1 2

UNIVERSIDADE b

COIMBRA

Mariana Fragata Miranda

CHARACTERISATION OF NATURAL KILLER T
CELL PHENOTYPE AND FUNCTION IN ALFA-
GALACTOSIDASE A DEFICIENCY

Dissertacdo no ambito do Mestrado em Investigacdo Biomédica, no ramo de
Infecdo e Imunidade, orientada pela Professora Doutora Maria de Fatima
Matos Almeida Henriques de Macedo e coorientada pela Professora Doutora
Teresa Maria Fonseca Oliveira Gongalves, e apresentada & Faculdade de
Medicina da Universidade de Coimbra.

Setembro de 2023






Faculdade de Medicina da Universidade de Coimbra

Characterisation of Natural Killer T cell
phenotype and function in alfa-
Galactosidase A Deficiency

Mariana Fragata Miranda

Dissertacdo no ambito do Mestrado em Investigacdo Biomédica, no ramo de Infecéo e Imunidade,
orientada pela Professora Doutora Maria de Fatima Matos Almeida Henriques de Macedo e
coorientada pela Professora Doutora Teresa Maria Fonseca Oliveira Gongalves, e apresentada a
Faculdade de Medicina da Universidade de Coimbra.

Setembro de 2023






Esta tese é dedicada a ti, Zezinho.
Obrigada por toda a forga que me deste, mesmo quando ja nao estavas ca.
Es a estrela mais brilhante que existe no céu.
Da tua donzela, obrigada por me fazeres sempre rir.

<3






Agradecimentos

Este ano foi sem duvida dificil, com muitos altos e baixos, ndo so a nivel académico, mas
também a nivel pessoal. Mas ndo seria possivel chegar aqui sem algumas pessoas, que
me ajudaram e acreditaram que eu conseguia. Algumas delas fizeram, sem duvida, com

que eu nunca desistisse. Assim, ndo poderia deixar de agradecer:

A minha orientadora, Fatima Macedo, pela confianca depositada em mim ao me ter aceite

para integrar este projeto e por me fazer aprender a valorizar o meu trabalho.

A minha coorientadora, Prof. Teresa Gongalves que aceitou, sem hesitacio, desempenhar

este papel. Obrigada por todo o apoio e ensinamentos durante as aulas.

Ao meu coordenador de mestrado, Prof. Henrique Girdo, por todo o apoio e ajuda.
Obrigada por todos os ensinamentos, tanto tedricos, como da vida. E uma pessoa especial

e que ira ficar para sempre comigo.

A Inés Mondragao por toda a paciéncia e disponibilidade e por todos os desabafos. Um
especial obrigada a Sofia Borges, por me ter acompanhado, ajudado e ensinado na fase
inicial. Aos restantes membros do CAGE, em especial a Liliana e a Carolina, pela
companhia, disponibilidade e por todas as conversas terapéuticas, que eu bem precisava.
A todas as pessoas do Lab 120, em especial a Diana, Lua e Xaninha, por toda ajuda
durante este ano (salvaram-me muitas vezes, meninas!) e ao Bruno miguxo por todos 0s
cafezinhos e por me tentar meter um pouco de juizo na cabeca. A D. Teresa por melhorar

sempre 0 meu dia com a sua alegria.

A Catarina Meireles e & Emilia Cardoso, da Plataforma de Citometria Translacional
(TraCy) do i3S, pela formacéo e auxilio na utilizacdo dos citdmetros. Obrigada por todo

0 apoio necessério durante este ano, sem vocés ndo teria sido possivel.

A Gabriela M. Almeida, da Unidade de Protecdo de Dados do i3S, por toda ajuda no
preenchimento dos documentos a submeter a Protecdo de Dados do Centro Hospitalar
Universitario de Séo Jodo (CHUSJ). Ao Prof. Jodo Paulo Oliveira, médico e investigador
do CHUSJ, envolvido no recrutamento de doentes Fabry para este projeto. Ao
Departamento de Imunohemoterapia do CHUSJ e aos seus dadores, pelo fornecimento de
Buffy Coats. Ao National Institute of Health Tetramer Core Facility (NIH, USA), por
ceder os tetrdmeros CD1d-PBS57 e MR1 5-OP-RU.



A Fundagéo para a Ciéncia e a Tecnologia (FCT), I.P., pelo financiamento deste trabalho
no ambito do projeto 2022.01788.PTDC.

E agora, 0 MAIOR OBRIGADA vai para as pessoas que estiveram 14 sempre quando eu

mais precisei, tanto presencialmente, como a distancia de uma chamada:

A minha mée, por fazer tudo por mim e por acreditar que eu vou sempre sempre dar o
meu melhor. Ao meu pai, babado, que vai a tudo o que eu participo e me leva para todo
0 lado. Obrigada do fundo do coragédo. Ao meu Trident (AKA, irmdo), por todas as
risadas, por todos os olhares cumplices, por me aturares mesmo quando estou mais
resmungona (a verdade é que também és um chato). Nunca cresg¢as. Obrigada a vocés os
trés, que me aturaram todos os dias durante este ano, que sei que também foi dificil para

VOCés.

Ao0s meus avos, por me apoiarem sempre e (mesmo as vezes ndo percebendo tdo bem o

meu trabalho), torcerem sempre por mim.

A minha madrinha, por todo o apoio que sempre me deu, por me fazer sempre pensar no

lado positivo das coisas e por saber que posso sempre contar com ela.

Ao meu tio e Jodo, por nunca duvidarem de mim e me fazerem sempre dar o meu melhor.
Aos meus primos, Afonso e Zezinho, por todas as gargalhadas juntos e parvoices que

faziamos com os avos.

Ao0s meus amigos, Miss, Tats, Diogo, Leninha, Rui, Rita(s), Bea, Johnny, Gabi, Rafa, por
terem sempre um tempinho para mim, por estarem sempre la para mim quando eu preciso,

seja para dar gargalhadas, chorar, passear, comer (e beber eheheh).
ADORO-VOS.

A ti, husbando, (last but not least) sem davida que foste o meu grande pilar durante este
ano (e sempre). Obrigada por me compreenderes e nunca me julgares. Obrigada por me
apoiares, qualquer que seja a minha deciséo. Obrigada por me ajudares a relaxar quando

nédo sei como o fazer. You are my safe space. Amo-te.






Resumo

A doenca de Fabry é uma doenca lisossomal de sobrecarga, ligada ao cromossoma X, causada
pela deficiéncia da enzima alfa-Galactosidase A (a-Gal A), que leva a acumulacdo do lipido
globotriosilceramida (Gb3). A apresentacdo clinica da doenca de Fabry é altamente heterogénea
e esta relacionada com a atividade da a-Gal A, sendo que 0s casos mais graves nao apresentam
atividade da enzima. Ainda ndo é possivel prever a progressdo da gravidade da doenga e
identificar quais os doentes que devem ser tratados e quando deve ser iniciado o tratamento. Foi
demonstrado que o modelo de ratinho da doenga de Fabry tem uma frequéncia reduzida de um
tipo especifico de células T, as células Natural Killer T invariantes (iNKT). Ao contrério das
celulas T convencionais, as células INKT séo células T restritas a CD1d, com um TCR semi-
invariante, que reconhece lipidos e produzem rapidamente citocinas quando estimuladas. O Gb3,
entre outros lipidos, pode impedir a ativacdo das células iINKT. Em estudos anteriores feitos com
humanos, ndo foram observadas alteragdes na percentagem de células iNKT em doentes com
doenca de Fabry atipica (inicio tardio) com a variante cardiaca, apesar de haver variagdo no subset
de células INKT CD4".

Apenas foram analisadas as células iINKT dos doentes de inicio tardio e existe heterogeneidade
nesta doenca. Para além disso, pouco se sabe sobre o fenétipo das células INKT nestes doentes.
Assim, este estudo teve como objetivos definir as condi¢des experimentais, incluindo a defini¢do
dos marcadores e diversos painéis de citometria de fluxo para analisar o fenétipo e a funcéo das
células INKT em doentes com doenga de Fabry e caraterizar a frequéncia e o fenétipo das células
iINKT nestes doentes, especialmente nos doentes com a apresentacdo classica da doenca (inicio
precoce). A primeira tarefa consistiu em construir um painel de citometria de fluxo e definir/
otimizar as condicOes experimentais necessarias. As celulas iINKT foram identificadas utilizando
anti-CD3 e um tetramero CD1d ligado a lipidos. O fendtipo celular foi estudado utilizando anti-
CD4, anti-CD8a e anti-CD8p, bem como marcadores de ativagdo (ICOS) e exaustdo (PD-1 e
TIM-3). Foram feitas titulacbes para cada anticorpo/ reagente. Tentamos identificar uma
subpopulacdo de células INKT citotoxicas circulantes, recentemente descrita na literatura.
Surpreendentemente, os resultados ndo foram reprodutiveis, uma vez que a populacédo circulante
ndo foi obtida, pondo em causa a existéncia desta populacéo.

Apos a validacdo das condigBes experimentais, foram analisadas células iNKT de quatro controlos
saudaveis e de trés doentes com doenga de Fabry. Dois dos doentes apresentavam a variante
classica da doenga, enquanto o terceiro doente apresentava a variante cardiaca de inicio tardio.
Foi analisada a frequéncia de diferentes populacGes de leucécitos, subsets de células iINKT e o
fendtipo das células iINKT de doentes com doenca de Fabry, incluindo a expressdo dos dimeros
CD8, CD8aa e CD8uf, nas células iNKT. As analises foram sempre comparadas com as células
T convencionais (CD3*). Nos doentes observou-se uma tendéncia para um aumento da
percentagem de monocitos em relagdo aos individuos saudaveis, embora ndo fosse
estatisticamente significativa. Esta alteracdo esta de acordo com a literatura. Surpreendentemente,
ndo foram observadas variagOes entre doentes e controlos no que diz respeito as percentagens de
células B e T. No entanto, foram observadas diferencas na percentagem de leucdcitos entre o
doente Fabry em tratamento e 0s ndo tratados. Tal como esperado, a frequéncia de células INKT
ndo apresentou variacao estatisticamente significativa entre os doentes e controlos. Embora ndo
tenham sido observadas diferencas estatisticamente significativas entre os subsets CD4 e CD8 de
iINKT dos controlos e dos doentes, os doentes Fabry apresentavam uma tendéncia para a reducao
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do subset CD8* iNKT, assim como para 0 aumento do subset DN iNKT. Os dadores saudaveis e
os doentes Fabry ndo apresentaram qualquer variagdo relativamente aos dimeros CD8 das células
iNKT. No entanto, foi observado que, em ambos os grupos, mais de 90% das células iINKT
expressam CD8aa, enquanto mais de 82% das células CD3* expressam CD8af. Ndo ha muita
informacdo disponivel sobre a expressdo destes dimeros nas células iINKT, embora a expressdo
mais elevada de CD8aa nas células iINKT também tenha sido obtida em quatro individuos
saudaveis num estudo anterior. Relativamente ao fen6tipo das células iNKT, os doentes Fabry
apresentaram uma tendéncia para expressar mais PD-1 (63,8 + 17,2 %) em compara¢do com 0s
controlos (41,2 + 24,6 %), mas esta diferenca ndo foi estatisticamente significativa. Esta tendéncia
também foi observada na expressdo de ICOS, apesar de ndo ser estatisticamente significativa. A
expressao de CD161 e TIM-3 nas células INKT ndo apresentou diferencas entre 0s controlos e 0s
doentes Fabry. No geral, ndo foram observadas diferengas significativas entre os doentes Fabry
com diferentes fenotipos da doenca. Com este estudo, foram definidas as condi¢des necessarias
para estudar as células iNKT. Devido ao nimero reduzido de doentes com doenca de Fabry e de
controlos saudaveis analisados, ainda ndo € possivel concluir acerca das diferencas na
percentagem de leucdcitos, incluindo as células iNKT, e no fen6tipo das células iNKT nos doentes
Fabry.

Palavras-Chave: Doenga de Fabry; Células Natural Killer T invariantes; Citometria de fluxo;
Doengas Lisossomais de Sobrecarga; Biomarcadores
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Abstract

Fabry disease is an X-linked lysosomal storage disease caused by deficiency of the enzyme alpha-
Galactosidase A (a-Gal A) which leads to the accumulation of the lipid globotriosylceramide
(Gb3). The clinical outcome of Fabry disease is highly heterogeneous and it is related to the a-
Gal A activity, with more severe cases presenting no activity. An unmet need for this condition
is to predict the progression of disease severity and to identify which patients should be treated
and when treatment should start. It was demonstrated that the mouse model of Fabry disease has
a reduced frequency of a specific type of T cells, the invariant Natural Killer T (iNKT) cells.
Contrary to conventional T cells, iINKT are CD1d-restricted T cells, with a semi-invariant TCR,
that recognise lipids and rapidly produce cytokines when stimulated. Gb3, among other lipids,
can prevent iNKT cell activation. In humans, previous studies have found no alterations in iINKT
cell percentage in patients with late onset Fabry disease patients with the cardiac variant, despite
alteration in the CD4" iNKT cell subset.

Only the late onset patients’ iNKT cells have been analysed in the past and there is heterogeneity
of this disease. Furthermore, little is known about iNKT cell phenotype in these patients. Hence,
the aims of this study were to set up experimental conditions, including the definition of the
markers and diverse flow cytometry panels to analyse the phenotype and function of iNKT cells
in Fabry disease patients and to characterize iNKT cell frequency and phenotype in these patients,
especially patients with the classical disease presentation. The first task was to construct a flow
cytometry panel and define/optimise the required experimental conditions. iINKT cells were
identified using anti-CD3 and a lipid loaded CD1d tetramer. Cell phenotype was unravelled by
using anti-CD4, anti-CD8a and anti-CD8 as well as activation (ICOS) and exhaustion (PD-1 and
TIM-3) markers. Titrations were done for each antibody/reagent. We attempted to identify a
circulating cytotoxic iNKT cell subpopulation, recently described in the literature. Surprisingly,
the results were not reproducible since the circulating population was not obtained, questioning
the existence of this population.

After validation of the experimental set up, iINKT cells from four healthy controls and three Fabry
disease patients were studied. Two of the patients presented the classical variant of the disease
whereas the other presented the late onset cardiac variant. The frequency of different leukocyte
populations, iINKT cell subsets and iNKT cell phenotype of Fabry disease patients were analysed,
including the expression of CD§ dimers CD8aa and CD8af in iNKT cells. The analyses were
always compared to conventional T cells (CD3"). Patients presented a tendency to have a higher
percentage of monocytes compared to healthy subjects, although not statistically significant. This
alteration is in accordance with the literature. Surprisingly, no variations were observed between
patients and controls regarding B cell and T cell percentages. On the other hand, differences
regarding the leukocyte percentage were observed between the treated Fabry disease patient and
non-treated patients. As expected, iINKT cell frequency showed no statistical variation between
the two groups. Although no statistically significant differences were observed between controls
and patients’ CD4 and CD8 iNKT subsets, a reduction in the Fabry disease patients’ CD8" INKT
subset, as well as a bias towards the increase of DN iNKT subset were observed. Healthy donors
and Fabry disease patients presented no variation regarding iNKT cells CD8 dimers. However, it
was observed that in both groups more than 90% of iNKT cells express CD8aa. whereas more
than 82% of CD3" cells express CD8ap. Little is known about the expression of these dimers in
iNKT cells, albeit the higher expression of CD8aa in iNKT cells was also obtained in in four
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healthy subjects from a previous study. Regarding iNKT cell phenotype, Fabry disease patients’
INKT cells presented a tendency to express more PD-1 (63.8 + 17.2 %) compared to controls
(41.2 + 24.6 %) but it wasn’t statistically significative. This tendency was also observed in ICOS
expression, in spite of not being statistically significative. CD161 and TIM-3 expression in iNKT
cells presented no differences between controls and Fabry disease patients. Overall, no significant
differences were observed among the Fabry disease patients presenting different disease
phenotypes. With this study, the necessary conditions to study iNKT cells were defined. Due to
the low number of Fabry disease patients and healthy controls analysed, it is still early to conclude
about differences in leukocyte percentage, including iINKT cells, and iNKT cell phenotype in
Fabry disease patients.

Keywords: Fabry disease; Invariant Natural Killer T cells; Flow Cytometry; Lysosomal Storage
Disease; Biomarkers
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Introduction

I. The lysosome

The lysosome, discovered in 1955 by De Duve et al., is an acidic membrane-bound
organelle often described as the recycling compartment of the cell. It is the major
intracellular site of enzymatic degradation for most macromolecules due to containing a

wide range of acid hydrolases®™.

The lysosomal hydrolases are only capable to function as a result of the acidic pH of the
lysosome, which is maintained through the action of an H*-ATPase, which pumps protons

to the lysosome®.

Macromolecular substrates are delivered differently to the lysosome depending on their
origin: 1) Extracellular substrates are delivered through the fusion of the lysosome with
late endosomes, via the endocytic pathway; 2) Intracellular substrates are transported by
the fusion of autophagosomes with lysosomes, via the autophagic pathway®®. Besides
late endosomes and autophagosomes, lysosomes are also able to fuse with the plasma
membrane, making it possible to secrete lysosomal content and translocate components

of the lysosomal membrane to the plasma membrane (Figure 1)"°.

<t
Plasma membrane
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Figure |. The lysosome and cellular clearance. The figure illustrates the three main aspects involved in
lysosome-mediated cellular clearance: cargo targeting to lysosomes, substrate degradation, and secretion.
Extracellular substrates are delivered through the fusion of the lysosome with late endosomes, via the endocytic
pathway (cargo delivery). Intracellular substrates are transported by the fusion of autophagosomes with lysosomes,
via the autophagic pathway (cargo delivery). Lysosomes are also able to fuse with the plasma membrane, making it
possible to secrete lysosomal content and translocate components of the lysosomal membrane to the plasma
membrane (secretion). Different colours represent the different processes: blue (cargo delivery), dark pink
(secretion) and green (degradation). This figure was created with BioRender.com.
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Lysosomes are not only a catabolic organelle, but they are also involved in vital cellular
functions, such as vesicle trafficking, signalling, nutrient sensing, cellular growth, plasma
membrane repair, cholesterol homeostasis, and cell death®"1°, Notably, the lysosome
plays a key role in antigen presentation (particularly through antigen processing) and
phagocytosis®!!. Thus, this organelle is essential for the maintenance of cellular

homeostasis.

I. Lysosomal storage diseases

Lysosome disfunction can result in impaired lysosomal degradation of macromolecules
and consequent accumulation of storage material, which is the hallmark of lysosomal
storage diseases (LSDs). These disorders constitute a heterogeneous group of metabolic

disorders.

LSDs can occur due to mutations in genes encoding lysosomal hydrolases and proteins
responsible for vesicular trafficking, lipid transportation and lysosomal biogenesis. These
defects can result in the disruption of the lysosomal function, leading to accumulation of
non-degraded substrates in lysosomes and endosomes. As a consequence, the lysosomal
homeostasis is disturbed which has important implications in protein degradation,
autophagy and metabolic stress'?. The progressive build-up of substrates within the
lysosome ultimately leads to impaired cellular and organ function. As a consequence,

LSDs typically aggravate over time and often result in premature mortality?512,

LSDs are commonly classified based on the accumulated material type. The main
categories include sphingolipidoses (accumulation of  sphingolipids),
mucopolysaccharidoses  (accumulation of glycosaminoglycans), mucolipidoses
(accumulation of glycolipids, glycosaminoglycans, and oligosaccharides) and
glycoproteinoses (accumulation of glycoproteins)*®. Patients with LSDs exhibit diverse
clinical presentations, often presenting as a multisystemic disease with notable
neurological involvement?. While there may be certain resemblances in the clinical
phenotype among various lysosomal storage disorders, it is important to note that no two

disorders share identical pathophysiology?.

LSDs comprise over 70 diseases and, although individually rare, they have a collective
incidence of 1 in 5,000 live births>!3-1°_ In the last study done regarding the Portuguese
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population, this particular category of inborn errors of metabolism was observed to have
a relatively higher overall prevalence rate, estimated to be 25 cases per 100,000 live
births. Among these, the sphingolipidoses subclass is the most prevalent, followed by the

mucopolysaccharidoses®®.

Available treatment strategies mitigate symptom severity and slow down disease
progression rather than offer a complete cure. Enzyme replacement therapy is the standard
therapeutic approach for the treatment of LSDs. Other therapies encompassing substrate
reduction therapy, hematopoietic stem cell transplantation, gene therapy and use of

molecular chaperones are used in few LSDs or are under clinical trials/ development!’18,

Sphingolipids (SLs), which are crucial constituents of membranes and perform important
functions in various signalling pathways, are involved in the pathology of several
neurological and immune diseases'®?°. Depending on the head groups, sphingolipids can
be classified into phosphosphingolipids [e.g., sphingomyelin which is present in the
myelin sheath that surrounds the axonal regions of neural cells] and glycosphingolipids
(GSLs), which are more complex and possess ceramide molecules modified by the
addition of sugar head groups?:. Most SLs are catabolized in the lysosome through a
single pathway, meaning that a deficiency in one of the proteins or enzymes involved

lysosomal degradation will lead to the accumulation of SLs??.

Most of the first described LSDs were sphingolipidoses, which include Fabry, Niemann-
Pick, Gaucher, Tay-Sachs and Sandhoff diseases*. This type of LSDs is usually
characterized by the accumulation of GSLs. Galactosylceramide (GalCer) and
glucosylceramide (GlcCer) are the simplest GSLs, being GlcCer the most common and
the precursor of the more complex GSLs?*?*, Numerous diseases result from
abnormalities in GSLs catabolism??2°, The enzymatic defects responsible for the various
sphingolipidoses and the major SL(s) that accumulate, as well as the mutated genes, are

described in Table 1%.

26



Table 1. Sphingolipidoses: defective enzyme, mutated gene and major accumulating SL(s).

Disease

GM1-
Gangliosidosis

Tay-Sachs
GM2- disease
Gangliosidosis Sandhoff
disease
Fabry disease

Metachromatic
Leukodystrophy

Krabbe disease

Gaucher disease

Niemann-Pick
disease types A
and B

Farber disease

Defective enzyme

B-galactosidase

B-hexosaminidase A

B-hexosaminidase A
and B

a-galactosidase A

Arylsulfatase A

Galactosylceramidase

Glucosylceramidase

Sphingomyelinase

Ceramidase

Mutated gene

GLB1

HEXA

GM2A

GLA

ASA

GALC

GBA1

SMPD1

ASAH1

Major accumulating SL(s)

GM1 ganglioside

GM2 ganglioside and lyso-
GM2

GM2 gangliosideand GA2
ganglioside

Globotriaosylceramide
(Gb3) and
globotriaosylsphingosine
(lyso-Gb3, deacylated form)

Sulfatide

Psychosine

Glucocerebroside and
glucosylsphingosine

Shingomyelin

Ceramide

The sphingolipidosis Fabry disease is one of the main characters of this study, which is

presented in the following section.

I.1.1 Fabry Disease

Fabry disease was first described in 1989 by William Anderson (surgeon) and Johannes

Fabry (dermatologist) as an association of "angiokeratoma corporis diffusum™ (skin

lesions) with the risk of developing renal failure?®?’. Also known as Anderson-Fabry

disease or a-Galactosidase A (a-Gal A) deficiency, it is the second most common disorder

among all LSDs [OMIM number: 301500]%%.%°,
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a-Gal A deficiency is an inherited X-linked genetic disorder, caused by mutations in the
Galactosidase Alpha (GLA) gene. The GLA gene, localized in a region of the long arm
of the X chromosome (Xqg22), is responsible for the production of the lysosomal
hydrolase a-Gal A which is involved in the catabolism of glycosphingolipids. Due to
mutations in the GLA gene, there is a deficiency in the activity of a-Gal A, leading to
accumulation of the lipid globotriaosylceramide (Gb3), although other lipids, as
globotriaosylsphingosine (lyso-Gb3, deacylated form), are also detected*3L.

Subsequent accumulation of Gb3 and other glycosphingolipids occurs in lysosomes of
deficient cells and body fluids. The deposits of lipids occur more prominently in the
lysosomes of endothelial, perithelial, and smooth muscle cells found in blood vessels.
Additionally, deposition occurs in ganglion cells as well as in various cell types in the

heart, kidneys, eyes, and other tissues throughout the body3%%,

® Clinical Manifestations and Frequency
There are two main variants of Fabry disease, depending on the onset of the disease and
a-Gal A activity of the patient: the classic form, also called the “severe” or early-onset
form, and the late-onset form32. The rate of progression of Fabry disease depends on the
level of residual enzymatic activity, i.e. a lower a-Gal A activity corresponds to an earlier

disease manifestation and a faster development?.

