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Abstract

Sex differences in health are one of the primary biases in medicine today. Tra-
ditionally, males have been used as models in research and medicine, ignoring
the fact that the development, symptoms, and response to a pathology are not
necessarily the same in both sexes. Fortunately, in recent decades, researchers
and institutions have made significant advances to reduce this bias, with the
aim of providing more efficient treatment of diseases.

In this context, this doctoral thesis has contributed in reducing sex bias in
medicine by studying the molecular basis of sex-related alterations in two dis-
eases with a significant impact on the population: non-alcoholic fatty liver dis-
ease (NAFLD) and multiple sclerosis (MS). NAFLD comprises a range of liver
disorders that begin with an accumulation of fat in the hepatocytes (NAFL)
and progress to the development of inflammation (NASH), which can lead to
loss of liver function and cancer. The latest studies estimate the overall preva-
lence of the disease at around 30% (with an upward trend), being higher in men
(40%) than in women (26%). Among women, a lower prevalence is observed in
premenopausal women, while after menopause, it is equal to that of men. This
high prevalence of the pathology makes NAFLD a worldwide problem and the
most common liver disease in developed countries.

On the other hand, MS is a chronic autoimmune, inflammatory, and degener-
ative disease of the central nervous system. This pathology presents different
forms and stages and can, in the most severe cases, seriously affect the quality
of life of those who suffer from it. As is usual in neurodegenerative diseases,
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MS is more prevalent in women than in men and is mainly diagnosed in young
adults.

In the NAFLD work, 7 studies, including 323 patients, were selected from
the 114 baseline work. Meta-analyses identified molecular mechanisms signifi-
cantly overexpressed in premenopausal women versus men, including processes
associated with DNA regulation, vinculin binding, responses to interleukin-2
(IL-2), negative regulation of neuronal death, and ion and cation transport.
In males, we discovered an overrepresentation of genes associated with nega-
tive regulation of interleukin-6 (IL-6) and the establishment of planar polarity
involved in neural tube closure. The differences in immune response observed
between premenopausal men and women in the transition from NAFL to NASH
suggest the role of I1-2 and IL-6 in the differential progression of NAFLD as
a function of sex.

On the other hand, in the chapter on MS, 122 publications were reviewed, of
which 9 met the defined criteria. These 9 studies (5 of blood samples and 4
of brain tissue samples) included 474 individuals. The blood and brain tissue
meta-analyses identified, respectively, 1 and 13 MS-associated genes altered
differently between men and women. In the case of functional analyses in the
brain, sex-associated immune patterns were detected, among others. Women
were more affected in the proinflammatory environment and innate immune
responses related to the myeloid lineage, whereas adaptive responses were more
affected in men.

Overall, the results of this dissertation reaffirm the usefulness of the systematic
review and meta-analysis strategy as a tool for the reuse of openly published
data. In this case, the application of this methodology has allowed us to detect
a set of molecular alterations affected differently between women and men
in both non-alcoholic fatty liver disease and multiple sclerosis. Particularly
noteworthy is the presence of changes associated with interleukins 2 and 6
in both diseases, which highlights the role that the immune system plays in
sex-associated alterations. The results of this work open the door to further
research to translate these results into clinical practice.
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Resumen

Las diferencias de sexo en salud son uno de los mayores sesgos existentes en la
medicina actual. Tradicionalmente se han usado machos como modelo en inves-
tigacion y en medicina, obviando que el desarrollo, los sintomas y la respuesta
frente a una patologia no es necesariamente igual en ambos sexos. Afortu-
nadamente, aunque aun queda trabajo por hacer, en las dltimas décadas se
han realizado grandes avances por parte de investigadores e instituciones para
reducir este sesgo, con el objetivo de proporcionar un tratamiento mas eficiente
de las enfermedades.

En este contexto, esta tesis doctoral ha contribuido en la reduccion del sesgo
de sexo en medicina, estudiando las bases moleculares alteradas en funcién del
sexo en dos enfermedades con un importante impacto en la poblaciéon. Las
patologias seleccionadas fueron la enfermedad del higado graso no alcohoélico
(NAFLD, por sus siglas en inglés) y la esclerosis multiple (MS, por sus si-
glas en inglés). El NAFLD comprende un abanico de alteraciones hepéaticas
que comienza con una acumulacion de grasa en los hepatocitos (NAFL, por
sus siglas en inglés) y avanza con la aparicion de inflamacion (NASH, por sus
siglas en inglés), pudiendo desembocar en pérdida de la funciéon hepatica y
cancer. Los altimos estudios estiman una prevalencia global de la enfermedad
alrededor del 30% (con una tendencia al alza), siendo mayor en hombres (40%)
que en mujeres (26%). Dentro de las mujeres, se observa una prevalencia in-
ferior en las mujeres premenopdausicas, mientras que tras la menopausia esta
se iguala con la de los hombres. Esta alta prevalencia de la patologia hace
del NAFLD un problema mundial y la enfermedad hepatica més comun en los
paises desarrollados. Por otro lado, la MS es una enfermedad crénica autoin-
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Resumen

mune, inflamatoria y degenerativa del sistema nervioso central. Esta patologia
presenta distintas formas y estadios, pudiendo, en los casos més graves, afectar
notablemente la calidad de vida de quienes la padecen. Como es habitual en
las enfermedades neurodegenerativas, la MS presenta una mayor prevalencia
en mujeres que en hombres, siendo principalmente diagnosticada en adultos
jovenes.

En el trabajo de NAFLD se seleccionaron 7 estudios, incluyendo 323 pacientes,
de los 114 trabajos de partida. Los metaanélisis identificaron mecanismos
moleculares significativamente sobreexpresados en las mujeres premenopausi-
cas frente a los hombres, incluyendo procesos asociados con la regulacion del
ADN;, la unién de vinculina, las respuestas a la interleucina-2 (I1-2), la re-
gulacién negativa de la muerte neuronal y, el transporte de iones y cationes.
En los hombres, descubrimos la sobrerrepresentacién de genes asociados con
la regulacion negativa de la interleucina-6 (I1-6) y el establecimiento de la
polaridad planar implicada en el cierre del tubo neural. Las diferencias en la
respuesta inmunitaria observadas entre hombres y mujeres premenopéusicas en
el paso de NAFL a NASH sugieren el papel de las IL-2 e IL-6 en la progresion
diferencial del NAFLD en funcion del sexo.

Por otro lado, en el capitulo sobre la MS se revisaron 122 publicaciones, de las
cuales 9 cumplieron con los criterios definidos. Estos 9 estudios (5 de muestras
de sangre y 4 de muestras de tejido cerebral) incluian un total de 474 individuos.
Los metaandlisis de sangre y tejido cerebral identificaron, respectivamente, 1y
13 genes asociados a la MS alterados de forma distinta entre hombres y mujeres.
En el caso de los anélisis funcionales en el cerebro se detectaron, entre otros,
patrones inmunitarios asociados al sexo. En mujeres se observé una mayor
afectacién del entorno proinflamatorio y las respuestas inmunitarias innatas
relacionadas con el linaje mieloide, mientras que las respuestas adaptativas se
vieron mas afectadas en los hombres.

En conjunto, los resultados de esta disertacién reafirman la utilidad de la
estrategia de revision sistemética y metaanalisis como una herramienta para la
reutilizacién de datos publicados en abierto. En este caso, la aplicacién de esta
metodologia nos ha permitido detectar un conjunto de alteraciones moleculares
afectadas de distinta forma entre mujeres y hombres, tanto en la enfermedad
del higado graso no alcohdlico como en la esclerosis multiple. Particularmente,
es destacable la presencia de cambios asociados a las interleucinas 2 y 6 en
ambas enfermedades, lo cual resalta el papel que el sistema inmune juega en
las alteraciones asociadas el sexo. Los resultados de este trabajo abren la puerta
a investigaciones mas profundas que permitan trasladar estos resultados a la
practica clinica.



Resum

Les diferéncies de sexe en salut séon un dels majors biaixos existents en la me-
dicina actual. Tradicionalment s’han usat mascles com a model en investigaci6
i en medicina, obviant que el desenvolupament, els simptomes i la resposta
enfront d’una patologia no és necessariament igual en tots dos sexes. Afor-
tunadament, encara que encara queda treball per fer, en les ultimes décades
s’han realitzat grans avancos per part d’investigadors i institucions per a reduir
aquest biaix, amb I’objectiu de proporcionar un tractament més eficient de les
malalties.

En aquest context, aquesta tesi doctoral ha contribuit en la reduccié del biaix
de sexe en medicina estudiant les bases moleculars alterades en funcié del sexe
en dues malalties amb un important impacte en la poblaci6. Les patologies
seleccionades van ser la malaltia del fetge gras no alcoholic (NAFLD, per les
seues sigles en anglés) i ’esclerosi miltiple (MS, per les seues sigles en anglés).
El NAFLD comprén un ventall d’alteracions hepatiques que comenca amb
una acumulacié de greix als hepatocits (NAFL, per les seues sigles en anglés)
i avanga amb l’aparici6 d’inflamaci6 (NASH, per les seues sigles en anglés),
podent desembocar en pérdua de la funcié hepatica i cancer. Els ultims estudis
estimen una prevalenca global de la malaltia al voltant del 30% (amb una
tendeéncia a l’alga), sent major en homes (40%) que en dones (26%). Dins de les
dones, s’observa una prevalenca inferior en les dones premenopausiques, mentre
que després de la menopausa aquesta s’iguala amb la dels homes. Aquesta alta
prevalenca de la patologia fa del NAFLD un problema mundial i la malaltia
hepatica més comuna als paisos desenvolupats.
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Resum

D’altra banda, la MS és una malaltia cronica autoimmune, inflamatoria i de-
generativa del sistema nervids central. Aquesta patologia presenta diferents
formes i estadis podent, en els casos més greus, afectar greument la qualitat de
vida dels qui la pateixen. Com és habitual en les malalties neurodegenativas, la
MS presenta una major prevalenca en dones que en homes, sent principalment
diagnosticada en adults joves.

En el treball de NAFLD es van seleccionar 7 estudis, incloent 323 pacients, dels
114 treballs de partida. Els metaanalisis van identificar mecanismes molecu-
lars significativament sobreexpressats en les dones premenopausiques enfront
dels homes, incloent processos associats amb la regulacié de ’ADN, la uni6 de
vinculina, les respostes a la interleucina-2 (IL-2), la regulacié negativa de la
mort neuronal i el transport d’ions i cations. En els homes, descobrim la sobre-
representacié de gens associats amb la regulacié negativa de la interleucina-6
(IL-6) i 'establiment de la polaritat planar implicada en el tancament del tub
neural. Les diferéncies en la resposta immunitaria observades entre homes i
dones premenopausiques en el pas de NAFL a NASH suggereixen el paper de
les IL-2 i IL-6 en la progressi6 diferencial del NAFLD en funci6 del sexe.

D’altra banda, en el capitol sobre la MS es van revisar 122 publicacions, de les
quals 9 van complir amb els criteris definits. Aquests 9 estudis (5 de mostres
de sang i 4 de mostres de teixit cerebral) incloien un total de 474 individus.
Els metaanalisis de sang i teixit cerebral van identificar, respectivament, 11 13
gens associats a la MS alterats de manera diferent entre homes i dones. En el
cas dels analisis funcionals en el cervell es van detectar, entre altres, patrons
immunitaris associats al sexe. En dones es va observar una major afectacié de
I’entorn proinflamatori i les respostes immunitaries innates relacionades amb
el llinatge mieloide, mentre que les respostes adaptatives es van veure més
afectades en els homes.

En conjunt, els resultats d’aquesta dissertacié reafirmen la utilitat de estrate-
gia de revisio sistematica i metaanalisis com una eina per a la reutilitzaci6 de
dades publicades en obert. En aquest cas, I’aplicacié d’aquesta metodologia ens
ha permés detectar un conjunt d’alteracions moleculars afectades de diferent
forma entre dones i homes tant en la malaltia del fetge gras no alcoholic com
en l'esclerosi multiple. Particularment, és destacable la preséncia de canvis
associats a les interleucines 2 i 6 en totes dues malalties, la qual cosa ressalta
el paper que el sistema immune juga en les alteracions associades al sexe. Els
resultats d’aquest treball obrin la porta a investigacions més profundes que
permeten traslladar aquests resultats a la practica clinica.
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Chapter 1

Introduction

1.1 Sex perspective in research, medicine and health

The sex of individuals is a determining factor in the species in which this el-
ement is present. In humans, since prehistoric times, sex has been a pivotal
factor in the construction of society. However, this aspect of individuals has
long been overlooked in key fields such as research, medicine, and health. This
doctoral thesis seeks to help fill this gap in the knowledge of science, decipher-
ing the molecular mechanisms that differentially affect males and females in the
diseases in which these differences have been described, such as non-alcoholic
fatty liver disease and multiple sclerosis.

To this end, this section will introduce the role that the sex perspective has
played in research, medicine, and health and how this factor has evolved up to
the present day.
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1.1.1 Sex and gender: definitions

The concepts of sex and gender are often used interchangeably in the scientific
literature, although their meaning is not the same. Traditionally, the term sex
refers to the biological characteristics that define humans as female or male,
i.e., chromosomes, reproductive organs, and physiological functions [1, 2]. On
the other hand, gender is a social construct that may or may not correspond
to sex. It refers to the set of socially constructed roles and relationships,
personality traits, attitudes, behaviors, values, relative power, and influence
that society differentially attributes to each gender [1].

Both sex and gender have a modifying effect on health, disease and medicine [3].
However, in this work we will evaluate the effect of sex, as a purely biological
concept, on different diseases.

In this thesis, unless otherwise specified, when naming women and men we will
refer to the sexual aspect of the terms.

1.1.2 Sex differences in medicine and health

Sex is a crucial factor in medical practice. Genetic, biochemical, anatomical,
and physiological aspects are determining elements in diagnosing and treating
diseases, and are influenced by the sex of the individual. However, throughout
history, men have been considered the standard in medical studies without tak-
ing into account all the clinical implications for women [4, 5]. In the beginning
of anatomical research, most of the bodies used for dissection and drawing were
male, while references to representations of female bodies tended to the ideas
of Aristotle’s observation "the female is, as it were, a mutilated male" [4, 6] or
Galen’s idea of women as "imperfect" representing a "turned in" version of the
men [4, 7. This bias has survived until recent times. A review of 31 anatomy
textbooks published between 1890 and 1989 in the United States found that
the number of female figures was only 30% of those with a defined sex |8]. More
recently, a study analyzing medicine and general surgery textbooks from 2013
determined the percentage of females with clearly discernable sex was 39.58%
and 46.74%, respectively [9].

One of the first publications that focused on the underrepresentation of the
female sex in medicine was published by Ayanian and Epstein [10] in 1991 in
the journal The New England Medicine. In this work, it was observed that, in
hospitals in Massachusetts and Maryland (United States), women hospitalized
for coronary artery disease underwent fewer diagnostic tests (coronary angiog-
raphy) and fewer major therapeutic procedures (revascularization) than men.
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As a conclusion, the authors suggested that women may not have equivalent
access to these procedures at a time when the incidence of coronary heart
disease among women was increasing.

These biases in textbooks and medicine have negative consequences for those
groups that escape the usual tendency. Historically, there has been little re-
search into the genetics, biochemistry and anatomy of women and girls in the
health sciences [4]. By escaping the prototypical signs, particular diseases are
underdiagnosed (or diagnosed late) in women. In addition, the presumption
of equality for both sexes in therapeutic strategies may cause them to be in-
appropriate for women, leading to inadequate treatment and prognosis. An
example of how the lack of consideration of sex differences in pharmacokine-
tics and pharmacodynamics [11] can have worrying consequences is that 8 of
the 10 drugs withdrawn from the market in the United States between 1997
and 2001 presented a higher health risk for women than men [12].

For all these reasons, despite the advancements made, it is essential to continue
working to address the existing sex gap in medicine, striving toward more
precise medical practices.

1.1.83 Sex differences in research

Concerning differences in health and biomedical research, a paper published
in 2019 evaluated the occurrence of the sex factor in about 11.5 million con-
temporary scientific publications (1980-2016) [13]. For this aim, the authors
grouped the journals into three disciplines: public health, clinical medicine,
and biomedical research. The result of this work was that only 54% of public
health studies and 43% of clinical medicine papers contained individuals of
both sexes. For biomedical research, the results were more worrisome, as al-
most 70% of the studies did not indicate the sex of the individuals. This study
also concludes that over the last 40 years, there has been an increase in the
number of studies that include sex information, especially in the fields of clin-
ical medicine and public health, but in the case of biomedical investigations,
sex is still widely underestimated.

As previously discussed, females have historically been excluded from experi-
ments based on alleged data variability caused by their reproductive cycle [14,
15]. However, recent studies indicate that this extra variability in females does
not exist. By a meta-analysis of microarray expression data, Becker, Prender-
gast, and Liang [16] showed that the variability at the gene expression level
detected in females was no more significant than in males, neither in mice nor
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in human females. The work of Prendergast, Onishi, and Zucker [17] concluded
that monitoring the estrogen cycle in rats is unnecessary for neuroscience re-
search. Other comprehensive studies, such as those conducted by McCarthy
[18] and by Shansky and Woolley [19], also debunk the myth that females are
variable and difficult to study [15].

Another argument commonly used to avoid the inclusion of the sex variable
in studies is the thought that this requires a doubling of the sample size to be
studied. However, an efficient experimental design allows the incorporation of
the sex and/or gender variables while maintaining control over the variance.
Research indicates that using multifactorial experimental designs can incorpo-
rate the sex variable in the analysis with only a 14-33% increase in sample size.
[20, 21].

As a general rule, the sex variable should be considered whenever it can in-
fluence the result. The paper published by Tannenbaum et al. [14] shows us
a decision tree to determine the need to include the sex factor in our analysis
and our results (Fig. 1.1).

