dependent increase
of Th1 cells emerging at the end of the culture (Fig. 5f,g). A similar impact
on proliferation and survival was observed (Fig. 5h-j). Overall, we found
a similar impact of CD6 d1-targeting in human and murine cells.

4. Discussion

Taken together, our data show that a monoclonal antibody targeting
CD6 d1 can have a strong impact on the functional specialization of T
cells, affecting different lineages in a distinct way: while increasing con-
centration of anti-CD6 d1 impair Treg differentiation, it favours Th1. Im-
portantly, both mice and human T cells, presented similar results.

Ongoing clinical trials of itolizumab for the treatment of RA reported,
ininitial dose finding studies, that patients treated with the highest dose
of itolizumab responded worse than patients treated with lower doses
[35]. Such observations are consistent with the in vivo outcome of ani-
mals treated with anti-CD6 d1 at the time of EAE induction, where
high doses of the therapeutic antibody appear to be less effective.
These in vivo results contrast with the outcome of anti-CD4 administra-
tion. Indeed, neutralizing anti-CD4 antibodies (devoid of lytic function)

can prevent EAE at all tested doses — what has been interpreted as par-
tial disruption of the immune synapse. Such protective effect was
shown to be dependent on Treg induction [36], although the same ap-
proach of CD4-blockade can rely on Foxp3-independent tolerance for
soluble proteins [37,38].

In order to address whether disruption of CD6-CD166 interactions
could explain the effect of anti-CD6 d1, and if such disruption had
an impact on Treg induction, we used soluble CD6 to directly disrupt
CD6-CD166 binding. We found that soluble CD6 could recapitulate
the dose-dependent outcome of anti-CD6 d1. However, contact-
independent strong stimulation with anti-CD3/CD28 was not affected
with addition of anti-CD6. Our observations are in line with a recent re-
port that showed the absence of difference for in vitro Treg induction, be-
tween CD6 '~ and CD6™/* T cells, when under contact-independent
and supra-physiological conventional conditions [39]. It was previously
reported that Treg cells from CD6-deficient mice have reduced suppres-
sive function [39]. We did not assess the function of Treg cells polarized
under the presence of anti-CD6. However, irrespective of a possible Treg
functional impact of CD6-targeting we found a major quantitative effect
on the number of polarized Treg cells.

It has been previously reported that the physical binding of antibod-
ies to CD6 expressed in Jurkat cells, induces inhibitory signals decreas-
ing cell proliferation [40]. We found that anti-CD6 d1 antibodies
appear to directly modulate T cell activation independently of CD166 li-
gation, inferred from CD69 upregulation. These data suggest that the
overall impact of anti-CD6 may combine blockade of CD6-CD166 inter-
actions with a small direct effect on signalling.

It should be noted, however, that a putative interference on T cell ac-
tivation signalling by anti-CD6 d1 cannot be major, but rather a subtle
impact. Major interferences in T cell activation would be expected to re-
sult in changes in cell proliferation and possibly viability, if that was the
case. Although in human studies we observed some response diversity
regarding impact on T cell proliferation following T cell activation in
presence of anti-CD6 d1, in both human and murine cells that trend is
present (especially a delay in proliferation) but without reaching statis-
tical significance. By contrast we observed a major impact on T cell po-
larization, restricted towards specific functional subsets. While Tregs
and Th1 cells were very significantly affected by anti-CD6 d1, Th2 and
Th17 were not. Such specificity towards distinct functional subsets are
probably related to different levels of activation favouring alternative
polarization phenotypes [41].

Other studies have also shown a protective effect of CD6 manipula-
tion in EAE, as well as a suppression of Th1 and Th17 responses by
anti-CD6 or CD6 gene deletion [19,42]. A direct comparison between
the published reports is difficult given the diversity of experimental pro-
tocols, namely distinct genetic backgrounds, CD6-gene ablation versus
antibody-targeting of CD6, different antibodies targeting distinct do-
mains, and different dosages and treatment schedules. It should be
stressed that distinct outcomes may be a consequence of different affin-
ities, avidities and binding specificities of distinct anti-CD6 antibodies
[43]. However, our observation highlights the importance of antibody
dose in modulating T cell functional specialization. This observation is
novel and may be important for other therapeutic targets, in particular
molecules important for T cell activation.

Overall, our results show that therapeutic antibodies, such as anti-
CD6 d1, may have paradoxical effects at different doses due to distinct
impact on CD4 T cell functional specialization: while a low dose anti-
CD6 d1 favours regulation, a higher dose may lead to opposite outcome
by preventing Treg induction while favouring a Th1 fate. As such, dose
selection is important, and the same compound may be therapeutically
useful for different indications depending on its dose.
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