Patients with the classic form of the disease have no residual o-Gal A activity and
symptoms are often detected in childhood or adolescence (early-onset). The symptoms
observed in childhood are not specific: pain in the extremities (acroparesthesias),
unexplained fever, decreased sweating (hypohidrosis), and gastrointestinal issues. This
makes it hard to diagnose the disease in this phase®?. More distinct symptoms appear
during late adolescence, including skin lesions (angiokeratoma) and corneal opacity®2.
Later in life, around 30-50 years old, renal and cardiac complications emerge, which
results in a reduced life expectancy®2. Cardiac involvement in Fabry disease can present
as hypertrophic cardiomyopathy, valvular disease, conduction abnormalities, and
arrhythmias®®%2. Besides this, cerebrovascular problems also arise in Fabry disease
patients®?. The quality of life of these patients is significantly impacted by

acroparesthesias (chronic or episodic pain of varying duration), a neuropathy affecting
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small nerve fibres, which also contributes to reduced sensitivity to temperature and heat
pain. These skin lesions result from vascular dysfunction and tend to increase in number
and size over time3%32, Gastrointestinal manifestations primarily manifest as diarrhea and
abdominal pain. Respiratory problems, bone deformities, lymphadenopathy, anemia, and

delayed growth are also reported manifestations®2.

On the other hand, late-onset Fabry disease patients present variants of the disease in
which angiokeratoma, corneal opacities, and acroparesthesias are not exhibited. As the
name suggests, these variants manifest later in life, like the cardiac variant with isolated
cardiac dysfunction and cases where only the kidneys are affected®. In these cases, there

is typically a significant residual activity of a-Gal A enzyme®.

Nonetheless, the impact of the disease can differ between women and men, because the
condition is inherited in an X-linked manner, meaning that men only have one copy of
the X chromosome, while women have two copies®. Men inherit the disease when they
receive the affected X chromosome from their mothers, being the clinical manifestation
related to the variant they possess®. Although Fabry disease used to be referred to as an
X-linked recessive disorder, Wang et al. (2007) reported that women with Fabry disease
who are heterozygous (only one X chromosome carries the GLA gene mutation)
experience severe life-threatening conditions that require medical intervention and
treatment®. Consequently, referring to these women as carriers undermines the gravity
of the disease in this group of patients®%32-34_ Albeit little is known about the impact of
Fabry disease in pregnancy, it has been reported that there are increased pregnancy
complications in Fabry disease women when compared to the general population of

women32:36,

In summary, Fabry disease patients, depending on the variant, can suffer from a
multisystem disease, experiencing progressive renal insufficiency, requiring dialysis,
along with cardiomyopathy that can lead to potentially life-threatening cardiac
arrhythmias. Gastrointestinal pain, recurrent strokes and neuropathic pain in the
extremities are also common symptoms, sometimes leading to Fabry crises (Figure
2)%"%8, However, women tend to have more variable clinical manifestations of Fabry
disease than men, due to the random inactivation of one of the X chromosomes in each

cell during early embryogenesis®®.
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Figure 2. Fabry disease is a multisystemic disease. Main affected organs by Fabry disease are represented:
heart, kidney, nervous system (peripheral and central), gastrointestinal tract. This figure was created with
BioRender.com.

Anderson-Fabry disease is a pan-ethnic disorder and, since it is a rare and an under-
diagnosed condition, it is difficult to determine an accurate disease frequency®>*’. Fabry
disease affects both men and women, occurring in approximately 1 in 40 000 to 1 in
117 000 individuals, even though higher incidences have been reported in males®’. The
prevalence of this LSD in white male populations possesses a wide range, approximately
1in17000to 1in 117 000. Around 1 in 22 000 to 1 in 40,000 males present classic Fabry
disease mutations whereas 1 in 1000 to 1 in 3000 males show atypical presentation.

Atypical variants in females have an incidence of 1 in 6000 to 1 in 40 000374,

® Diagnosis and Treatment
Angiokeratoma and corneal dystrophy usually lead to the clinical suspicion of Fabry
disease, especially when there are Fabry disease patients in the family®. The diagnosis of
the disease is made by resorting to biochemical and genetic tests. Men and women are

evaluated differently when it comes to diagnosing Fabry disease, but genetic confirmatory

30



testing is mandatory in both*.. In males, the diagnostic is based on the evaluation of a-
Gal A activity in the circulating leukocytes, which is very low or absent in classical
phenotype (a-Gal A activity < 1% suggests a diagnosis of classical Fabry disease)®23/41,
However, in the case of an invariant phenotype , the values of a-Gal A activity can be
less than 25-30% of the mean normal level®. In these cases, the specific mutation
responsible for the disease needs to be investigated through molecular diagnosis®. Due
to X-chromosome random inactivation, women often present a-Gal A activities within
the normal range, making the biochemical diagnosis inadequate for ruling out the
presence of Fabry disease in females®??’. Consequently, the molecular diagnosis becomes
crucial in identifying female Fabry disease patients. The molecular diagnosis is done by
gene sequencing, allowing for the identification of a specific mutation in the GLA

gene32'37’43

According to the Human Gene Mutation Database (HGMD), there are 980 mutations
recorded for the GLA gene causing a-Gal A deficiency (accessed 7" July 2023).
Diagnosing and treating certain cases of Fabry disease becomes challenging due to the
presence of genetic variants with unknown significance and newly identified mutations**.
However, most patients carry family-specific (“private”) mutations, due to X-linked
inheritance®’. Studies on sequence conservation are being undertaken to identify the key
residues for protein function, so that it is possible to establish a correlation between

genotype and phenotype in Fabry disease®.

The current treatment options approved for Fabry disease are the enzyme replacement
therapy (ERT) with recombinant a-galactosidase A (r-a-Gal A), available for medical use

since 2001, and the chaperone migalastat, which was recently approved*-“2,

ERT is a burdensome lifelong intravenous treatment given every 2 weeks with
recombinant enzymes available: agalsidase-alfa (0.2 mg/kg body weight) or agalsidase-
beta (1 mg/kg body weight)®’. There are differences in the glycosylation pattern but it has
been shown that both enzymes have similar efficiency?®*. In spite of existing an
extensive literature published about ERT, there are still many unresolved issues, such as
the best timing to initiate therapy, the optimal dose and the clinical implications of using
anti-drug antibodies*’. It is known that this therapy with r-a-Gal A may slow down the
disease progression, but most patients still develop cardiac, renal, and cerebral
complications.
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Chaperone therapy with migalastat is administered orally (123 mg every other day) in
Fabry disease patients with migalastat-amenable (responsive to migalastat) GLA
mutations (i.e., GLA variants that despite abnormal folding, still possess some catalytic
activity). Migalastat binds to the active site of a-Gal A, correcting its misfolding and
facilitating the traffic to the lysosome®”>1. Although an improvement of cardiac problems
Is observed and renal function remains stable, different amenable-mutations may have
diverse clinical outcomes of the treatment, making it ineffective for some patients®-.
Furthermore, it still remains unclear if this chaperone therapy should be used in obese

Fabry disease patients as it’s dose is independent of the weight3">1,

ERT and migalastat may lead to an improvement of the disease burden, enabling cellular
clearance of Gb3, by exogenous administration of the enzyme or its stabilization with a
chaperone, respectively®’. However, they are not able to fully revert Fabry disease

pathology and its clinical manifestations®!.

Unfortunately, women with Fabry disease, despite manifestations of the disease, are often
left untreated, even though it is important to have an early initiation of therapy for it to be

successful in both males and females®’>2.

ERT and chaperone therapy cost thousands of euros/ year per patient, making it a health
economic burden, since it generally is a lifelong therapy. Besides this, there’s a need for
the development of criteria that consider the therapy initiation as well as its
discontinuation®”. As a result, there are currently new treatments in (pre)clinical trials
assessing the efficacy of second-generation enzyme replacement therapies
(Pegunigalsidase-alfa, Moss-aGal), substrate reduction therapies (Venglustat and
Lucerastat), as well as mMRNA- and gene-based therapies®®.

2. The immune system in Fabry Disease

Lysosomes are involved in several immune processes, such as phagocytosis, antigen
processing and presentation by antigen presenting cells (APCs), secretion of perforins by
cytotoxic T cells, and release of pro-inflammatory mediators by mast cells. Consequently,
the immune system is dysregulated by diseases where the function of the lysosome is
affected®>%. In fact, the presence of unmetabolized glycolipids in lysosomes triggers the

activation of harmful cascades, particularly those related to inflammation. This can be
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explained due to the fact that lysosomal deposits may act as damage-associated molecular
patterns (DAMPs; i.e., molecules of endogenous origin released by injured or dying cells
that are recognized by pattern recognition receptors (PRRs) on immune cells, such as toll-
like receptors (TLRs), triggering an inflammatory response) or induce the production of
DAMPs by injured cells, leading to subsequent pro-inflammatory activity®®. In LSDs,
since the stimulus, i.e. accumulated substrates in the lysosome, cannot be eliminated, the

inflammatory response is constantly being activated, becoming a chronic process®.

Fabry disease is characterised by the accumulation of Gb3 in several organs, which may
trigger the dysregulation observed in innate immunity in Fabry disease, inducing over
secretion of pro-inflammatory cytokines 3*°7. For instance, Biancini et al. have reported
that the high levels of urinary Gb3 correlate with the increased plasma interleukin-6 (IL-
6) levels®®. Furthermore, it has been demonstrated that peripheral blood mononuclear
cells (PBMCs) present significantly increased production of pro-inflammatory cytokines
[e.g., interferon-gamma (IFN-y), tumor necrosis factor alpha (TNF-a), IL-6 and IL-1f] in

patients with o-Gal A deficiency®-°,

Chronic inflammation causes organ damage, emphasizing the need for enzyme
replacement therapy early in patients’ lives. Renal and heart fibrosis (i.e. excessive
growth, hardening, and scarring of different tissues, caused by the accumulation of
extracellular matrix components, consequence of chronic inflammatory reactions®?), as
well as organ deformation and oxidative stress, have been described in Fabry disease
patients®%2-%5 A study demonstrated that lyso-Gb3 is able to induce inflammatory
response, by activating the NOTCHL1 signalling pathway (NOTCHL1 is a cell-surface
receptor whose pathway influences cell fate®), which activates the nuclear factor kappa
Beta (NF-xB) pathway®’. This leads to the production of pro-inflammatory cytokines,
subsequently inducing local and systemic inflammatory responses®’®8. Besides this, De
Francesco et al. demonstrated that blockade of TLR4 prevents the Gb3-mediated cytokine
production®. Nitta et al. showed that TLR4 is positively regulated by Gb3%. Together
these studies suggest that Gb3 may bind to TLR4, playing a role in organ inflammation
and damage®*°. Fabry disease has also been associated with disturbances in leukocytes

and excessive expression of immune molecules®® 72,

Martinez et al. showed that 57% of the Fabry patients studied possessed reactivity to at
least one autoantigen, being anti-phospholipid autoantibodies detected in 45% of them?®,
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Some studies also described overt thyroid disease [abnormal levels of both thyroid

stimulating hormone (TSH) and thyroid hormone] in Fabry disease patients’*7®,

Since ERT consists of infused recombinant proteins, humoral response, including anti-
drug antibodies, develops in Fabry disease patients: males with the classical disease have
higher risk of developing this response, enhancing disease progression and worsening

clinical outcome’”.

In summary, the immune system is dysregulated in Fabry disease, being chronic
inflammation the main disturbance, and there are even correlations between autoimmune
diseases and this LSD. The accumulation of lipids is the main cause for this dysregulation,
since they can act as antigens and regulate immunity by activating lipid-reactive T cells’®.
Lipid antigens and lipid-reactive T cells are going to be described in the following

sections.

2.1 Lipid antigen presentation
T lymphocytes, which are part of the adaptive immune response along with B
lymphocytes, are known to recognise protein antigens that are bound to Major
Histocompatibility Complex (MHC) class | or Il molecules (i.e., MHC | molecules
present to cluster-of-differentiation (CD) 8" T cells and MHC 1l to CD4* T cells) at the
surface of APCs. This antigen exposure at the cell surface allows T cell receptor (TCR)
engagement and subsequent T cell activation’®. Nonetheless, in 1989, Porcelli et al.
described a different type of T cells that weren’t MHC-restricted, but CD1-restricted T
cells®. Although the antigen of these cells wasn’t identified at the time, in 1994, Beckman
et al. were able to established that CD1-restricted T cells recognised lipids instead of
peptide antigens®. In Figure 3, a comparative illustration of MHC- and CD1-restricted

T cells is represented.
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Figure 3. Mediated antigen presentation by MHC and CDI to T cells. MHC molecules present peptide
antigens (left) whereas CD| molecules present lipid antigens (right) to T cells. This figure was created with
BioRender.com.

Since then, many exogenous and endogenous lipids have been described as being

recognised by CD1-restricted T cells®,

2.1.1 CDI molecules
CD1 molecules enable the recognition of lipids and glycolipids by T lymphocytes (Figure
3- right). The CD1 family are members of the non-classical MHC class | related proteins,

which are not encoded by the MHC but are MHC-like molecules®.

® CDI expression
Human CD1 molecules were first described as being encoded in a locus on chromosome
184, 1t is known that this chromosomal segment encodes five CD1 isoforms: CD1a, CD1b,

CD1c, CD1d and CD1e%®. Based on sequence homologies, the CD1 molecules can be
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divided into three groups: group 1, containing CD1a, CD1b and CD1c, group 2, only
consisting of CD1d, and group 3, only comprising CD1e%¢#. Interestingly, mice lack
group 1 CD1 genes and just possess one isoform (CD1d) which is codified by two genes

in chromosome 388,

Group 1 CD1 molecules are predominantly expressed on thymocytes and professional
APCs (i.e., dendritic cells and macrophages). Additionally, CD1a is found on Langerhans
cells, and CD1c is expressed in a subset of B cells®®®, On the other hand, group 2 CD1
molecule, which contains the only CD1 isoform shared between humans and mice,
presents a broader distribution, being present in hematopoietic and non-hematopoietic
cells. CD1d is highly expressed by cortical thymocytes, but its expression is reduced in
medullary thymocytes. In hematopoietic cells, the highest CD1d expression is usually
observed in leukocytes such as monocytes, dendritic cells or B cells®®. Circulating
activated T cells also express CD1d*. Additionally, CD1d can be found in non-
hematopoietic cells in various tissues, including the skin, liver, pancreas, endometrium,
breast, kidney, testis, gut, bile duct epithelium, epididymis, and conjunctiva®®. Studies
have also unveiled the expression of CD1d in adipocytes, which determines the adipose

tissue inflammation and insulin resistance in obesity®*°4,

Lastly, CD1e (group 3 CD1 molecule) is expressed on dendritic cells. CD1le molecules
participate in lipid antigen presentation, but they don’t interact with the TCR, due to their
absence on the plasma membrane, contrary to group 1 and 2 CD1 molecules®. Instead,
they serve as a lipid transfer proteins (LPT)®%, By binding to lipids in lysosomes and
facilitating the processing of complex glycolipids, it enhances the editing of lipid
antigens: CD1e promotes lipid loading and unloading in CD1d, and influences lipid
presentation by CD1b and CD1c®.

@ Structural features
All CD1 proteins consist of a heavy chain with three extracellular domains (al, a2, and
a3), a transmembrane domain, and an intracellular tail. The extracellular domains, al and
02, have two anti-parallel a-helices on the top of six B-strands®’. The a3 domain interacts
with the light chain, B2-microglobulin (B2M), forming a heterodimer®” %, The first crystal
structure of CD1 is represented in Figure 4°%.
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Glycolipid

Figure 4. Mouse CDI structure. CDI heavy chain (al-blue; a2- cyan; a3- lime green), f2M (magenta) and
glycolipid (yellow) are represented. Structure extracted from PDB (PDB:I CD|). Obtained using PyMol program (The
PyMOL Molecular Graphics System, Version 2.5.2, Schrodinger, LLC).

CD1 molecules possess structural similarities with MHC class 1, including their
association with 2M, and exhibit functional traits akin to MHC class Il molecules, such

as their potential association and trafficking with the invariant chain8286:100.101

On the other hand, their most outstanding difference from other MHC and MHC-like
molecules lies in the composition of the groove where the antigen is presented: CD1
molecules groove is composed of hydrophobic residues that can exclusively
accommodate lipid chains or highly hydrophobic amino acid side chains®®. In CD1
molecules, the groove consists of two large pockets (A' and F'), except in humans' CD1b.
In CD1b, there is an additional smaller C' pocket, between A'and F', as well as a T' tunnel
located in front of the C' pocket. CD1 isoforms exhibit differences in the size, shape, and
number of their pockets, enabling them to accommaodate lipids with varying lengths of
fatty acid chains (Figure 5)12, CD1a have the smallest groove, facilitating the binding of
small lipids. CD1b is the isoform that is capable of binding larger lipids. CD1c and human
CD1d possess intermediate binding grooves. CD1e possesses a larger groovel®?-1%, These
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differences in groove characteristics among the CD1 isoforms play a crucial role in the
antigen-presenting function, allowing them to bind and present a wide variety of lipid

antigens to T cells, thereby influencing immune responses®3,

D’ portal
(back)

A terminus

Figure 5. Representation of CDI isoforms grooves. Each CD| isoform possesses a distinct antigen-binding
groove with unique capacities. The groove architecture among CD| isoforms varies significantly. Adapted from Dalam
et al.lo0,

® CDI synthesis and trafficking

The knowledge of how CD1 molecules are synthetised and trafficked is important in order
to understand how lipid antigens are presented by these molecules to T cells. CD1 proteins
are synthetised in the endoplasmic reticulum (ER), followed by glycosylation, which
enables the binding of calnexin, calreticulin, and thiol oxidoreductase ERp57. This bound
promotes the right folding of the protein, being CD1 a chain bound in a non-covalent
form to £2M%%, Microsomal triglyceride transfer protein (MTP) is also an ER protein
that plays a crucial role in CD1 assembly!®. Some studies have showed that when this
ER lipid transfer protein is absent, there is a severe decrease in lipid antigen presentation
by CD1a-CD1d molecules!®1%, During assembly, CD1 molecules don’t present empty
pockets, being associated with lipids from the ER. These lipids can be loaded by MTP,
which stabilises CD1 proteins®®1%819 Besides stabilisation, MTP is also important for
recycling CD1 molecules from the lysosome to the plasma membrane!*°,

The cellular trafficking of CD1 molecules is represented in Figure 6. When CD1
molecules are correctly assembled, they move on with their maturation in the Golgi
complex. Here, they complete the glycosylation process and then, they are presented in
the plasma membrane, via the secretory pathway, except CD1e. This CD1 isoform is not

present on the plasma membrane, as stated above, and it functions as a LTP: loads and
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unloads lipids in CD1d and influences lipid presentation by CD1b and CD1c®. After the
glycosylation process, CD1e migrates to the late endosome and, subsequently, to the
lysosome, where it undergoes cleavage into a more stable soluble form*'t, When in the

lysosome, CD1e is involved in lipid loading on CD1b and CD1c%%,

When present in the plasma membrane, CD1 molecules are recycled via the endosomal
pathway, actively searching for lipid antigens. Human and murine CD1 molecules, except
CDla, are internalised due to the interaction between the tyrosine motifs in their
cytoplasmic tails and the adaptor protein complex (AP)-2. Afterwards, CD1b and mouse
CD1d interact with AP-3, which leads these molecules to the late endosomes and
lysosomes. Nevertheless, CD1c and human CD1d don’t associate with AP-3 to reach late
endosomes'®?. Studies with mouse CD1d lacking the cytoplasmic tail (prevents
internalisation for recycling) showed that these molecules were present in lysosomes,
which suggests an alternative pathway for direct sorting*®. The mechanism involves
mouse CD1d association with the invariant chain and MHC class 1l in the ER, leading to
its direct transport to MHC class 11 compartments or lysosomes'®. This mechanism can
be the used by human CD1d molecules. CD1a lacks tyrosine motif on its tail and so, it
cannot interact with AP-2. This CD1 isoform seems to function as a cell surface molecule,
exchanging lipids without internalisation or by accessing early endosomes!#!®, Once
internalised, different CD1 molecules follow separate pathways with distinct outcomes:
CDla primarily localizes in early endosomes, while CD1b traffics to lysosomes; CD1c
and human CD21d share similar trafficking pathways, being localized in late endosomes;
Notably, the trafficking pathway of mouse CD1d resembles the one used by human
CD1b*%3%6  Fyrthermore, it was demonstrated that pH influences the localization of

CD1d at the plasma membrane!?’.

In endocytic compartments, CD1 molecules load with lipid antigens and return to the
plasma membrane to stimulate T cells. The localization of lipid antigens in specific
organelles is determined by their biochemical characteristics, such as lipid length,
saturation, and headgroups, suggesting that the distinct pathways of CD1 isoforms are

crucial for encountering various types of lipid antigens®.
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Figure 6. Cellular trafficking of CD | molecules with the lysosome. CD| molecules undergo cellular trafficking
following their synthesis. Initially, they combine with 2-microglobulin in the endoplasmic reticulum. Subsequently,
they move to the Golgi complex network, where glycosylation takes place, and from there, they proceed to the
plasma membrane (indicated by solid arrows). At the plasma membrane, CD| molecules are taken up by the endocytic
pathway, which is the primary site for loading. Differences in pH are involved in the processes of protein conformation
as well as antigen loading. Notably, different CDI isoforms are found in distinct endocytic compartments. Once
loaded, the CDI molecules travel back to the plasma membrane, where they activate T cells (shown by dashed
arrows). Early endosome (EE); late endosome (LE); human CDId (hCDId); mouse CDId (mCD|d). Adapted from
Pereira et al. and Teyton, Luc80.102,

Summarily, CD1a, b, c and d (group 1 and group 2 CD1 molecules) present lipid antigens
to lipid-specific T cells, while CD1e is involved in loading lipids in other CD1 molecules.
Notably, all these molecules undergo trafficking through the endo-lysosomal

compartments, making them susceptible to defects in LSDs.

2.1.2 Lipid antigens

Lipid antigens are recognised by CD1-restricted T cells’®%. These antigens can be
classified as self- or nonself-antigens, depending on their origin: they are called self-
antigens when produced within the body, and nonself-antigens, when they derive from
external microbial or environmental sources'!®. Contrary to peptide antigens, lipid-
specific T cells exhibit considerable self-reactivity*®'?°, Lipid antigens can also be
categorized according to their synthesis place: endogenous antigens, produced in the same

APC, and exogenous antigens, synthesized in other cells and transferred to an APC?’.
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The glycosphingolipid a-galactosylceramide (o-GalCer) was the first lipid antigen
identified, after being isolated from a marine sponge compound*?X. A few years later, a-
GalCer was demonstrated to activate CD1d-restricted T cells!?2. Other self-origin
glycosphingolipids, such as GML1, sulfatide, and GD3, were identified as lipid antigens
as well®”. Phosphatidylinositol (PI), phosphatidylcholine (PC), lyso-PC, and
phosphatidylethanolamine (PE) are also antigenic lipids to CD1-restricted T cells. The
majority of nonself-lipid antigens were isolated from mycobacterial?.

The CD1 family has the ability to bind and exhibit a wide variety of diverse lipids. Certain
CD1 isotypes, like CD1b and CD1c, can specifically present certain unique mycobacterial
antigens. On the other hand, more common lipids like self and nonself glycosphingolipids
and phosphoglycerolipids can be presented by most CD1 isoforms, being recognition
specificity controlled by the CD1-restricted T cell®”. For instance, sulfatide can be
identified by all antigen-presenting CD1 isoforms and it can stimulate CD1a-, b-, c-, and
d- restricted T cells®’. An overview of some CD1-presented lipids is represented in Table
2.

Table 2. Antigenic lipids of self and nonself origin. CDI| restriction is specified for each antigen. Adapted
from De Libero et al., Zajonc et al.,, and Pereira et al.87.97.104,

Antigen Origin Restriction
Cardiolipin Self mCD1d
PE Cypress plant; self CD1a; mCD1d
PC Cypress plant; self CD1a; hCD1d; CD1c
Lyso-PC Self m/hCD1d; CD1a
Pl M. tuberculosis; self mCD1d
Lyso-Sph Self hCD1d
. CD1a; CD1b; CD1c;
Sulfatide Self m/hCD1d
a-GalCer Self m/hCD1d
B-GlcCer Self mCD1d
B-GlcSph Self mCD1d
iGb3 Self mCD1d
GD3 Self mCD1d
GM1 Self CD1b
Triacylglyceride Self CD1a
Dideoximycobactin M. tuberculosis CD1a
PIMeg M. tuberculosis CD1b; CD1le
GMM M. tuberculosis CD1b
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Mycolic acid M. tuberculosis CD1b
MPM M. tuberculosis CD1c

LPG L. donovani mCD1d

Abbreviations: mCDId- mouse CDId; hCDId- human CDId; PE-phosphatidylethanolamine; PC-
phosphatidylcholine; Pl-phosphatidylinositol; Sph- sphingomyelin; GalCer- Galactosylceramide; GlcCer-
glucosylceramide;  GlcSph-glucosylsphingosine;  iGb3-  isoglobotriaosylceramide; GD3-  GSL-1-
glycosphingolipid |; PIM-phosphatidylinositol mannose; GMM- Glucose monomycolate; MPM- mannosyl
phosphomycoketide; LPG: lipophosphoglycan; M. tuberculosis- Mycobacterium tuberculosis; L. donovani-
Leishmania donovani.