Incorporating sex differences in research not only solves a clinical problem, but
also improves research by increasing reproducibility and experimental efficiency
[14]. Pooling data without regard to sex implies a lack of precision and may
lead to misinterpretation, masking alterations associated with this factor.

Measures can be taken at several levels to reduce sex-related bias in biomedical
research. The first one is funding; institutions can require the introduction of
the sex variable in funding proposals; in fact, different agencies such as the
National Institutes of Health (US Department of Health and Human Services)
and the European Union have recognized this factor as a crucial aspect in
personalized medicine and a biological variable necessary for its inclusion in
research [22, 23, 24, 25]. In the case of the European Union, the Horizon
Europe funding program takes into account that its projects integrate the
gender dimension in their research [26]. Scientific publishers can also address
the problem, making journals insist on including the sex dimension in published
papers as a requirement for ethical and reproducible science [13].

One of the essential objectives of this doctoral thesis, detailed in Chapter 2, is
to contribute to reducing these sex-associated biases in research.
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Will the phenomenon /product
under study affect organisms — No

with biological sex?

¢ Yes

Identify adequate numbers
of all sexes for inclusion
in experiments

¢ Analyze by sex

Does a difference exist when
data are disggregated by sex? L

L Yes

Determine the source of the

v

Report findings by sex (and Report when sex differences
explain underlying mechanism) do not exist

sex difference

Fig. 1.1: Decision tree for the incorporation of the sex factor in research studies.
Adapted from Tannenbaum et al. [14].

1.1.4 Sex differences in diseases

The existence of diseases that exhibit different behaviors based on sex is now
widely recognized. These differences, which include aspects such as prevalence,
age of onset, progression, and treatment response, ultimately have their origins
at the genetic level. These differences appear at the moment of the formation
of a zygote carrying XX or XY chromosomes [3, 27|, and this chromosomal
difference affects different levels. Within the sex chromosomes, we find genes
that are unique to one chromosome, such as the SRY gene on the Y chromo-
some, while others have homologs with slight differences between the X and Y
chromosomes (e.g., ZFX /ZFY or UTX/UTY) [3].

The primary source of differences between females and males is arguably the
SRY gene, which causes the development of the testes in males [28]. An ini-
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tial surge in testosterone levels, which in humans occurs at the end of the
first trimester of pregnancy, causes the definitive masculinization of the re-
productive organs. These organs are responsible for establishing lifelong sex
differences in plasma levels of gonadal steroid hormones (such as testosterone,
estradiol, and progesterone). Throughout life, sex hormones act at multiple
levels in the differentiation of tissues according to the sex of the individual [3,
27].

On the epigenetic aspect, in human males, genetic imprinting on the X chromo-
some comes exclusively through the maternal route, while females receive one
X chromosome from each of their parents. Moreover, to prevent sex-associated
dose differences in this chromosome, females undergo random inactivation of
one of the X chromosomes. However, the escape of some genes from this si-
lencing causes these genes to show higher expression levels in females [27].
Therefore, sex-related molecular differences originating from sex chromosomes
and the genetic inheritance received from parents are found in all human cells
and persist throughout life, independent of sex hormones [3].

The amalgamation of genetic and hormonal factors contributes to the develop-
ment of distinct biological systems in men and women, resulting in variations
in disease susceptibility, presentation, and treatment response. As a result,
sex plays a crucial role in influencing physiology and disease through genetic,
epigenetic, and hormonal mechanisms.

As mentioned in previous sections, research into sex differences in medicine
has significantly advanced in recent decades. At present, we know of multiple
diseases in which this phenomenon occurs, among which we could highlight
coronary heart disease, chronic lung disease, stroke, neurodegenerative dis-
eases, chronic liver disease, autoimmune diseases, and some types of cancer.
Table 1.1 summarizes some of these known sex differences.

This doctoral dissertation explores the molecular basis underlying sex differ-
ences in non-alcoholic fatty liver disease (NAFLD) and multiple sclerosis (MS).
For this reason, the following paragraphs will provide deeper description of the
existing knowledge on sex differences in metabolic disorders, autoimmune and
neurodegenerative diseases.
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Metabolic disorders

Sex differences in metabolic disorders, such as obesity or hepatic steatosis,
have been widely described in mammals and other animals. In general, such
disorders are more prevalent in males than in females [32, 33, 34]. Tradi-
tionally, these differences have been associated with the role of sex hormones
[35, 36]. However, more recent studies suggest that the complement of the X
chromosome also plays a role [32, 37].

The liver is a major metabolic organ and is one of the most sexually dimorphic
organs [38], resulting in significant sex-related differences in its physiological
and pathological processes [39]. An study in mice found more than 6000 differ-
entially expressed genes have been identified between males and females [39].

Adipose tissue, a crucial element in sex differences in metabolic diseases, is
more than just a fat storage unit. It functions as an endocrine organ, playing
a vital role in regulating metabolism and ensuring energy homeostasis through
the secretion of adipokines and cytokines, such as leptin, adiponectin, tumor
necrosis factor o and interleukin 6 [32, 40]. In adult mammals, most adipose
tissue is white adipose tissue, either in subcutaneous adipose tissue (SAT)
or in the abdominal region as visceral adipose tissue (VAT). The distribu-
tion of body fat follows a different pattern according to sex. Premenopausal
women store fat in the SAT depots around the hips and thighs, whereas men
store fat in the VAT depots in the deep abdominal region [41]. Variations
in fat distribution between sexes are partially linked to specific differences in
lipoprotein lipase activity within adipose depots, which is crucial in fat accu-
mulation [42]. Additionally, adipose-mediated sex hormone metabolism also
contributes in dimorphic adipose distribution. [32|. There is increasing evi-
dence that a more substantial accumulation of VAT, such as that in men, may
be associated with an increased risk of metabolic disease [43]. On the other
hand, in premenopausal women, their fat distribution may improve glucose
metabolism, partially protecting against the development of type 2 diabetes
[44]. After menopause, a shift from SAT to VAT in women causes the loss of
this protection against metabolic diseases [32, 42].
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Autoimmune diseases

Autoimmune diseases encompass more than 80 chronic disorders that affect
about 3-5% of the population [45, 46]. Within this group of alterations, we find
diseases such as type 1 diabetes, thyroid disease, systemic lupus erythematosus,
rheumatoid arthritis, celiac disease, or multiple sclerosis. For women, the risk
of autoimmune diseases is up to four times higher than for men, being one of the
main causes of morbidity and mortality in young and middle-aged women (Fig.
1.2) |47, 48]. Several explanations have been proposed for these differences:
sex hormones, the X chromosome, environmental factors, microchimerism, and
the microbiome. However, the precise mechanisms behind these sex differences
have not yet been fully clarified [47].
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Fig. 1.2: Prevalence of a set of autoimmune or inflammatory diseases in females and males.
Image adapted from Mauvais-Jarvis et al. [3], Di Florio et al. [49] and Teng et al. [50].

One hypothesis put forward by Kronzer, Bridges, and Davis [47] proposes that
one factor that may explain the sex-related autoimmune bias would be an-
tibodies. Specifically, it posits that women have an evolutionarily conserved
tendency towards greater B-cell activation and the production of higher levels
of antibodies, resulting in a higher incidence of autoimmune diseases caused
by these proteins. This hypothesis would be based on women having more
antibodies than men at baseline [51, 52, 53, 54| and in response to infection
or vaccination [51, 54]. In addition, higher levels of autoantibodies have also
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been observed in women [53]. Kronzer et al. propose that this excessive pro-
duction of antibodies would be an evolutionary response to infections, which
have been and continue to be the leading cause of infant mortality [55], since
these proteins protect both mothers and their children, via breast milk.

The modulation of the immune system greatly relies on interleukins (IL), which
are small proteins essential for the proliferation, maturation, migration, and
adhesion of these cells [56, 57]. Some interleukins exhibit pleiotropy, meaning
they can have different effects based on their concentrations and the specific
context in which they act. Additionally, there are notable sex differences in
the levels and mechanisms of action of several of these proteins, including IL-2,
IT-6, IL-8, and IL-17 [58, 59, 60, 61]. As key regulators of the immune system,
interleukins are vital in the context of autoimmune diseases. For instance, in-
sufficient levels of IL-2 can contribute to the development of autoimmune some
disorders [62, 63]. Understanding sex differences and the roles of interleukins in
modulating immune responses is crucial for learning their impact on numerous
diseases.

Sex differences in the number and function of lymphocyte populations, which
play a pivotal role in the development and progression of autoimmune diseases,
are also known [64]. Women have a stronger pro-inflammatory response than
men, displaying increased lymphocyte proliferation, activation, and cytokine
production. On the contrary, men exhibit an expansion of regulatory cell sub-
sets [64]. Moreover, in addition to the numerous genes that exhibit differential
expression in lymphocytes, there are differences associated with the X chromo-
some. The X chromosome, which is larger than the Y chromosome, contains
numerous genes related to immune function [65]. As previously mentioned,
some genes (about 15% of them) escape the process of inactivation of one of
the X chromosomes that occurs during embryogenesis in females [27, 64, 66].
This escape from complete inactivation results in an overexpression of immune-
related genes from the X chromosome in female lymphocytes, which has been
associated with autoimmune diseases [64, 66].

Neurodegenerative diseases

Neurodegenerative disorders (NDDs) encompass a group of neuropathologi-
cal conditions, including Parkinson’s disease (PD), Alzheimer’s disease (AD),
amyotrophic lateral sclerosis (ALS), and multiple sclerosis (MS). These condi-
tions are distinguished by a gradual decline in neuronal functions and eventual
cell death [67, 68]. NDDs can have dramatic effects on individuals, leading
to memory problems and changes in motor functions that make it difficult to

10
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perform everyday tasks for those affected people. As shown in Fig. 1.3 and
Table 1.1, these diseases exhibit sex differences in their onset, prevalence, and
development.
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Fig. 1.3: Prevalence of a set of neurodegenerative diseases in females and males. Image
adapted from Mauvais-Jarvis et al. [3], McCombe and Henderson [69], and Alzheimer’s
association report [70].
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The role of the immune system and immune cell interactions in NDDs has been
previously described, playing a significant role in the onset and progression of
these disorders [67, 71, 72]. Several studies have shown that immune responses,

especially innate immune responses, vary between males and females [45, 67,
73].

Besides that, immune and inflammatory reactions in inflammatory neurological
diseases, like MS, have been related to the development of these diseases [74].
Neuroinflammation in both inflammatory neurological and neurodegenerative
diseases is characterized by the activation of microglia and astrocytes, leading
to the secretion of pro-inflammatory cytokines and chemokines that further
stimulate immune cell trafficking to the central nervous system [75, 76]. Mi-
croglia are non-neuronal cells of the central nervous system (CNS) that play a
role in neuronal development, modulation of synaptic transmission, and adult
neurogenesis |77, 78]. As the resident immune cells of the brain parenchyma,
they are the first line of sentinels against tissue damage or invading pathogens,

11
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acting as a key element between the nervous and immune systems [78, 79,
80]. Sex-associated molecular alterations in microglia have been previously
described [72, 81| and may play a role in the sex differences in these diseases
|82].

1.2 Molecular biology and omic sciences

Molecular biology is a branch of biology that explores the structure, func-
tion, and interactions of biological molecules within living organisms at the
molecular level. It delves into the study of DNA, RNA, proteins, and other
essential macromolecules, unraveling the intricate mechanisms that govern life
processes.

Deciphering the DNA double helix structure in 1953 [83, 84| laid the foun-
dation for molecular biology, providing a fundamental framework for under-
standing genetic information transfer. This field has witnessed remarkable
advancements in recent decades, driven by rapid technological progress and
groundbreaking discoveries.

In the ensuing years, the development of techniques such as polymerase chain
reaction (PCR) [85], DNA sequencing [86, 87|, and recombinant DNA tech-
nology [88] revolutionized molecular biology, enabling scientists to manipulate
and analyze genetic material with unprecedented precision. The advent of
these tools facilitated the exploration of gene expression, regulation, and the
identification of specific genes associated with various diseases.

Recent decades have also seen the emergence of innovative technologies, such
as CRISPR-Cas9 gene editing [89, 90|, which allows for precise modification
of genes with unprecedented accuracy. This breakthrough has opened up new
avenues for therapeutic applications, as well as a better understanding of the
genetic basis of diseases.

In summary, the field of molecular biology has undergone a transformative
journey in recent decades, driven by technological innovation and a growing
body of knowledge. This progress has not only deepened our understanding of
the molecular mechanisms underpinning life but has also opened up exciting
possibilities for medical applications and the development of novel therapeutic
interventions.

12
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1.2.1 Omic sciences

Omic sciences, also known as "omics", collectively refer to a set of interdisci-
plinary fields that investigate and analyze large-scale biological data at various
molecular levels. These fields include genomics, transcriptomics, proteomics,
metabolomics, and other "omics" branches, each focusing on a specific aspect
of biological molecules. Overall, the goal of omics sciences is to identify, charac-
terize, and quantify all biological molecules that are involved in the structure,
function, and dynamics of a cell, tissue, or organism [91].

The development of omic sciences has been a transformative force in modern
biology, revolutionizing our understanding of the complexity of living orga-
nisms. Genormics, which involves the study of an organism’s entire genome,
marked a significant breakthrough with the completion of the Human Genome
Project in 2003 [92, 93]. This monumental effort provided a complete map
of the human genetic code and laid the groundwork for subsequent omics dis-
ciplines. Transcriptomics, also known as expression profiling, is the study
of the expression levels of all species of transcript in a given cell population
[94, 95], shedding light on gene expression patterns and regulatory mecha-
nisms. Proteomics delves into the study of all proteins within a biological
system, offering insights into their functions, interactions, and modifications
[96]. Metabolomics focuses on the comprehensive analysis of small molecules
involved in cellular processes, providing a snapshot of the metabolic state of
an organism [97]. In addition to those already mentioned, the list of omic sci-
ences is vast and includes other disciplines such as metagenomics or lipidomics
[98, 99, 100]. In recent years, thanks to the lower costs of the techniques, the
number of studies that approach their research from a multi-omic perspective
is increasing, obtaining an integrative vision of the phenomena that occur in
biological systems and driving innovations that can positively impact human
health [101].

To achieve the objectives of this thesis in uncovering the molecular basis of
non-alcoholic fatty liver disease and multiple sclerosis, we have utilized tran-
scriptomics data.

13
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1.2.2 Transcriptomics

Transcriptomics is the branch of molecular biology that focuses on the study
of the transcriptome, which is the complete set of RNA molecules, including
mRNA non-coding RNA, and other RNA species, produced by the cells of an
organism [95]. The main goal of transcriptomics is to understand the expres-
sion patterns of genes and how they contribute to the functioning of cells and
organisms. In medicine, transcriptomics studies contribute to identifying dis-
ease biomarkers, understanding disease mechanisms, and developing targeted
therapies.

Development of transcriptomics

Like other omics, transcriptomics has undergone a rapid development related
to improvements in techniques and lower costs.

The first approaches to transcript profiling date back to the 1980s, using Sanger
sequencing to sequence individual transcripts previously copied to ¢cDNA and
termed expressed sequence tags (ESTs) [102, 103, 104]. The term "transcrip-
tome" was first used in the mid-1990s [104, 105] with the emergence of two
new methods for transcript characterization:

e Serial analysis of gene expression (SAGE) [106] was developed from
the EST methodology to enhance the efficiency of tag generation and en-
able some measurement of transcript abundance. cDNA is generated from
the RNA but is digested into 11 bp "tag" fragments using restriction en-
zymes that cut at a specific sequence and 11 base pairs along from that
sequence. These cDNA tags are subsequently concatenated head-to-tail
into long strands (>500 bp) and sequenced. After deconvoluting the se-
quences into their original tags, if a reference genome is accessible, these
tags can sometimes be aligned to determine their corresponding genes
[107]. In cases where a reference genome is not available, the tags can be
directly utilized as diagnostic markers if they are found to exhibit differ-
ential expression [107]. Over time, SAGE variations have been developed
to enhance the accuracy of tag identification by extending the length of
tags [108].

e DNA microarrays [109], also called DNA chips, are based on quantify-
ing the hybridization of labeled ¢cDNA strands to probes fixed on a solid
substrate. The fluorescence intensity at each probe location on the array
indicates the transcript abundance for that probe sequence [104, 108].
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Due to its low cost and high throughput, this technique became widely
used in the 2000s [108]. This technique has a significant limitation since,
unlike SAGE, it requires prior knowledge of the transcripts to design the
probes.

High-throughput sequencing, emerging in the early 2000s, enabled the devel-
opment of RINA-Seq. This technique, involving the sequencing of ¢cDNA
transcripts, overcomes limitations of previous technologies by enabling both
transcript discovery and quantification. RNA-Seq allows assembly against ref-
erence genomes or de novo and is highly effective in detecting alternative splic-
ing events [108]. Additionally, it permits the quantification of RNAs over a
wider dynamic range and with a sensitivity of two to three orders of magni-
tude higher than microarrays [110]. These advantages turned RNA-Seq into
the most popular transcript profiling approach over the last decade.

In recent years, transcriptomic techniques have significantly improved. Long-
read sequencing technologies have enabled the study of individual transcripts,
circumventing previous limitations in transcript reconstruction from short reads
and working with genes with a large number of isoforms [108, 111]. The de-
velopment of single-cell RNA sequencing (scRNA-Seq) in 2009 made it
possible to understand the transcriptome at the cellular level [112]. More re-
cently, spatial transcriptomics has emerged [113], overcoming restrictions
of scRNA-Seq, such as the loss of cell positional information, allowing us to
acquire transcriptomic data from intact tissue sections and, in turn, obtain
information on spatial distribution and elucidate cellular interaction patterns
[114].