Although many lipids can be CD1 ligands, not all of them are T cell antigens. Some self-
antigens interact with CD1 proteins to stabilize them as they migrate to the cell surface.
The lipids bound to CD1 can be exchanged at the plasma membrane or during the
trafficking of CD1 along endosomal compartments. The process of lipid loading on CD1
involves various LTPs, including the saposins, GM2 activator protein, MTP,
apolipoprotein E and fatty acid amide hydrolase®” 1% | ow pH also induces

conformational alterations that allow the lipid loading*?412°,

Among CD1-binding lipids that do not trigger an immune response, some molecules
possess inhibitory properties. For instance, the glycosphingolipid Gb3 was described as
an inhibitor of a subset of CD1d-restricted T cells, called invariant Natural Killer T cells,
by binding to CD1d*2®. This inhibition occurs due to direct competition between Gh3 and
these T cells subset antigens for CD1d binding®*1%, This CD1d-restricted T cell
population is one of the main focus of this project and will be described in the following

section.

2.1.3 CD/|I-restricted T cells

CD1-restricted T cells are part of the group of "unconventional” T cells, which do not
recognise peptides antigens bound to MHC. These T cells often operate rapidly and

coordinate other immune cellst?7:128,

Group 1 CD1-restricted T cells express various o 3 or y § TCRs®. After recognising
self- or nonself-lipids antigens, they go through clonal expansion in the periphery,
resulting in a delayed effector response, resembling an adaptive-like immune response,
which is analogous to MHC-restricted T cells*?®. Group 2 CD1-restricted T cells are also
known as natural killer T (NKT) cells, because of expressing simultaneously a TCR and
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natural killer (NK) cells markers!®+12%, CD1d are divided into two groups: type 1 and type
2 NKT cells®®. These groups will be discussed below. In Table 3, Group 1 and 2 CD1-

restricted T cells are compared.

Table 3. Comparison between different types of CDI-restricted T cells. Modified from Godfrey et al./3/.

CcDhid
CD1a CD1b CD1c
Type | NKT cells Type 1l NKT cells
af and
TCR af and y6 AB Va24Ja18; V11 af and y6
vo
CD4+, CD4+,
CD4+, CD8+, CD4+, CD8+,
Phenotype CD8+, CD8+, CD4+, DN (mouse)
DN DN
DN DN
Sulfatide,
Main lipid iGb3; a-GalCer Sulfatide;
Sulfatide GM1, Sulfatide
antigens and analogs lysophosphatidylcholine
mycolic acid

2.1.3.1 Group | CDI-restricted T cells

Group 1 CD1-restricted T cells haven’t been analysed as intensively as NKT cells.
Regarding the expression of CD4 and CD8, these cells can be CD4 positive (CD4), CD8*
or double negative (DN), i.e., negative for CD4 and CD8°. According to their
phenotype, this group of T cells releases different types of cytokines that are typical of T
helper (Th) 1, Th2 and Th17 cells®’. Studies performed in vitro showed that, after
recognising lipid antigens, group 1 CD1-restricted T cells exhibit cytolytic activity and
produce significant amounts of cytokines like IFN-y and TNF-a (Th1 phenotype). Such
cytokines possess potent antiviral effects, controlling virus infections*3%132, Interestingly,
self-reactive CD1b-restricted T cells can recruit neutrophils due to their ability of
adopting Th17 cells characteristics'®3. Group 1 CD1-restricted T cells also induce TNF-
o dependent dendritic cell maturation®®*. Stimulation of PRRs enhances the autoreactivity
of group 1 CD1-restricted T cells®®, which can happen through viruses3®1,
Furthermore, CD1a-, b- and c- restricted T cells are involved in several pathways of the

immune response: they are increased during M. tuberculosis infections; they have been
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implicated in autoimmune diseases®’**’; they have been associated with allergies to

pollen®. Moreover, these T cells can present a naive, memory or effector phenotype®”.

2.1.3.2 CDId restricted T cells

Humans and mice have CD1d-restricted T cells, which are the most intensively studied
CD1-restricted T cells. Also called NKT cells, CD1d-restricted T cells can be divided in
two different populations based on their TCR properties. Type 1 NKT cells or invariant
NKT (iNKT) cells express a semi-invariant aff TCR: humans express an invariant Va24-
Ja18 chain paired with a VB11 chain®3® whereas in mice an invariant Va14-Ja18 chain is
paired with one of three B chains (VBS8.2, VB2 or V7)1, Type 2 NKT cells, however,
exhibit a preference for certain Va and Vf chains, being more variable than type 1 NKT

cells TCRs40141,

Type 1 and type 2 NKT cells express surface markers of NK cells including CD161
(NK1.1 in mice), CD54 and NKG2D molecules. These markers are not always co-

expressed, making it possible to define different subpopulations®’104:129,

® Type | NKT cells or “Classical’”’ NKT cells

Contrary to conventional T cells, iINKT cells exhibit innate-like functions. After
expanding and maturing in thymus, iINKT cells can be stimulated by innate signals,
responding within hours, instead of days. On the other hand, they are also able to respond
to specific antigens that engage their TCR. These characteristics place INKT cells at the
crossroads between innate and adaptive immune responses®. iNKT cells recognize
glycolipid antigens from various sources, including microbial and environmental, when
presented by CD1d*2,

INKT cells are greatly stimulated by a-GalCer (Figure 7). They are easily identified in
tissues by antibodies against the semi-invariant TCR or by CD1d tetramers loaded with
the glycolipid antigen a-GalCer or its analogue, PBS-57104130.143 The frequency of iNKT
cells is different between mice and humans. In mice, iINKT cells are more abundant in the
liver and adipose tissue, while their presence is relatively lower in the thymus, spleen,
bone marrow, peripheral blood, and lymph nodes. In humans, iNKT cells are more

frequent in the adipose tissue, followed by the liver, and are found at lower percentages
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in the spleen, peripheral blood, lymph nodes, bone marrow, and thymus'*. iNKT cells
percentage in PBMCs is very variable, ranging from 0.001% to over 3%, even though this
range is usually between 0.01% and 0.1%, with no differences between gender®4144145,

APC g™ O

Figure 7. a-GalCer presentation by CDIld molecule on the surface of an APC to an iNKT cell. This
figure was created with BioRender.com.

INKT cells can be divided into different subsets according to their CD4 and C8
expression: in humans, they can be CD4", CD8" or DN and a very small double positive
(DP) subset has also been observed'#®14" while mice iNKT cells are exclusively CD4"* or
DN cells*81%° Human iNKT cells are generally described by their expression of CD4
(CD4" or CD4 subsets). Different subsets frequencies vary significantly between
individuals, with CD4" and DN cells being the most common: CD4" ranges between 17%
and 53% and DN between 19% and 63% of total iINKT cells!4¢1%-160_ CD8* iNKT cells
are present at a lower frequency, representing 5 to 25% of the INKT cell
population!46.151.152154.157.158 " Lyyman CD4* and CD8" iNKT cells frequencies can be
altered in certain conditions. In human immunodeficiency virus (HIV) infection and
kidney transplants without rejection, the percentage of INKT CD4" cells is
decreased!™*>". Conversely, if kidney transplants are rejected, the frequency of iINKT
CD4" subset increases, as well as in refractory celiac disease, and Mycobacterium
tuberculosis infection**153157 Moreover, the percentage of iINKT CD4" subset tends to
increase with age'®>!8, Concerning the frequency of iNKT DN subset, it was shown to
be decreased during Mycobacterium leprae infection and in hepatocellular
carcinoma®1>*, Regarding the frequency of iINKT CD8" subset, it is increased in HIV

infection but decreases in metastatic uveal melanoma®®-1%’,
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Mice iNKT cells display heterogeneity in both phenotype and function. Murine iINKT
cells differentiate into at least three distinct functional populations, depending on the
transcription factor expressed (T-bet, GATA3 or RORyt) and cytokines produced. iINKT1
population expresses T-bet and produces IFN-y and some IL-4, whereas INKT2 subset is
GATA-3" and produces IL-4. iINKT17 population expresses RORyt and produces IL-17.
INKT1, INKT2 and iNKT17 display a Thl, Th2 or Th1l7 cytokine profile,
respectively?4®1%1, Moreover, all iNKT cells (including human iNKT cells) require zinc
finger transcription factor promyelotic leukemia zinc finger (PLZF) expression to
mature'®2163. Besides this, the three distinct thymic subpopulations express different
levels of PLZF, being highly expressed in INKT2, intermediately expressed in iNKT17
and low expression is observed in INKT1%%1%4 Additionally, there are other described
murine INKT subsets, including follicular helper iINKT (iNKTgn) which assist B
cells!®1% and iINKT10 cells that play crucial roles in the homeostasis of adipose

tissue®®’.

Human iNKT cells have also been categorised into Th-cell subsets, based on their
cytokine secretion (Figure 8). Stimulated Thl-like iINKT cells produce Thl-associated
cytokines (e.g., IFN-y and TNF-o))*47168.16% Th1-like iNKT cells are predominantly DN
INKT cells and exhibit a higher expression of NKG2D, when compared to CD4" iNKT
cells'®, Contrarily to Th1-like iNKT cells, Th2 like iNKT cell subsets are predominantly
CD4*iNKT cells and secrete IL-4, IL-13 and IFN-y when activated'#>!4718_CD8" iNKT
cells produce predominantly IFN-y*’°. Proinflammatory cytokines like IL-17, IL-21, and
IL-22 are secreted by human Th17-like iNKT cells upon stimulation!’t. Additionally,
regulatory T cells (Treg)-like INKT cells that express FOXP3 are able to produce IL-10,
an immunosuppressive cytokine, and Tru-like iNKT cells secrete IL-21 when

activated’+172,
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Figure 8. Th-iNKT cell subsets based on their cytokine secretion. When iNKT cells are stimulated, they
secrete various cytokines, that depend on the iNKT cell subtype. Adapted from Look et al.!43.

In spite of exhibiting a common expression profile for several chemokine receptors, INKT
cells subsets can also present variations in their chemokine receptor expression
(chemokines regulate leukocyte migration). Specifically, CD4* iNKT cells mainly
express C-C chemokine receptor type 4 (CCR4), while CD8* and DN iNKT cell subsets
predominantly express CCR1, CCR6 and C-X-C chemokine receptor type 6
(CXCR6)317* These observations suggest a distinct tissue distribution pattern among
different iINKT cells subsets: for instance, CXCR®6 is involved in distributing, in an
homeostatic manner, iNKT cells to the lung and the liver'”>!’8, Tian et al. showed that
INKT cells expressing CD62L (a ligand involved trafficking T cells to secondary
lymphoid organs) have anti-tumour activity and prolonged persistence in vivo'’’.

Like conventional T cells, iNKT cells undergo functional exhaustion, by expressing
higher levels Programmed Death Receptor-1 (PD-1) and T-cell immunoglobulin mucin-
3 (TIM-3)178-180,

Recently, Cui et al. discovered that, both humans and mice, possess a circulating
population of CD244"CXCR6" INKT cells with augmented cytotoxic properties,
producing higher levels of IFN-y than the CD244"CXCR6™ iNKT cells!8. Surprisingly,
this cytotoxic INKT cells subset lacks CD4 expression, which may explain why CD4-
iINKT cell population possesses an enhanced cytotoxic function!®. A representative
example of some markers that can be expressed on the surface of iNKT cells is illustrated

in Figure 9.
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Figure 9. Cell surface markers expressed in iNKT cells. Note that some markers may not be co-expressed.
This figure was created with BioRender.com.

INKT cells are crucial, for instance, to initiate immune responses at an early stage by
activating and recruiting APCs, which subsequently guide the adaptive immune response,

providing protection against infections and tumor development30:14,

® Type 2 NKT cells or “Non-classical’”’ NKT cells
Type 2 NKT cells exhibit greater TCR sequence variability and are not stimulated by a-
GalCer. Instead, they recognise antigens like sulfatide and PC*®!. Non-classical NKT cells
are more abundant in humans than iNKT cells, displaying characteristics of both
conventional INKT and T cells and influencing the outcome of persistent viral infections.
They have been associated with functions such as suppressing autoimmunity and
inhibiting tumor rejection. Type 2 NKT cells present immunosuppressive roles in

autoimmune diseases, inflammatory liver diseases, and cancer'®2,
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2.1.4 Mucosal-associated Invariant T cells

Mucosal-associated Invariant T (MAIT) cells have the ability to detect antigens derived
from vitamin B that are presented by the non-polymorphic MHC class | related-1
molecule (MR1)8-18 MAIT cells TCR and MR1 exhibit a high degree of conservation
across various mammalian species, indicating their vital and conserved role in immune
function'®. Lately, MAIT cells have been widely studied and can act as a control in our
research, since they constitute a substantial portion, up to 10%, of the T cells present in
PBMCs, and present several similarities with INKT cells (including an invariant TCR o

chain), as they are also considered “unconventional” T cells'86-188,

2.1.5 Invariant natural killer T cells in Fabry disease
The enzyme a-Gal A is responsible for degrading Gb3, a glycolipid which has been
shown to inhibit iINKT cells!?®. a-Gal A is also involved in the degradation of a-
psychosine, an antigen found in mammalian tissues®®. Hence, this enzyme has the role
of breaking down antigenic (a-psychosine) and inhibitory (Gb3) lipids for iNKT cells. As
consequence, a defect in a-Gal A results in the accumulation of both lipids within the
cells.

Glycolipids behave as antigens of CD1-restricted T cells. By understanding this, it is
possible to assume that the accumulation of Gb3 or lyso-Gb3 in Fabry disease patients,
because of the deficiency in a-Gal A, will have a direct impact on the immune system.
The accumulated glycolipids in this disease are recognised by APCs bearing CD1d
molecule, which then are presented to NKT cells, and CD1d goes through lysosomal
compartments where the accumulation occurs®2116182 Besides this, in a-Gal A deficient
cells there is also the accumulation of the lipid antigens a-GalCer and a-GalSph, which

are iNKT cell antigens*®®.

a-GalCer is a lipid presented by CD1d-bearing APCs, whose loading is influenced by the
access to a functional lysosomal compartment. Several studies have demonstrated that
that APCs from mouse models of Fabry disease and other LSDs have decreased capacity
of presenting lipid antigens'®. Surprisingly, this reduced capacity was not observed in
human patients'®. The differences in CD1d lipid antigen presentation between mice and

humans could be attributed to variations in intracellular trafficking and lysosomal
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function. For instance, mouse CD1d mainly recycles to the lysosome, while human CD1d

is found in late endocytic compartments®2®.

Furthermore, in Fabry disease animal model (a-Gal A deficient/ knock out (KO) mice),
it was shown that the total iINKT cell frequency is decreased, as well as the CD4" iNKT
cells subset'®% In other LSDs, this reduced total number of iNKT cells is also
observed, which may suggest that it is a consequence of a general lysosomal
dysfunction'®®1%, The decrease in iNKT cell numbers could be attributed to the
accumulation of non-antigenic lipids interfering with CD1d antigen presentation to INKT
cells. Gb3, among other lipids, can bind to CD1d and prevent iNKT cell
activation!?1%1% _QOn the other hand, iNKT cells may become over-stimulated in a-Gal
A KO mice due to the presence of lipid antigens a-GalCer and a-GalSph in a-Gal A
deficient cells, leading to their exhaustion®®%, It is important to note that both
phenomena can be occurring in parallel in a-Gal A KO mice, depending on the balance
between Gb3, a-GalCer and a-GalSph levels in different organs. Importantly, treating

adult o-Gal A KO mice with ERT prevented the decrease in splenic iNKT cell number!®?,

When compared to a-Gal A KO mice, little is known about iNKT cells in Fabry disease
patients. INKT cells and lipid antigen presentation have already been studied in late onset
Fabry disease patients (patients with residual o -Gal A enzyme activity)'6%, In these
patients’ blood, iNKT cell frequency and CD1d lipid antigen presentation is similar to
healthy subjects. Nevertheless, late onset patients have a decreased percentage of CD4*
iNKT cells, similar to a-Gal A KO mice, and an increase in DN iNKT cells frequency!®’.
It is known that occurs downregulation of CD4 expression in iNKT cells upon cell
activation®, which supports the hypothesis that the accumulation of self-lipid antigens
can lead to the activation of INKT cells in a-Gal A deficiency. In terms of cytokine
profile, these late onset Fabry patients showed a significant reduction in the production
of IL-4 by iNKT cells subsets, but no important alterations in the production of IFN-y.
This suggests a bias towards a pro-inflammatory phenotype of INKT cells in Fabry

disease!?’.

Although there are some data regarding iNKT cells in late onset Fabry disease patients,

classical patients, with more severe a-Gal A deficiency, haven’t been analysed yet.
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Hypothesis and aims

We hypothesize that the progressive accumulation of lipids in a-Gal A deficiency leads

to INKT cell frequency, phenotypic and functional alterations.

The specific aims of this thesis project were:

1) To set up experimental conditions, including the definition of the markers to

analyse the phenotype and function of INKT cells;

2) To characterize INKT cell frequency and phenotype in Fabry disease patients.
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Materials and methods

Experimental set up had to be optimised before performing it with the Fabry disease

patients and healthy subjects’ blood samples.

Experimental analyses were performed using Buffy Coats from healthy subjects and
peripheral blood samples from Fabry disease patients. PBMCs from healthy donors were
isolated and used for: 1) the titration of antibodies, tetramers and fixable viability dye
(some antibodies and CD1d loaded tetramers were also titrated using the iNKT cell line);
2) the optimisation of anti-iINKT MicroBeads volume. PBMCs from control subjects and
Fabry disease patients were isolated and used for flow cytometry analyses, to study the

iINKT cell population.

I) Ethics statement

Fabry disease patients were recruited from Centro Hospitalar Universitario de S&o Jodo
(CHUS)), Porto, Portugal. Informed consent was obtained from all Fabry disease patients
in accordance with the Helsinki declaration. The study was approved by CHUSJ Ethical
Committee and Data Protection Officer.

2) Biological samples

Three Fabry disease patients and four control subjects were analysed in this study. Two
females (siblings) and one male composed the Fabry disease patients’ group. In the
control group, there were two females and two males. PBMCs from control subjects were
isolated from Buffy Coats, kindly provided by Banco de Sangue from CHUSJ (Porto,
Portugal). The Buffy Coat is a product from the blood processing, that contains most of
the white blood cells and platelets. Fabry disease patients were recruited by their
physician, Prof. Jodo Paulo Oliveira from Hospital Sdo Jodo. The male patient was
already under ERT, when the blood samples were acquired. The two female patients were
not under any treatment. Blood samples from patients were collected in ethylenediamine
tetraacetic acid (EDTA) containing tubes (two blood tubes ~9 mL each were collected
per patient), when blood tests were made to the patients. The blood samples from Fabry
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disease patients were collected from the Human Genetic Service at CHUSJ (Porto,

Portugal).

3) Peripheral blood mononuclear cells isolation

Buffy Coats from healthy blood donors were collected from Banco de Sangue from
CHUSJ (Porto, Portugal). Blood samples (blood tubes) from Fabry disease patients were
acquired from the Human Genetic Service at CHUSJ (Porto, Portugal). PBMCs from the
Buffy Coats and blood samples were isolated by density gradient centrifugation with
Histopaque-1077® (Sigma-Aldrich), under sterile conditions. In the case of Buffy Coats,
they were first diluted 1:1 with phosphate-buffered saline (PBS) 1x (Gibco) and, then, the
diluted blood was gently layered in a 2:1 proportion with Histopaque-1077®. Blood from
blood tubes (Fabry disease patient’s blood samples) was not diluted and it was gently
layered ina 1:1 proportion with Histopaque-1077®. Afterwards, diluted blood and whole
blood were centrifuged at 400 x g, room temperature (RT), for 30 min, without brake.
After centrifugation, PBMCs were collected from a visible ring, called “PBMCs layer”,
located between the plasma and Histopaque-1077® (Figure 10). PBMCs were washed
with 10 mL of PBS 1X at 1300 rpm for 6 minutes. PBMCs were then incubated with 5
mL Red Blood Cells (RBC) lysis buffer 1X (BioLegend®) for 10 minutes, in order to
lysate any remaining erythrocytes. PBMCs were counted in an optic microscope by using
a Neubauer chamber and Trypan blue for exclusion of dead cells. The needed quantity of
PBMCs was collected, according to the experiment performed. PBMCs were used for:
titration of antibodies, tetramers and fixable viability dye (Buffy Coats from healthy
donors); optimisation of anti-iINKT MicroBeads volume to use in patients (Buffy Coats
from healthy donors); optimisation of protocols (Buffy Coats from healthy donors); flow
cytometry analyses of peripheral blood iINKT cells (Fabry disease patients’ blood samples
and healthy subjects’ Buffy Coats).
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Figure 10. PBMC isolation using Histopaque 1077®. This figure was created with BioRender.com.

PBMC:s isolated from Buffy Coats from healthy donors were also used as APCs in INKT
cell line re-stimulations. The iINKT cell line was used to titrate some antibodies and
tetramers (described in section 6) INKT cell line culture and re-stimulation). For INKT
cell re-stimulation, 25 mL of RPMI complete medium (RPMI 1640 1X GlutaMAX with
Sodium Pyruvate 1X, Kanamycin Sulfate 1X, Non-Essential Amino Acids 1X, from
Gibco) with 10% heat-inactivated Fetal Bovine Serum (iFBS) (with FBS from Gibco)
were added to the PBMCs isolated from a Buffy Coat. PBMCs were irradiated with 40
Gy in a gamma irradiator (Gammacell 1000, Nordion). Irradiated PBMCs were
centrifuged at 1300 rpm for 6 min and pellet was resuspended in 10 mL of RPMI complete

medium with 10% iFBS. Cells were then counted in a Neubauer chamber.

4) Activation of T cells with phorbol myristate acetate and

ionomycin

Upon isolation of the PBMCs from a Buffy Coat, activation of T cells with phorbol
myristate acetate (PMA) and ionomycin was performed to titrate the antibodies anti-1L-4
and anti-1IFN-y. Cytokines are analysed intracellularly and this activation technique with
PMA and ionomycin is better for the intracellular cytokine staining. PMA triggers the
activation of protein kinase C, and when combined with the Ca?* ionophore ionomycin,

it initiates intracellular signalling pathways within T cells. This results in the release of
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cytokines. Nevertheless, this stimulation is toxic and does not increase the number of
viable cells. To inhibit cytokine secretion, Brefeldin A (BFA) is introduced as it obstructs
the movement of proteins from the endoplasmic reticulum to the Golgi complex. This
action amplifies the cytokine signal within the cell while minimizing background noise.
The protocol followed was adapted from Foster et al*®®. Briefly, the PBMCs isolated from
a Buffy Coat were washed with PBS 1X, counted and resuspended at 4 x10° cells/ mL in
RPMI complete medium with 10% iFBS. 100 pL of the resuspended cells were plated in
96-well round-bottom plates and 100 puL of complete RPMI medium with 10% iFBS
containing 50 ng/mL of PMA (Sigma), 2 ug/mL ionomycin (Sigma), and 20 ug/mL BFA
(Sigma) was added to each well. Cells were incubated at 37 °C, 5% CO- for 5 hours. The
final concentrations of the reagents added were diminished to half, because 100 uL of
complete medium was already present with cells in the wells (in the beginning, the double
of the reagents concentration was added in order to get intended concentration). Besides
the wells containing PMA/ionomycin for single staining (four dilutions of each antibody:
1:100 to 1:800), two control wells containing isolated PBMCs without stimuli were added
(unstained and stained). 5 hours later, cells were recovered and subjected to intracellular

staining.

5) Human iNKT cell enrichment from PBMCs

INKT cells from Fabry disease patients and healthy subjects, as a rare population of cells,

had to be enriched in a sample in order to study all the markers.