Analysis of transcriptomics data

Before conducting transcriptomic analysis, it is essential to preprocess the col-
lected data, which will differ based on the technology employed. This step
aims to get a matrix containing the quantification of the biological features
of interest (genes, transcripts, exons, etc.) for each sample. The preprocess-
ing process for the most common transcriptomic technologies, microarrays and
RNA-Seq, is briefly explained below.

As aresult of a microarray analysis, we obtain an image quantifying the fluores-
cence of each spot on the chip (Fig. 1.4). The fluorescence intensity indicates
the abundance of the probe associated with each microarray position. These
probes are connected to the biological features, which allows us to generate a
matrix that quantifies the abundance of these genes, transcripts, etc. Addition-
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ally, possible artifacts must be identified and eliminated from further analysis
[104, 115].

RNA-Seq data are also obtained from images, but the process of converting
these to sequences is usually managed by the sequencer itself. For example,
Nlumina’s sequencing-by-synthesis method results in an array of clusters dis-
tributed over the surface of a flow cell. The flow cell is recorded each sequencing
cycle, with tens or hundreds of cycles in total (Fig. 1.4). The color in each
cycle indicates the nucleotide present at that moment in each of the clusters.
A demultiplexing process converts this series of images into sequences of nu-
cleotides, which, after quality control, are usually aligned against a reference
genome (or de novo if no such genome is available) [104]. Finally, quantifying
the aligned sequences at the level of biological features generates the count
matrix needed for subsequent analyses.

Microarray chip Sequencing flow cell

Fig. 1.4: Microarrays and RNA-Seq are based on image analysis in different ways. In a
microarray chip, each spot corresponds to a defined oligonucleotide probe, and the abundance
of a specific sequence is directly detected through fluorescence intensity (Affymetrix, Santa
Clara, CA). Conversely, in a high-throughput sequencing flow cell, spots are sequenced one
nucleotide at a time, with the color at each round indicating the next nucleotide in the
sequence (Illumina Hiseq, San Diego, CA). Variations of these techniques may involve the
use of more or fewer color channels. Figure from Lowe et al. [L04], published under Creative
Commons Attribution License.

Among the range of analyses that can be performed with transcriptomic data,
differential expression analysis is one of the most common, if not the most com-
mon. Differential expression analysis is the methodology used in this thesis to
elucidate sex-related differences in NAFLD and MS, since this type of analy-
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sis allows the comparison of abundances at the transcriptomic level between
individuals from different groups.

The differential expression analysis method [111, 116, 117] is conditioned by
technology, type of data, and number of samples, among other factors. Most of
these methods require normalization of the data matrix to perform comparisons
correctly. After conducting the differential expression analyses, we obtain for
each biological element analyzed (genes in the case of this thesis) a measure
of the magnitude of the change (logFC, in our case), a measure of variability,
a p-value that will be adjusted later, and method-specific statistics. These
results are the necessary starting point for subsequent functional analyses or
differential expression meta-analyses.

Functional profiling gives us a more integrative view of what is happening at
the molecular level. This is achieved by analyzing sets of elements (genes, in
our case) associated with each functional term. There are multiple databases
that associate genes with functional terms, some of the most popular being
Gene Ontology (GO) [118], the Kyoto Encyclopedia of Genes and Genomes
(KEGG) [119], and Reactome [120]. Multiple functional profiling methods are
available to combine these genomic results from experiments and biological
information from databases. The choice of method will depend on the source
data, the experimental design, and the biological question to be answered.
Two different functional profiling methods are used throughout this thesis: the
multidimensional gene-set analysis (MD-GSA) method proposed by Montaner
and Dopazo [121] and the Hipathia pathway activity analysis method developed
by Hidalgo et al. [122].

1.3 Systematic review and meta-analysis

The amount of available omics datasets is currently increasing at a vertigi-
nous rate. This can be seen in databases such as Gene Expression Omnibus
(GEO), an international public repository that archives gene expression and
epigenomics data sets, doubling the number of studies stored in it every five
years [123]. Many reasons can explain this increase in the amount of infor-
mation in repositories; among them are the lower costs of technology and the
growing commitment to a more open science.

Open science is a movement that promotes collaboration, transparency, and
access to scientific research [124, 125, 126]. One of the key aspects of open sci-
ence is the FAIR data principles, which aim to make research data Findable,
Accessible, Interoperable, and Reusable [127]. Usually, the omics generated for
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a study are only used to answer the biological questions posed in the investi-
gation for which they were obtained. However, this information can often be
squeezed to answer other biological questions. Therefore, to get the most out of
the investment in science, scientific funding by public institutions increasingly
demands that the results obtained be published under the principles of open
science [124, 128, 129, 130]. Systematic review and meta-analysis processes
provide the opportunity to reanalyze these open data, helping to optimize re-
sources and enabling the advancement of science by extracting new knowledge
from them [131].

1.3.1 Systematic review

The systematic review methodology allows the synthesis of previous knowledge
to answer a research question. This process should be carried out transpar-
ently and reproducibly, trying to include previous evidence on the subject and
assessing the evidence’s quality to reduce possible biases [132, 133, 134].

The history of systematic reviews can be traced back to the 18th century, with
the first recognized modern systematic review being a 1753 publication exam-
ining all previous scurvy publications. [135, 136]. Several papers promoting or
employing systematic approaches can be located in the initial decades of the
20th century; it was primarily during the 1970s that the field of research syn-
thesis started to emerge prominently due to the imperative to employ explicit,
transparent, and rigorous methodologies to support the credibility of reviews
[137].

In order to ensure reliable quality standards for systematic reviews, the
PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-
Analyses) statement was published in 2009 [132, 138]. This text, recently
updated in 2021 as PRISMA 2020 [134, 139], contains the requirements and
steps for a rigorous systematic review. Fig. 1.5 shows the flow of information
through the different phases of a systematic review following PRISMA 2009
since the systematic reviews carried out in this thesis were performed prior to
the publication of PRISMA 2020.
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Fig. 1.5: Flow of information through the different phases of a systematic review following
the PRISMA 2009 statement. Adapted from Moher et al. [138].

1.3.2 Meta-analysis

Clinical research aims to obtain precise and quality results that can be used as
a basis for clinical practice. However, clinical studies only sometimes achieve
this goal and occasionally present results that differ from each other [140]. One
way to address this problem is through meta-analysis, a statistical methodology
that allows a combined result to be obtained from the results of individual
independent studies previously selected in a rigorous systematic review process
[141, 142, 143].

The use of meta-analysis began in social sciences and psychology as a solu-
tion to the irregularities that arose in individual studies due to the different
contexts, types of subjects, and other factors with which these studies were
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conducted [144]. Over time, the use of this methodology spread to different
areas of science, including medicine and genomics [142, 143].

Among the advantages of meta-analyses, a key benefit is the greater statistical
power in obtaining the combined effect of the individual studies and quantifying
their variability [141, 142|. Another significant advantage is the ability to an-
swer questions not asked in the original studies, thereby maximizing scientific
resources [141, 143]. However, it is important to note that this methodology
also has limitations. The most crucial of these is the need for appropriate
statistical methods and, equally importantly, the need for careful interpreta-
tion of results, especially when there are discrepancies between the results of
individual studies [141]. This caution is essential to ensure the reliability and
validity of the meta-analysis.

Meta-analysis models

There are two main meta-analysis models: the fixed-effects model and the
random-effects model [141, 143, 145, 146].

e The fixed-effects model assumes that a common effect underlies all studies
and, as a result, all variance in observed effect sizes is variability due to
random sampling error (within-study variability).

e The random-effects model assumes that study effect sizes vary from one
study to the next. Under this model, variance in observed effect sizes is
attributable to both sampling error (within-study variance) and statistical
heterogeneity (between-study variance).

Choosing one or the other model is a crucial decision when performing a meta-
analysis [145, 146]. The random-effects model tends to be considered more
realistic since it does not require zero variability between studies. Furthermore,
its results can be generalized to a broader and more diverse population [141].
Due to the heterogeneity among the studies analyzed, the random-effects model
was used in this doctoral thesis.

Appendix I provides a detailed explanation of the interpretation of the results
obtained from the meta-analyses.
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Objectives

As previously exposed, historically, there has been a bias in medicine, research,
and health in favor of males. The consequences of this bias include misdiagnosis
and inadequate treatment dosages, among others, in women. In recent decades,
an effort has emerged in the scientific community to address this bias. Within
this context, this doctoral thesis seeks to use widely used methods such as
systematic review and meta-analysis to contribute to this bias reduction.

Therefore, the main objective of this doctoral thesis is to study the molecular
bases that affect men and women differently in non-alcoholic fatty liver disease
and multiple sclerosis through meta-analysis of transcriptomic studies.

In order to achieve this goal, the specific objectives of this study are as
follows:

e Objective 1: To study the molecular basis differentially affected between
premenopausal women and men in the development of non-acholic fatty
liver disease, specifically in the transition from NAFL to NASH stage
(Chapter 3):

— Perform a systematic review of the studies available in public
databases on NAFLD, including the factors: sex, age, and stage
of the disease.
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— Conduct differential expression analysis of genes from selected stud-
ies, together with their subsequent functional enrichment and meta-
analysis of the results of the latter.

— Carry out a signaling pathways analysis from selected studies and
their subsequent functional enrichment, as well as a meta-analysis of
the latter results.

e Objective 2: To identify molecular mechanisms underlying observed MS
sex differences that may guide novel therapeutic approaches tailored for
males or females (Chapter 4):

— Accomplish a systematic review of studies on multiple sclerosis, in-
cluding information on patient sex, in publicly available databases.

— Conduct differential gene expression analyses and subsequent meta-
analyses to identify gene alterations between healthy individuals and
MS patients, distinguishing by sex and considering potential tissue
origins of the samples.

— Perform functional enrichment at the tissue level to characterize sex
differences found in the genes.
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3.1 Abstract

3.1 Abstract

Background: Previous studies have described sex-based differences in the epi-
demiological and clinical patterns of non-alcoholic fatty liver disease (NAFLD);
however, we understand relatively little regarding the underlying molecular
mechanisms. Herein, we present the first systematic review and meta-analysis
of NAFLD transcriptomic studies to identify sex-based differences in the molec-
ular mechanisms involved during the steatosis (NAFL) and steatohepatitis
(NASH) stages of the disease.

Methods: Transcriptomic studies in the Gene Expression Omnibus database
were systematically reviewed following the PRISMA statement guidelines. For
each study, NAFL and NASH in premenopausal women and men were com-
pared using a dual strategy: gene-set analysis and pathway activity analy-
sis. Finally, the functional results of all studies were integrated into a meta-
analysis.

Results: We reviewed a total of 114 abstracts and analyzed seven studies
that included 323 eligible patients. The meta-analyses identified significantly
altered molecular mechanisms between premenopausal women and men, in-
cluding the overrepresentation of genes associated with DNA regulation, vin-
culin binding, interleukin-2 responses, negative regulation of neuronal death,
and the transport of ions and cations in premenopausal women. In men, we
discovered the overrepresentation of genes associated with the negative reg-
ulation of interleukin-6 and the establishment of planar polarity involved in
neural tube closure.

Conclusions: Our meta-analysis of transcriptomic data provides a powerful
approach to identify sex-based differences in NAFLD. We detected differences
in relevant biological functions and molecular terms between premenopausal
women and men. Differences in immune responsiveness between men and pre-
menopausal women with NAFLD suggest that women possess a more immune
tolerant milieu, while men display an impaired liver regenerative response.

Keywords: Non-alcoholic fatty liver disease, Sex characteristics, Precision
medicine, Computational biology, Transcriptome profiling
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3.2 Background

Non-alcoholic fatty liver disease (NAFLD) encompasses a spectrum of liver dis-
orders—ranging from fat accumulation in hepatocytes (NAFL) to non-alcoholic
steatohepatitis (NASH)-—which can lead to the development of cirrhosis or liver
cancer. While steatosis characterizes NAFL, NASH exhibits the additional
histological features of inflammation, ballooning, and fibrosis. Awareness of
NAFLD has recently increased due to its worldwide impact on health; indeed,
NAFLD now represents the most common liver disease in developed countries
[1]. While the estimated worldwide prevalence of NAFLD is around 25%, it
is more common in South America and the Middle Fast and less prevalent in
Africa [2].

Of note, there exists significant interindividual heterogeneity regarding NAFLD
progression, which has a considerable impact on the clinical consequences to
the individual. Patients in the initial stage of the disease (NAFL) display a
low risk of adverse outcomes [3|; however, progression to NASH increases the
possibility of both hepatic and extrahepatic complications.

Interestingly, NAFLD has a higher prevalence in men and postmenopausal
women than premenopausal women [4]. Indeed, the liver shows the second-
largest amount of sexual dimorphism in humans [5|, with both physiologi-
cal and pathological hepatic processes, such as the detoxifying metabolism of
cholesterol and the prevalence of hepatic diseases, respectively, differing be-
tween men and women [6]. Therefore, patient sex will likely affect NAFLD
progression and treatment outcomes |7|; however, most NAFLD studies do not
consider differences between sexes in their analysis [8]. We sought to explore
the molecular mechanisms underpinning the likely existence of sex-related dif-
ferences in NAFLD patients for the above-mentioned reasons.

In this context, we carried out the first (to the best of our knowledge) sys-
tematic review and meta-analysis of transcriptomic studies in NAFLD. We se-
lected studies that had deposited data in the Gene Expression Omnibus (GEO)
datasets database [9] to guarantee the eligibility of selected studies. We used
these analyses to clarify the molecular mechanisms underpinning differences in
NAFL and NASH in premenopausal women and men (postmenopausal women
were not included in the analysis due to the overall low number of cases). Over-
all, sex-based differences may have important clinical implications for patients,
and this knowledge may help to develop personalized approaches to NAFLD
management.
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3.3 Materials and methods

3.3.1 Literature review

A review was conducted in June 2020 following the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) statement guide-
lines [10]. The GEO datasets database was searched [9] using the keywords
“NAFLD”, “NAFL”, “steatosis”, “NASH”, and “steatohepatitis” for transcrip-
tomic studies published in English.

3.3.2 Study exclusion criteria

The following exclusion criteria were applied: (i) studies conducted in orga-
nisms other than humans, (ii) studies without information regarding the sex
of participants or that did not include both sexes, (iii) studies without indi-
viduals from the NAFL and NASH stages of the disease, and (iv) studies in
which the disease had not been diagnosed with a biopsy. In the latter case,
the requirement for NAFL and NASH diagnoses by biopsy was added as less
invasive methods (such as conventional imaging techniques) cannot accurately
detect mild steatosis or differentiate NAFL from NASH [11]. This step aimed
to minimize the input of false-positive data into the statistical analyses caused
by an incorrect disease stage classification.

3.3.3 Bioinformatics analysis

The same three-step transcriptomic analysis strategy was applied to each sep-
arate study: (i) data acquisition and preprocessing, (ii) differential gene ex-
pression and functional enrichment analysis, and (iii) differential pathway ac-
tivation and functional analysis. The functional results of all studies were
integrated using meta-analytical techniques (Fig. 3.1). Bioinformatics analy-
sis was carried out using the programming language R 3.6.0 [12]; information
regarding the packages used and their version numbers are provided in the
supplementary material.
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Fig. 3.1. Data Analysis Workflow

3.3.4 Data acquisition and preprocessing

During data preprocessing, the nomenclature of the distinct disease stages (by
grouping patients into Control, NAFL, and NASH groups) and the association
of the probe identifiers with their corresponding genes were standardized. In
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those studies containing treated and untreated patients, treated patients were
eliminated from further analysis. For studies that used microarrays, probe
codes were transformed to their respective Entrez identifiers from the NCBI
database. For repeated probes, the median of their expression values was cal-
culated. When available, data normalized by the original authors of the studies
were used. Otherwise (studies GSE61260 and GSE66676), raw data were nor-
malized using the Robust Multichip Average (RMA) algorithm [13]|. The gene
nomenclature in RNA-Seq studies was also standardized to the Entrez identi-
fiers, and the raw data matrix was processed using the TMM standardization
method [14] followed by a log transformation of the data.

Women were separated into premenopausal and post-menopausal groups to
meet the objective of this work. As selected studies failed to include this spe-
cific information, women aged under 50 years were assumed as premenopausal
based on studies indicating an average age of menopause at around 48-52 years
[15, 16].

After data normalization, the detection of possible anomalous effects within
the studies was carried out by completing an exploratory clustering and a
principal component analysis (PCA).

3.3.5 Differential gene expression and functional enrichment
analysis

Differential expression analyses of selected studies were carried out using the
limma and edgeR packages [17, 18] to detect differentially expressed genes
when comparing NAFL and NASH in premenopausal women versus men. A
linear model was adjusted for each gene, which included possible batch ef-
fects, contrasting (NASH.W — NAFL.W) and (NASH.M - NAFL.M), where
NASH.W, NAFL.W, NASH.M, and NAFL.M corresponded to NASH-affected
premenopausal women, NAFL-affected premenopausal women, NASH-affected
men, and NAFL-affected men, respectively. Statistics regarding the differen-
tial expression were calculated and p values adjusted using the Benjamini &
Hochberg (BH) method [19].

Based on the differential gene expression results, functional enrichment analysis
was then performed using gene set analysis (GSA) [20]. First, genes were
ordered according to their p value and the sign of the contrast statistic. Next,
GSA was performed using the logistic regression model implemented in the
mdgsa R package [21] along with their corresponding functional annotations
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obtained from the Gene Ontology (GO) [22] and Kyoto Encyclopedia of Genes
and Genomes (KEGG) PATHWAY [23] databases.

Due to their hierarchical structure, the gene annotations with GO terms ap-
plied in the mdgsa package were propagated to inherit the annotations of the
ancestor terms. Excessively specific or generic annotations (blocks smaller than
ten or larger than 500 words) were subsequently filtered out. Finally, functions
with a BH-adjusted p value under 0.05 were considered significant.