INKT cells were isolated from PBMCs (isolated from Buffy Coats or blood tubes/ whole
blood) by performing immunomagnetic labelling with anti-human iINKT MicroBeads
(Miltenyi Biotec) using a Magnetic-activated cell sorting (MACS®) cell separation
system (Miltenyi Biotec). This technique makes use of magnetic beads that are bound to
an anti-human iNKT cell antibody which allows the positive selection of human INKT
cells based on the expression of the TCR a-chain Va24-Jal8. A scheme of positive

selection using MACS® cell separation system is represented in Figure 11.

Besides analysing iNKT cells from Fabry disease patients and healthy subjects, they were
also compared to CD3* T cells (conventional T cells). This way, the positive fraction
(INKT™) didn’t have to have 100% purity of iINKT cells, but 0% of iNKT cells was wanted
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in the negative fraction, so that iNKT cells weren’t being lost. Following this line of
thought, in order to optimise the amount of microbeads that were going to be used with
patients and controls, half of the recommended amount of microbeads by the

manufacturer was used.

The manufacturer’s protocol was followed under sterile conditions. Briefly, isolated
PBMCs from a Buffy Coat were washed with 5 mL of MACS Buffer (1x PBS, 2 mM
EDTA, 0.5% Bovine serum albumin (BSA)), by centrifuging at 1800 rpm, for 5 minutes.
The pellet was resuspended in MACS Buffer (400 pL per 100x10° cells) and incubated
with anti-human iNKT magnetic beads (50 pL per 100x10° cells- the recommended
amount was 100 pL per 100x10° cells) on ice in the dark, for 20 min, occasionally
shaking. With this incubation, anti-human iNKT cell antibodies present in the microbeads
are able to bind to iINKT cells. Then, cells were washed twice with 5 mL of MACS Buffer.

According to the number of cells needed or available (in the case of Fabry disease
patients, as the PBMCs were isolated from two blood tubes (whole blood) the number of
PBMCs was lower), the type of columns for positive selection of cells varied: if less than
200 x 10° cells were to be obtained, MS columns were used; if more than 200 x 10° cells
(and less than 2000 x 108 cells) were to be obtained, LS columns were used. Once the
columns were chosen, they were placed in the magnetic support and respective separator
(MiniMACS separator for MS columns and MidiMACS separator for LS columns).
Labelled cells are kept from eluting because of the magnetic force existing between the
beads and the magnetic support. Columns were pre-wetted with MACS Buffer: 0.5 mL
for MS columns and 4 mL for LS columns. After washing 2X with MACS buffer, cells
were resuspended in 0.5 mL of MACS buffer, if MS columns were used, or in 4 mL, if
LS columns, and were applied to the column. The cells that bound to the beads (iNKT
cells) remained in the column (positive fraction), while non-labelled cells were eluted
(negative fraction). The columns were washed twice with MACS Buffer (0.5 mL for MS
columns and 4 mL for LS columns). These washes elute cells that are not bound to the
magnetic beads. The columns were then removed from the magnetic support and

separator and placed in Falcon tubes. 1 mL (MS columns) or 5 mL (LS columns) of
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MACS Buffer were loaded in the column and iINKT™ cells were eluted by using a syringe

plunger.

Magnetic labelling with anti-
human iNKT MicroBeads

Magnetic separation Elution of labelled cells

Figure | 1. Separation of iINKT* cells by positive selection using anti-human iNKT MicroBeads (Miltenyi
Biotech) and (MACS®) cell separation system (Miltenyi Biotech). This figure was created with BioRender.com.

Cells from negative and positive fractions were counted in an optic microscope by using
a Neubauer chamber and Trypan blue for exclusion of dead cells. 0.2x10° to 1x10° cells
from the negative fraction were used for flow cytometry analyses. As the number of INKT
cells was usually low, all the cells from this fraction were used for flow cytometry

analyses.

6) iNKT cell line culture and re-stimulation
INKT cell line was used to titrate the antibodies anti-TIM-3 and anti-PD-1 and the CD1d
tetramers. This cell line used was previously generated in our group*?®. After thawing,
INKT cells were cultured in 24 well plates with T cell medium: RPMI complete medium
with 100 U/mL of recombinant IL-2 (kindly provided by the National Cancer Institute,
USA) and 5% of human serum. iNKT cells were re-stimulated every 17-20 days, by
adding 2x10° of irradiated PBMCs (Section 3) Peripheral blood mononuclear cells
isolation) and 2 pg of phytohemagglutinin (PHA) (Thermo Fisher Scientific) per mL of
T cell medium to 1x10°% iNKT cells. Two wells without iNKT cells were used as controls
to confirm that the irradiated PBMCs were dead after 15 days. Every 3 or 4 days after the
re-stimulation, and depending on the cell growth, cells had their medium refreshed or a

split was done. In order to refresh the medium, 1 mL of culture medium was removed
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from each well and replaced by 1 mL of T cell medium. Splits were performed by
resuspending the cells and 1 mL was transferred to another well, then 1 mL of culture
media was added to each well to make up the 2 mL total volume. The splits and medium

refresh were done until days 17-20, time when iNKT cells were re-stimulated again.

When INKT cells were growing well, some wells were resuspended and counted in order

to perform flow cytometry to titrate the antibodies and tetramers.

7) Flow cytometry
INKT cells were analysed by flow cytometry to investigate their frequency and
phenotype. Before the acquisition of Fabry disease patients’ blood samples to analyse
INKT cells, the antibodies, tetramers and fixable viability dye had to be titrated.

Before patients

Antibodies, tetramers and the fixable viability dye were usually first titrated using the
dilutions 1:100, 1:200, 1:400 and 1:800 in 1x10° PBMCs/ well. Nonetheless, the
antibodies anti-PD-1 and anti-T1M-3 were titrated using the dilutions 1:20, 1:40, 1:80 and
1:160 and 1:50, 1:100 and 1:200, respectively. These two antibodies were first titrated
using the INKT cell line (since they are more expressed in INKT cells than in conventional
T cells'’®18%) and then the optimal concentration was tested in PBMCs. In the case of the
BV421 tetramer, a higher dilution was tested, 1:1600 (besides 1:100-1:800). Cells were
stained extracellularly with the dilutions mentioned above and for the antibodies against
the cytokines (IL-4 and IFN-y), they were stained intracellularly. The list of antibodies,

tetramers and fixable viability dye titrated and tested is presented in Table 4.
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Table 4. Antibodies, tetramers and fixable viability dye titrated before patients for staining
experiments and respective information.

Antibody/
Tetramer/ Fixable

viability dye

Anti-human CD3

Anti-human CD3

Anti-human CD3

Human CD1d PBS-

57 Tetramer

Human CD1d

unloaded Tetramer

Human CD1d PBS-

57 Tetramer

Human CD1d

unloaded Tetramer

Anti-human CD4

Anti-human CD8a

Anti-human CD8p

Anti-human CD244
(2B4)

Anti-human CXCR6

(CD186)

Anti-human TIM-3
(CD366)

Cells tested

Isolated
PBMCs
Isolated
PBMCs
Isolated
PBMCs
iNKT cell line
and isolated
PBMCs
iNKT cell line
and isolated
PBMCs
iNKT cell line
and isolated
PBMCs
iNKT cell line
and isolated
PBMCs
Isolated
PBMCs
Isolated
PBMCs
Isolated
PBMCs
Isolated
PBMCs
Fresh iNKT
cells and
iNKT cell line
iNKT cell line
and isolated

PBMCs

Clone

OKT3

OKT3

OKT3

RPA-T4

HIT8a

SIDI8BEE

KO41E5

C1.7

F38-2E2

Dilutions

tested

1:100; 1:200;
1:400; 1:800
1:100; 1:200;
1:400; 1:800
1:100; 1:200;
1:400; 1:800
1:100; 1:200;
1:400; 1:800;
1:1600
1:100; 1:200;
1:400; 1:800;
1:1600

1:100; 1:200;
1:400; 1:800

1:100; 1:200;
1:400; 1:800

1:100; 1:200;
1:400; 1:800
1:100; 1:200;
1:400; 1:800
1:100; 1:200;
1:400; 1:800
1:100; 1:200;
1:400; 1:800
1:50; 1:100;
1:200; 1:400;
1:800

1:50; 1:100;
1:200

Fluorochrome

FITC

PerCP-Cy5.5

BB700

BV421

BV421

APC

APC

PE-Cy7

APC-Cy7

PE

APC

PE-Cy5

BV711

Supplier

Biolegend

Biolegend

BD

Biosciences

NIH

NIH

NIH

NIH

Biolegend

Biolegend

Thermo
Fisher

Biolegend

Biolegend

Biolegend
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iNKT cell line

Anti-human PD-1 1:20; 1:40;
and isolated EH12.2H7 BV785 Biolegend
(CD279) 1:80; 1:160
PBMCs
Anti-human ICOS Isolated 1:100; 1:200;
C398.4A APC Biolegend
(CD278) PBMCs 1:400; 1:800
Isolated _ 1:100; 1:200;
Anti-human CD161 HP-3G10 PE-Cy5 Biolegend
PBMCs 1:400; 1:800
Activated 1:100; 1:200;
Anti-human IFN-y 4S.B3 BV711 Biolegend
PBMCs 1:400; 1:800
Activated 1:100; 1:200;
Anti-human IL-4 8D4-8 APC Biolegend
PBMCs 1:400; 1:800
Human MR1 5-OP- Isolated 1:100; 1:200;
AF488 NIH
RU Tetramer PBMCs 1:400; 1:800
Human MR1 6-FP Isolated 1:100; 1:200;
AF488 NIH
Tetramer PBMCs 1:400; 1:800
Human MR1 5-OP- Isolated 1:100; 1:200;
- BV421 NIH
RU Tetramer PBMCs 1:400; 1:800
Human MR1 6-FP Isolated 1:100; 1:200;
BV421 NIH
Tetramer PBMCs 1:400; 1:800
Isolated 1:100; 1:200;
Fixable Viability Dye Zombie Agua Biolegend
PBMCs 1:400; 1:800

Abbreviations: APC — Allophycocyanin; BV — Brilliant Violet; Cy — Cyanine; FITC — Fluorescein; PE —
Phycoerythrin; PerCP - Peridinin chlorophyll protein; PBS-57 — a-GalCer analog; AF- Alexa Fluor: BB-
Brilliant Blue; 5-OP-RU: 5-(2-oxopropylideneamino)-6-D-ribitylaminouracil; 6-FP: 6-formyl pterin.

Cell acquisition was performed on the same day or the day after the staining and the cells
were kept at 4 °C until acquisition. For titrations in fresh PBMCs and iNKT cell line,
around 50 000 cells were acquired. To check if the concentration of an antibody/ tetramer
was optimal in fresh INKT cells, the totality of the sample was acquired. Acquisition was
performed in a Cytek Aurora cytometer (Cytek Biosciences) using the SpectroFlo®
Software. All post-acquisition analyses were done using FlowJo™ software v10.9.0. In
order to analyse the titrations, the Stain Index plugin from FlowJo™ software was used.

Staining index (SI) measures the relative brightness of the fluorochrome by using the

Median (Positive Cells)— Median (Negative Cells)

formula: S1'= 2+ Standard Deviation (Negative Cells)
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The higher the value of Sl, the greater the separation of negative and positive populations,
allowing a better definition of the positive cells for the marker in question. This helps
choosing the optimal concentration of an antibody, tetramer and fixable viability dye.

Extracellular staining

Before extracellular staining, cells were initially washed once with PBS 1X and then
resuspended in PBS 1X (n°® of wells x 100 pL). 100 pL of PBS 1X containing 1x10°
isolated PBMCs from a Buffy Coat, were plated and stained per well in a round-bottomed
96-well plate. If the iNKT cell line was used, 100 pL of PBS 1X containing ~0.2x10°

cells were stained per well.

After being added 100 uL of cells to the plate, cells were washed once with PBS 1X by
centrifuging at 1200 rpm, for 2 minutes. Pellet was resuspended and 25 pL of antibodies
(except anti-1L-4 and anti-IFN-y) and tetramers diluted in FACS Buffer were added with
the corresponding dilutions to each well (1 dilution = 1 well; 4 dilutions = 4 wells of the
same antibody/ tetramer). Both PBMCs and iNKT cells from the cell line were incubated
in the dark for 20 minutes at 4 °C. Cells were washed once with 100 uL of FACS Buffer
(centrifuged at 1200 rpm, for 2 minutes). In the case of the fixable viability dye, cells
were incubated in the dark for 30 min, at room temperature (manufacturer’s instructions).
After centrifuging, cells were resuspended in 200 pL of PBS 1% paraformaldehyde (PFA)
and incubated in the dark for 15 minutes, at room temperature. After 15 minutes, plate
was centrifuged at 1200 rpm, for 2 minutes, and pellet was washed once with 200 uL of
FACS Buffer (centrifuged at 1200 rpm, for 2 minutes), resuspended in 200 puL of FACS
Buffer, filtered, and transferred to FACS tubes.

A well containing unstained cells was used as a control in each experiment. The higher
concentration of each antibody and tetramer that was titrated was used as single-stained
control. Since the fixable viability dye was titrated in fresh PBMCs, half of the amount
of PBMCs designated to the well of the single fixable viability dye were submitted to 65
°C for 5 minutes in a heating block. This way it was possible to have dead and live cells
in this single stain, which enabled a better separation of the negative and positive cells
after the staining. The staining of the fixable viability dye is due to the reaction between
the dye and cellular amino groups. The dye is not able to penetrate live cell membranes,
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only cell surface proteins react with the dye, whereas on dead cells, it penetrates their
membranes, staining intracellular amines, which results in a more intense fluorescence.
Therefore, viable and non-viable cells are distinguished by their difference in

fluorescence intensity.

Besides the singles and unstained, Fluorescence Minus One (FMOs) controls were done
for the antibodies anti-PD-1 BV785 and anti-ICOS APC, which presented a stain that did
not distinguish negative from positive populations. FMOs are samples stained with all the
fluorophores in the panel, minus one of them, in this case, minus BV785 or APC,
respectively. Hence, a more accurate gating control was done for these markers, because
the widening of negative populations due to spillover spread is taken into account.

Intracellular staining

Antibodies against the cytokines IL-4 and IFN-y were titrated in activated T cells (Section
4) Activation of T cells with phorbol myristate acetate and ionomycin) from isolated
PBMCs from a Buffy Coat.

After PMA and ionomycin activation, cells were centrifuged at 1300 rpm for 3 minutes,
and supernatants were discarded. Cells were kept on ice in buffers with BFA (Sigma) at
10 ug/mL to prevent cytokine secretion, until the fixation step. Then, each well was
washed with 150 pL of PBS 1X + BFA (centrifuged at 1300 rpm for 3 minutes).
Resuspended pellet was incubated in 150 pL of PFA 2% for 10 minutes, at room
temperature, in the dark (fixation step). The plate was centrifuged at 1300 rpm for 3
minutes and supernatants were discarded. A permeabilization solution, PBS Saponin
(PBS 1X + 2% FBS + 1mM EDTA + 0.01% NaN3 + 0.5% Saponin), was added to each
well and incubated in the dark for 5 minutes. After the incubation, the plate was
centrifuged and pellet was resuspended. 25 uL of fluorochrome-labeled antibodies for
intracellular cytokines (anti-1L-4 and anti-IFN-y) diluted in FACS Buffer were added
with the corresponding dilutions to each well. After incubation for 30 minutes, at 4 °C, in
the dark, the wells were washed with 200 pL of PBS Saponin, and cells were fixed with
PFA 1%, as explained previously. Wells were washed once with 150 puL. of FACS Buffer
(centrifuged at 1300 rpm for 3 minutes) and resuspended in 200 puL of FACS Buffer,
filtered, and transferred to FACS tubes.
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Anti-CXCR6 was also titrated intracellularly to investigate if the antibody was working.
INKT cell line was used for this titration and iNKT cells were not stimulated prior
staining. The protocol for intracellular staining was followed as mentioned above.

Reference controls

In Cytek Aurora cytometer, it is possible to re-use/ save the single-stained and unstained
samples, which are called “reference controls”. These controls provide the individual

fluorescence spectra that is necessary to unmix the data (compensation).

Since the number of cells is limited with patients, reference controls (except the unstained
sample, which needs to be done every experiment as a control) were acquired before the
patients, using compensation beads (UltraComp eBeads™ Compensation Beads,
Invitrogen™). These beads are microspheres coated with antibodies designed to identify
antibody light chains specific to certain species, being crucial to guarantee their ability to
attach to the species in which the antibody labelled with fluorochrome was developed.
Compensation beads are a mixture of antibody-coated and uncoated compensation beads,
allowing the detection of positive and negative signals, respectively, for the
fluorochrome. However, for the fixable viability dye and CD1d PBS-57 tetramer BV421,
compensation beads can’t be used as they cannot bind. Instead, the single-stained for the
fixable viability dye contained half live, half dead (by heat shock) PBMCs (isolated from
a Buffy Coat) and the iNKT cell line was used for the single-stain of CD1d PBS-57
tetramer BV421 (enabling a higher percentage of positive iINKT cells compared to
isolated PBMCs). These single-stained samples were done only after the optimal
concentrations of each antibody, tetramer and fixable viability dye had been defined
(Table 5).

The compensation beads were treated as if they were cells, to eliminate additional
variabilities. First, the vial containing the beads was vortexed vigorously. Three drops of
compensation beads were added per 1 mL of PBS. 100 pL of this mix were added per
well in a round-bottomed 96-well plate, each well corresponding to a different antibody
from Table 5 (antibodies used with the patients). Afterwards, extracellular staining was

performed as mentioned above: first by centrifuging the plate and then by adding the
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optimal concentration of each antibody to the corresponding well. The rest of the protocol

was followed.

These reference controls were done only once and have to be done every ~ 6 months (if
parameters of the cytometer are changed) or every time a new antibody/ tetramer is
purchased or used.

With patients

From the PBMCs isolated from Fabry disease patient’s blood samples, three fractions
were analysed by flow cytometry: PBMCs before enrichment (fresh PBMCs that did not
go through anti-iNKT Microbeads enrichment), positive fraction (fraction enriched in
INKT cells after anti-iNKT Microbeads enrichment) and negative fraction (fraction
without INKT cells after anti-iNKT Microbeads enrichment). For these three different
fractions, a different mix/ flow cytometry panel was done. A well containing unstained

PBMCs before enrichment was used as negative control.

In Table 5, the antibodies, tetramers and fixable viability dye used to stain each fraction

are represented.

Table 5. Antibodies, tetramers and fixable viability dye used with Fabry disease patients for staining
experiments and respective information.

_ Antibody/ _—
Fraction Clone Fluorochrome Dilution Brand
Tetramer
Human CD1d
pBs-57 - BV421 1:800 NIH
Tetramer
Anti-human o
OKT3 BB700 1:100 BD Biosciences
CD3
Anti-human ,
HIB19 PE-Cy7 1.5:100 Thermo Fisher
CD19
Anti-human )
OFC14D PerCP 1:100 Biolegend
CD14
Anti-human )
5C3 FITC 3:100 Biolegend
CD40
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Anti-human

BU63 APC 1:50 Biolegend
CD86
Human CD1d
pBS-57 - BV421 1:800 NIH
Tetramer
Anti-human o
OKT3 BB700 1:100 BD Biosciences
CD3
Anti-human RPA-T4 PE-Cy7 1:100 Biolegend
CDh4
Anti-human )
HIT8a APC-Cy7 1:100 Biolegend
CD8a
Anti-human .
SIDISBEE PE 1:100 Thermo Fisher
CD8B
Anti-human .
F38-2E2 BV711 1:50 Biolegend
TIM-3 (CD366)
Anti-human .
EH12.2H7 BV785 1:40 Biolegend
PD-1 (CD279)
Anti-human .
C398.4A APC 1:100 Biolegend
ICOS (CD278)
Anti-human .
HP-3G10 PE-Cy5 1:100 Biolegend
CDi161
Human CD1d
PBS-57 - BVv421 1:800 NIH
Tetramer
Anti-human o
OKT3 BB700 1:100 BD Biosciences
CD3
Fixable Viability Dye Zombie Aqua 1:400 Biolegend

Abbreviations: APC — Allophycocyanin; BV — Brilliant Violet; Cy — Cyanine; FITC — Fluorescein; PE —
Phycoerythrin; PerCP - Peridinin chlorophyll protein; PBS-57 — aGal-Cer analog; BB- Brilliant Blue.

Once the optimal concentrations of each antibody, tetramer and fixable viability dye had
been defined, they were used in Fabry disease patient’s samples and healthy controls.
Here, it was important to analyse the cell viability, which was done by staining the fixable
viability dye in each fraction studied. After PBMCs isolation from the blood tubes
(patients) or Buffy Coats (controls), 0.2x10% PBMCs in 100 puL of PBS 1X were plated
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in two wells of a round-bottomed 96-well plate: unstained sample and PBMCs before
enrichment sample. After iNKT cell enrichment with anti-iNKT MicroBeads, 0.2x10°
cells (in 100 pL of PBS 1X) of the negative fraction and the totality of cells (in 100 pL
of PBS 1X) obtained in the positive fraction were plated in the designated wells. Plate
was centrifuged at 1200 rpm for 2 minutes and pellets were resuspended in 25 pL of
fixable viability dye (with the double concentration: 1:200) diluted in PBS. After
incubating in the dark for 15 minutes at room temperature, 25 pL of the mixes diluted in
FACS Buffer were added to the corresponding wells, without washing. The antibodies,
tetramers and fixable viability dye used are described in Table 5, with the corresponding

fraction. The rest of the extracellular staining was followed as mention previously.

With patients, intracellular staining was not performed, since the cytokines were not

analysed.

8) Statistical analysis

Statistical analyses were performed using GraphPad Prism software v8.0.1.

Mean and standard deviation values were calculated and statistical significance was
assessed by paired T-Test with Welch’s correction (for the comparison of the percentage
of INKT cells within different fractions using anti-iINKT MicroBeads) and unpaired T-
Test with Welch’s correction (for the rest of the experiments, when comparing healthy

controls with patients). P-values below 0.05 were considered significant.

68



Results and discussion

|I. Preparation of the documents to submit to the Centro
Hospitalar Universitario de Sdo Jodo Ethical Committtee and

Data Protection Officcer

This work was funded by National Funds through FCT—Fundacéo para a Ciéncia e a
Tecnologia, I.P., under the project 2022.01788.PTDC. This master thesis started the study
funded by FCT, which first required the submission of the necessary paperwork regarding
ethics and data protection from Centro Hospitalar Universitario de Sdo Jodo where the

patients and healthy donors were going to be recruited.

Obtaining ethical and data protection approval is crucial when conducting research
involving human participants. This approval ensures the protection of their well-being,
rights, and dignity, as well as, the protection of data relative to the participants. In order
to proceed the research of iINKT cells in Fabry disease patients and healthy controls, the
study had to be approved by the Centro Hospitalar Universitario de Sdo Jodo Ethical

Committee and Data Protection Officer.

Ten documents had to be submitted to the committee, which included the “Protocol of
the study/research project, with the respective instruments”, “Participant information”
and “Data protection impact assessment” (all the information was available in CHUSJ

website in the section “Submissé@o de projetos de investigagdo ao CHUSJ”).

Little did 1 know about writing ethical and data protection documents and the minor
details sometimes were the most important ones (it could be a word that was not in
accordance with the appropriate language and the project could be rejected). The help
from the i3S Data Protection Officer, Gabriela Almeida, was fundamental to fill in the
“Data protection impact assessment” document. Besides data protection, Prof. Jodo Paulo
Oliveira always puts the interests and safety of his patients first and the meetings with
him were crucial to be sure the document involving all the data that was being collected
from the patients was always taking into account the patients primarily.

Documents were submitted and the research was accepted at the first attempt by the
Centro Hospitalar Universitario de Sdo Jodo ethical committee and Data Protection
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Officer. The documents with the approval from Ethical Committee and Data Protection

Officer are present in Appendix | and Appendix 11, respectively.

2. Design, optimisation and validation of experimental

conditions for human iNKT cell phenotype analyses
When working with human patients, especially with a rare disease, all experimental
protocol steps, reagents and materials must be well defined and tested before proceeding
with the patients’ samples. Although this is a known truth for every research field, there
Is no space for error when the samples are limited. In this part of the results, the design,
titrations, experimental set up and optimisations will be described.

2.1 Design of the flow cytometry panel
INKT cells were immunophenotyped by Flow Cytometry, using a variety of markers, and,
for that, samples were acquired in a 4 Laser Cytek® Aurora Flow Cytometer which
leverages full spectrum technology. This type of technology, by measuring the full
spectrum of light emissions, enables the collection of the entire spectral profile (or
signature) of fluorochromes, differentiating combinations of fluorochromes that
conventional Flow Cytometry cannot. As a result, it is possible to develop highly complex

multicolour panels for analyses by flow cytometry?%0-202,

Prior to designing a flow cytometry panel, many considerations need to be taken into
account, especially when the panel is going to be composed by many markers (meaning

many fluorochromes)?%:

1) The frequency of the cells positive for each marker and its Median Fluorescence
Intensity (MFI), a measure of the fluorescence intensity of the cells that varies in
accordance with the tissue the cells are being analysed in;

2) Apply fluorochromes to each marker based on 1): higher MFI needs a dimmer
fluorochrome whereas a lower MFI requires a brighter one; Besides this, it needs to
be taken into account that when we are dealing with rare populations of cells, like

INKT cells, a brighter fluorochrome is usually needed;
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3) After selecting the ones that need to have a brighter or dimmer fluorochrome, other
fluorochromes are attributed to other markers, including a viability dye;

4) Although it’s easy to create this “imaginary” panel, the next step is to look into the
supplier’s antibodies/ tetramers and see if the fluorochrome attributed to each
marker is available. If not, start by changing the ones that are rarer and attribute
those an adequate fluorochrome; Antibodies against CD3 or CD4, for example, are
easy to find and all fluorochromes are often available, so they can be the last to be
chosen;

5) Finally, check if all markers are attributed the right fluorochrome and purchase the

antibodies, tetramers and fixable viability dye.

In order to study the iINKT cells, ex vivo and in vitro analyses were going to be performed,
thence, three flow cytometry panels were designed. The first panel (Table 6) was going
to be used to study iINKT cells preceding enrichment with anti-iINKT MicroBeads. With
this panel it is possible to identify iNKT cells (CD1d PBS-57 Tetramer and Anti-CD3)
and study their frequency before enrichment. Besides this, B cells (Anti-CD19) and
monocyte (Anti-CD14) frequencies can also be evaluated as well as monocyte activation
state (Anti-CD40 and Anti-CD86).

Table 6. Antibodies, Tetramers and Viability Dye list for ex vivo analyses of human iNKT cells prior
Anti-iINKT MicroBeads enrichment. Antibodies, Tetramers and Viability Dye that are going to be used in the
mix for iNKT cells analyses prior Anti-iINKT MicroBeads enrichment are listed as well as respective clone (for
antibodies) and fluorochrome.

Antibody/ Tetramer Clone Fluorochrome
Human CD1d PBS-57 Tetramer - Bv421
Anti-human CD3 OKT3 PerCP-Cy5.5
Anti-human CD19 HIB19 PE-Cy7
Anti-human CD14 OFC14D PerCP
Anti-human CD40 5C3 FITC
Anti-human CD86 BUG3 APC
Fixable Viability Dye Zombie Aqua
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On the second panel (Table 7), after Anti-iINKT MicroBeads enrichment, iNKT cells,
were going to be analysed (CD1d PBS-57 Tetramer and anti-CD3) along with MAIT cells
(MR1 5-OP-RU Tetramer). Note that we didn’t want to obtain 100% iNKT cells with the
anti-INKT MicroBeads enrichment, in order to investigate other T lymphocytes (See
section 2.3) Anti-human iNKT cell Microbeads). T cells (Anti-CD3) and iNKT cells
were going to be studied taking into account the phenotype (Anti-CD4, anti-CD8a and
CDS8p) and exhaustion state (Anti-TIM-3 and anti-PD-1). Moreover, the circulating
population of iNKT cells discovered by Cui et al.8! was going to be analysed in Fabry
disease patients and healthy controls (Anti-CD244 and anti-CXCR6).

Table 7. Antibodies, Tetramers and Viability Dye list for ex vivo analyses of human iNKT cells after
Anti-iNKT MicroBeads enrichment. Antibodies, Tetramers and Viability Dye that are going to be used in the
mix for iINKT cells analyses after Anti-iINKT MicroBeads enrichment are listed as well as respective clone (for
antibodies) and fluorochrome.

Antibody/ Tetramer Clone Fluorochrome
Human CD1d PBS-57 Tetramer - BV421
Human MR1 5-OP-RU Tetramer - AF488

Anti-human CD3 OKT3 PerCP-Cy5.5
Anti-human CD4 RPA-T4 PE-Cy7
Anti-human CD8a HIT8a APC-Cy7
Anti-human CD8f3 SIDISBEE PE
Anti-human TIM-3 (CD366) F38-2E2 BV711
Anti-human PD-1 (CD279) EH12.2H7 BV785
Anti-human CD244 (2B4) KO41E5 APC
Anti-human CXCR6 (CD186) C1.7 PE-Cy5
Fixable Viability Dye Zombie Aqua

Last but not least, after Anti-iINKT MicroBeads enrichment, iINKT cells were going to be
stimulated in order to study the cytokine production. The third panel (Table 8), besides
enabling the study of stimulated T cells (Anti-CD3) and iNKT cells (CD1d PBS-57
Tetramer and Anti-CD3) phenotype, it also inspects the cytokine production (Anti-1IFN-y
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and anti-1L-4) by these cells. Cell viability was going to be evaluated in all panels using

a fixable viability dye (Zombie Aqua- Tables 6, 7 and 8).

Table 8. Antibodies, Tetramers and Viability Dye list for in vitro analyses of human stimulated iNKT
cells after Anti-iINKT MicroBeads enrichment. Antibodies, Tetramers and Viability Dye that are going to be
used in the mix for stimulated iINKT cells analyses after Anti-INKT MicroBeads enrichment are listed as well as
respective clone (for antibodies) and fluorochrome.

Antibody/ Tetramer Clone Fluorochrome
Human CD1d PBS-57 Tetramer - Bv421
Anti-human CD3 OKT3 FITC
Anti-human CD4 RPA-T4 PE-Cy7
Anti-human CD8a HIT8a APC-Cy7
Anti-human CD8j3 SIDISBEE PE
Anti-human IFN-y 4S.B3 BV711
Anti-human IL-4 8D4-8 APC
Fixable Viability Dye Zombie Aqua

These three panels were first defined based on the markers that wanted to be studied and,
afterwards, the fluorochromes were selected. In order to select the correct fluorochromes,
their brightness needed to be taken into account: phycoerythrin (PE), Brilliant Violet 421
(BVv421), BV711 and Phycoerythrin-Cy5 (PE-Cy5) are very bright fluorochromes,
whereas Peridinin chlorophyll (PerCP) is dim. In-between these, there are bright [BV605,
Allophycocyanin (APC), Alexa Fluor 488 (AF488) and PE-Cy7] and moderate
fluorochromes  [peridinin  chlorophyll-Cy5.5 (PerCP-Cy5.5) and fluorescein
isothiocyanate (FITC)].

Starting with iINKT cells, they are identified using the CD1d PBS-57 Tetramer, which
can be obtained from NIH tetramer core facility. However, there aren’t many
fluorochrome options available for the tetramer. Taking into account that the percentage
of INKT cells is low in peripheral blood (usually between 0.001% and 0.1%), but the MFI
of these cells is considerably high, BV421 was the chosen fluorochrome for the three
panels (Tables 6, 7 and 8)!04144145  APC |abelled CD1d PBS-57 tetramer was also

acquired in case another panel was designed. MAIT cells are identified by using the MR1
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5-OP-RU Tetramer which is also available at NIH tetramer core facility and few
fluorochromes are provided. Like iNKT cells, the frequency of circulating MAIT cells is
low and their MFI is high, so, AF488 was the chosen fluorochrome for the MR1
tetramer83187204 - Additionally, BV421 labelled MR1 5-OP-RU tetramer was selected in
case this tetramer was used in other mix without the CD1d PBS-57 tetramer. The rest of
antibodies for the first panel (Table 6) have already been tested and used in the lab by
other researchers, except anti-CD3. The fluorochrome for antibody against CD3 was only

selected at the end to fit the first and second panels (Tables 6 and 7, respectively).

For the second panel (Table 7), as the CD1d PBS-57 tetramer was already defined,
BV711 and BV785 were the fluorochromes selected for anti-TIM-3 and anti-PD-1,
respectively, as the frequency and MFI of these markers on iNKT cells are low!78-8,
anti-CD8p isn’t commonly used and, for that reason, doesn’t dispose of many
fluorochromes and it also needs a bright one, since it is expected a low percentage of
positive cells for CD8B*’. PE was the chosen fluorochrome for anti-CD8p. Little is
known about the expression of CXCR6 and CD244 on iNKT cells, so APC and PE-Cy5
were the fluorochromes selected for the antibodies against these markers, respectively.
The fluorochrome APC-Cy7 was selected for the antibody anti-CD8a since the frequency
of CD8a* iINKT cells is low'#"17%, Based on this panel, the fluorochrome PE-Cy7 was
chosen for anti-CD4 since it was already available in the lab. Besides this, PerCP-Cy5.5
labelled anti-CD3 was selected for both before and after enrichment with Anti-iINKT
MicroBeads panels, without stimulation (Tables 6 and 7, respectively), since it was
already available in the lab.

Last but foremost, for the third panel (Table 8), used to study stimulated iNKT cells after
enrichment, almost every fluorochrome was decided, except for the cytokines. BV711
and APC were the chosen fluorochromes for IFN-y and IL-4, respectively. Furthermore,
another fluorochrome was chosen for anti-CD3, FITC, to use in this panel. The fixable
viability dye was the last to be chosen in order to be adequate for all panels: Zombie Aqua
(excited by the Violet Laser at 405 nm). After designing each panel, the spectra of the
fluorochromes were analysed to evaluated if the peaks didn’t overlap and it is possible to

observe that in fact they don’t (Figure 12).
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Figure 12. Fluorochromes spectra of flow cytometry panels. a. Fluorochromes spectra of flow cytometry panel for
iNKT cell analyses before enrichment with Anti-iINKT MicroBeads. b. Fluorochromes spectra of flow cytometry panel for iNKT
cell analyses after enrichment with Anti-iINKT MicroBeads. c. Fluorochromes spectra of flow cytometry panel for stimulated
iNKT cell analyses after enrichment with Anti-iINKT MicroBeads. Spectra were created with Cytek® Full Spectrum Viewer.
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The Similarity Indices of each mix were also measured. The Similarity™ Index, varying
from 0-1, measures the uniqueness of dye pair: values close to 0 indicate that the full
spectrum signatures of the 2 dyes exhibit significant dissimilarity, while values close to
1 indicate a high degree of similarity between the signatures. Two dyes can be used if
Similarity™ Index < 0.98 (information provided by Cytek®). Looking at Table 9 (a., b.
and c.), the fluorochromes chosen for each panel can be used, because they all have a
Similarity™ Index < 0.98.

Table 9. Values of Similarity Indices of the fluorochromes from the flow cytometry panel. a. iNKT cell
analyses before enrichment with Anti-INKT MicroBeads. b. iNKT cell analyses after enrichment with Anti-iINKT
MicroBeads. c. stimulated iNKT cell analyses after enrichment with Anti-iINKT MicroBeads. Tables were created with
Cytek® Full Spectrum Viewer.
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BV421 0.16 |1 0 0 0 0.01 0.01
APC 0.01 0 1 0.05 0.36 0.33 0
PE-Cy7 0 0 0.05 1 0.23 0.09 0
PerCP-Cy5.5 0 0 0.36 023 |1 0.8 0
PerCP 0.01 0.01 0.33 0.09 0.8 1 0.01
FITC 0.06 0.01 4] 0 0 0.01 1
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After all antibodies, tetramers and fixable viability dye being decided for the flow
cytometry panels, they were then titrated and the chosen titter was tested in the mix with
all reagents from each panel.

2.2 Titration of Antibodies, Viability Dye and Tetramers

Before using an antibody or tetramer for flow cytometric analyses, its optimal
concentration needs to be determined. This is obtained by perfoming titrations in which
the antibody amount is determined resulting from the highest signal of the positive
population along with the lowest signal of the negative population.

Titrations experiments were analysed using the Staining Index plugin from FlowJo
software. PBMCs isolated from Buffy Coats or iNKT cells from a cell line were stained
with a series of dilutions of the different antibodies and tetramers, ranging from 1:100 to
1:800. When these concentrations weren’t sufficient to detect the marker, dilution range
was shifted to 1:50 to 1:200 and 1:20 to 1:160, depending on the antibody. The Sl values
were calculated based on the MFI of the antibodies/ tetramers positive and negative
populations. The ideal concentration was chosen taking into account the highest SI values

and the greatest positive and negative populations separation.

From the blood samples that were received from Fabry disease patients, PBMCs were
isolated and, afterwards, markers were identified in fresh iINKT cells, isolated using Anti-
INKT microbeads. Firstly, these microbeads needed to be tested before being used with
patient’s samples. However, in order to test the microbeads, the optimal antibodies/
tetramers concentrations had to be already known, since the quantity of iNKT cells
obtained is usually not enough to test the four dilutions of the antibodies. And, even if it
was, it wouldn’t be enough to titrate several antibodies/tetramers at the same time, leading
to time and cost expenses. Thus, to solve this problem, PBMCs isolated from Buffy Coats
and/or an iNKT cell line were used to titrate the antibodies and tetramers. The type of
cells chosen was dependent of the level of expression of the marker in the cells. The cell
markers CD3, CD4, CD8a, CD8B, CD244, CD161 are considerably expressed in
lymphocytes and, therefore, they were titrated in PBMCs. The viability dye, Zombie
Aqua, as the name itself says, is used to distinguish the live from the dead cells so it was
titrated using PBMCs as well. TIM-3 and PD-1 were first titrated using the iNKT cell
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line, since they are more expressed in non-activated iNKT cells than in conventional T
cell lymphocytes!’8-18 and the chosen antibody concentration was tested using PBMCs.
CD1d PBS57 Tetramers were first titrated using the INKT Cell line and PBMCs (1:1),
then with the INKT Cell line only (which is not 100% pure, so we were able to distinguish
a positive and a negative populations for the tetramer) and finally using PBMCs, in order
to confirm if the optimal tetramer concentration in the iINKT Cell line also worked in
fresh INKT cells. MR1 tetramers, which recognise MAIT cells, were titrated in PBMCs.
ICOS was titrated in fresh lymphocytes and iNKT cells. The marker CXCR6 was an
exceptional case, since its antibody was tested in several conditions because the results
that were being obtained weren’t the expected'®:: PBMCs, iNKT Cell line (extracellular
and intracellular staining), fresh iINKT Cell with or without anti-iNKT cell isolation (see
section 2.2.4) Titration of Anti-CXCR®6). Anti-IL-4 and anti-IFN-y were titrated in
stimulated PBMCs, since these markers are not expressed on resting lymphocytes, but are

inducible in response to activation or other stimulit®":2%,

2.2.1 Titration of Anti-CD3, Anti-CD4, Anti-CD8a, Anti-CD8,
Anti-CD244, Anti-CD161 and Zombie Aqua (Viability
Dye) in PBMCs

Anti-CD3, anti-CD4, anti-CD8a, anti-CDS8p, anti-CD244, anti-CD161 and Zombie Aqua
(Viability Dye) were titrated in PBMCs isolated from Buffy Coats. After PBMCs
isolation, extracellular staining was performed for each dilution, ranging from 1:100 to
1:800, and stained cells were acquired in Cytek® Aurora Spectral Flow Cytometer.

The flow cytometry gating strategy used for the analyses of lymphocytes from the isolated
PBMCs is shown in Figure 13. Briefly, lymphocytes were gated according to their size
(forward scatter — FSC) and granularity (side scatter — SSC), followed by singlets
selection. The positive cells were selected according to the cells stained for each antibody
or Viability Dye and also based on the unstained sample. Then, fcs files from the different
antibody dilutions and unstained were concatenated in order to have a better perspective
of the separation of the positive and negative cells in each dilution (bottom right plot of
Figure 13).
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Figure 13. Representative gating strategy used to titrate the antibodies and viability dye in PBMCs
isolated from Buffy Coats. Lymphocytes were gated according to their size (forward scatter — FSC) and granularity
(side scatter — SSC), followed by singlets selection. Positive cells were selected according to the cells stained for each
antibody or Viability Dye. Each dilution along with the unstained sample (left bottom plot) were concatenated (right
bottom plot).

Sl values for each antibody and viability dye concentration were calculated and the

optimal antibody and viability dye volumes were selected based on these values and

positive and negative populations separation, looking at the concatenated plots (Figure
14).
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Figure 14. Titrations of antibodies and viability dye used in this project. Titrations were done using
isolated PBMCs from Buffy Coats in 6 different experiments (6 healthy donors were used). Dilutions are
represented in pL of stock antibody concentration diluted in 100 uL of FACS Buffer. 0 pL represents the unstained
cells. The Staining Index (SI) was calculated for each dilution using the formula: SI = [(Median of positive cells) —
(Median of negative cells)]/ (2 x Standard Deviation of negative cells). The red box demarcates the selected dilutions.
From plots a. till i., titrations of Anti-CD3 FITC (200 pg/mL), Anti-CD3 PerCP-Cy5.5 (50 pg/mL), Anti-CD3 BB700
(100 pg/mL), Anti-CD4 PE-Cy7 (200 pg/mL), Anti-CD8a APC-Cy7 (100 pg/mL), Anti-CD8pB PE (25 pg/mL), Anti-
CDI61 PE-Cy5 (200 pg/mL), Fixable Viability Dye (Zombie Aqua) and Anti-CD244 PE-Cy5 (100 pg/mL) are
represented, respectively.
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The optimal concentration for anti-CD3 FITC (Figure 14 a.) and anti-CD244 PE-Cy5
(Figure 14 1i.) is 1:200, since the Sl value for this dilution is the highest in both cases
(36.5 and 80.3, respectively) and it is the one that best separates the positive from the
negative cells. 1:100 was the chosen dilution for the anti-CD3 PerCP-Cy5.5 (Figure 14
b.), anti-CD3 BB700 (Figure 14 c.), anti-CD8a APC-Cy7 (Figure 14 e.), anti-CD8p PE
(Figure 14 f.) and anti-161 PE-Cy5 (Figure 14 g.) antibodies, in view of the fact that
1:100 present the highest SI value (6.73, 178, 291, 107 and 27, respectively) and
separation of negative and positive cells. Anti-CD4 PE-Cy7 is going to be used with a
dilution of 1:400 (0.25 pL in 100 uL), because, even though 1:100 presents the highest
Sl value (320), 1:400 has less non-specific background around the CD4" population than
the higher concentrations (Figure 14 d.). In the case of the Fixable Viability Dye (Zombie
Aqua), although 1:100 dilution has the highest SI value and separates better the positive
and negative populations, 1:400 was chosen as the optimal concentration (Figure 14 h.).
This is given to the fact that Zombie Aqua is only used to distinguish live from dead cells
and that can be done when using just 1:400.

In spite of the three antibodies anti-CD3 titrated being from the same clone, OKT3, as
they possess different fluorochromes, the separation between positive and negative cells
for CD3 is different (Figures 14 a., b. and c.). In panels 1 and 2 (Tables 6 and 7,
respectively), PerCP-Cy5.5 was the chosen fluorochrome for anti-CD3. However, and as
it is observed in Figure 14 b., CD3" population is not completely clear, and as our
identification of iINKT cells also depends on this marker, an anti-CD3 labelled with
BB700 was tested (Figure 14 c.). BB700 belongs to same channel as PerCP-Cy5.5.
BB700 labelled anti-CD3 was the chosen antibody for CD3 because a distinct separation
of CD3* and CD3" cells is observed.

2.2.2 Titration of Anti-PD-| and Anti-TIM-3

TIM-3 and PD-1 are more expressed in iNKT cells than in conventional T cells*’®18, as
mentioned above, having a better chance of being optimally titrated in INKT cells rather
than in lymphocytes. The INKT Cell line was used to titrate these antibodies (Figure 15)

and the optimal concentrations were then tested in PBMCs (Figure 16).
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In spite of needing cell activation to have more expression at the cell surface, TIM-3 and
PD-1 are apoptosis and exhaustion markers and Fabry disease patients’ PBMCs were not
going to be activated because that is one of the questions that needs to be clarified: are
INKT cells more exhausted or in apoptosis in Fabry disease patients? As so, the titration

had to be performed in the same conditions, without stimulation.

According to Nakagawa et al., the optimal concentration of each antibody, using activated
cells, is 5 ul of anti-PD-1 in 100 ul of FACS Buffer (1:20) and 0.3 ul of anti-TIM-3 in
100 ul of FACS Buffer (0.3:100)%%. For anti-TIM-3, although the fluorochrome used by
Nakagawa et al. is the same as ours (BV711), the clone is different as well as the supplier.
On the other hand, anti-PD-1 possesses the same clone (EH12.2H17) and it’s from the
same supplier as the one used by Nakagawa et al., but ours is labelled with a different
fluorochrome. Despite these differences and looking at the concentrations used by the
authors, these antibodies may need more concentration than the rest of the antibodies
titrated, whose titrations concentrations ranged from 1:100 to 1:800. Therefore, anti-PD-
1 was titrated using the concentrations 1:20, 1:40, 1:80 and 1:160 whereas anti-TIM-3
was titrated with 1:50, 1:100 and 1:200 concentrations. For anti-TIM-3 higher
concentrations were used than in the article, because the optimal concentration obtained
by the researchers is even lower than the ones chosen for antibodies that don’t need

activated cells.

The flow cytometry gating strategy used to analyse iINKT cells from the cell line is the
equivalent to the one shown in Figure 13. However, iNKT cells were gated according to
their size (forward scatter — FSC) and granularity (side scatter — SSC), instead of
lymphocytes, followed by singlets selection (Figure 15 a.). Afterwards, the same strategy

for concatenation and Sl plugin was also used.

Consistent with the Sl values, looking at the plots of anti-TIM-3 (Figure 15 b.), 2 ul of
anti-TIM-3 in 100 pl of FACS Buffer (1:50) is the ideal concentration for this antibody.
Therefore, 1:50 was the chosen dilution to use anti-TIM-3.

According to the Sl values, 5 pl of anti-PD-1 in 100 pl of FACS Buffer (1:20) is the
optimal anti-PD-1 concentration (10.3). Nonetheless, with the second highest

concentration is still possible to observe distinct positive and negative populations and
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the Sl value is still 8.59. Hence, the selected dilution for this antibody was 1:40 (Figure
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Figure 15. Titrations of antibodies anti-TIM-3 BV711 and Anti-PD-1 BV785. a. Representative gating
strategy used to titrate the antibodies anti-TIM-3 and PD-I in the iNKT Cell line. b., c. Titrations of anti-TIM-3
BV711 (100 pg/mL) and anti-PD-1 BV785 (100 ug/mL), respectively. Titrations were done using the iNKT cell line.
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unstained cells. The Staining Index (SI) was calculated for each dilution using the formula: SI = [(Median of positive
cells) — (Median of negative cells)])/ (2 x Standard Deviation of negative cells). The red box demarcates the selected

dilutions.
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The next step was to test the optimal concentrations of anti-TIM-3 and anti-PD-1 in fresh
INKT cells obtained from PBMCs isolated from a Buffy Coat. From Figure 16, it is
possible to observe that anti-PD-1 was working as planned: there was staining with the
optimal concentration (1:40) and a spread of cells, which was also possible to observe in

the titration (Figure 15 c.) and in published articles®8-18%.205,

Surprisingly, it was not possible to observe positive cells for TIM-3 (Figures 16 d. and
e.). Since it was possible to prove that the antibody anti-TIM-3 was working (Figure 15
b.), the experiment was repeated using donor A (from the left plot of Figure 16). Despite
the new repetition, anti-TIM-3 showed no staining in fresh iINKT cells, using the optimal
concentration (1:50) (Figure 16 c.), selected by using the INKT cell line. In parallel with
other experiments, anti-TIM-3 was added to the mix and the results were always the same:
no positive cells por TIM-3 (results not shown). This may mean that fresh INKT cells

need to be activated in order to be possible to detect TIM-3.
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2.2.3 Titration of CDId PBS-57 Tetramers

Mouse or human iNKT cells are effectively detected by the CD1d Tetramer loaded with
PBS-57, a developed analogue of a-GalCer, that was shown to have indistinguishable
activity from a-GalCer?’’. An unloaded CD1d tetramer needed to be used as a control for
nonspecific binding.

CD1d PBS-57 Tetramers labelled with BV421 or APC were titrated at the same time as
the unloaded tetramers in order to inspect which tetramer concentration would have: 1) a

better positive and negative populations separation and 2) less nonspecific background.

Firstly, both APC and BV421 tetramers were titrated in a 1:1 ratio PBMCs to iINKT cells
from the cell line. The INKT cell line is positive for CD1d PBS-57 tetramer (~96%
purity), enabling to have a greater percentage of positive cells for the tetramer, and
PBMCs allow to have higher percentage of negative cells for the tetramers. PBMCs were

isolated from a Buffy Coat the day before the experiment.