For the two functional elements (GO terms and KEGG paths), the number of
overrepresented elements shared by the studies were analyzed. These results
were graphically represented as UpSet plots [24] to demonstrate the common
elements between the different sets. First, the overrepresented elements were
compared as separate graphs to detect the common functions in each group:
GO terms in premenopausal women, GO terms in men, KEGG pathways in
premenopausal women, and KEGG pathways in men. Next, any significant GO
terms in each study were visualized in the same plot to highlight significant
terms with different signs among the studies.

3.3.6 Differential pathway activation and functional analysis

The hipathia algorithm [25] was used to perform Pathway Activity Analysis (or
PAA). This method transforms gene expression values for stimulus-response
signaling sub-pathways into activation levels that ultimately trigger cellular
responses. In this current study, the hipathia R package was used to analyze
1654 GO terms and 142 UniProt functions [26] associated with 146 KEGG
routes [23|. The activation signal of each sub-pathway was computed from
gene expression values using this algorithm. These values were used to detect
significant differential activations in the (NASH.W — NAFL.W) - (NASH.M
— NAFL.M) contrast pair (as defined above). The functional annotations in-
cluded in hipathia and the differential activation results were integrated using
the GSA method to identify differences at the functional level (GO terms and
UniProt functions) in relation to NAFLD stages.

31



Chapter 3. Hepatic steatosis and steatohepatitis: a functional meta-analysis

3.3.7 Meta-analysis

Once the gene functional analysis was applied to each study, a functional meta-
analysis was carried out to summarize the results. Similarly, once the pathway
functional analysis was applied to each study, the results were summarized via
a homologous functional meta-analysis.

Both meta-analyses were performed following the methodology described in
detail in Garcia-Garcia [27]. Briefly, the metafor R package [28] was used to
evaluate the combined effect within a random-effects model, which more pre-
cisely detects over-represented elements when compared to performing studies
individually at higher statistical power. Likewise, variability in the individ-
ual studies was considered in the global estimation of the measured effect so
that less-variable results had a higher weight in the overall calculation of the
logarithm of the odds ratio (LOR) [29]. Incorporating the variability between
experiments in the model of random effects provides more statistically robust
results and better integration of selected studies. Finally, the suitability of this
selection was confirmed by evaluating the heterogeneity of each study in the
global model and the application of cross-validation techniques.

For each meta-analysis and function, p values (adjusted using the BH method),
LORs, and 95% confidence intervals (CIs) were calculated. A term was consid-
ered significant when its adjusted p value was lower than 0.05; a positive LOR
in significant functions indicated a greater overrepresentation in premenopausal
women than in men. In contrast, a negative LOR indicated higher represen-
tation in men than in premenopausalwomen. Finally, funnel plots and forest
plots were used to assess the variability and measure each study’s contribution
to the meta-analysis.

A total of 8223 elements were analyzed in the gene functional meta-analysis
(7994 GO terms and 229 KEGG pathways); 1654 GO terms and 142 UniProt
functions [26] were assessed in the functional pathway meta-analysis in associ-
ation with 146 KEGG pathways [23].

3.3.8 Awailability of data and materials

The large volume of data and results generated in this study is freely avail-
able through the metafun-NAFLD platform: https://bioinfo.cipf.es/metafun-
NAFLD. Access allows any user to analyze the results shown in this manuscript
and review other results that may be of interest. The front-end was developed
using the Bootstrap library. All graphics used in this tool were implemented
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with Plot.ly except for the exploratory analysis cluster plot, which was gener-
ated with the ggplot2 package.

In this study, transcriptomic data from the Gene Expression Omnibus database
with accession numbers GSE48452, GSE61260, GSE66676, GSE83452
GSE89632, GSE126848, and GSE130970 were analyzed.
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3.4 Results

3.4.1 Systematic review and exploratory analysis

As shown in the PRISMA flow diagram (Fig. 3.2), our systematic review
yielded 114 non-duplicated studies. After applying the previously described
exclusion criteria, we employed a total of seven studies in our overall analy-
sis. We excluded studies for the following reasons: studies not in humans or
unrelated to NAFLD (n = 55), in vitro studies (n = 15), lack of information
regarding sex or inclusion of only one sex (n = 24), no patients in NAFL and
NASH disease stages (n = 12), and diagnosis not based on histology (n = 1).
The strict nature of these inclusion and exclusion criteria allowed the selection
of comparable studies to ensure the reliability of the subsequent analytical
strategies.

The seven selected studies [30, 31, 32, 33, 34, 35, 36] included a total of 323
eligible patients (Table 3.1); 164 individuals were men and 159 women under
the age of 50 (49.2% men and 50.8% women, respectively). By disease stage,
148 belonged to the NAFL group and 175 to the NASH group (45.8 and 54.2%,
respectively).

As previously indicated, we only used data from non-treated individuals in
study GSE83452. (Table 3.1) demonstrates the number of individuals from
each study eligible for inclusion based on our aforementioned criteria. In an
exploratory analysis, PCA of the GSE83452 study demonstrated that samples
clustered into two groups. Further analysis of this study identified technical
factors as the source of this grouping rather than any other clinical characteris-
tic, as samples grouped according to their order (the first 64 samples grouped
into one cluster and the last 88 into another). We considered this a batch
effect, which we accounted for in our subsequent analyses.
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Fig. 3.2. Flow diagram of our systematic review of the literature and selection of studies
for meta-analysis, according to the PRISMA statement guidelines.
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3.4.2 Individual analysis

The functional analysis of individual genes highlighted significant results over-
represented in both the groups of pre-menopausal women and men (summa-
rized in Table 3.2). Analysis (using UpSet plots) of the common terms or
pathways in the different studies demonstrated no common element in more
than four studies (Supplementary Fig. 1); in fact, we discovered opposite
results for some elements in different studies (Fig. 3.3a). The functional anal-
ysis of individual pathways only exhibited significant results for the GSE83452
study (20 sub-paths and 96 GO terms).

Table 3.2. Number of significant GO terms and KEGG pathways in individual studies
after gene functional analysis. Positive and negative logarithms of the odds ratio (LORs)
demonstrate overrepresentation in premenopausal women and men, respectively

GO terms KEGG pathways
Positive LOR Negative LOR Positive LOR Negative LOR
(Pre. women) (Men) (Pre. women) (Men)
GSE48452 166 642 5 22
GSE61260 249 35 5 6
GSE66676 721 168 30 2
GSE83452 90 931 2 25
GSE89632 52 67 2 1
GSE126848 1168 150 55 5
GSE130970 1244 407 31 20

3.4.3 Meta-analysis

We performed separate meta-analyses using the results of the two previous ap-
proaches to obtain a measure of the overall effect of each of the 8223 elements
evaluated (GO terms, KEGG pathways, or UniProt functions) throughout all
individual studies, i.e., the LOR and its confidence interval. This effect in-
dicated the magnitude of the overexpression of each term (the LOR value)
and its direction (the LOR sign). This sign also helped to identify the group
in which the element is over-represented. In our analysis, positive signs in-
dicate over-representation in pre-menopausal women and negative signs over-
representation in men.

Along with the LOR, the meta-analysis also provides an adjusted p value
(FDR) that indicates the significance of the results. As a result of our meta-
analysis, we identified thirteen significant GO terms (adjusted p value < 0.05),
which refer to the molecular mechanisms altered in our comparison (detailed
in the following sections and (Table 3.3). Fig. 3.3b shows, for one function, the
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LOR of each study and the joint LOR of the meta-analysis. Supplementary
Figs. 2 and 3 detail the results of all significant elements. We confirmed the
absence of bias and heterogeneity in all cases, as in Fig. 3.3c¢ (Supplementary
Figs. 4 and 5).

3.4.4 Gene functional meta-analysis

The functional meta-analyses of the individual gene differential expression
pipeline results provided a total of nine significant GO terms (Table 3.3 and
Fig. 3.4) but no significant KEGG pathways. Among the significant GO
terms, we identified six overrepresented in premenopausal women; these el-
ements encompassed a broad spectrum of biological processes and molec-
ular functions, including “RNA polymerase II requlatory region DNA bind-
ing” (GO:0001012), “RNA polymerase Il requlatory region sequence-specific
DNA binding” (GO:0000977), “ Vinculin binding” (GO:0017166), “ Cellular re-
sponse to interleukin-2” (GO:0071352), “ Negative regulation of neuron death”
(GO:1901215), and “Response to interleukin-2" (GO:0070669). We identified
three terms overrepresented in men: “Negative requlation of interleukin-6 se-
cretion” (GO:1900165), “Establishment of planar polarity involved in neural
tube closure” (GO:0090177), and “ Regulation of establishment of planar polar-
ity involved in neural tube closure” (GO:0090178).

3.4.5 Pathway functional meta-analysis

The functional meta-analysis of the individual results in the pathway differen-
tial activation pipeline returned four significant GO terms. These terms were
overrepresented in premenopausal women compared with men, with a LOR
value lower than 0.25 (Table 3.3 and Fig. 3.4). These terms relate to the trans-
port of ions and cations: “Cation transmembrane transport” (GO:0098655),
“Metal ion transport” (GO:0030001), “Regulation of cation transmembrane
transport” (G0O:1904062), and “Inorganic cation transmembrane transport”
(GO:0098662). The meta-analysis of the UniProt functions failed to provide
significant results.
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3.4.6 Metafun-NAFLD platform

To contribute to data sharing and support the development of sub-
sequent related studies, we generated the Metafun-NAFLD platform
(https://bioinfo.cipf.es/metafun-NAFLD). This web tool contains the detailed
results of all the steps of the bioinformatics pipeline and allows simple inter-
active exploration by any interested party.
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Fig. 3.3. Representation of results of the bioinformatics analysis. a UpSet plot showing
the number of common results throughout individual studies in our functional gene analysis.
Only the twenty most abundant interactions are shown. Horizontal bars indicate the number
of significant elements in each study (premenopausal [orange] women and men [blue]). The
vertical bars indicate the common elements in the sets, indicated with dots under each bar.
The single points represent the number of unique elements in each group. Those vertical
bars with dots of both colors beneath indicate significant amounts of molecular bases in men
and women, in a contradictory way, in different studies. b Example of a forest plot from the
meta-analysis. This representation allows us to observe the LOR and confidence interval of
the GO terms in each study (horizontal bars) and the meta-analysis (diamond). ¢ Example
of a funnel plot from the meta-analysis. Dots in the white area indicate the absence of bias
and heterogeneity
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terms of each meta-analysis. On the right: biological functions over-represented in women.
On the left: biological functions more overrepresented in men. For each function, the LOR
(red square) and confidence interval have been represented
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3.5 Discussion

Although previous studies have analyzed pathobiological mechanisms in
NAFLD and (separately) sexual differences in metabolic regulation, the im-
pact of sex on NAFLD pathobiology remains incompletely defined. Epidemio-
logical studies have reported a higher prevalence of NAFLD in men and post-
menopausal women than premenopausal women [4]. To better understand the
molecular basis of sex-based differences, we present a systematic review and
functional meta-analysis of publicly available genomic studies that analyze the
differences in NAFLD progression between premenopausal women and men.

Despite the limitations of our approach (presence of studies with different sam-
ple sizes and types of platforms), meta-analysis techniques can integrate the
selected studies. The individual results of the seven selected studies failed to
identify any consistently different GO or KEGG terms between groups across
all studies, a finding perhaps related to small sample sizes, underlying genetic
and environmental variance in the source population, and methodological het-
erogeneity. Surprisingly, as shown in Fig. 3.3a, we found certain functions over-
represented in both groups in different studies. A meta-analysis, such as that
carried out in this study, can help to improve the identification of consistent,
relevant differences across studies, subject to the caveat that patients in each
study may have other differences in clinical characteristics. A meta-analysis
also increases the overall sample size and hence the strength of findings, which
is of particular relevance to diseases such as NAFLD that displays high levels of
heterogeneity. Indeed, systematic reviews and meta-analyses represent widely
employed strategies in studying sex-based differences in other diseases [37-39].

Our functional meta-analysis identified a total of thirteen GO terms (Table
3.3) that displayed differences between men and premenopausal women using
two different approaches—differentially expressed genes (nine terms) and dif-
ferentially activated pathways (four terms). These terms broadly related to
processes such as inflammation, cell binding, and the establishment of polarity
during neural tube closure.

A functional meta-analysis of differentially expressed genes identified differ-
ences in nine significant GO terms. Among these, our results established the
overrepresentation of the “ Vinculin binding” (GO:0017166) in premenopausal
women compared with men. The vinculin cytoplasmic actin-binding protein
is enriched in focal adhesions and adherens junctions to contribute to junction
stability [40] and plays a vital role as a regulator of apoptosis [41]. Of note,
although “cellular adhesion” represents a broad set of processes rather than
a specific biologic pathway, this term was previously reported as a GO term
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consistently enriched in male NASH patients [42|. Furthermore, Arendt et al.
identified differentially expressed genes related to cell-cell adhesion (ANXA2
and MAG) between NAFL and NASH patients [34].

Our analysis also identified sex-based differences related to the inflammatory
response, specifically the expression of cytokine-related terms. We found “ Neg-
ative regulation of interleukin-6 secretion” (GO:1900165) overrepresented in
men and “ Cellular response to interleukin-2" (GO:0071352) and “ Response to
interleukin-2” (GO:0070669) overrepresented in premenopausal women. These
terms relate to interleukin 2 (IL-2) and interleukin 6 (IL-6), which displayed
LOR values close to or above 0.5, thereby indicating a substantial difference
between the groups. 11-2 is a known regulator of T cell responses, with low
IL-2 levels regulating T cell central tolerance via the formation of regulatory T
cells [43]. Higher IL-2 levels induce T cell proliferation and differentiation into
memory T cells. IL-2 receptors are also expressed by B cells and cells of the
innate immune system [44]. Interestingly, IL-2 signaling is deficient in many
chronic liver diseases [45], and levels of soluble IL-2 receptor alpha were found
to be higher in children with NASH and advanced fibrosis [46]. Our results
suggest that low-level IL-2-induced immune tolerance may mitigate the risk
of developing NASH in premenopausal women and raise the intriguing possi-
bility of restoring low-level 1L.-2 signaling in men as a potential treatment for
NAFLD.

IL-6 has been previously implicated in NASH, with increased hepatic expres-
sion correlating with disease severity and insulin resistance [47]. IL-6 also reg-
ulates hepatic regeneration [48] and represents a significant driver of hepatic
carcinogenesis [49]. In NAFLD, IL-6 may enhance hepatic repair and regen-
eration; however, IL-6 may also promote insulin resistance and hepatocyte
apoptosis, thus contributing to NASH development [48, 50]. Indeed IL.-6 gene
polymorphisms have been associated with increased susceptibility to chronic
liver disease [51].

These results suggest that differences in immune mechanisms between men
and women may represent one possible factor in the sex-differences observed
in NAFLD. For example, the macrophage phenotype in male NAFLD mice
presents as pro-inflammatory and pro-fibrotic, but pro-resolution and anti-
fibrotic in female mice [52]. We hypothesize that women may suffer from a
decreased immune response to lipotoxicity, whereas men may suffer from an
impaired liver-healing response to chronic injury perhaps related to deficient
IL-6 signaling. These ideas require further examination and validation in ad-
ditional studies.
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A recent study by Herrera-Marcos et al. detected sex-based differences in the
control of the Cidec/Fsp27/ gene in the liver, finding that gene expression
correlated with the presence and density of liver lipid droplets in mice fed a
high-fat diet [53]. Matsusue suggested a role for Cidec/Fsp27/ as a neuronal
activator in the steatotic liver [54]; therefore, the significant association with
the function “Negative regulation of neuron death” (GO:1901215) could relate
to the differences detected in this previous study. Upon restricting the gene
ontology analysis to Homo sapiens, we found the components of the “Negative
requlation of neuron death” pathway (GO: 1901215) as broad regulators of
apoptosis. This finding may suggest an increase in liver cell apoptosis in men
who develop advanced NASH at a younger age than women, as premenopausal
women possess a level of protection. The observation that hepatocyte apoptosis
represents a prominent feature of progressive NASH agrees with this hypothesis
[55].

Interestingly, we discovered other significant GO terms that had not previously
been associated with NAFLD. For instance, we found the overrepresentation of
“ Establishment of planar polarity involved in neural tube closure” (GO:0090177)
and “Regulation of establishment of planar polarity involved in neural tube clo-
sure” (GO:0090178) in men with a LOR exceeding 0.5 (-0.514 and -0.523).
Restricting analyses to Homo sapiens demonstrated that these GO terms re-
late to the Wnt and frizzled family of proteins. Wnt ligands and their cognate
receptor frizzled represent critical determinants of liver development, zona-
tion, regeneration, and responses to liver injury [56]. Their overrepresentation
in male NASH patients could indicate the activation of disease repair path-
ways as a compensatory response to ongoing liver injury [57], as observed in
preclinical models of NASH.

Our functional pathway meta-analysis identified four significant GO terms in-
volved in cation transport: “Cation transmembrane transport” (GO:0098655),
“Metal ion transport” (GO:0030001), “Regulation of cation transmembrane
transport” (GO:1904062), and “Inorganic cation transmembrane transport”
(GO:0098662). Previous studies have associated the alteration of pathways
and functions related to cation transport with NAFLD [58]; however, informa-
tion regarding relevance and significance remains scarce.

45



Chapter 3. Hepatic steatosis and steatohepatitis: a functional meta-analysis

3.5.1 Perspectives and significance

Our results support the existence of differences between men and pre-
menopausal women in specific biological processes and molecular functions
relevant to NAFLD. Given the well-known heterogeneity of NAFLD progres-
sion between men and women, this transcriptomic meta-analysis suggests the
use of sex-specific pathophysiologically informed disease biomarkers. These
findings may also impact disease diagnosis and prognosis and the design of
clinical trials. For example, biological sex-driven differences may allow the
enhanced classification of individuals with NAFLD and alter their inclusion
in specific clinical trials. Our meta-analysis underscores the importance of
recognizing and accounting for sex-related differences in the study of NAFLD
pathobiology.