The same gating strategy as in Figure 13 was followed to gate the positive cells for CD1d
tetramers unloaded or loaded with PBS-57. The results relative to the titration of APC
labelled CD1d Tetramers, loaded and unloaded, are displayed in Figure 17. Surprisingly,
the unloaded CD1d tetramer (right plots of Figure 17) presented a significative
percentage of nonspecific binding (between 7.60% and 14.9%), even when the lowest
concentration tittered of the tetramer was used (bottom right plot of Figure 17). The fact
that PBMCs were not freshly isolated and a viability dye wasn’t used, may be an
explanation. Although there was more percentage of positive cells for CD1d PBS-57
Tetramer with 1:100 concentration (upper left plot Figure 17), there was a better
separation of the negative and positive populations with 1:400 and 1:800 (two bottom left
plots of Figure 17). However, this result is not reliable because of the nonspecific binding
with the unloaded tetramer.
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Figure 17. Titration of CDId APC Tetramers (1.42 mg/mL) in PBMCs and iNKT Cell line (1:1). On the
left, plots of CD1d PBS57 Tetramer APC dilutions (1:100, 1:200, 1:400, 1:800) are represented. On the right, the
corresponding plots of CD Id Unloaded Tetramer APC dilutions are represented.

88



The results regarding the titration of CD1d loaded and unloaded tetramer labelled with
BV421 are represented in Figure 18. The nonspecific binding also occurred with the
unloaded tetramer, ranging between 6.14% and 13.3% (right plots of Figure 18). The
dilution 1:800 presented the highest percentage of positive cells for the BV421 labelled
CD1d PBS-57 Tetramer (bottom left plot of Figure 18) and it was also the concentration
that presented a better positive/ negative populations separation and less nonspecific
binding. In any case, there was still a high percentage of nonspecific binding, making it

not possible to rely on these results.

On the account of the results from Figures 17 and 18, the experiment was repeated using
just the INKT cell line and the most promising dilutions of the tetramers: 1:200 (to have
comparison with a higher concentration), 1:400 and 1:800 for APC labelled tetramers and
1:400 (to have comparison with a higher concentration) and 1:800 for BV421 labelled

tetramers.

The INKT Cell line showed much less percentage of nonspecific binding in both APC
and BV421 labelled CD1d Tetramers (right plots of Figures 19 and 20). On the account
of the CD1d PBS-57 Tetramer labelled with APC (Figure 19), 1:400 and 1:800 dilutions
(two bottom left plots of Figure 19) presented the same percentage of positive APC cells
for the unloaded tetramer and less than the 1:200 dilution (upper left plot of Figure 19).
Besides this, the first two dilutions had a higher percentage of positive cells for the loaded
tetramer and presented a better separation between the negative and positive cells (two
bottom right plots of Figure 19) when compared to the higher concentration (upper left
plot of Figure 19). Consequently, 1:400 and 1:800 were the concentrations of the APC
labelled CD1d tetramer tested in fresh iINKT cells.
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Figure 18. Titration of CDId BV42] Tetramers (1.17 mg/mL) in PBMCs and iNKT Cell line (1:1). On
the left, plots of CDId PBS57 Tetramer BV421 dilutions (1:100, 1:200, 1:400, 1:800) are represented. On the right,

the respective plots of CD1d Unloaded Tetramer BV421 dilutions are represented.
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Figure 19. Titration of CDId APC Tetramers in the iNKT Cell line. On the left, plots of CDId PBS57
Tetramer APC dilutions (1:200, 1:400, 1:800) are represented. On the right, the corresponding plots of CDId

Unloaded Tetramer APC dilutions are represented.

Regarding the BV421 labelled CD1d PBS-57 Tetramer, the higher dilution (1:800) (upper
left plot of Figure 20) presented less nonspecific binding than the 1:400 concentration

(bottom left plot of Figure 20). Additionally, the 1:800 dilution had a better separation

between the negative and positive populations (bottom right plot of Figure 20). Looking
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at the plot, it could be possible that a higher dilution than 1:800 had a better separation of
the two populations. Thus, 1:800 and a higher dilution (1:1600) of BV421 CD1d tetramer
were tested in fresh INKT cells.
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Figure 20. Titration of CDId BV42| Tetramers in the iNKT Cell line. On the left, plots of CDIld PBS57
Tetramer BV421 dilutions (1:400 and 1:800) are represented. On the right, the corresponding plots of CDId
Unloaded Tetramer BV421 dilutions are represented.

In Figure 21, the flow cytometry gating strategy used for the analysis of fresh INKT cells
is represented. T lymphocytes were selected based on the cells stained for anti-CD3 and,
in CD3" cells, iNKT cells positive cells were selected according to the cells stained for
CD1d PBS-57 Tetramer labelled with APC or BV421 (Figure 21).
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Figure 21. Representative gating strategy used to test the CDIld Tetramers (loaded and unloaded)
labelled with APC and BV421 in fresh iNKT cells. Lymphocytes were gated according to their size (forward
scatter — FSC) and granularity (side scatter — SSC), followed by singlets selection. T lymphocytes were selected based
on the cells stained for Anti-CD3 and, in CD3+ cells, iNKT cells positive cells were selected according to the cells
stained for CD1d PBS-57 Tetramer labelled with APC and BV421.

The results of the APC labelled CD1d loaded and unloaded tetramers test in fresh iINKT
cells are represented in Figure 22 a.. An isolated population of iINKT cells was observed
in both dilutions of CD1d PBS-57 Tetramer. 1:800 dilution presented more percentage of
INKT cells (0.35%- bottom left plot of Figure 22 a.) and a better separation of the
negative and positive populations for the loaded tetramer when compared to 1:400
(0.33%- upper left plot of Figure 22 a.). Along with this, the higher dilution of the
unloaded tetramer exhibited less nonspecific binding (upper right plot of Figure 22 a.).
Hence, the optimal concentration for the APC labelled CD1d PBS-57 Tetramer was
1:800.
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Figure 22. Titration of BV421 and APC labelled CD Id Tetramers in fresh iNKT cells isolated from

a healthy donor’s PBMCs. a. Titration of APC labelled CDId Tetramers. On the left, plots of CD1d PBS57
Tetramer APC dilutions (1:400 and 1:800) are represented. On the right, the corresponding plots of CDId 94
Unloaded Tetramer APC dilutions are represented. b. Titration of BV421 labelled CDId Tetramers. On the

left, plots of CDIld PBS57 Tetramer BV42I dilutions (1:800 and 1:1600) are represented. On the right, the
corresponding plots of CD1d Unloaded Tetramer BV42| dilutions are represented.



As for the BV421 labelled CD1d loaded and unloaded tetramers test in fresh iNKT cells,
it is shown in Figure 22 b.. It was also possible to observe an isolated population of INKT
cells using both 1:800 and 1:1600 dilutions (left plots of Figure 22 b.). Although 1:800
had 0.018% more nonspecific binding (right plots of Figure 22 b.) than 1:1600, it
presented more 0.07% iNKT cells than the highest dilution (left plots of Figure 22 b.).
The separation of the negative and positive populations between the two dilutions was
similar. Thereby, 1:800 was the optimal concentration for the BV421 labelled CD1d PBS-

57 Tetramer.

Besides all these results, and looking at the left plots of Figures 22 a. and b., both
tetramers stain approximately the same percentage of INKT cells (between 0.33% and
0.4%) using the same healthy donor’s PBMCs, which means that that are working

correctly.

2.2.4 Titration of Anti-CXCR6

In 2022, Cui et al. described for the first time a circulating population of iINKT cells,
defined by CXCR6*CD244" expression, presenting high cytotoxic properties'®. We were
interested in studying this population in Fabry disease patients and compare with healthy
subjects. According to the authors, inside iINKT cells, there are ~41% CXCR6"CD244
INKT cells in young human donors and ~58% in aged human donors. In the case of
CXCR6*CD244" population, there is ~43% and ~26% in young and aged human donors,

respectively8!,

First, anti-CXCR6 was titrated in PBMCs as in Figures 13 and 14, showing no significant
staining (Figure 23), which was unexpected since Cui et al. used this marker in isolated

PBMCs without stimulation.
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Figure 23. Titration of anti-CXCR6 in PBMCs. Titration was done using isolated PBMCs from Buffy Coats.
Dilutions are represented in pl of Anti-CXCR6 APC antibody concentration (100 ug/mL) diluted in 100 pl of FACS
Buffer. O pl represents the unstained cells.

In order to test if the antibody concentration was the problem and, at the same time if the
anti-CXCR6 antibody was working, 1:50, 1:100 and 1:200 dilutions were used to stain
INKT cells from the cell line. In view of the fact that CXCR®6 is a chemokine receptor
and a transmembrane proteint’#18! extracellular and intracellular staining were done to

understand if these protein could have more expression intracellularly.

Gating strategy from Figure 15 a. was used to determine CXCR6 expression in iNKT
cells from the cell line and titrate anti-CXCR®6. It is possible to notice in Figure 24 that
there are positive cells in both extracellular and intracellular staining and that 1:100 is the
best antibody concentration in both staining, according to the Sl values [3.59 in
extracellular staining (Figure 24 a.) and 3.86 in intracellular staining (Figure 24 b.)].
However, 1:50 concentration (2 pL of anti-CXCR®6 diluted in 100 uL FACS Buffer) SI
values [3.31 in extracellular staining (Figure 24 a.) and 3.81 in intracellular staining
(Figure 24 b.)] don’t differ much from 1:100 concentration SI values and looking at the
plot, 1:50 seemed to be a better choice of concentration. Moreover, with the 1:100 dilution
it wasn’t possible to observe positive cells for CXCR6 in PBMCs previously (Figure 23).
On that account, 1:50 was the chosen dilution (Figure 24).

96



CXCR6 (APC)

CXCR6 (APC)

wo | 2 1 0.5 0 wy | 2 1 0.5 0
st [331] 350 192 sl |381| 38 337

Figure 24. Titration of Anti-CXCR®é in the iNKT Cell line. Titrations were done using iINKT cells from the
cell line. Dilutions are represented in pl of Anti-CXCRé6 antibody concentration diluted in 100 pl of FACS Buffer. 0
ul represents the unstained cells. The Staining Index (SI) was calculated for each dilution using the formula: SI =
[(Median of positive cells) — (Median of negative cells)]/ (2 x Standard Deviation of negative cells). The red box
demarcates the selected dilutions. a. Extracellular staining of Anti-CXCRé. b. Intracellular staining of Anti-CXCR6.

From this last experiment (Figure 24), it is also possible to conclude that the anti-CXCR6
antibody was working. That being so, using the optimal anti-CXCR6 concentration, the
same gating strategy from Cui et al. was used to determine the circulating iINKT Cell
population?®L, Briefly, PBMCs were gated according to their size (forward scatter — FSC)
and granularity (side scatter — SSC) for lymphocytes selection, followed by singlets
selection (Figure 25 a.). In the single cells, INKT cells were gated (CD1d PBS57
Tetramer® CD3*) and inside this population, positive and negative populations for

CXCR6 and/or CD244 populations were gated in iNKT cells (Figure 25 a.).

In Figure 25 b., flow cytometric analyses of fresh iINKT cells from 4 different donors
(from two independent experiments) are presented. Curiously, none of the iINKT cell
populations positive or negative for CXCR6 and/ or CD244 were similar between the 4
healthy donors, except the presence of CXCR6°CD244" iNKT cell population in three
donors, which was not our population of interest and was not even represented in the
article (Figure 25 b.)%,
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Figure 25. Flow cytometric analyses of human iNKT cells populations from 4 healthy donors PBMCs. Cells
were fluorescently stained with CD1d PBS57 PE (1:100), Anti-CD3-FITC (1:200), Anti-CD244 PE-Cy5 (1:200) and Anti-
CXCR6 APC (1:50). The two left plots present fixated cells (experiment |) whereas the two right plots present non-
fixated cells (experiment 2): gating may not be equal due to that reason. a. Unstained cells for CXCR6 and CD244 gated
on lymphocytes single cells. b. Expression of CXCR6 and CD244 in fresh iNKT cells from 4 healthy donors (stained cells).
iNKT cells were gated on lymphocytes single cells.
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The antibodies clones of anti-CD244 and anti-CXCR6 used in this study were the ones
used by Cui and colleagues: K041E5 and C1.7, respectively!®. Therefore, different
clones are not in question here, since they are the same and cannot be the reason for the
INKT cell population differences observed. Healthy donors used in these experiments
were Portuguese donors (Figure 25) whereas Cui et al. studied Japanese donors. This can
be a reason why iNKT cell populations positive or negative for CXCR6 and/or CD244
were different from what was expected.

Since these markers did not present the expected expression and little is known about this
circulating INKT cell population, with our results questioning its existence, they were not
reliable to be used in patients yet. Therefore, and so that the flow cytometry panel wasn’t
incomplete, anti-CXCR6 and anti-CD244 fluorochromes, APC and PE-Cy5 respectively,
were attributted to other markers: Inducible T-cell Costimulator (ICOS) and CD161.
Invariant NKT cells constitutively express ICOS and which plays a crucial role in these
cells activation?®®, CD161 is a NK cell marker, that is expressed in iNKT cells, involved

209 Anti-CD161 was titrated the same was as the markers

in pro-inflamatory responses
described in section 2.2.3) and it is represented in Figure 14 g.. Anti-ICOS titration is

described in section 2.2.5) Titration of Anti-ICOS in PBMCs.

2.2.5 Titration of Anti-ICOS in PBMCs

The antibody anti-ICOS was first titrated in fresh iNKT cells, with concentrations ranging
from 1:100 to 1:800 (Figure 26 c.). However, from this titration, it wasn’t possible to
observe distinct positive and negative populations and, consequently, the SI plugin didn’t
work accurately. Thus, using the same sample of PBMCs, anti-ICOS was titrated gated
in lymphocytes (Figure 26 b.). This time, although not completely separated, it was
possible to detect two populations. The highest Sl value (7.33) was attributed to the lowest
antibody concentration but, when looking at the plot, the concentration 1:100 (the most
concentrated) was the one that best separated the negative and positive cell populations
for anti-1COS (Figure 26 b.).
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Besides this, the percentage of iINKT cells positive for anti-ICOS is higher (30.3%) when

the antibody was more concentrated (1:100) than when the lowest concentration was used

(1.55%) (Figure 26 c.).
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Figure 26. Titration of the antibody Anti-ICOS in PBMCs. Cells were fluorescently stained with CDId
PBS57 PE (1:100), Anti-CD3-FITC (1:200), and Anti-ICOS APC (1:100, 1:200, 1:400 and 1:800). a. Gating
strategy used to titrate anti-ICOS. b. Titration of Anti-ICOS APC (0.2 mg/mL) was done using isolated PBMCs from Buffy
Coats. Dilutions are represented in pl of stock antibody concentration diluted in 100 pl of FACS Buffer. 0 pl represents
the unstained cells. The Staining Index (SI) was calculated for each dilution using the formula: SI = [(Median of positive
cells) — (Median of negative cells)]/ (2 % Standard Deviation of negative cells). The red box demarcates the selected
dilution. c. Titration of Anti-ICOS APC (0.2 mg/mL) was performed in fresh iNKT cells from PBMCs. Four plots with
four different dilutions are represented, gated in iNKT cells.
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Hence, based on these two key factors, 1:100 was the chosen concentration for the
antibody anti-1COS.

2.2.6 Titration of MRI Tetramers

MAIT cells are identified by using the MR1-5-(2-oxopropylideneamino)-6-D-
ribitylaminouracil (5-OP-RU) Tetramer, which is an agonist of MAIT cells®*. A non-
agonist of MAIT cells, MR1-6-formyl pterin (6-FP)?°, was used as a control for

nonspecific binding.

MR1 5-OP-RU Tetramers labelled with AF488 or BVV421 were titrated at the same time
as the 6-FP tetramers in order to investigate which tetramer concentration would have: 1)

a better positive and negative populations separation and 2) less nonspecific background.

The same rules for choosing the optimal concentration for CD1d tetramers (section 2.2.3)
Titration of CD1d PBS-57 Tetramers) were applied for MR1 tetramers.

Initially, both AF488 and BV421 MR1 tetramers were titrated in PBMCs using for
dilutions: 1:100, 1:200, 1:400 and 1:800. The results of these titrations are represented in
Figures 27 and 28. Both AF488 and BV421 5-OP-RU tetramers stained an isolated
population of MAIT cells (left plots of Figures 27 and 28, respectively). Along with that,
the 6-FP tetramers presented no significative nonspecific binding (right plots of Figures

27 and 28, respectively).

In the case of AF488 labelled MR1 5-OP-RU Tetramer, 1:100 and 1:200 dilutions (upper
left plots of Figure 27) separated better the negative and positive populations for 5-OP-
RU tetramer when compared to the higher dilutions (bottom left plots of Figure 27).
Consequently, 1:100 and 1:200 dilutions were tested again in PBMCs (Figure 29).

In terms of the MR1 5-OP-RU Tetramer labelled with BV421, 1:200 was the dilution that
presented the highest percentage of MAIT cells (second left plot of Figure 28) and the 6-
FP tetramer presented no nonspecific binding (second right plot of Figure 28). As aresult,
1:200 was the optimal concentration for the BV421 labelled MR1 5-OP-RU Tetramer.
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Figure 27. Titration of MRI AF488 Tetramers (1.61 mg/mL) in PBMCs. On the left, plots of MRI 5-
OP-RU Tetramer AF488 dilutions (1:100, 1:200, 1:400, 1:800) are represented. On the right, the corresponding

plots of MRI 6-FP Tetramer AF488 dilutions are represented.
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The new titration of AF488 labelled MR1 tetramers, using 1:100 and 1:200, was

performed more than a month later after the first titration, and the results were

inconclusive, since it was not possible to observe an isolated population of MAIT cells

(left plots of Figure 29). This could have happened due to a low frequency of MAIT cells

from the healthy donor.
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Figure 29. Titration of MRl AF488 Tetramers in PBMCs. On the left, plots of MR| 5-OP-RU Tetramer
AF488 dilutions (1:100 and 1:200) are represented. On the right, the corresponding plots of MR| 6-FP Tetramer
AF488 dilutions are represented.

Hence, the experiment was repeated using two donors and the BV421 labelled MR1

tetramers (5-OP-RU and 6-FP) was also used, to make sure it wasn’t a problem with the
AF488 tetramer. Only the 1:200 concentration was used for both AF488 and BV421

tetramers. These results are shown in Figure 30.
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Looking at the left bottom plots of BV421 labelled MR1 5-OP-RU Tetramer (Figure 30),
there was an isolated population of MAIT cells in both donors 1 (1.26%) and 2 (1.99%),
which means that these donors had MAIT cells and in a percentage that was easily
observed. However, this population was not detected when the AF488 MR1 5-OP-RU
Tetramer was used (upper left plots of Figure 30), leading us to believe that, if only this

tetramer was used, the donors had no MAIT cells.

Considering the experiments from Figures 27, 29 and 30, it can be inferred that the MR1
5-OP-RU Tetramer labelled with AF488 stopped working and this was reported to
National Institute of Health tetramer core facility.
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Figure 30. Test of MRl 5-OP-RU Tetramer AF488 in 2 donors PBMCs. BV42| labelled MRI Tetramers
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2.2.7 Titration of Anti-IFN-y and Anti-IL-4 in stimulated
PBMCs

Cytokine expression was going to be analysed in stimulated iINKT cells from Fabry
disease patients and healthy donors. Hence, and considering these cytokines are also
produced by conventional T cells, anti-IFN-y and anti-1L-4 antibodies were titrated, with
a series of dilutions ranging from 1:100 to 1:800, in stimulated PBMCs isolated from a
Buffy Coat. PBMCs were stimulated for 5 h with PMA and ionomycin, and BFA was

added to inhibit the secretion of cytokines (they accumulate inside the cell).

The gating strategy from Figure 13 was used to titrate these antibodies and an unstained
and non-stimulated cells were used as controls (non-stimulated cells were stained with

the highest concentration of each antibody).

In Figure 31, the results of anti-IFN-y BV711 titration are represented. The unstimulated
control stained with 1:100 of anti-1IFN-y is also represented (Figure 31 a.) and no positive
cells for IFN-y were observed, which was expected. According to the Sl values and the
plots of the different dilutions of the antibody tested in stimulated PBMCs, 1:100 was the
optimal concentration for anti-IFN-y BV711 (Figure 31 b.).
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Figure 31. Titration of Anti-IFN-y BV711 in stimulated PBMCs. a. Non-stimulated cells stained with Anti-
IFN-y BV711 (50 pg/mL). b. Titration of Anti-IFN-y BV711 (50 ug/mL). Dilutions are represented in pl of Anti-IFN-
y antibody concentration diluted in 100 pl of FACS Buffer. 0 pl represents the unstained cells. The Staining Index (SI)
was calculated for each dilution using the formula: SI = [(Median of positive cells) — (Median of negative cells)]/ (2
Standard Deviation of negative cells). The red box demarcates the selected dilutions.

The results of anti-IL-4 APC are shown in Figure 32. No staining for anti-IL-4 was
detected in both stimulated and non-stimulated cells (Figures 32 b. and a., respectively)
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and thereupon the SI values couldn’t be calculated. The fact that the antibody anti-IL-4
APC expired 10 years ago may have led to a disaggregation of the fluorochrome APC
from the antibody.

a. b.
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Figure 32. Titration of Anti-IL-4 APC in stimulated PBMCs. a. Non-stimulated cells stained with Anti-IL-4
APC (12 pg/mL). b. Titration of Anti-IL-4 APC (12 pg/mL). Dilutions are represented in pl of Anti-IL-4 antibody
concentration diluted in 100 pl of FACS Buffer. 0 pl represents the unstained cells. The Staining Index (SI) was

calculated for each dilution using the formula: SI = [(Median of positive cells) — (Median of negative cells)]/ (2 x
Standard Deviation of negative cells). The red box demarcates the selected dilutions.

A new experiment for anti-IL-4 APC was performed using: 1) the expired anti-1L-4 APC
antibody with the dilutions 1:50, 1:100 and 1:200, to check if a higher concentration was
needed; 2) a new antibody anti-1L-4 APC with the dilutions 1:50, 1:100 and 1:200, to
check if the problem was the expired antibody; 3) anti-IFN-y BV711 (1:100) already
titrated as a control of the stimulation technique. For all antibodies, a non-stimulated

control was done.

In Figure 33, the flow cytometric results of this new test for anti-IL-4 are represented and
the gating strategy from Figure 13 was followed. The plots from Figures 33 a., e. and i.
illustrate the non-stimulated PBMCs stained with the new anti-IL-4 APC, expired anti-
IL-4 APC and anti-IFN-y, respectively. Only in the non-stimulated PBMCs stained with
the old anti-IL-4 APC is observed some staining for IL-4, even more than in stimulated
PBMCs (Figures 33 f., g. and h.).

PBMCs were stimulated according to plan since it was possible to observe the expression
of IFN-y (Figure 33 j.). Nevertheless, it is not possible to say that there was, without any
doubt, IL-4 expression using neither of the new or expired anti-IL-4 APC antibodies
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(Figures 33 b, c., d., f., g. and h.). Once again, no conclusions can be taken about the
anti-1L-4 APC titration.
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Figure 33. New test of Anti-IL-4 using a new antibody. Titration of IL-4 APC in stimulated PBMCs. a. Non-
stimulated cells stained with the new Anti-IL-4 APC (12 pg/mL) using a dilution of 1:50. b., c. and d. Stimulated
PBMCs stained with the new Anti-IL-4 APC with the concentrations 1:50, 1:100 and 1:200, respectively. e. Non-
stimulated cells stained with the expired Anti-IL-4 APC (12 pg/mL) using a dilution of 1:50. f., g. and h. Stimulated
PBMC:s stained with the expired Anti-IL-4 APC with the concentrations 1:50, 1:100 and 1:200, respectively. i. Non-
stimulated cells stained with the optimal Anti-IFN-y BV711 concentration (1:100). j. Stimulated PBMCs stained with
the optimal Anti-IFN-y BV71 | concentration (1:100).

For the anti-IL-4 APC single-stained sample, an antibody against some other higher
expressed antigen should have been used in order to discard compensation errors, since
IL-4" cells are rare. The time of incubation of PBMCs with PMA and ionomycin could
have been increased to 6 hours to check if any difference was observed in the IL-4
expression.
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As aresult, the cytokines were not analysed in Fabry disease patients in this present study.

2.3 Anti-human iNKT cell Microbeads

iNKT cells, a rare population in PBMCs with a frequency of 0.001% to 0.1%%414414% are

insufficient in number for studying their properties. Using Anti-human iNKT

MicroBeads, an enriched fraction of iNKT cells can be obtained from limited PBMCs
(only a maximum of ~54x10° PBMCs will be obtained from 18 mL of blood®),

facilitating the research of these cells in Fabry disease patients.