3.6 Conclusions

While differences in clinical characteristics and pathogenic mechanisms in male
and female NAFLD patients had been explored previously, details remained
scarce. To this end, we selected seven studies suitable for functional meta-
analysis and identified thirteen significant GO terms from these data. Of note,
specific GO terms were previously identified to have relevance to NAFLD,
which supports the notion that sex represents an important variable in under-
standing NAFLD pathobiology and heterogeneity. We identified novel func-
tional terms that had not been linked to NAFLD previously; therefore, our
study may open new avenues for further research. In conclusion, the meta-
analysis of transcriptomic data represents a useful tool for the identification of
sex-related differences in NAFL and NASH.

3.7 Availability of data and materials

The large volume of data and results generated in this study are freely avail-
able through the metafun-NAFLD web tool: https://bioinfo.cipf.es/metafun-
NAFLD. This study analyzed transcriptomic data available in the Gene Ex-
pression Omnibus database with accession numbers GSE48452, GSE61260,
GSE66676, GSE83452, GSES9632, GSE126848, and GSE130970.
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4.1 Abstract

4.1 Abstract

Background: Multiple sclerosis (MS), a chronic auto-immune, inflammatory,
and degenerative disease of the central nervous system, affects both males and
females; however, females suffer from a higher risk of developing MS (2-3:1
ratio relative to males). The precise sex-based factors influencing risk of MS
are currently unknown. Here, we explore the role of sex in MS to identify
molecular mechanisms underlying observed MS sex differences that may guide
novel therapeutic approaches tailored for males or females.

Methods: We performed a rigorous and systematic review of genome-wide
transcriptome studies of MS that included patient sex data in the Gene Ex-
pression Omnibus and ArrayExpress databases following PRISMA statement
guidelines. For each selected study, we analyzed differential gene expression to
explore the impact of the disease in females (IDF), in males (IDM) and our
main goal: the sex differential impact of the disease (SDID). Then, for each
scenario (IDF, IDM and SDID) we performed 2 meta-analyses in the main tis-
sues involved in the disease (brain and blood). Finally, we performed a gene set
analysis in brain tissue, in which a higher number of genes were dysregulated,
to characterize sex differences in biological pathways.

Results: After screening 122 publications, the systematic review provided a
selection of 9 studies (5 in blood and 4 in brain tissue) with a total of 474
samples (189 females with MS and 109 control females; 82 males with MS and
94 control males). Blood and brain tissue meta-analyses identified, respec-
tively, 1 (KIR2DL3) and 13 (ARL17B, CECR7, CEP78, IFFO2, LOC401127,
NUDTI18, RNF10, SLC17A5, STMP1, TRAF38IP2-AS1, UBXN2B, ZNF117,
ZNF/88) MS-associated genes that differed between males and females (SDID
comparison). Functional analyses in the brain revealed different altered im-
mune patterns in females and males (IDF and IDM comparisons). The pro-
inflammatory environment and innate immune responses related to myeloid
lineage appear to be more affected in females, while adaptive responses asso-
ciated with the lymphocyte lineage in males. Additionally, females with MS
displayed alterations in mitochondrial respiratory chain complexes, purine, and
glutamate metabolism, while MS males displayed alterations in stress response
to metal ion, amine, and amino acid transport.

Conclusions: We found transcriptomic and functional differences between
MS males and MS females (especially in the immune system), which may
support the development of new sex-based research of this disease. Our study
highlights the importance of understanding the role of biological sex in MS to
guide a more personalized medicine.
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Brain tissue meta-analysis identified 13 differentially affected genes by
sex.

Blood meta-analysis identified KIR2DL3: sex-differential pattern in self-
tolerance.

Functional analyses revealed different altered immune patterns in females
and males.

Understanding the role of biological sex in MS to guide a more personal-
ized medicine



4.2 Background

4.2 Background

Multiple sclerosis (MS), is a chronic autoimmune and neurodegenerative dis-
ease with exacerbated inflammatory reactions. In MS, the blood brain bar-
rier (BBB) is disrupted and immune cells reach the central nervous system
(CNS) causing demyelination and neurodegeneration. MS is mainly diagnosed
in young adults (around 20-40 years) and represents the leading cause of dis-
ability in this age group that does not derive from trauma [1, 2]. The disease
displays different phenotypes and progression stages characterized by relapses
and remissions, being the relapsing-remitting MS (RRMS) the most common
form of the disease in female and male [3]. Cognitive, motoric, sensory, visual
and emotional fields are affected depending on whether the brain or the spinal
cord are damaged.

While the etiology of MS remains unknown, genetic and environmental factors
impact disease-onset, additionally sex significantly influences MS [4]. As with
other autoimmune and neurodegenerative diseases, MS exhibits a strong sex
bias in incidence, progression and disability |3, 5|. While females are more sus-
ceptible to MS than males, males are (on average) older than females at MS
diagnosis and suffer from worse and more rapid progression. Males are also
more likely to develop progressive MS than females [6, 7]. Sex differences in au-
toimmune and neurological diseases have been previously described [3, 5, 6] and
associated with the presence of sex chromosomes (XX vs. XY, gene dosage, im-
printing, and transcriptomic profile) and endogenous sex hormones (estrogens,
progesterone, androgens, and prolactin) that impact the immune system and
promote changes in disease severity |6, 8]. Broadly, estrogens (estradiol (E2))
and prolactin, work as enhancers at least of humoral immunity, and testos-
terone and progesterone as natural immunosuppressants [5, 9]. Additionally,
the transcriptomic profiles and epigenetic modifications on sex chromosomes
influence hormonal actions in immune responses in both sexes. Responses to
environmental factors such as microbial exposure, diet, and sociological differ-
ences, also represent sex-based factors in MS [10]. Therefore, differences in the
prevalence and severity of MS between males and females involve complex and
poorly understood interactions between genetic, hormonal, and environmental
factors. This knowledge gap, in turn, impairs the development of personalized
therapeutics based on sex-specific information.

Multi-omics-based studies in large and clinically well-characterized patient co-
horts with associated patient sex data may identify critical pathways and net-
works related to sexual dimorphism, and thereby support the discovery of new
biomarkers and targeted sex-specific therapeutic interventions. In silico ap-
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proaches using the large volumes of biological information accessible in public
repositories of biomedical data, such as GEO (Gene Expression Omnibus) [11],
represent a powerful research tool. In particular, meta-analyses of transcrip-
tomic studies can uncover consensus patterns of expression across multiple
studies, due to their capacity for integration and greater statistical power than
individual studies.

To identify genes involved in sex-related differences in MS, we performed a
systematic review and selection of transcriptomic studies of MS from the GEO
and ArrayExpress databases [11, 12] that included information on patient sex.
We analyzed a total of 474 transcriptomes from nine studies (189 females with
MS, 109 control females, 82 males with MS, 94 control males). Given that
MS presents neurodegenerative and autoimmune features, the systematic re-
view included studies focused on brain tissue and blood. The latter could
reflect the sex-differential autoimmune profiles offering a means of discovering
non-invasive biomarkers in blood. We would like to point out that we have an-
alyzed MS disease without distinguishing subtypes since this information is not
provided in many of the studies. The biomarkers thus found may have a diag-
nostic value to discriminate the pathological state vs physiological state in both
sexes. Comparisons between males and females highlighted genes involved in
MS that were common to both sexes, as well as those MS-associated genes that
are unique to each sex. Subsequent functional enrichment analyses of the brain
tissue data provided vital information about MS-associated biologic processes
in males and females (mainly immune features) that allowed a better under-
standing of sex differences in MS. The identified molecular mechanisms may
have important clinical implications for the prevention and treatment of MS
and could potentially favor the development of novel, personalized diagnostic
and therapeutic applications.

4.3 Materials and methods

4.3.1 Literature Review and Study Selection

The systematic review was performed by searching for the keyword "multiple
sclerosis" on the GEO and ArrayExpress [11, 12| transcriptomic databases.
The reviewed period was from January 2002 (generation of the public reposi-
tories) to October 2020. Results were filtered by i) organism: "Homo sapiens",
ii) study type: "expression profiling by array" or "expression profiling by high
throughput sequencing," and iii) sample count: at least 12 samples. PRISMA
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Statement guidelines were followed to ensure the quality and transparency of
the systematic review [13].

The following exclusion criteria were applied: i) studies not based on MS,
ii) experimental design other than patients vs. controls, and iii) the absence
of information on patient sex. In addition, studies with patients receiving
treatment or who were immunosuppressed were excluded.

4.3.2 Bioinformatic Analyses

A defined analytical strategy was followed for each of the selected studies: i)
data download and normalization, ii) exploratory analysis, iii) DGE analy-
sis, iv) integration of DGE results using meta-analysis techniques (considering
tissue of origin of samples to obtain robust results across all studies), and
v) functional enrichment analysis of meta-analyses results (Fig. 4.1). Bioin-
formatics analysis was carried out using R 4.1.2 [14]; the packages used and
their version number are described in Supplementary Table 1 and the following
Zenodo repository (http://doi.org/10.5281/zenodo.7738725).

4.3.83 Data Acquisition and Preprocessing

First, normalized data of selected studies were downloaded and standardized
as follows: conversion and updating (if necessary) gene names to the symbols
approved by the [15, 16], followed by the calculation of the median expression
in the case of multiple values for a gene. The labels used for the sex of the
patients were homogenized, and all individuals were grouped into healthy or
affected by MS. Finally, the presence of possible batch effects or anomalous
behavior of the data was analyzed by scanning unexplained groupings of the
study samples using clustering and principal component analysis (PCA). The
batch effects and paired samples present in the studies were incorporated into
the model used in the differential expression.

4.3.4 Comparisons

By creating a unique linear model, multiple comparisons were performed to
detect sex differences in MS-associated gene expression and to discover altered
functions. The impact of the disease in females (IDF) was analyzed by compar-
ing female MS patients to healthy female controls (Female.MS - Female.Ctrl),
while the impact of the disease in males (IDM) was analyzed by comparing
male MS patients to healthy male controls (Male.MS - Male.Ctrl). Significant
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Fig. 4.1. Flowchart describing the work performed, indicating tissues analyzed and
comparisons performed in each step.

features in both comparisons represent potential disease biomarkers regard-
less of sex, while those significant in just one comparison can be considered
sex-specific biomarkers of MS. Additionally, we analyzed the sex-differential
impact of the disease (SDID) through an advanced comparison (Female.MS -
Female.Ctrl) - (Male.MS - Male.Ctrl) to find differences in disease impact by
sex (Fig. 4.1). As a measure of the effect size, the base 2 logarithm of the fold
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change (LFC) was used for DGE analysis, and the logarithm of the odds ratio
(LOR) was used for functional enrichment analysis.

4.3.5 Differential Gene Expression and Meta-analyses

3 DGE analyses were performed for each study to detect differences in gene-
level expression between groups following comparisons IDF, IDM, and SDID
as described above. All comparisons were performed using the R package
limma [17]. After calculating the differential expression statistics, p-values
were adjusted using the Benjamini & Hochberg (BH) method [18].

To robustly integrate the DGE results of each study, the meta-analysis tech-
nique was performed for each comparison (IDF, IDM, and SDID) and available
tissue of origin (blood and brain tissue), which led to a total of 6 meta-analyses.
The meta-analyses were performed following the methodology previously de-
scribed in Garcia-Garcia [19]. Briefly, the metafor R package [20] combined the
DGE summary statistics from each of the individual studies, using a random-
effects model for each gene, which is particularly suitable when there exist
diverse sources of variability [21]. For the overall calculation of the LFC, this
method gives greater weight to studies whose results were less variable. Subse-
quently, better integration of the selected studies and statistically more robust
results were achieved by incorporating the variability between experiments in
the random-effects model. The suitability of this method was evaluated by
assessing the heterogeneity and influence of each study on the overall model
and cross-validation techniques. The results of these analyses are available on
the web platform and in the Zenodo repository.

The meta-analyses calculate a pooled measure of the expression effect across
all studies for each gene (combined LFC and its 95% confidence interval) and
provide a BH-adjusted p-value [18]. The significance threshold was set to 0.05.
The Open Targets Platform [22] (release 21.09.5) was used to evaluate the
prior known association of genes with MS.

4.83.6 Functional Enrichment Analysis

To detect sex-specific and sex-differential functions or pathways associated with
MS, a gene set analysis (GSA) [23] of brain tissue meta-analysis was performed
for each of the 3 comparisons (IDF, IDM, and SDID). The GSA was performed
only in brain tissue, given the high number of dysregulated genes found in this
tissue. First, genes were ordered according to the p-value and sign of the statis-
tic obtained in the DGE, and GSA was performed using the logistic regression
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model implemented in the mdgsa R package [24]. The functional annotation
required for GSA was obtained from the following databases: Gene Ontology
(GO) |25] in the case of biological processes (BP) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) Pathway [26] for pathways. Due to their hierar-
chical structure, the gene annotations were propagated with GO terms applied
in the mdgsa package to inherit the annotations of ancestor terms. Next, ex-
cessively specific or generic annotations were filtered out (blocks smaller than
10 or larger than 500 genes). Finally, functions with a Benjamini & Yekutieli
(BY) adjusted p-value [27] under 0.05 were considered significant. To obtain a
global view of sex-specific alterations in GO biological processes, the GSA re-
sults of each comparison were grouped into categories defined by hierarchically
superior GO terms, counting the number of processes within each of them.

In order to deep in the unveiled biological sex-related alterations, the amounts
of immune system cells in each sample of the brain tissue studies were estimated
using the Cibersort deconvolution method (implemented in the immunedeconv
R package) |28, 29]. Cell estimations were aggregated according to their lym-
phoid (B cell naive, B cell memory, B cell plasma, T cell CD8+, T cell CD4+
naive, T cell CD4+4+ memory resting, T cell CD44 memory activated, T cell
follicular helper, T cell regulatory, T cell gamma delta, NK cell resting and
NK cell activated) or myeloid (Monocyte, Macrophage M0, Macrophage M1,
Macrophage M2, Myeloid dendritic cell resting, Myeloid dendritic cell acti-
vated, Mast cell activated, Mast cell resting, Eosinophil and Neutrophil) lineage
belonging. The mean cell amounts of each immune lineage, within each study,
was obtained for each of the study groups (Female.MS, Female.Ctrl, Male.MS
and Male.Ctrl), and within-study variation in these lineages was assessed by
SDID comparison (Female.MS - Female.Ctrl) - (Male.MS - Male.Ctrl).

4.3.7 Metafun-MS Platform

All data and results generated in the different steps of the meta-analysis are
available on the Metafun-MS platform, which is freely accessible to any user
and allows the confirmation of the results described in this manuscript and
the exploration of other results of interest. The front-end was developed using
the Angular Framework. All graphics used in this web resource have been
implemented with Plot.ly [30] except for the exploratory analysis cluster plot
generated with ggplot2 [31].

This easy-to-use resource is divided into 5 sections: i) the summary of analysis
results in each phase, followed by detailed results for the ii) exploratory analy-
sis, iii) DGE, iv) meta-analysis, and v) functional profiling for each study. The
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user can interact with the web tool through graphics and tables and explore
information associated with specific genes or biological functions. In addition,
the detailed results of all analyses are available in the public repository Zenodo.

4.4 Results

4.4.1 Systematic Review and Exploratory Analysis

Our systematic review screened 122 publications, which rendered a total of 9
studies eligible for our analyses: 5 studies with blood samples and 4 studies
with brain samples (Fig. 4.2 and Table 4.1). Notably, we discarded 35%
of the studies evaluated for not including sex information or only including
individuals of a single sex.

The 9 selected studies contained 474 samples - 271 MS patients and 203 healthy
control patients (62.9% female samples and 37.1% male samples). Table 4.2
describes the distribution of the samples in detail. All the information available
in GEO on the studies is available in the supplementary material.

Exploratory analyses revealed the absence of biases and anomalous behavior in
the samples from all studies except for GSE62584, in which we detected a batch
effect produced by the 4 cell types analyzed in that study (Supplementary Fig.
1). To control undesired variability coming from this covariate, we introduced
it in the differential expression model as a blocking factor.

4.4.2 Differential Gene Expression Analysis

As described in the Materials and Methods section, we evaluated 3 compar-
isons for each study: IDF, IDM, and SDID. Positive values indicate that the
variable has a higher mean in the first element of the comparison, while neg-
ative statistics indicate higher mean values in the second element. Positive
LFC or LOR values indicate higher values in MS patients (MS females and
MS males in IDF and IDM comparisons) and, therefore, gene upregulation
or function overrepresentation in MS. Negative LFC or LOR indicates higher
values in control samples (healthy control females and healthy control males),
and therefore gene downregulation or function underrepresentation in MS. The
SDID comparison, for which each element is a comparison itself, focuses on
finding differences between IDF and IDM, indicating a sex difference in the
genes whose expression is associated with MS. Thus, a positive statistic could
indicate: 1) an upregulation in IDF together with a downregulation in IDM,
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Fig. 4.2. PRISMA diagram of the systematic review.

ii) an upregulation in IDF without significant changes in IDM, iii) an upreg-
ulation in IDF and IDM but higher in IDF, iv) a downregulation in IDM
without a significant change in IDF, or v) a downregulation in IDF and IDM,
but higher in IDM (Supplementary Fig. 2A-E). A negative statistic associ-
ated with the opposite of these cases (Supplementary Fig. 2F-J). Because of
the combination of possibilities in SDID comparison, the particular behavior
of each feature across the 4 groups must be assessed a posteriori, examining
IDF and IDM comparisons. For simplicity, features with positive LFC or LOR
will be referred to as features with an incremental change in females or in-
creased in females, and features with a negative LFC or LOR as features with
an incremental change in males or increased in males. Table 4.3 summarizes
the number of significantly differentially-expressed genes, while the associated
Zenodo repository and Metafun-MS web platform contain the full summary
statistics for each comparison.
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Table 4.1. Description of selected studies. Platform, tissue, and MS subtype for the
samples from 9 studies. The characteristics of the studies are shown as available in the GEO

database.

GEO accession

Platform

Tissue

GSE37750 [32]
GSEA1848 [33]
GSEA41849 [33]

GSE41890 [34]

GSE62584 [35]

GSE108000 [36]
GSE111972 [37]
GSE131281 [38]

GSE135511 [39]

Affymetrix Human Genome
U133 Plus 2.0 Array
Affymetrix Human Exon
1.0 ST Array

Affymetrix Human Exon
1.0 ST Array

Affymetrix Human Gene
1.0 ST Array

Affymetrix Human Genome
U133A 2.0 Array

Agilent-026652 Whole Human
Genome Microarray 4x44K v2

Illumina NextSeq 500

INlumina HumanHT-12
V4.0 expression beadchip
IMMumina HumanRef-8
v3.0 expression beadchip

Plasmacytoid dendritic cells
Whole blood
Whole blood

Peripheral blood leukocytes

CD4+ blood cells,
CDS8+ blood cells,
CD14+ blood cells,
and CD19+ blood cells

Brain

Corpus callosum
and occipital cortex

Grey matter

Motor cortex

Table 4.2. Distribution of samples by sex and experimental group. Tissue and
number of samples of female, male, MS and control groups per experiment.

Females

Males

GEO accession Tissue MS  Control MS Control Total
GSE37750 Blood 7 6 2 2 17
GSE41848 Blood 41 28 13 10 92
GSE41849 Blood 12 13 9 9 43
GSE41890 Blood 6 12 8 12 38
GSE62584 Blood 16 20 8 16 60
GSE108000 Brain tissue 22 7 8 3 40
GSE111972 Brain tissue 5 9 10 7 31
GSE131281 Brain tissue 58 11 6 31 106
GSE135511 Brain tissue 22 3 18 4 47
Total 189 109 82 94 474
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Results

4.4.3 Meta-analysis of DGE Profiles

The SDID meta-analyses in the different tissues reported 14 genes that dis-
played significant alterations between sexes (KIR2DL3 in blood; ARL17B,
CECR7, CEP78, [FFO2, LOC401127, NUDT18, RNF10, SLC17A5, STEMPI,
TRAF3IP2-AS1, UBXN2B, ZNF117, ZNF/88 in brain tissue). We also found
that specific genes displayed significance for IDF and/or IDM comparisons,
which allowed us to detect the change between sexes and the alterations be-
tween healthy and diseased individuals within each sex. We will discuss the
alterations found in each tissue in the following sections.

We have made available the complete results of the meta-analyses in the Zenodo
repository, the supplementary materials, and on the Metafun-MS web platform.
In summary, Fig. 4.3 shows the pattern of LFC change between sexes (SDID,
dashed line), in females (IDF, orange), and males (IDM, green). In addition,
Table 4.4 indicates the number of significantly altered genes for each tissue and
comparison.

KIR2DL3 ARL17B CECR7 CEP78 IFFO2
(Blood) (Brain) (Brain) (Brain) (Brain)
rr—— —— ———— —————F———————
4 S I . S SIS USSISSY | —— e S ——
0 —_— == =
- —— r—— * *
-2 - R . R R . R B B R B, e — —
LOC401127 NUDT18 RNF10 SLC17A5 STMP1
(Brain) (Brain) (Brain) (Brain) (Brain)

i
1
;
;
|
|
1
|

— *
TRAF3IP2-AS1 UBXN2B ZNF117 ZNF488
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2 ___________
N * ———————————
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Fig. 4.3. Boxplot of LFC values for the DGE in the SDID comparison. Each
boxplot indicates the log fold-change (LFC) values of a gene in the individual differential gene
expression analyses. The dashed purple line indicates the LFC value of the meta-analysis
for the SDID comparison. The gray line (at a value of 0) indicates the absence of change.
The tissue in which the gene is significant is indicated in parentheses under the gene name.
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Table 4.4. Results of meta-analyses by comparison and tissue. Description of
significant genes by comparisons: IDF (Impact of the disease in females), IDM (Impact of
the disease in males), and SDID (Sex-differential impact of the disease). Significant genes
are grouped according to the sign of their log fold-change (LFC).

COMPARISON
Tissue SDID IDF DM

LFC >0 LFC <0 LFC >0 LFC <0 LFC >0 LFC <0
Blood 1 0 5 i 27 5
Brain 7 6 33 57 29 43
tissue

4.4.-4 Meta-analysis of DGE in Blood

In blood, the DGE meta-analysis only identified the KIR2DLS gene, which en-
codes for a transmembrane glycoprotein expressed by natural killer cells and
subsets of T cells, as significantly altered in the SDID comparison. In par-
ticular, KIR2DLS displays increased expression in MS females relative to MS
males (LFC > 0). Delving into its pattern for each sex, the IDM comparison
revealed lower KIR2DL3 expression in MS males than in healthy control males
but did not show a significant change in the IDF comparison (Fig. 4.3 and
Fig. 4.4, red box). This is a special case of Supplementary Fig. 2D.

The IDF and IDM comparisons reported 40 significant sex-specific DGE genes
not significant in the SDID comparison (Fig. 4.4 and Table 4.5). Interestingly,
some genes have known associations with MS in the Open Targets Platform
(Table 4.5, in bold), while other genes, such as PSMB2, SRP14, TESC, and
KAT7, have known associations with neurodegenerative diseases, the innate
immune system, neuroprotective effects, and T cell development, respectively
[40, 41, 42, 43].

4.4.5 Meta-analysis of DGE in Brain Tissue

In brain tissue, our meta-analysis detected 13 significant genes in the SDID
comparison (Table 4.6). Of these 13, 6 genes (RNF10, IFFO2, SLC17A5,
UBXN2B, ZNF117, and ZNF/88) have previous links to neurodegenerative
diseases, while IFFO2 participates in muscle control [45, 46, 47, 48, 49, 50|
and 5 other genes (CECR7, STMP1, TRAF31P2-AS1, and LOC401127) |51,
52, 53, 54] have roles in inflammation, bone, and autoimmune diseases. The
remaining two genes - CEP78 and NUDTI18 - encode for a centrosomal pro-
tein and a hydrolase of the Nudix superfamily, respectively. Interestingly, the
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Fig. 4.4. Upset plot of meta-analysis results in blood studies. The results of each
comparison are separated according to the LFC sign. Horizontal bars indicate the number
of significant genes in each comparison (1 specific color for each comparison). The vertical
bars indicate the genes included in the intersection of the groups denoted with a colored
dot underneath. A single colored dot under a bar indicates that the genes are specific to
this group. The upper right corner bar plot indicates the case of the KIR2DL3 gene, this
plot represents gene expression levels in each analyzed group and, purple and green arrows
indicate significant differences in SDID and IDM comparisons, respectively.

CECR7 gene displayed significance in all 3 comparisons (Fig. 4.5, red box and
upper right corner), being overexpressed in MS females and healthy males.

We detected 90 and 72 significant DGE genes in the IDF and IDM comparisons,
respectively (Fig. 4.5). In the IDF and IDM comparisons, 9 genes displayed the
same pattern of change, suggesting that they may be sex-independent disease
markers (Fig. 4.5). Table 4.6 describes all significant genes in brain tissue,
indicating those associated with MS according to the Open Targets Platform
(in bold) and those common to the IDF and IDM comparisons (underlined).
We display a functional enrichment analysis in the following sections, given
the high number of genes involved in IDF and IDM comparisons.
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Table 4.5. Meta-analysis results of blood samples. Significant genes for SDID (sex-
differential impact of the disease), IDF (impact of the disease in females), and IDM (impact
of the disease in males) comparisons. The results are separated into columns according to
the LFC sign of the genes. Genes associated with MS in the Open Targets database are
indicated in bold. *KIR2DLS was not associated with MS in Open Targets but was in a
previous publication [44].

Comparison LFC >0 LFC <0

SDID KIR2DLS*

IDF DDXB39A, LAPTM4B, PCK2, FNBP1, KAT7, KMT2C,
RANGRF, SERPINF1 SETDS5

B2M, COMMDY, COX6B1,
COX8A, GLA, GRIK/, MIR6773,
MRPL23, MRPS16, NAA3S,

*
NDUFA2, NDUFS7, OSER1, ~ WHZDLS™, LINC00965,

IDM PSMB?, RP11-79P5.2, RPS19, LOC102725015
SOCS3, SRP1f, SSNAL, SSRY, il ’

TESC, TMEM222, TMX/,
TXNLJA, UXT, WDRS30S,
ZNF816-ZNF321P

4.4.6 Functional Enrichment of the Brain-Tissue DGE
Meta-analysis

We performed a GSA on the genes altered in each comparison (IDF, IDM, and
SDID) of the brain tissue meta-analyses to provide a functional and integra-
tive perspective of these genes in Biological Processes GO terms and KEGG
pathways. In the SDID comparison, we detected significant (adj. p-value
= 0.008) alteration of the "Staphylococcus aureus infection" KEGG pathway
(hsa05150), which includes genes such as MHC class IT antigen and Interleukin
10. In the IDF and IDM comparisons, we found significant enrichment for
both BP GO terms and KEGG pathways (Fig. 4.6). We detected sex-specific
elements and elements common to both sexes in both ontologies. Detailed re-
sults of the functional enrichment can be found in the supplementary material,
the Zenodo repository, and the metafun-MS web platform.

To summarize the high number of significant BP GO terms in the IDF and
IDM comparisons, we classified them into 15 manually selected parental GO
classes (hierarchically superior GO terms) (Fig. 4.7). We classified BP GO
terms with no ancestor among the selected parental GO classes as "Other".
Interestingly, the number of altered functions with LOR > 0 is notably higher
than the number of altered functions with LOR < 0 in both IDM and IDF
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Table 4.6. Meta-analysis results from brain tissue samples. Significant genes for
SDID (sex-differential impact of the disease), IDF (impact of the disease in females), and
IDM (impact of the disease in males) comparisons. The results are grouped into columns
according to the LFC sign of the genes. Genes associated with MS in the Open Targets
database are indicated in bold. Genes altered in the same direction in the IDF and IDM
comparisons are underlined.

Comparison LFC >0

LFC <0

SDID

IDF

IDM

ARL17B, CECR7, CEP7S,
STMP1, TRAF3IP2-AS1,
ZNF117, ZNF488

BMP6, CCNA2, CECRY,
CEP78, DNAJB5, ERII,
G2E3, GAS2LS, HCG,
HLA-DRB1, HLA-DRB5,
IGLL5, LDAH, LOC729970,
MGAM, OLFML2B, RTP,
SFT2D2, STBD1,
STON1-GTF2A1L, STYXLI,
SUPTSH, TCP10L, TDRDS,
TLRS. TMEM140, TTC17,
TXLNB, UQCC2, XRCCY,
ZFAS1, ZNF615, ZSCAN29

ATP13A3, BJGALT1, BAG2,
CASP7, CR1L, CTAGE, EFNA1,
HBEGF, HS3ST3B1, HYALI,
IFFO2, LIMS/, LOC100129617,
LOC100506136, LOC401127,
LOC729970, MIR100HG, MPZL2,
PRO0628, RBM1/-RBMJ, RICI,
SNORA59B, ST7, STBD1, STONI,
TMEM1/0, TMEM163, TRPMS,
ZFAS1

IFFO2, LOC401127, NUDT1S8,
RNF10, SLC17A5, UBXN2B

ANKRD26P3, ATP1A2, BMPER,
C190:fd7, C2CD/C, CATSPERZ,
CCDC57, CES2, CMYAS5, DGCRY,
EBFJ, ERCC?2, FAM156B, FBXLG,
FGFBP3, GCAT, HBB, HOXA/,
HPDL, KRTAP10-9, KRTAP5-7,
LINGOS, LOC100130093,
LOC100130870, LOC100288911,
LOC285696, LOCS339529,
LOC728743, LRFN1, MAGED/B,
MLXIPL, NLRP2, NOXA1,
NPIPB15, NUDT18, NUTM2F,
ODADJ, OVGP1, PET100,

PKI55, PMM2, PRDM12,

SAXO01, SBF1P1, SNHG20,
SNHG2S, SP9, SREBF1, STKLD1,
TADA2B, TESPA1, TMCJ, TPBG,
TRABD2A, VPREBS, XXYLTI,
ZNF839

ACTL6B, ARIH20S, C20rf72,
C8orf44-SGK3, CA5BP1, CECRY,
COQJ, DEFA3, DGCR10, DGCR6L,
DGCRY9, DHRSY, DOLK, EPHAT,
FAMG6D, FLJ32063, GPR8IA,
GTF2IRD2, JM.JD7, LINC00685,
LOC100652758, LOC338963,
LOC644189, LOC730183, LOH12CR2,
LPP-AS2, MDP1, NIP7, OR7D2,
PHF?2/, PIPOX, PKI55, RWDDS,
SBF1P1, SERFIA, SNHG20, SYNEJ,
TADA?ZB, TRIM66, TTC30A,

URBI, ZNF117, ZNF771
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Fig. 4.5. Upset plot of the meta-analysis results in brain tissue samples. The
results of each comparison are separated according to the LFC sign. Horizontal bars indicate
the number of significant genes in each comparison (a specific color for each comparison).
The vertical bars indicate the genes included in the intersection of the groups denoted with a
colored dot underneath. A single colored dot under a bar indicates that the genes are specific
to this group. The upper right corner bar plot indicates the case of the CECR7 gene, this
plot represents gene expression levels in each analyzed group and; purple, orange and green
arrows indicate significant differences in SDID, IDF and IDM comparisons, respectively.

comparisons. In MS, the parental GO classes with the highest number of al-
terations were "Immune system process”’, "Response to stimulus" and, to a
lesser extent, "Cellular response to stimulus" and "Anatomical structure de-
velopment". Regarding the immune system, MS females specifically presented
altered BP GO terms related to the myeloid lineage, regulation, and produc-
tion of cytokines (IL-1, 2, 6, and 10), while MS males presented alterations
in the regulation and signaling of the lymphocyte lineage, mainly (Fig. 4.8).
MS females also presented altered mitochondrial respiratory chain complexes
and purine and glutamate metabolism, while MS males presented alterations
in amine and amino acid transport and stress response to metal ions (Fig.
4.8). The results of sex-related immune lineage variations in MS using Ciber-
sort showed that in 3 of the 4 brain tissue studies, there was an increase in
myeloid lineage cells in MS females while in MS males there was an increase
in lymphoid lineage cells (Supplementary Table 9).

As a result of the KEGG analysis, in IDF comparison we identified altered
signaling pathways via Toll-like receptor and NOD-like receptor (constitute
two major forms of innate immune sensors), as well as osteoclast differen-
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Fig. 4.6. Upset plots of the functional enrichment results in brain tissue for
BP GO terms (A) and KEGG pathways (B). Horizontal bars indicate the number of
significant BP GO terms or KEGG pathways in each comparison (a specific color for each
comparison). Results are exhibited separately for significantly upregulated (LOR > 0) and
downregulated (LOR < 0) altered functions. The vertical bars indicate the genes included in
the intersection of the groups denoted with a colored dot underneath. A colored dot under
a bar indicates that the genes are specific to this group.

tiation, the p53 pathway (LOR > 0), and metabolism pathways related to
biotin, alanine, aspartate and glutamate, xenobiotics, and drugs (LOR < 0).
KEGG pathway analysis of the IDF comparison also demonstrated alterations
in terms related to diseases other than MS, including Chagas disease, prostate
cancer, and Staphylococcus aureus infection (LOR > 0). The IDM comparison
showed alterations in KEGG pathways related to cytokine-cytokine receptor
interactions, the JAK-STAT signaling pathway, protein processing in the endo-
plasmic reticulum, olfactory transduction, (LOR > 0) the peroxisome, calcium
signaling, metabolism related to valine, leucine and isoleucine degradation,
butanoate (LOR < 0), and diseases such as small cell lung cancer and auto-
immune thyroid disease (LOR > 0) (Supplementary Table 10).
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Fig. 4.7. Bar chart of the number of significant BP GO terms in the IDF and
IDM comparisons. The horizontal bars show the number of BP GO terms, separated
between higher expressed in MS patients (LOR > 0, right) and healthy patients (LOR < 0,
right) in each parental GO class. The orange and green bars (IDF and IDM, respectively)
show the number of GO terms within each parental GO class. Opaque bars surrounded by
a black border indicate items common to the comparisons, while translucent bars indicate
items unique to IDF or IDM.

4.4.7 Metafun-MS platform

We have developed an open-source web platform, Metafun-MS
(http://bioinfo.cipf.es/metafun-MS), containing a detailed description of
the 9 datasets and 474 samples involved in this study. This resource includes
detailed information on all genes, BP GO terms, and KEGG pathways that
users can explore to identify transcriptomic profiles of interest for each study.

For each significant gene in a meta-analysis, Metafun-MS depicts the combined
effect for all studies and each study’s specific contribution using statistical
metrics (LFC, confidence interval, p-value, and adjusted p-value) and graphical
representations (forest and funnel plots). The platform also displays GSA
results (LOR, p-value, and adjusted p-value) of the GSA in brain tissue, for
the GO biological processes and the KEGG pathways. This open resource
aims to enable data sharing between researchers, the elaboration of innovative
studies, and the discovery of new findings.
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4.5 Discussion

A range of previous studies have integrated data from numerous sources to
characterize sex-based differences in the human transcriptome |55, 56, 57, 58];
however, to our knowledge, this study represents the first meta-analysis of
transcriptomic studies in MS, which provides a better understanding of the
sex-related molecular mechanisms underlying MS. We have carried out an in
silico approach using transcriptome data from male and female MS patients
and healthy controls obtained from public repositories. This data acquisition
strategy is intended as a rapid and cost-effective means to predict and validate
the effects of relevant biological variables on human health and guide further
clinical research.