Half of the recommended amount of Anti-human INKT cell MicroBeads by the

manufacturer was used because: 1) 100% purity of INKT cells after isolation was not

wanted since conventional T cells phenotype was also going to be studied; 2) 0% of INKT

cells in the negative fraction was the aim for this microbeads isolation.
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Figure 34. iNKT Cell isolation using Anti-human iNKT cell MicroBeads. The iNKT cells were isolated from
human PBMCs using Anti-iINKT MicroBeads, a LS Column, and a MiniMACS™ Separator. Half of the recommended
amount of microbeads was used (50 pL per 100x106 cells instead of 100 pL). Cells were fluorescently stained with CD1d
PBS57 PE (1:100) and Anti-CD3 FITC (1:100). Lymphocytes were gated according to their size (forward scatter — FSC)
and granularity (side scatter — SSC), followed by singlets selection. iNKT cells were selected based on the positivity for
Anti-CD3 FITC and CD1d PBS-57 Tetramer PE. a. Positive fraction of isolated cells with iNKT microbeads. b. Negative
fraction of isolated cells with iNKT microbeads.
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Using half of the recommended amount of Anti-human iNKT cell MicroBeads was
enough to have 0% of INKT cells in the negative fraction (Figure 34 b.): Only 5 cells
represented the 0.14% observed, which do not constitute a defined iINKT cell population.

There was 5.47% of iINKT cells present after microbeads isolation (Figure 34 a.), but the
enrichment was not possible to calculate since cells prior microbeads isolation weren’t
staining for CD3 and CD1d PBS-57 tetramer. Nevertheless, using just 50 pL per 100x10°
cells, instead of the recommended 100 uL, is enough to obtain the ~0% of INKT cells in

the negative fraction and less than 100% purity of iNKT cells.

This experiment was repeated, this time staining cells with anti-CD3 and CD1d PBS-57
tetramer prior enrichment, in order to calculate the enrichment obtained using half of the
recommended volume of anti-iINKT MicroBeads. In Figure 35, the percentage of iINKT
cells before and after enrichment are represented, as well as the percentage in the negative

fraction (Figures 35 a., b., c., respectively).
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Figure 35. iNKT Cell isolation using Anti-human iNKT cell MicroBeads. The iNKT cells were isolated from
human PBMCs using Anti-iNKT MicroBeads, a LS Column, and a MiniMACS™ Separator. Half of the recommended
amount of microbeads was used (50 pL per 100x10¢ cells instead of 100 pL). Cells were fluorescently stained with
CD1d PBS57 BV421 (1:800) and Anti-CD3 BB700 (1:100). Lymphocytes were gated according to their size (forward
scatter — FSC) and granularity (side scatter — SSC), followed by singlets selection. iINKT cells were selected based on
the positivity for Anti-CD3 BB700 and CD|d PBS-57 Tetramer BV421. a. iNKT cells before enrichment. b. Positive
fraction of isolated cells with iNKT microbeads. c. Negative fraction of isolated cells with iINKT microbeads.

This donor had 0.11% of iNKT cells in PBMCs (Figure 35 a.), which was augmented to
63.6% after anti-iINKT MicroBeads enrichment (Figure 35 b.). There was an enrichment
of 578 x (%INKT cells after enrichment (positive fraction) / %INKT cells before
enrichment) using half of the recommended amount of MicroBeads. Although there was

still 0.055% of INKT cells present in the negative fraction, this percentage is not
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significant compared to the enrichment obtained (Figure 35 c.). Considering the results
from the first experiment using the Anti-INKT MicroBeads (Figure 34) and the last one,
where the PBMCs before enrichment were also analysed (Figure 35), 50 pL per 100x10°
PBMCs (half of the recommended amount) was the defined amount of Anti-INKT

MicroBeads to use with Fabry disease patients and healthy controls.

Anti-human iNKT MicroBeads were used in eight experiments. The percentage of iINKT
cells present in PBMCs (prior enrichment), in the positive and negative fractions (after
enrichment) was always analysed. The negative fraction was used as a control over the
enrichment and to see if iINKT cells weren’t being lost to the negative fraction. In Figure
36, the results from the analyses of the percentage of iNKT cells among different fractions
of Anti-INKT MicroBeads enrichment are represented. Looking at the percentage of
INKT in PBMCs and in the positive fraction, it is possible to see that there was enrichment
of INKT cells as expected (p < 0.001) (Figure 36). Regarding the percentage of these
cells in PBMCs compared to the negative fraction, although it was seen that there was a
reduction in the percentage of iINKT cells in the negative fraction, when compared with
the percentage before enrichment, it does not reach statistical significance (p=0.0581)
(Figure 36). In five out of eight experiments, the percentage of iINKT cells in the negative
fraction decreased compared to the percentage before enrichment (experiments 1, 3, 4, 6,
7, Table 10- rows highlighted with dark green). In the other three experiments, this
decrease was not observed (experiments 2, 5 and 8, Tablel0- rows that are not
highlighted).
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Figure 36. iINKT cell percentage among different fractions of anti-iNKT MicroBeads enrichment.
Percentage of iINKT cells before enrichment (“PBMCs”), after enrichment (“Positive Fraction”) and negative fraction
of the enrichment (“Negative Fraction”) of 8 different experiments (each corresponds to a different Buffy Coat
donor or Fabry disease patients’ blood samples) are represented. Experiments |-5 correspond to Buffy Coat donors
(healthy donors) and experiments 6-8 correspond to blood samples from Fabry disease patients. Different line
colours and symbols are associated with different experiments. iNKT cells were identified as CD3+ cells and as
positive for CD1d-PBS57 tetramer. Statistical analysis was performed by paired T-Test with Welch’s correction.
p ¥ <0.0001; ns (not significant): p = 0.05.

The enrichment was very variable inter experiments albeit it was possible to conclude
that it was not dependent on the iINKT percentage in PBMCs. Looking at Table 10, where
the enrichment of each experiment is represented, even though it seemed that when a
donor/ patient has a higher INKT cell percentage in PBMCs, a higher iNKT cells
percentage was obtained in the positive fraction, this did not translate into a higher
enrichment. For instance, the donor from experiment 4 had 0.65% of iNKT cells before
enrichment and this percentage augmented to 12.6% after enrichment (Table 10). In spite
of being a high percentage of iNKT cells, the enrichment was only 19.4 x. On the other
hand, the donor from experiment 2 only had 0.036% of iNKT cells prior enrichment and
12.8% after enrichment. Nevertheless, there was an enrichment of 355.6 x, much more

than in experiment 4 (Table 10).
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Table 10. iNKT cell percentage among different fractions of Anti-human iNKT MicroBeads enrichment
and respective enrichment. Percentage of iINKT cells before enrichment (“PBMCs”), after enrichment (“Positive
Fraction”) and negative fraction of the enrichment (“Negative Fraction”) of 8 different experiments (each corresponds
to a different Buffy Coat donor or Fabry disease patients’ blood samples) are represented. Experiments -5
correspond to Buffy Coat donors (healthy donors) and experiments 6-8 correspond to blood samples from Fabry
disease patients. The enrichment was calculated by using the formula: % iINKT cells after enrichment (positive fraction)
| % iNKT cells before enrichment (PBMCs). The rows highlighted with dark green represent the experiments where
decrease of % iINKT in the negative fraction, compared to %iNKT cells before enrichment, was observed.

Experiment PBMCs Positive Fraction Negative Fraction Enrichment

1 0.11 63.6 0.055 578.18
2 0.036 12.8 0.038 355.56
3 0.0069 0.54 0.0024 78.26
4 0.65 12.6 0.048 19.38
5 0.037 4.69 0.045 120.26
6 0.0067 0.44 0.0034 65.67
7 0.2 9.36 0.083 46.8

8 0.2 3.38 0.2 16.9

Notwithstanding the variability of the Anti-human INKT MicroBeads enrichment
between experiments, there was always enrichment of INKT cells. Despite the
enrichment, in some experiments it was not enough to study all the markers wanted in
INKT cells: Figures 46 (b. and c.), 47 and 48 (a. and c.).

2.4 Optimisation and validation of instrument and reagents

settings

The optimal amount of all reagents (antibodies, tetramers, fixable viability dye and Anti-
INKT MicroBeads) that were going to be used to analyse iINKT cells of Fabry disease
patients and healthy subjects had been determined. The combination of all these reagents

had to be tested to evaluate if some changes in the volumes/ concentrations were needed.

The number of iINKT cells obtained from blood tubes is low (if only 9-54x10°® PBMCs
can be obtained from two blood tubes with 9 mL each- 0.5-3x10° PBMCs per mL of
blood?!!, then from these PBMCs we would only get 0.001-0.54 x10° iNKT cells), so the
number of analyses is limited. In line with this, compensation beads were used to do the
antibodies single-stained controls for flow cytometry. CD1d PBS-57 tetramer single-

stained control was done using the INKT cell line and the Fixable Viability Dye single-
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SSC-A

stained control was done with live and dead PBMCs. Besides this, FMO controls for the
antibodies anti-PD-1 and anti-ICOS were done (i.e., samples stained with all the
fluorochromes in the panel, minus anti-PD-1 or anti-ICOS, respectively), since there is
no distinction between the positive and negative cells for the markers. Although with anti-
TIM-3 was not possible to observe a separation between the positive and negative
populations as well, no staining was obtained using non-stimulated PBMCs (stained cells
with anti-TIM-3 = unstained cells; Figure 16), meaning that with the healthy subjects we
wouldn’t obtain it neither. Thus, they were going to be used as controls for the gating of

the positive cells for TIM-3 if they were detected in Fabry disease patients.

B cells and monocytes frequencies were evaluated as well as the monocyte activation
state, using antibodies against the co-stimulatory molecules CD40 and CD86, in the
donor’s PBMCs prior enrichment with Anti-iINKT MicroBeads. Within the lymphocyte
population of PBMCs, this donor, analysed to validate the settings, had the CD19" B cells
within the normal range®*? (Q3 from right bottom plot of Figure 37).
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Figure 37. Flow cytometric analyses of human B cells of health donor’s PBMCs (before anti-iNKT
MicroBeads enrichment). Cells were fluorescently stained with Anti-CD3 BB700 (1:100), Anti-CD19 PE-Cy7
(1.5:100) and Fixable viability dye Zombie Aqua (1:400). Lymphocytes were gated according to their size (forward
scatter — FSC) and granularity (side scatter — SSC), followed by singlets selection. Cells non-fluorescent with Zombie
Aqua were considered live/ viable cells. Inside live cells, B cells were selected based on the positivity for Anti-CD 19
PE-Cy7 and negativity for Anti-CD3 BB700.
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This healthy donor presented a normal percentage of monocytes in PBMCs (left plot of
Figure 38) as well as CD14" monocytes frequency within the normal range (middle right
plot of Figure 38) 23214, CD14* monocytes from this donor were not stimulated, since
there was no expression of CD40 nor CD86. This was expected because the monocytes

hadn’t been stimulated, being in resting state in healthy individuals?'>2,
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Figure 38. Flow cytometric analyses of human monocytes of health donor’s PBMCs (before anti-iNKT
MicroBeads enrichment). Cells were fluorescently stained with Anti-CD14 PerCP (1:100), Anti-CD40 FITC
(3:100), Anti-CD86 APC (1:50) and Fixable viability dye Zombie Aqua (1:400). Monocytes were gated according to
their size (forward scatter — FSC) and granularity (side scatter — SSC), followed by singlets selection. Cells non-
fluorescent with Zombie Aqua were considered live/ viable cells. Inside live cells, CD 14+ cells were selected based
on the positivity for Anti-CD |4 PerCP. CD 14+ cells were analysed for activation markers, by gating Anti-CD40 FITC
vs Anti-CD86 APC.
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Lastly, iINKT cells phenotype was studied after enrichment with Anti-iINKT MicroBeads
(Figures 39 and 40). CD3" T cells were always analysed in parallel with INKT cells. CD4
and CD8 expression was analysed in both types of cells (Figure 39). The analyses of
these subsets in iINKT cells showed a high predominance of CD4" iNKT cells as well
(upper right plot of Figure 39). DN and CD8" iNKT cell subsets were also observed,
although there were few iNKT cells (upper right plot of Figure 39). Regarding CD3* T
cells, CD4" subset presented the highest percentage (56%) (left bottom plot of Figure
39). DN and DP CD3" T cell subsets were also observed in this donor, although they are
the least common (usually between 1 and 3%, range that may vary)?7-2'°, Regarding the
expression of CD8 dimers, it was not possible to study CD8 dimers in iINKT cells in this
healthy donor since few cells positive for CD8a were acquired, making it not reliable to
evaluate. Nevertheless, the analyses were possible in CD3* T cells: 82% of the CD8"
CD3" T cells expressed CD8a heterodimers, and the rest expressed CD8a.. (right bottom
plot of Figure 39). CD8BB homodimers don’t occur naturally?%,

118



Gated in Live Cells

Comp-BV421-A - CD'1d PBSST Tetramer

INKT Cells
0,54

CD3+ Cells

6.6

Comp-BB700-A - CD3

Gated in CD3+ Cells

{as
10° 2 56,0

Qs
3,85

Comp-PE-Cy7-A - CD4

Figure 39. Flow cytometric analyses of CD4, CD8 and CD8 dimers expression on CD3+ T cells
and iNKT cells of a health donor’s PBMCs after anti-iNKT MicroBeads enrichment. Cells were
fluorescently stained with Anti-CD3 BB700 (1:100), CDId PBS-57 tetramer BV421| (1:800), Anti-CD4 PE-Cy7
(1:100), Anti-CD8a PE-Cy5 (1:100), Anti-CD8B (1:100) and Fixable viability dye Zombie Aqua (1:400). After
iNKT cell selection based on the positivity for CD1d PBS-57 tetramer and CD3 and T cell selection (CD3+ and
CDId PBS-57 tetramer-), the frequency of CD4 and CD8a was analysed. The frequency of CD8af was analysed

inside CD8a.
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Afterwards, TIM-3, PD-1, ICOS and CD161 expression was analysed in both T and iINKT

cells (Figure 40). As expected, there was no expression of TIM-3 on CD3* T cells and

on iNKT cells (upper and bottom left plots of Figure 40, respectively). Both types of cells

expressed little PD-1 and ICOS (second and third bottom plots counting from the left of

Figure 40, respectively). Taking into account that it is not possible to reliably gate the

positive population for ICOS, this marker expression was evaluated in Fabry disease

patients and healthy subjects using its MFI value. Two distinct populations can be

observed when cells were stained with anti-CD161.
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Figure 40. Flow cytometric analyses of TIM-3, PD-1, ICOS and CD161 expression on CD3+ T cells and
iNKT cells of a health donor’s PBMCs after anti-iNKT MicroBeads enrichment. Cells were fluorescently
stained with Anti-CD3 BB700 (1:100), CDId PBS-57 tetramer BV421 (1:800), Anti-TIM-3 BV7I1 (1:50), Anti-PD-1
BV785 (1:40), Anti-ICOS (1:100), Anti-CD161 (1:100) and Fixable viability dye Zombie Aqua (1:400). After iNKT cell
selection based on the positivity for CD1d PBS-57 tetramer and CD3 and T cell selection (CD3+ and CDId PBS-57
tetramer-), the frequency of each marker was analysed in iINKT cells and T cells (CD3+).
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The results presented in Figures 36-40 demonstrate that the optimal concentrations and
amounts of the reagents defined are correct and can be used with Fabry disease patients
and healthy subjects.

2.5 Final remarks on the optimisations

One of our interests was to determine if the circulating iNKT cell subpopulation with a
cytotoxic phenotype, discovered by Cui et al.'®!, existed. After titrating the exactly the
same antibodies (and clones) used by the authors to find this population, the same results
were not obtained, questioning the existence of this circulating population in human
INKT cells and the results from the article. Albeit the cohort of healthy PBMCs donors
was not the same as Cui and colleagues used (Cui et al. acquired PBMCs from Japanese
healthy donors®®! whereas our healthy donors were Portuguese), it is not sufficient to have
such a difference in this iINKT cell population. The authors have been questioned by us
about the methods they have used to isolate PBMCs and their flow cytometry protocol
and no differences were detected comparing to our protocol. Therefore, we question the
identification of this circulating INKT cell subpopulation with a cytotoxic phenotype by
Cui and colleagues. More studies need to be done regarding this population and evaluate
if it there is variation among different donors. Anti-CXCR6 and anti-CD244 antibodies
were replaced with anti-ICOS APC and anti-CD161 PE-Cy5, respectively.

AF488 labelled MR1 5-OP-RU tetramer stopped working and it is not going to be used
until further notice from NIH, since the panel was designed based on the fluorochromes
available for this tetramer and it was not possible to include other available fluorochrome
in the panel (Table 7).

Although CD14 was present in the first panel (Table 6), it would only be used to detect
monocytes which is easily done just by looking at the plot SSC-A vs FSC-A, since it is a
defined population of cells. Hence, this antibody was not used to analyse the monocytes
in Fabry disease patients and healthy subjects.

In Table 11, the optimal concentrations of the antibodies, tetramers and viability dye, as
well as the amount of Anti-INKT MicroBeads, that were titrated and used to study the

INKT cells of Fabry disease patients and healthy donors are represented.
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Table | 1. Optimal concentrations of the antibodies, tetramers, viability dye and amount of Anti-human
iNKT MicroBeads that were titrated in this project. Clones, fluorochrome and supplier of each reagent are
also represented.

. Optimal
Reagents Clone Fluorochrome Supplier .
Concentration
Anti-human CD3 OKT3 FITC Biolegend 1:200
. BD
Anti-human CD3 OKT3 BB700 . 1:100
Biosciences
Anti-human CD3 OKT3 PerCP-Cy5.5 1:100
Anti-human CD4 RPA-T4 PE-Cy7 Biolegend 1:400
Anti-human C8a HIT8a APC-Cy7 Biolegend 1:100
. Thermo
Anti-human CD8B SIDI8BEE PE _ 1:100
Fisher
Anti-human CD161 HP-3G10 PE-Cy5 Biolegend 1:100
Anti-human ICOS C398.4A APC Biolegend 1:100
Anti-human PD-1 EH12.2H7 BV785 Biolegend 1:40
Anti-human TIM-3 F38-2E2 BV711 Biolegend 1:50
Anti-human CD244 KO41E5 APC Biolegend 1:200
Anti-human CXCR6 c1.7 PE-Cy5 Biolegend 1:50
Human CD1d PBS-57
- APC NIH 1:800
Tetramer
Human CD1d PBS-57
- Bv421 NIH 1:800
Tetramer
Human MR1 5-OP-RU
- Bv421 NIH 1:200
Tetramer
Anti-human IFN-y 4S.B3 BV711 Biolegend 1:100
Fixable Viability Dye - Zombie Aqua Biolegend 1:400
Anti-human iNKT ) _ 50 L per 100x10°
) - ---- Miltenyi
MicroBeads cells

Abbreviations: APC — Allophycocyanin; BV — Brilliant Violet; Cy — Cyanine; FITC — Fluorescein; PE —
Phycoerythrin; PerCP - Peridinin chlorophyll protein; PBS-57 — a-GalCer analog; AF- Alexa Fluor: BB-
Brilliant Blue; 5-OP-RU: 5-(2-oxopropylideneamino)-6-D-ribitylaminouracil.
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3. Analyses of iNKT cell phenotype in Fabry disease patients
and healthy subjects

Three Fabry disease patients and four control subjects were included in this study. The
control group of this study was composed by two males and two females. In the Fabry
disease patients’ group, two were female siblings, both presenting the classical variant of
the disease, and the other patient, a male, presented the cardiac variant. One of the Fabry
disease siblings suffered from ulcerative colitis and the other patient was diagnosed with
myeloma. A study showed that Fabry disease was associated with myeloma (there are
reported cases demonstrating a potential pathogenic relationship between Fabry disease
and myeloma??!). The male patient was already under ERT at the beginning of the study

whereas the siblings were not under any treatment.

From healthy subjects, PBMCs were isolated from Buffy Coats. In the case of the Fabry

disease patients, PBMCs were obtained from two 9 mL blood tubes (whole blood).

3.1 Percentage of monocytes, B cells and T cells in Fabry

disease patients

PBMCs from Fabry disease and control subjects were stained with an anti-human CD19
antibody (B cells), anti-human CD3 (T cells) and they were analysed by flow cytometry.
After defining the lymphocyte gate in the side scatter and forward scatter plot,
lymphocytes were selected and the percentages of T cells (CD3*) and B cells (CD19%)
were determined (right plot of Figure 41). The percentage of monocytes was evaluated
based on their size (FSC) and granularity (SSC) (upper left plot of Figure 41). The
expression of the co-stimulatory molecules CD40 and CD86 was then evaluated (bottom
left plot of Figure 41).
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Figure 41. Representative gating strategy used to quantify the percentage of monocytes (and their
activation state), B cells and T cells using flow cytometry in Fabry disease patients and healthy
subjects. Lymphocytes and monocytes were gated according to their size (forward scatter — FSC) and granularity
(side scatter — SSC), followed by singlets selection (not shown). A Fixable Viability Dye was always used to
determine the cell viability (not shown). B cells were selected based on their positivity against anti-CD |9, whereas
T cells were selected based on CD3+ cells. Monocyte activation state was analysed based on the markers CD40
and CD86.
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The results regarding the monocytes, B cells and T cells in Fabry disease patients and
control subjects are presented in Figure 42. A reduction in the percentage of monocytes
in Fabry disease patients was observed, but it was not statistically significant when
compared with healthy controls (Figure 42 a.). As for the activation state of monocytes,
neither of subjects (controls and patients) presented expression of CD40 and CD86, being
all the plots analysed similar to the one presented in the representative example (bottom
left plot of Figure 41). CD19" and CD3" cells percentage didn’t vary between healthy

subjects and Fabry disease patients (Figures 42 a. and b., respectively).
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Figure 42. Monocytes, B cells and T cells percentage in Fabry disease patients and healthy controls. a.
Comparison between monocytes percentage in Fabry disease patients and control subjects. Monocytes were
identified based on their size (forward scatter — FSC) and granularity (side scatter — SSC). b. Comparison between B
cells percentage in Fabry disease patients and control subjects. B cells were identified based on their positivity for
CDI9. c. Comparison between T cells percentage in Fabry disease patients and control subjects. T cells were
identified based on their positivity for CD3. Vertical lines represent means with standard deviation (SD). White dots
represent four healthy controls. Black dots represent three Fabry disease patients. White bar represents healthy
controls. Blue bar represents Fabry disease patients. Statistical analysis was performed by unpaired T-Test with
Welch’s correction. ns (not significant): p 2 0.05.

Within the lymphocyte population of PBMCs, CD19" B cells usually contribute with 5-
15% of the total lymphocyte population, although it is important to take into account that
the frequencies of human cell types differ among individuals®*2. Monocytes represent 3-
8% of the circulating blood cells??2, The percentage of leukocytes was shown to be altered
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in Fabry disease patients?®’172, Rozenfeld et al. demonstrated that patients possessed
higher percentage of total lymphocytes and CD19" cells, in contrast with a decreased
proportion of monocytes, when compared to healthy controls®?. These authors also
reported that these alterations were less pronounced in treated Fabry disease patients®?,
The percentage of monocytes in Fabry disease patients analysed in this studied presented
a tendency to decrease (Figure 42 a.), which is in accordance with the literature.
However, the patient under ERT is the patient who presented the lowest percentage of
monocytes (2.24%) in comparison with the other two patients who are not under any
treatment (Figure 42 a.). This does not corroborate the findings from Rozenfeld et al,
who reported a less pronounced decrease in monocytes in patients under treatment®Z, In
terms of B cells and T cells, no differences were detected (Figure 42 b. and c.,
respectively), contrary to articles published?®"%72223 Nonetheless, the patient under ERT
presented less B cells (3.41%) than the patients not treated (Figure 42 b.). In the case of
T cells, the contrary happened, being the patient under ERT the one who presented the
highest percentage of T cells (81.8%), compared to the non-treated patients.