Thus, we performed 6 meta-analyses using a robust random-effects model,
which allows for the integration of information from individual studies to ob-
tain greater statistical power and precision, revealing findings that cannot be
easily obtained through the intersection or addition of results from individual
studies. Table 4.3 depicts the diverse nature of each study and highlights the
need to employ strategies such as meta-analysis to integrate information from
individual studies and obtain an ultimate transcriptional consensus profile.
Since MS is a chronic autoinflammatory disorder of the CNS, we performed
separate meta-analyses in blood and brain tissue. Identifying sex-based differ-
ences represented our primary goal by studying genes differentially altered in
the SDID comparison. Meanwhile, the IDF and IDM comparison allowed us to
detect specific effects in each sex, understand the basis of the disease for each
sex, and find common patterns in both sexes. The biomarkers that have been
identified are discussed below, and their experimental validation could lead to
their clinical use.

4.5.1 Meta-analysis in blood

Identifying biomarkers in blood will facilitate non-invasive liquid biopsy for
MS diagnose, as opposed to cerebrospinal fluid analysis. Our meta-analysis in
blood identified sex differences in KIR2DLS, a gene importantly involved in
self-tolerance by regulating the activity of natural killer cells [59]. The absence
of KIR2DL3 has been linked to MS development [44, 60], and its protective
role has been documented in other autoimmune diseases such as rheumatoid
vasculitis [61]. In our study, KIR2DL3 has been identified as a biomarker
candidate of MS in males since it is significantly downregulated in male MS
patients compared to MS controls. Its relevance in susceptibility and follow up
has been described in other studies [62, 63, 64]. However, further experimen-
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tal studies must be developed given its allelic diversity and that of its ligands
that can importantly influence the disease [63, 65]. Unfortunately, identifying
blood-based biomarkers remains challenging due to factors such as their con-
centration, sensitivity or specificity, the molecule availability in the blood or
the patient disease stage to which should be added the study of sex variable.
Additionally, the lack of standardization in analytical practices and sample
handling between different laboratories could give rise to disparities. Together,
these factors may explain why we only identified a single gene, KIR2DLS3, in
the SDID meta-analysis in blood.

The blood meta-analysis in IDF comparison revealed a gene dysregulation pro-
file related to the control of immune system responses and symptoms associated
with MS. [66, 67]. Among the identified genes, RANGRF has been related to
cardiac arrhythmia in Brugada Syndrome [68]. The number of cardiac ven-
tricular arrhythmias worsens the prognosis of MS patients by increasing risk
of sudden death [69]. SERPINF1 may influence immune and vascular injury
[70]. Serpin family members have been identified in MS plaques and other
neurodegenerative conditions such as Alzheimer’s disease [71] and have been
related to inflammation, immunity and dementia. FNBPI may represent a
potential biomarker, as the expression of this gene links to prognosis and level
of immune infiltration in different cancers [72] and could play a similar role
in MS. Interestingly, KAT7 is crucial for the development, maintenance, and
survival of T cells and is protective for auto-immune diseases [73|. This gene
appeared downregulated in MS females relative to healthy females, being this
study the first description of a sex association of KAT7 with MS to the best
of our understanding.

The IDM blood meta-analysis reflected the dysregulation of genes also re-
lated to inflammation, immune system, and autoimmune diseases (B2M,
COMMDY, GLA, PSMB2, SOCSS3, SRP14, SSNA1, SSR4, TESC, UXT,
RPS19 and KIR2DL3), genes related to redox activity/stress oxida-
tive and mitochondrial function (COX6B1, COX8A, MRPL23, MRPS16,
NDUFA2, NDUFS7, OSER1, TMX}, and TXNL/A) and genes related to
neurodegenerative diseases and intellectual disabilities (WDR830S, GRIK/,
NAAS3S, TMEM?222). Short and long non-coding (Inc)RNA genes (MIR6773,
LINC00965, LOC101930363, and LOC102725213) altered in IDM could be
critical for post-transcriptional regulation of other genes, while TCAF1,
a transient receptor potential channel-associated factor, can regulate cell
migration |74].

These results demonstrate that MS hallmarks such as inflammation and im-
munity occur in both females and males with MS, although through different
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target genes in each case, which may be critical to guide medical decisions. Un-
fortunately, the blood meta-analyses failed to identify MS biomarkers common
to males and females with MS, perhaps due to difficulties identifying stable
markers in the blood, as discussed above.

4.5.2 Meta-analysis in brain tissue

The brain is a complex and heterogeneous tissue and MS can injure different
brain areas which is the cause of the variability and multiplicity of symptoms in
MS. Therefore, the meta-analysis in this region included studies from different
brain areas as indicated in Table 4.1. Analyses in brain tissue yielded a higher
number of differentially expressed genes than in blood, reflecting the notable
impact of MS in this tissue, the complexity of the brain but also the limitations
to identify biomarkers in blood as commented before. The SDID brain tissue
meta-analysis identified 13 differentially affected genes by sex, with specific
genes related to the loss of mental functions and neural disorders, blood cell
abnormalities, inflammation, and autoimmune disorders.

Note the dysregulation of CECR7, which has been previously implicated in im-
mune infiltration in hepatocellular carcinoma [75] and regulates the expression
of CTLAJ [76]; meanwhile, CEP78 is recognized as an auto-antigen in prostate
cancer |77]. Thus, both genes represent potential candidates for immunother-
apies. STMP1 has a reported involvement in the NLRP3 inflammasome and
Paget’s disease of bone [52], while TRAF31P2-AS1 participates in IL-17 reg-
ulation. Interestingly, this interleukin possesses pro-inflammatory properties
and contributes to immune dysregulation in other autoimmune diseases such
as colitis and rheumatoid arthritis [78]. IFFOZ2, Intermediate Filament Family
Orphan 2 may represent a novel IFAP (intermediate filament-associated pro-
tein) for males with MS given that the presence of IFAPs in MS plaques tissue
has been previously documented [79]. The LOC/01127 lncRNA could play an
essential role in MS regulation or even serve a prognostic value as other de-
scribed IncRNAs in chronic musculoskeletal disorders [80]. We also highlight
the protective role against oxidative stress and DNA damage of NUDT18 (also
known as MTHS3) [81].

In the IDF and IDM meta-analyses in brain tissue, we identified genes that
appeared dysregulated with the LFC in the same sense in both sexes and may
represent potential MS biomarkers. Specific genes identified in the IDF and
IDM comparisons have not been previously linked to MS and may represent
interesting future research directions. In general, these genes are mainly in-
volved in inflammatory and immune responses but with different connotations
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in females and males. Autoimmune diseases are generally exacerbated in fe-
male patients and a more pro-inflammatory phenotype in XX mice has been
demonstrated [82, 83]. In males, sex-based differences in immune responses are
well-documented and influenced by multiple factors (sex chromosomes, repro-
ductive organs, and sex hormone levels), which, in turn, influence the incidence
and other aspects of autoimmune diseases [84].

Through the functional enrichment analysis in brain tissue, we found
a single significantly dysregulated KEGG pathway in the SDID comparison:
"Staphylococcus aureus infection" with important immune genes (MHC class 11
antigen and 1L-10) that regulate polyclonal T cell activation, cytokine release
and inflammation. This pathway also is upregulated in females with MS in the
IDF comparison, further supporting the differential role of the immune system
in MS between males and females. When we analyzed GO terms in the IDF
and IDM comparisons, many biological processes related to inflammation and
immunity displayed sex-specific dysregulation in MS patients. Specifically,
the transcriptomes of females with MS represented alterations more related
to myeloid lineage and pro-inflammatory environment, influenced by altera-
tions in interleukin regulation and response (e.g., IL-1, IL-2, IL-6, IL-10, and
interferon-gamma). These alterations are closely related to innate immune
responses and have been previously linked to MS and autoimmune diseases
[85, 86, 87, 88, 89]. In contrast, males with MS seem to exhibit transcrip-
tome alterations related to immunomodulation of the lymphoid lineage (e.g.,
T cell subsets, natural killer cells, dendritic cells), affecting different features of
these cells such activation, proliferation, or differentiation, which have a closer
relation to adaptive immune responses [90, 91, 92|. Cibersort deconvolution
analysis supported sex-based differences in functions related to the immune
system, which could reflect a differential immune cell infiltration. Specifically,
we observe an increase in myeloid lineage cells in females with MS and lym-
phoid lineage cells in males with MS. Identifying T cell clones associated with
human autoimmunity remains challenging and could have critical connotations
for MS risk and outcomes. Taken together, these MS-associated transcriptomic
sex differences representing different components of the immune system could
partly explain sex-based differences in susceptibility to MS. Pro-inflammatory
cytokines, which are significantly altered in females with MS, have been impli-
cated in autoimmune disorders such as rheumatoid arthritis [93]. Meanwhile,
MS males suffer from a more rapid and worsened progression, which could be
explained by more intensive participation of T cells in demyelination. The
immune system is highly complex and much more so in a disease like MS, the
innate and adaptive response are closely linked as well as their multiple com-
ponents. In this context, our meta-analyses have found sex related differences,
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but further studies must be carried out to clarify these hypotheses and help
guide decisions in the design of personalized immunotherapies.

Other sex-related differences in GO terms suggested that females with MS ex-
hibited alterations in mitochondrial respiratory chain complexes, purine, and
glutamate metabolism, while males with MS exhibited alterations in amine
and amino acid transport and stress response to metal ions. These biologi-
cal processes have important connotations in MS - the glutamatergic system
plays a vital role in neurotoxicity and MS pathogenesis [94], while amino acid
metabolism affects immune homeostasis, as activated immune cells have a high
demand for amino acids [94|. Remarking that the meta-analyses found many
altered immune terms in the brain tissue, this result correlates with the dis-
ruption of the blood-brain barrier during MS and the presence of immune
infiltrates in the brain.

KEGG pathway data revealed that females with MS displayed an upregulation
in Toll-like receptor signaling pathway, NOD-like receptor signaling pathway,
B cell receptor signaling pathway. Toll-like and Nod-like receptors are two ma-
jor forms of innate immune sensors and provide immediate responses against
pathogenic invasion or tissue injury [95, 96]. Activation of these sensors induces
the recruitment of innate immune cells such as macrophages and neutrophils
(myeloid lineage), which displayed dysregulation in females with MS, initiates
tissue repair processes and results in adaptive immune activation. Abnormal-
ities in these innate sensor-mediated processes may cause excessive inflamma-
tion due to hyper-responsive innate immune signaling or sustained compen-
satory adaptive immune activation [97]. Other KEGG pathways enriched in
females with MS were those associated with chronic or autoimmune diseases
(e.g., chronic myeloid leukemia, systemic lupus erythematosus, and rheuma-
toid arthritis), indicating that autoimmune diseases may share altered signaling
pathways. We also discovered the upregulation of intestinal immune networks
for IgA production and Chagas disease in MS females. Diet, microbiota gut,
parasite, and viral infections are associated with chronic inflammatory dis-
eases and could play a significant role in MS etiology [98]; meanwhile, intesti-
nal disorders also represent common symptoms of MS [99, 100]. The KEGG
pathways downregulated in females with MS include metabolism of xenobi-
otics by cytochrome P450, drug metabolism - cytochrome, cardiac muscle, and
Alzheimer’s disease, which could have significant implications in treatment re-
sponses and therapy development. In males with MS, upregulated KEGG path-
ways include RNA transport, cytokine-cytokine receptor interaction, protein
processing in the endoplasmic reticulum, the phagosome, JAK-STAT signal-
ing pathway, and olfactory transduction, while valine, leucine, and isoleucine
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degradation represent the only downregulated pathway. RNA localization reg-
ulates gene expression, while neurological diseases such as amyotrophic lat-
eral sclerosis and fragile X syndrome have been associated with dysregulated
RNA localization in neurons [101]. Endoplasmic reticulum-associated protein
modifications, folding, and degradation could mediate the pathogenesis of au-
toimmune disorders [102], while antigen processing and cross-presentation by
dendritic cells require phagosome maturation [103]. Finally, metabolism and
diet have relevant implications in MS, as in other autoimmune diseases [104],
so amino acid degradation may impact MS at this level.

4.5.83 Strengths and limitations

Patient sex influences the observed pathophysiological characteristics of neu-
rodegenerative and autoimmune diseases |9, 105|, with sex differences described
in MS risk and disease progression [8]. Unfortunately, sex is not frequently con-
sidered a biological variable during biomedical research; this became evident
during our systematic review, where the absence of sex information prompted
us to discard a substantial number of studies. Encouragingly, the sex perspec-
tive has gained recent relevance as a crucial aspect of personalized medicine
and has been recognized as a necessary biological variable for inclusion in re-
search by the National Institutes of Health [106] and the European Union [107,
108].

In spite of the impulse that is being given to the publication of open data under
the FAIR principles (Findable, Accessible, Interoperable, Reusable) [109], their
availability is still limited. This, in addition to the lack of homogeneity of
the clinical and phenotypic data available from the individuals analyzed, has
prevented us from integrating variables which could potentially contribute to
disease variability, such as age, hormone concentration, or disease stage.

In the same line, lack of studies has limited the brain region specificity of the
study. The brain is a heterogeneous tissue and different brain regions may have
very different structure, functions and cell composition. Broadly, the brain is
composed of white and gray matter. White matter is principally made of nerve
fibers (axons) covered by myelin, while gray matter includes the majority of
cells, such as neurons, microglia, astrocytes, and others. The gene expression in
these two areas is expected to differ and also, MS may affect the brain regions
differently. However, due to the lack of studies available for each region, we
have been forced to perform our meta-analysis including samples from both
white and gray matter. This may limit the region specificity of the results, but
opens the door to a more general interpretation of the results, since the found
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alterations will be common along the tissues. Also, transcriptomic studies of
spinal cord tissue were not found in our systematic review, probably because
access to postmortem spinal cord tissue is very complicated and not routinely
performed at autopsy.

Despite all these limitations, the meta-analysis technique considers the vari-
ability between studies and is capable of robustly extracting gene expression
changes across studies. However, further studies will be needed to validate sex
differences found in our study.

Our meta-analyses have detected differentially altered genes and functions be-
tween sexes when comparing individuals with MS and healthy individuals, and
could identify a set of biomarkers common to MS. Some of these findings have
been previously associated - although not usually from a sex perspective - with
MS, while others constitute a novelty. Gene dysregulations detected in blood
samples could open the door to the study of these genes as sex-specific dis-
ease non-invasive biomarkers. At the functional level, results in brain tissue
show alterations in different immune system components between females and
males. These findings may also impact disease diagnosis and prognosis and
the design of clinical trials. Furthermore, our results highlight the importance
of recognizing and considering the sex factor in the study of MS.

4.6 Conclusions

We have performed a gene and functional meta-analysis of 9 MS transcriptomic
studies from a sex perspective, identifying sex-based differences and similarities
at gene, function, and pathway levels. The results allow for a better under-
standing of those mechanisms crucially involved in MS and the identification
of potential biomarkers, whose detailed study may improve personalized ther-
apies. In addition, we highlight the importance of providing information on
sex in studies and the need for open platforms for data sharing to allow for
efficient advancements in research.
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4.7 Additional files

4.7 Additional files

Detailed results of all analyses and the versions of the R packages used can be
found in the Zenodo repository: https://zenodo.org/record /7738725.

4.8 Availability of data and materials

The large volumes of data and results generated in this study are freely avail-
able through the Metafun-MS web tool: http://bioinfo.cipf.es/metafun-MS
and the Zenodo repository: http://doi.org/10.5281/zenodo.7738725. This
study analyzed transcriptomic data available in the Gene Expression Om-
nibus database with accession numbers GSE37750, GSE41848, GSE41849,
GSE41890, GSE62584, GSE108000, GSE111972, GSE131281, and GSE135511.

4.9 Computer Code and Software
The code developed for the analyses described in this work and

the software and its versions are publicly available at Zenodo:
https://doi.org/10.5281 /zenodo.7738725.
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Chapter 4. A deep transcriptome meta-analysis reveals sex differences in multiple sclerosis
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Supplementary material

All supplementary figures and tables of this article are available both on the
article’s website (https://doi.org/10.1016/j.nbd.2023.106113) and in the public
repository Zenodo (https://doi.org/10.5281/zenodo.7738725) for better visu-

alization.
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Chapter 5

(General discussion

5.1 Sex differences in health and research

The existence of sex differences in health and research is a fact that is currently
taken into account and is beginning to be widely recognized. Since the first
article in 1991 focused on this problem [10], hundreds of thousands of scientific
papers have appeared on this subject [147]. As we have seen in Chapter 1 of
this thesis, the efforts made in recent years in research and medical practice
are helping to resolve the bias against women that has traditionally existed.
However, there is still work to be done. In addition, including the biological
differences between sexes in medicine allows for a more precise clinical practice,
leading to treatments that are more effective and have fewer side effects [5, 11,
12].

The number of diseases in which sex differences are known to exist in some
aspects (onset, development, diagnosis, treatment, etc.) is enormous. The list
includes cardiac, neurodegenerative, autoimmune, metabolic, inflammatory,
and cancer diseases |3, 64, 71, 148| (Table 1.1). As introduced in Section 1.1.4,
various molecular mechanisms contribute to sex differences, including genetic,
epigenetic, and hormonal factors. These mechanisms lead to distinct altera-
tions in inflammatory, immune, and other physiological processes. [3, 27, 54,
64, 71]. In particular, Kronzer, Bridges, and Davis [47] propose that differences
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Chapter 5. General discussion

in the immune systems of males and females, specifically the higher levels of
antibodies found in females, could have an evolutionary basis. They suggest
that, despite the risk of autoimmune diseases for mothers, the increased protec-
tion against infections during the vulnerable infancy period likely enhanced the
survival rates of their offspring. As a result, the higher survival rates of their
offspring may have led to the transmission of this propensity for autoimmunity
to future generations, in line with classical Darwinian principles.