Overall, no statistically significant differences were found between the control and Fabry
disease patients’ groups in the percentage of monocytes, B cells and T cells. Apart from
monocytes, these findings differ from the literature, where differences in leukocyte
populations between these two groups were observed, as mentioned above (Fabry disease
patients have been reported to present lower percentage of monocytes and higher

percentage of T cells and B cells compared to healthy subjects)?®:71:72223,

3.2 Percentage of iNKT cells in Fabry disease patients

In order to study the percentage of iNKT cells in both control and patients’ groups,
PBMCs were stained with an anti-human CD3 antibody and the human CD1d tetramer
loaded with PBS57 (an a-GalCer analogue) and they were analysed by flow cytometry.
After defining the lymphocyte gate in the side scatter and forward scatter plot, INKT cells
were selected based on the positivity for both CD3 and CD1d PBS-57 tetramer (Figure
43).
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Figure 43. Representative gating strategy used to quantify the percentage of iNKT cells in Fabry
disease patients and healthy subjects. Lymphocytes were gated according to their size (forward scatter — FSC)

and granularity (side scatter — SSC), followed by singlets selection (not shown). A Fixable Viability Dye was always
used to determine the cell viability (not shown). iNKT cells were selected based on their positivity for CD3 and

CDId PBS-57 tetramer.

In Figure 44, the results with regard to the iINKT cell percentage in Fabry disease patients
and control subjects are represented. Surprisingly, two Fabry disease patients presented
higher levels of INKT cells than control subjects and, interestingly, these two patients are
the siblings. Nevertheless, the difference between the patients and control groups is not
statistically significant, which corroborates the literature!?®,
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Figure 44. INKT cell percentage in Fabry disease patients and healthy controls. iINKT cells were identified

based on their positivity for CD3 and CD1d PBS-57 tetramer. Comparison between iNKT cell percentage in

Fabry disease patients and control subjects. Vertical lines represent means with standard deviation (SD). White

dots represent four healthy controls. Black dots represent three Fabry disease patients. White bar represents
healthy controls. Blue bar represents Fabry disease patients. Statistical analysis was performed by unpaired T- 157
Test with Welch’s correction. ns (not significant): p > 0.05.



Altogether, no statistically significant differences were found between the control and
Fabry disease patients’ group in the percentage of iNKT cells. The percentage of INKT
cells was shown to be decreased in Fabry disease mice!®1%4 which is not observed in
Fabry disease patients'®1%7. As previously described, the iNKT cell percentage in human
peripheral blood is highly variable®3'%° which explains the variability of iNKT cells
percentage obtained in both patients and healthy controls groups. The variability in
patients may also be due to the fact that they present different variants of the disease (and
the two siblings who present the same variant have the same percentage of iINKT cells-
0.2%).

3.3 Percentage of iNKT cell subsets in Fabry disease patients

In humans, iNKT cells can be divided into four different subsets according to their CD4
and CD8 expression: CD4", CD8* or DN and a very small double positive (DP) subset
has also been observed'“®147, This study focused on the three major subsets of iNKT cells
(CD4*, CD8" and DN). Besides this, two dimers of CD8, CD8of3 and CD8ao, were
quantified. These two dimers are distinct in their expression and function®?°. The same
analyses were performed in T cells (CD3*) (Figure 45). After defining the lymphocyte
gate in the side scatter and forward scatter plot, INKT cells were selected based on the
positivity for both CD3 and CD1d PBS-57 tetramer. T cells were selected based on their
positivity for CD3 and negativity for CD1d PBS-57 tetramer.
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Figure 45. Representative gating strategy used to quantify the percentage of T and iNKT cell
subsets in Fabry disease patients and healthy subjects. a. T cell (CD3+) subsets analysed by flow
cytometry. b. iNKT cell (CDId PBS-57 tetramer+ and CD3+) subsets analysed by flow cytometry.

The frequencies of INKT cell and T cell subsets, according to CD4 and CD8 expression,
in Fabry disease patients and control subjects are represented in Figure 46. Regarding the
percentage of CD4* iNKT cells, no differences were observed between patients and
control groups. (Figure 46 a.). However, it was expected that patients had a decreased
percentage of CD4* iNKT cell subset!®’. In terms of CD8* iNKT cells frequency, there
was a decrease, albeit not statistically significant, in Fabry disease patients compared to
healthy subjects (Figure 46 b.), as it has been shown in another study from Pereira et
al.1®1%  Concerning the DN subset, it was observed an increased DN iNKT cells
percentage in Fabry disease patients when compared to controls, as it has been
demonstrated previously*®’, but this difference had no statistical significance (Figure 46

129



% CD4* cells

c.). No significant differences were observed between the treated patient and not treated

patients regarding these subsets (Figure 46).

No statistically significant differences were observed in CD3" T cell subsets when
comparing patients and controls. However, interestingly, CD3" cells presented a much
higher expression of CD8 (Figure 46 b.) and decreased expression of DN (Figure 46 c.),

when compared to iINKT cells from Fabry disease patients.
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Figure 46. iINKT and T cells (CD3+) subsets percentage in Fabry disease patients and healthy controls.
Samples from three patients and four controls were acquired. a. INKT CD4+ cell and T CD3+ CD4+ cell percentage.
b. iINKT CD8+ cell and T CD3+ CD8+ cell percentage. Only two healthy donors’ iINKT cells were analysed due to
the low number of CD8+ cells acquired from the other two subjects. c. iINKT DN cell and T DN CD4+ cell
percentage. Only three healthy donors’ iINKT cells and two patients’ iNKT cells were analysed due to the low
number of DN cells acquired from the other subject. Vertical lines represent means with standard deviation (SD).
White dots represent healthy controls. Black dots represent Fabry disease patients. White bar represents healthy
controls. Blue bar represents Fabry disease patients. Statistical analysis was performed by unpaired T-Test with
Welch’s correction. ns (not significant): p = 0.05.

CD8 dimers (CD8aa and CD8af) expression was quantified in both iNKT cells and T
cells (CD3") of healthy subjects and Fabry disease patients. The results are represented
in Figure 47. Looking at the graphic, an outstanding difference jumps out: in general,
INKT cells express more CD8ao whilst CD3" cells have more percentage of the isoform
CD8ap (Figure 47). Looking in detail at the patients and controls, the frequencies of
CD8ao" INKT cells, CD8aa* CD3" cells, CD8uf* iNKT cells and CD8afp*™ CD3" cells
didn’t differ between controls and Fabry disease patients (Figure 47). On the other hand,
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differences were observed between healthy subjects’ CD8ap™ iNKT cells and CD8afB*
CD3" cells, with CD3" cells expressing more CD8af than iNKT cells (Figure 47). This
difference was also observed in Fabry disease patients (Figure 47). On the contrary, both
controls and patients expressed more CD8ao™ iNKT cells than CD8ao™ CD3" cells
(Figure 47). Comparing the proportion of CD8afp and CD8aa in CD3™ cells and iNKT
cells, both groups have more CD8af T cells (CD3") than CD8ua T cells (p-value <
0.0001) (Figure 47). On the contrary, the majority of iINKT cells in both groups expressed
CD8ao, compared to CD8af3 (p-value < 0.0001) (Figure 47).

Patients and control groups’ iNKT cells tend to express more CD8aa whereas CD3™ cells

express more CD8af}, with low variability among different patients (Figure 47). This
means that, although healthy donors and Fabry disease patients presented no variation regarding
iNKT cells CD8 dimers, in both groups, most of iNKT cells express CD8aa (more than 90%)
whereas CD3" cells express more CD8af (more than 82%) than CD8ao. (Figure 47).
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Figure 47. CD8aa and CD8af expression in iNKT and T cells (CD3+) subsets percentage in Fabry
disease patients and healthy controls. Samples from three patients and four controls were acquired. Due to the
low number of INKT cells that was obtained in two healthy controls, the events acquired were not enough to analyse
CD8aa+ and CD8af+ iNKT cells from those subjects. Vertical lines represent means with standard deviation (SD).
White dots represent healthy controls. Black dots represent Fabry disease patients. White bar represents healthy
controls. Blue bar represents Fabry disease patients. Statistical analysis was performed by unpaired T-Test with
Welch’s correction. p**#* <0.0001; ns (not significant): p = 0.05.
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In this study, a diminished population of INKT cells expressing CD8af} heterodimers was
also observed compared to iNKT cells expressing CD8aa homodimers (Figure 47). Little
Is known about the expression of the CD8 dimers in human iNKT cells, and so far, there
is no information regarding their expression in Fabry disease. Gumperz et al. showed that
INKT cells from four healthy donors expressed CD8aa homodimers, but almost none
expressed CD8af heterodimers'#’, which corroborates the results obtained in this study
concerning the healthy controls. Furthermore, it is known that CD8aa and CD8of3 present
functional differences in T cells: CD8af acts as a coreceptor for the TCR, boosting
functional strength and being consistently expressed on T cells restricted to MHC class I,
whereas CD8aa aids in recognition of T cells that deviate from the from the conventional
CD4" or CD8uB* T cells that are chosen in the thymus and restricted by MHC?%, For
instance, intraepithelial lymphocytes subsets possess the unique capacity of expressing
CD8aa, which suppresses TCR signals. Some intraepithelial lymphocytes subsets express
CD8af}, which promotes TCR activation. CD8af} is usually expressed in conventional T
cells?®*. The expression of CDS8aa by the majority of iNKT cells analysed in this study
(Figure 47), may indicate that they do not act as conventional T cells and their TCR may

have alterations.

3.4 iNKT cells phenotype in Fabry disease patients

iINKT cells are known to express several markers, which characterise their phenotype!®°.
In this project, the expression of the markers TIM-3, PD-1, ICOS and CD161 in iNKT
cells of Fabry disease patients was evaluated, in parallel with their expression in T cells
(CD3" cells).

INKT cells and T cells of healthy controls and Fabry disease patients didn’t express TIM-
3. However, it was possible to observe that PD-1 is expressed and in a wide manner: in
general, iNKT cells express more PD-1 than CD3* cells, which was according to what
was expected!’81”® (Figure 48 a.). Fabry disease patients’ iNKT cells expressed more
PD-1 than healthy subjects, even though it wasn’t statistically significant (Figure 48 a.).
The expression of PD-1 on Fabry disease patients CD3" cells was more variable than on
healthy controls, but there wasn’t a significative difference between these two groups

(Figure 48 a.). Regarding the expression of ICOS, evaluated by its MFI, Fabry disease
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% PD-1* cells

patients presented higher ICOS MFls, in both iINKT cells and CD3" cells, but this increase
was not statistically significative (Figure 48 b.). CD3" cells, in both groups, also
possessed a higher ICOS MFI than INKT cells, but once again it was not statistically
significative (Figure 48 b.). When it comes to the expression of CD161 on iNKT cells
and CD3* cells, there was no statistically significative difference between healthy
subjects and Fabry disease patients (Figure 48 c.). Nevertheless, iINKT cells expressed
more CD161 than CD3" cells, as expected since this is a marker of NK cells. This

difference is more prominent in Fabry disease patients (Figure 48 c.).
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Figure 48. Phenotype analyses of iNKT cells and T cells (CD3+) in Fabry disease patients and
healthy controls. a. INKT PD-1+ cell and T CD3+ PD-1+ cell percentage. b. ICOS MFI in iNKT cells
and T CD3+ cells. c. iINKT CD161+ cell and T CD161+ CD4+ cell percentage. Samples from three
patients and four controls were acquired. Due to the low number of iINKT cells that was obtained in a
healthy control, the events acquired were not enough to analyse PD-1+ and CD161+ iNKT cells from that
subject. Vertical lines represent means with standard deviation (SD). White dots represent healthy
controls. Black dots represent Fabry disease patients. White bar represents healthy controls. Blue bar
represents Fabry disease patients. Statistical analysis was performed by unpaired T-Test with Welch’s
correction. ns (not significant): p > 0.05.

The patient with late onset cardiac variant presented fewer CD161" iNKT cells (60.3%)
when compared to the classical phenotype patients (~94%) (Figure 48 c.). Nonetheless,

some variance was also observed within the control group.

These markers have not been analysed in INKT cells from Fabry disease patients, thus no

comparison with published data is possible. Thus, more patients need to be analysed in
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order to conclude about these markers expression in iINKT cells and what they might

influence in this disease.

Overall, no significant differences were observed among the Fabry disease patients

presenting different disease phenotypes or between treated and not treated patients.

Due to the low number of patients and healthy controls, it is still early to conclude about
differences in leukocyte percentage, including iNKT cells, and iNKT cell phenotype in

Fabry disease patients.
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Conclusions and Future perscectives

This master’s project was the base of a one and a half -year study financed by FCT. With
this project, the necessary conditions to study iINKT cells in Fabry disease patients were
defined. The approval from ethical and data protection committees from Centro
Hospitalar Universitario de S&o Jodo, Porto, Portugal, was obtained to study Fabry
disease patients.

A diverse flow cytometry panel was designed and optimised in order to study iNKT cells
in these patients. Antibodies, tetramers and fixable viability dye were titrated and tested
before being used in patients and healthy subjects.

In 2022, Cui and colleagues described a cytotoxic iINKT cell subpopulation (defined by
the markers CXCR6 and CD244)'8, which piqued our interest. Surprisingly, this
population was not observed in our healthy donors’ fresh iNKT cells (Figure 25),
questioning the existence of this circulating INKT cell subpopulation and the results from
the article. Hence, this subpopulation was not analysed in Fabry disease patients. More
studies need to be done regarding this population and evaluate if it there is variation
among different donors. Anti-CXCR6 and anti-CD244 antibodies were replaced with
anti-ICOS APC and anti-CD161 PE-CyS5, respectively.

MAIT cells were going to be used as a control in our research, since they constitute a
substantial portion, up to 10%, of the T cells present in PBMCs, and present several
similarities with INKT cells (including an invariant TCR a chain), as they are also
considered “unconventional” T cells®®® 188 However, the AF488 labelled MR1 5-OP
tetramer (which identifies MAIT cells) present in our flow cytometry panel stopped
working (Figures 27, 29 and 30), thus, it was not used in patients and healthy subjects’
samples. Cytokine production was not evaluated in Fabry disease patients, since the
antibody against IL-4 was not staining (Figures 32 and 33). One of the next steps should
be to increase the incubation time of PBMCs with PMA and ionomycin from 5 hours to
6 hours. Furthermore, the single-stained sample should be done by using an antibody
against a higher expressed antigen using the same fluorochrome as anti-1L-4 (APC), in

order to discard compensation errors.
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INKT cells had to be enriched from PBMCs in order to analyse the selected markers.
Notwithstanding the variability of the anti-INKT MicroBeads enrichment between
experiments, there was always enrichment of iINKT cells. Despite this enrichment, in
some experiments it was not enough to study all the markers wanted in iNKT cells (Table
10).

This study aimed to characterise iINKT cell frequency and phenotype in Fabry disease
patients. Along with this, monocyte, B cell and T cell frequencies were also analysed.
From the four healthy subjects and three Fabry disease patients analysed, patients
presented a tendency to have a higher percentage of monocytes compared to healthy
subjects, albeit it wasn’t statistically significative (Figure 42 a.). This alteration is in
accordance with the literature?® %72, No variations were observed between patients and
controls regarding B cell and T cell percentages (Figure 42 b. and c.), which was
surprising since previous studies have reported variation in B cell and T cell frequency
when comparing Fabry disease patients and healthy subjects?®"172223 However, the
patient under ERT presented a lower percentage of monocytes (2.24%) and B cells
(3.41%) comparing to the other two patients who were not under any treatment (Figure
42 a. and b.). On the other hand, the patient under ERT possessed a higher percentage of
T cells (81.8%), compared to the non-treated (Figure 42 c.).

As expected!®, iNKT cell frequency showed no statistical significative variation between

the two groups (Figure 44).

INKT cell CD4/ CD8 subsets were analysed in Fabry disease patients and healthy
subjects. Contrary to what is described in the literature, no difference was observed
between patients and controls in the CD4" iNKT subset (Figure 46 a.). Nonetheless, a
reduction was observed in the Fabry disease patients’ CD8" iINKT subset compared to
controls (not statistically significative) (Figure 46 b.). CD3" T cells expressed more CD8
than iNKT cells (Figure 46 b.), presenting a more cytotoxic phenotype®?. Regarding the
DN iNKT cell subset, Fabry disease patients showed a bias towards an increase of this
subset, compared to healthy subjects (not statistically significative) (Figure 46 c.). DN
iINKT cells are Thi-like, producing cytokines like IFN-y and TNF-a®, It would be
interesting to analyse the iINKT cell cytokine production in these Fabry disease patients,
due to the different cytokine production profile of the human INKT cell subsets. The
expression of CD8 dimers (CD8aa and CD8af) in both iNKT cells and T cells (CD3")
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of healthy subjects and Fabry disease patients was also assessed (Figure 47). It was
demonstrated that, although healthy donors and Fabry disease patients presented no
variation regarding iNKT cells CD8 dimers, in both groups, more than 90% of INKT cells
expressed CD8ao. whereas more than 82% of CD3™ cells expressed CD8of3. Little is
known about the expression of the CD8 dimers in human iINKT cells, and so far, there is
no information regarding their expression in Fabry disease. Gumperz et al. showed that
INKT cells from four healthy donors expressed CD8ao homodimers, with almost no
expression of CD8af heterodimers'#’, corroborating the results obtained in this study
concerning the healthy controls. Furthermore, it is known that CD8ao and CD8a present
functional differences in T cells. The expression of CD8aa by the majority of iNKT cells
analysed in this study, may indicate that they do not act as conventional T cells and that
their TCR has alterations.

Regarding iINKT cell phenotype, Fabry disease patients’ iNKT cells presented a tendency
to express more PD-1 (63.8 + 17.2), an exhaustion marker, compared to controls (41.2 +
24.6), but it was not statistically significative (Figure 48 a.). This tendency was also
observed in ICOS expression, in spite of not being statistically significative (Figure 48
b.). CD161 and TIM-3 expression in INKT cells presented no differences between
controls and Fabry disease patients (Figure 48 c.). Overall, no significant differences

were observed among the Fabry disease patients presenting different disease phenotypes.

Although some of the results in this study are not in accordance with the literature, it
needs to be taken into account that Fabry disease is a highly heterogenous disorder, which
may alter the frequency and phenotype of immune cells. Due to the low number of
patients and healthy controls, it is still early to conclude about differences in leukocyte

percentage, including iNKT cells, and iNKT cell phenotype in Fabry disease patients.

Following this study, it would be important to characterise the capacity of early onset
Fabry disease patients’ monocytes to present endogenous lipid antigens to INKT cells.
Besides this, the cytokine production of these and more Fabry disease patients” iNKT

cells should be assessed in order to study the function of INKT cells in these patients.

INKT cells have been starting to get the deserved attention in disorders where the immune
system is altered. With the study of iNKT cells in Fabry disease patients, we hope to

discover novel biomarkers for the disease as well as improve knowledge for iNKT-based
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immunotherapies. These immunotherapies may also be helpful for other diseases (e.g.,
cancer, in which immunotherapies have been in vogue but the existent ones are not
sufficient to culminate the disease). In addition, these types of studies may also disclose

novel mechanisms participating in Fabry disease pathophysiology.
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Appendix |

Approval of this project by the Ethical Committee of CHUSJ

SAO JOAO

DELIBERACAO DO CONSELHO DE ADMINISTRACAQ

Apds apreciacde e pareceres favordveis da Comissdo de Etica e do Centro de
Epidemiologia Hospitalar, considerando que se encontram reunidos os requisitos &
demais tramites previstos no circuito para submiss3o de projetos de investigac3o no
Centro Hospitalar Universitério de S. Jodo e em conformidade com as disposicies legais
em vigor, o Conselho de Administragéo - 2o abrigo das competéncias previstas no
Artigo 712 dos Estatutos dos hospitais, centros hospitalares, institutos portugueses de
oncologia e unidades locais de sadde, aprovados pelo Decreto-Lei n.® 52/2022. de 4 de
agosto - delibera:

1. Aprowvar a reslizagzo do projeto de investigacao:
+ "Qaracieriza¢do do fendtipo e fungdo das células Natural Killer T n2 deficénda
em alfa-Galactosidase A",
* Servico(s) onde decorrerd o projeto de Inwvestigagdo: Genética Humana,
Imunohematerapiz & Patologia Cinica
» [Investigador(a) principal: Maria de Fatima Macedo
2 Remeta-se 3 Comissdo de Etica para os procedimentos adequados e demais
tramites convenientes.

~
( CONSELHD DE ADMINSTRACAD DO CENTRO HOSHTALAR UNNERSITARIO 0€ % J0AC, E5E = SELNWG TR 13 0F NAD [ 207

Presdects do Caomiy de Adraeairacio
Pt e Marls jobs Bagteta
Direte Oirics Erfe IZ oyl Brasa Vogal Bsama

/ g $)sl %

\__ Prat DactiiEbeniz Roncens_ Frferrasies A Ervip Mita Do Leal Dra.Feminds OxwrT )
X

3 Comiss3o de Etica
) Centro de Epidernicicgia Mospitalar
3 Diregao Ohnica
1) CE 1262023
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Appendix |1
Approval of this project by the Data Protection Officer from CHUSJ

ENCARREGADD DE PROTECAD DE DADOS (EPD)
.ﬁi‘ CENTRO HOSPITALAR UNIVERSITARIO DE 5. JOAO, EPE

g' Faula Alaxandre Mots da Sika
% Encarnegada de Pratecio de Dados do CHUSI
2 gpdchisj. min-ssyde gt
SAD JD;‘EL':} Hal.¥ CES CHIES): 126 J 2023

fendtips| & fungdo das células Natural Killer T na defidéncia em alfa-

 Titulo dﬂi: Projeto

Responsive| pelo tral;:m:ntnlmariu de Fatima Macesa
Instituicdo |Cantro Hospitalar Universitério S50 Joda (CHUS)
Instituto de Investigesia & Inovacdo em Salde [i35)
Instituto de Biologia Malacular e Celular {IBMC)
Irvestigador] Internc m
Contacts telefénico | 220408300 Enderego Electronico |  fmacedo @ibme up pt
Prafissional de Ligacio |Cristing Meves [Assistents Hospitalar Graduada de Imunohematerapia)
lodo Peulo Oliveira (Diretor de Servipo de Genética MEdica)
Amaostra 200

Hnélu&tltRimuI Tolerdvel Elevado Muito Elevade

Parecer do EPD: Data: 05/05,/20

finzlidade: caracterizar o fendtipa & fungio das células Matural Killer T imvariantes [iNKT) em pacientes com a doenca de Fabry,
com base mo gque se conhece da sua reatividade a glicoesfingolipidos. Deste mods pretende-se aferir o efeite des

|glicoesfingolipides presentes nesta patologia na diferenciagdo, ativagio e polarizagde das células iNKT. Com este projete
pretende-se tamidm investigar se o fendtipo & fungio das células INKT podem ser usadas como blomareadares para a doanca
di Fabry.

Licitpde: fundaments previsto no artigo 6{1)(a) e 9{2)(a) do RGPD.

Categorias de dadas pegiosis: varliveis identificadas com detalhe na AIPD, datada de 31/03/2023, ponto 13, tendo presente o
principie da minlimizagio dos dadoes,

Conservacio: o5 dades s258¢ alve de pseudonimizacio, armazenzdos em local SEgUrD, em drea restrita com acesso limitado ac
profizsional de ligagio e Investigeder Princigpal, com acesss a ficheiros protegido por palavra-passe, efetuando-se & consarvacio
ate 3 conclusdo da investigaglio, durente o prazo méxime de quinze [15) anos, Os dados recalhidos serio destruidos apds B
finalitacic do estudo.

Comuniggedo fe Dados: hd partilha de dado: pessoais (pseudonimizades).

Face ao exposto, e obiervadas as recomendz;iies, entende-sa que 3 presente AIPD apresenta o6 elementos necessirios para
lassegurar que o tratamante £ realizado em conformidade com o RGPD,

Recomendagies:

Sempre que © conséntimenta do titular for o fundamento de legitimidade sdequado para o trataments de daded, dever-se-i

assegurar que o mesmo £ vilids nas condigfes legalments exigiveis: umag manifestapdo de vontade livre, especifica, informada e

inaquivocd . Meste contexta, o consentimento dewerd sar objeto de reflexdo por parte do participante fora do ambiente

hospitalar, devendo pare ta), existic a possiblidede de o mesmo remeter o consentimenta por correio am envelope RSF,

Reforgar a5 medidas de seguranga previstas para a conservacio dos docurmentos em formato de papel que imgecam ¢ acesso &
" infarmagEs a pessoas ndo eutorizadas, bem como o 2au manuseamento Indevide;

Earantir medidas de seguranga adicionais no transporte des dados com recursa 2 dispositives electronicos de armazenamento

[Laptop), nomeademente através de medides de cifragem e sutenticagio;

Garantr medidas de seguiance adicionais pare o envio da informacdo por correin eletronico, nomeadamente através de

medidas de encriptagio £ codificacdo dos dados 3 tratar:

Ert caso de necessidade de extensdio de prazo efou de qualguer alteragdo dos pressupostos atinentes ao presents parecer o

Investigadar Principal devera solichtar a reapreciacio do projeto de irnvestigacio junto do EPD.

lde2
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