In this thesis, we aimed to elucidate the molecular mechanisms that cause sex
differences in two pathologies: non-alcoholic fatty liver disease (NAFLD) and
multiple sclerosis (MS). NAFLD comprises a spectrum of liver disorders that
begin with fat accumulation in hepatocytes and can lead to inflammation, cir-
rhosis, and even liver cancer. The disease is more prevalent in males than
females (3:2) [50], with estrogens providing a protective effect in females that
diminishes after menopause [36]. On the other hand, MS is a chronic autoim-
mune, inflammatory, and degenerative disease of the central nervous system.
Women are at a higher risk of developing MS, while men experience worse and
more rapid progression of the disease [149, 150, 151].

Although NAFLD and MS are diseases with significantly different origins, this
thesis has revealed common sex-associated alterations in both pathologies. In
our investigation of NAFLD, we conducted an assessment of sex-related dis-
parities in the transition from the NAFL stage to NASH. In contrast, our MS
study identified sex-associated alterations in brain tissue utilizing three dis-
tinct contrasts (SDID, IDF, and IDM). Because of the different bioinformatics
approaches used in the previous chapters (Figs. 3.1 and 4.1), the functional
results using the biological processes of the Gene Ontology (GO) [118] and
Kyoto Encyclopedia of Genes and Genomes (KEGG) [119] databases are the
comparable elements in common between the two meta-analyses.

The primary common difference observed in both diseases is the sex-dependent
variation of 2 cytokines: interleukin-2 and interleukin-6. In the NAFLD study,
2 GO terms involving in their descriptions IL-2 and 1 involving IL-6 were over-
represented in females and males, respectively (Tables 3.3 and 5.1). On the
other hand, in the IDF contrast of the MS study, we found 3 IL-6-associated
and 2 IL-2-associated GO terms significantly overexpressed in females with
the disease concerning healthy females (Table 5.1). These findings would sup-
port the existence of different behaviors of the immune system against these
diseases, depending on the sex of the individual.

Interleukins are vital for the activation and differentiation of immune cells
and their proliferation, maturation, migration, and adhesion. They have both
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5.1 Sex differences in health and research

Table 5.1. Compilation of significant GO terms associated with IL-2 or IL-6 in all compar-
isons in both studies.

Disease Comparison GO term LOR
NAFLD ! GO:0070669 Response to IL-2 0.446
NAFLD ! GO:0071352 Cellular response to IL-2 0.467
NAFLD ! GO:1900165 Negative regulation of IL-6 secretion  -0.762
MS IDF? G0:0032623 IL-2 production 0.529
MS IDF? G0:0032635 IL-6 production 0.358
MS IDF? G0:0032663 Regulation of IL-2 production 0.529
MS IDF? GO:0032675 Regulation of IL-6 production 0.358
MS IDF? G0:0032755 Positive regulation of IL-6 production 0.480

! (NASH.W - NAFL.W) vs. (NASH.M — NAFL.M), where NASH.W, NAFL.W, NASH.M, and NAFL.M
corresponded to NASH-affected premenopausal females, NAFL-affected premenopausal females, NASH-
affected males, and NAFL-affected males, respectively.

? Impact of the disease in females (IDF): (Female.MS - Female.Ctrl), where Female. MS and Female.Ctrl
correspond to females with MS and control females, respectively.

pro-inflammatory and anti-inflammatory properties. The primary role of in-
terleukins is to regulate growth, differentiation, and activation during inflam-
matory and immune responses, facilitating communication and coordination
among immune cells [56, 57, 152].

IL-2 is a pleiotropic interleukin essential in the maintenance of immune home-
ostasis [153, 154]. It serves as a significant expansion factor for most, if not all,
types of activated T cells. Although other cytokines may provide some redun-
dancy with IL-2 in this function, IL-2 is crucial for determining both the mag-
nitude and duration of primary and memory immune responses [153]. More-
over, IL-2 can play a vital role in modulating immune responses; its absence
can lead to severe autoimmunity due to the inability to eliminate activated
T cells [62, 63, 154|. However, in the case of MS, how IL-2 levels participate
in the disease is still unclear [155]. Distinct behaviors in MS with respect to
other autoimmune diseases have been described, such as a more modest and
delayed response to low-dose interleukin-2 treatments [156]. Interestingly, a
recent study proposes that elevated levels of IL-2 in cerebrospinal fluid (>1.23
pg/ml) are linked to shorter relapse-free intervals in patients with MS [157].
In the liver, deficient IL-2 signaling has been linked to several chronic liver
diseases [158]. In the context of NAFLD, elevated interleukin-2 receptor alpha
(IL2RA) levels have been linked to the NASH stage [159, 160]. These findings
reveal the influence of IL-2 in liver diseases.

As mentioned in the introduction, sex differences in IL-2 have been previously
described. Research by Giron-Gonzalez et al. [58] found that, under normal
conditions, IL-2 levels are higher in males than in females. These differences
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may be partly attributed to estrogen. Indeed, Dodd and Menon [64] observed
that increases in the concentration of this hormone, such as those occurring in
pregnancy, lead to a decrease in IL-2 levels. Our research on multiple sclerosis
found that diseased females produce higher levels of IL-2 compared to healthy
females (Table 5.1). These results align with the study mentioned in the pre-
vious paragraph in which Petrzalka et al. [157] found that high levels of IL-2
in cerebrospinal fluid are associated with a more severe MS stage. While this
study did not identify any sex differences in this marker, it is possible that the
unbalanced sex ratio (43 females to 15 males) may have influenced the find-
ings. Further research is needed to confirm this. In NAFLD, in the progression
from non-alcoholic fatty liver disease (NAFL) to non-alcoholic steatohepatitis
(NASH), premenopausal women exhibit a stronger response to IL-2 (Table
5.1), which aligns with conclusions drawn from previous studies that associate
high levels of IL2RA with the inflammatory stage of the disease [159, 160]. In
conclusion of all these results, [L-2 plays a critical role in influencing the sex
differences observed in both NAFLD and MS.

IL-6 is also a pleiotropic cytokine involved in a wide range of biological func-
tions, including the inflammatory response, the immune system, hematopoiesis,
and the maintenance of bone and skeletal muscle mass. It also plays a role in
central nervous system activity and metabolism [161, 162, 163, 164, 165, 166].
Various cell types, both immune and non-immune, can produce IL-6 [56]. In
muscles, IL-6 is released into the bloodstream during contractions. This release
helps mobilize energy and increases body temperature since IL-6 can cross the
blood-brain barrier [59, 162]|. In the liver, IL-6 initiates lipolysis, which mo-
bilizes energy-storing adipose tissue [40, 165], and it is involved in the acute
phase response, playing a crucial role in the body’s inflammatory response and
liver regeneration [164, 167]. Moreover, elevated levels of IL-6 have been asso-
ciated with the severity of metabolic pathologies such as insulin resistance or
obesity [40, 164, 167, 168] and, may promote adipose tissue inflammation [40,
163]. In the central nervous system, IL-6 can activate glial cells and disrupt
the blood-brain barrier, leading to increased neuroinflammation, while also
promoting neuronal survival and neurogenesis [166, 161]. Dysregulation of IL-
6 signaling in brain regions such as the hippocampus, cortex, striatum, and
substantia nigra can significantly impact neurological function and contribute
to various symptoms seen in neurological disorders [166, 169].

This broad spectrum of functions throughout the body means that 1L-6 plays
a role in a wide range of pathologies, as mentioned above. In the case of
NAFLD, previous studies such as Wieckowska et al. [168| correlate IL-6 lev-
els with disease severity, which is supported by a recent meta-analysis with
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36074 NAFLD patients [170]. Our results (Table 5.1) show a negative regula-
tion of IL-6 in disease progression in men concerning premenopausal women,
leading us to hypothesize that premenopausal women may have a decreased
immune response to lipotoxicity. Additionally, the differential regulation of
IL-6 may also influence the protective effect of subcutaneous adipose tissue
(SAT) fat accumulation against metabolic diseases, which is more prevalent
in premenopausal women and is regulated by IL-6 [171]. Concerning multiple
sclerosis, increased IL-6 expression in the brain is linked to neuropathologies
such as Alzheimer’s disease, Parkinson’s disease, and multiple sclerosis [161].
Although its critical role in host defense and glial/neuronal homeostasis is
known, more research is necessary to clarify the specific cellular effects of 1L-6
signaling within the CNS [161]. Our meta-analysis revealed an increase in 1L-6
levels in affected females, a pattern not observed in males meta-analysis (Table
5.1). Notably, this finding aligns with a study on mice that had an I1.-6 defi-
ciency in astrocytes [172]. In that study, female mutant mice exhibited slightly
lower clinical scores of autoimmune encephalomyelitis and less demyelination
compared to their wild-type counterparts, while male mice did not show simi-
lar effects. These results suggest that further research into mimicking this IL-6
deficiency effect for females with MS could be valuable.

At a more general level, the research presented in this doctoral thesis highlights
various sex-associated immune system behaviors in both non-alcoholic fatty
liver disease and multiple sclerosis. Other authors have previously described
the existence of sex differences in the immune system [11, 27, 29, 45, 54, 64, 71|,
however, the findings of this work represent an advance in the knowledge of the
behavior of the immune system in the pathologies studied. In our research on
NAFLD, we identified 13 significantly altered GO terms (Table 3.3). Notably,
3 of these terms (23%) are associated with IL-2 and IL-6, underscoring the vital
role of the modulation of immune system in this pathology. A previous study
conducted by Lonardo et al. [29] demonstrated that the innate immune cells
in male mice are activated in a manner that promotes liver inflammation and
fibrosis. In contrast, the macrophages in female mice exhibit either a regulatory
phenotype or a more protective and antifibrotic response. Our research on sex
differences in MS highlights significant distinctions between females and males
affected by the condition (Fig. 4.7). In females, we identified changes primarily
associated with myeloid cells and a pro-inflammatory environment, influenced
by alterations in interleukin regulation and response (e.g., IL-1, IL-2, IL-6,
IL-10, and interferon-gamma) (Fig. 4.8). Conversely, in males, our analysis
indicates alterations related to lymphoid cells. These changes influence key
aspects such as cell activation, proliferation, and differentiation (Fig. 4.8),
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which are essential components of the adaptive immune response [173, 174,
175].

The findings and hypotheses presented in this doctoral thesis contribute to
addressing the disparities in sex differences related to NAFLD and MS. This
work paves the way for new research opportunities aimed at developing more
precise therapies for both men and women in the management and treatment
of these conditions.

5.2 Research synthesis and Open Science

5.2.1 Research synthests

In recent decades, the number of scientific papers and works has increased
exponentially [176, 177]. It is now common for several studies to have ad-
dressed the same scientific question, either due to ignorance of prior research,
skepticism about earlier findings, or a desire to go further than the previous
findings. [178|. However, it is rare for studies on the same issue to produce
identical results [137, 178]. This variability in outcomes raises the challenge
of determining which conclusions are correct. In response to this challenge,
research synthesis has emerged, aiming to gather all available evidence on a
scientific problem to integrate the results and provide a more robust answer to
the posed question.

During the latter half of the twentieth century, the research synthesis was
considered a second-class job, and was even regarded as a "parasitic recycling
of the work of those engaged in the real business of science" [137]. However,
this vision has changed in the last two decades, driven by the evidence of
the benefits of integrative methods and in the heat of movements for a more
collaborative science such as Open Science. Proof of this can be seen in the fact
that the number of publications using meta-analysis techniques has increased
dramatically since the beginning of the 21st century [143].

As the principal research synthesis methodology, systematic review and meta-
analysis are widely used in clinical research {143, 179]. When properly con-
ducted, a meta-analysis is considered decisive evidence on a clinical issue, plac-
ing it at the highest level in the hierarchy of evidence [180]. As remarked in
the introduction of this thesis, this technique not only draws combined infor-
mation from studies that posed a common scientific question but also extends
previous knowledge by answering new questions from existing data [131]. This

116



5.2 Research synthesis and Open Science

approach fosters the inclusion of fresh perspectives in existing research. For
example, this doctoral thesis incorporates the sex variable into the comprehen-
sive meta-analyses of publicly available transcriptomic studies on non-alcoholic
fatty liver disease and multiple sclerosis, enriching our understanding of these
conditions. The systematic review and meta-analysis methodology has been
extensively employed by the Computational Biomedicine Laboratory at the
Centro de Investigacién Principe Felipe as a powerful approach for uncovering
sex-specific molecular alterations in a range of diseases, including cancers [181,
182], neurodegenerative disorders [31, 183, 184|, and psychiatric conditions
[185], among others [186, 187]; inspiring advancements in our understanding
and treatment of these pathologies.

Nowadays, the field of research synthesis is on the edge of a revolutionary trans-
formation. Advances in artificial intelligence (AI) have led to the development
of numerous tools that can assist with various stages of systematic reviews,
such as screening and data extraction [143, 188]. These tools enable a more
efficient processing of large volumes of information. However, Al in research
synthesis is still in the beginning phase and should be considered a supplement
to human work. Further research is necessary to evaluate the effectiveness,
accuracy, validity, and limitations of these Al tools, as well as their impact on
the quality and reliability of research synthesis [188].

5.2.2 Open Science

Like many systematic reviews and meta-analyses, one of the primary lim-
itations of this doctoral thesis was the scarcity of available transcriptomic
studies in public databases containing complete information about individu-
als. The systematic review conducted in the NAFLD study identified only
seven datasets that met the necessary criteria (Table 3.1). In contrast, the MS
systematic review found five datasets related to blood samples and four related
to brain tissue samples (Table 4.2).

Although the number of publicly accessible studies is continuously increasing
[123], it remains relatively limited. Additionally, the metadata (information on
samples such as sex, disease, and tissue source site [189]) available from these
studies is heterogeneous, complicating the application of integrative techniques
and preventing the possibility of integrating other variables of interest. In
this regard, it is noteworthy that a significant number of studies meeting the
inclusion criteria did not include the sex variable in their available sample
metadata. For the NAFLD study, 44.5% of the studies did not specify the sex
of the participants, while for the MS study, the percentage was 42.2%. This
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highlights the importance of not only depositing data in open repositories but
also ensuring that all relevant metadata is included and considering sex as one
of them.

To address these issues, one potential solution is Open Science. Open Science
is a transformative movement that aims to make scientific research, data, and
methodologies accessible to everyone [124, 125, 126|. It includes various ini-
tiatives such as open access publishing, data sharing, and the development of
open-source software [190]. This movement is supported by important interna-
tional institutions, such as UNESCO, the European Union, and the National
Academies of Sciences, Engineering, and Medicine (US) [124, 128, 130], since
the principles it promotes are highly beneficial both for science itself and for the
general public. First, the open publication of data enhances reproducibility,
leading to more robust and high-quality scientific research. Second, allowing
data to be reused accelerates innovation and optimizes the use of public funds,
enabling researchers to address questions that were not initially considered in
the original studies. Additionally, open publications receive greater visibility,
resulting in a higher number of citations [189]. Finally, Open Science aims to
make knowledge accessible to the public, contributing to the democratization
of information and combating misinformation [124].

Within the Open Science movement and open data sharing, a key aspect is the
FAIR principles: Findable, Accessible, Interpretable, Reusable. These princi-
ples, outlined in Wilkinson et al. [127], provide clear standards to ensure that
others can easily find and access your data. Once users access the data, the
principles also ensure that it is straightforward for them to understand and
reuse it [189], allowing for the effective use of this valuable resource. Applying
the FAIR principles, ensuring datasets with complete and standardized meta-
data, including variables like sex and age, would have increased the number of
eligible studies in our systematic reviews. This, in turn, would have enhanced
the statistical power of our meta-analysis.

Other essential aspects of Open Science include collaboration and open soft-
ware. In this regard, web tools serve as vital resources, enabling less experi-
enced researchers to conduct bicinformatic analyses. The range of web tools
is extensive, from tools for graphical representation of results to platforms
for much more complex analysis and pipelines [191, 192, 193]. Concerning
functional meta-analyses from a sex perspective, the MetaFun tool [194] has
recently been published by our research group, allowing this analysis to be
performed without the need for bioinformatics knowledge. This web tool is
available on the web at https://bioinfo.cipf.es/metafun/ and its source code
is open to any user at https://gitlab.com/ubb-cipf/metafunweb. Web plat-
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forms also provide a user-friendly means of visualizing and accessing results.
In this thesis, we have created a dedicated website for each chapter, which col-
lects the results and graphical representations generated within those chapters.
These platforms are accessible in http://bioinfo.cipf.es/metafun-NAFLD/ and
http://bioinfo.cipf.es/metafun-MS/ for NAFLD and MS works, respectively.

The full results of this doctoral thesis are publicly available in the Zenodo
repository (see Appendix I), which is supported by the OpenAIRE program
[195]. This initiative was commissioned by the European Commission to pro-
mote open access and open data movements in Europe.
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Chapter 6

Conclusions

The conclusions obtained in this thesis are as follows:

1.

The functional meta-analysis of NAFLD identified significant differences
in interleuking 2 and 6 between males and females during the progres-
sion from NAFL to NASH. These differences point to a different immune
system modulation between males and females in disease progression.

. Functional sex-associated changes in the progression of NAFLD may be

linked to apoptosis or cellular repair pathways.

Meta-analyses of genes in MS blood samples found sex-specific differences
in the KIR2DL3 gene, the absence of which has been linked with the
development of the disease, identifying it as a candidate gene for MS
detection in liquid biopsy in males.

Analysis of blood and brain tissue from MS patients shows that inflam-
mation and immune responses are present in both females and males,
though they involve different target genes in each sex.

The functional study of the transcriptomes from brain tissue in males
and females revealed distinct patterns of immunomodulation in MS, with
alterations more related to the myeloid lineage and the pro-inflammatory
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10.

122

environment in females and more associated with the lymphoid lineage
in males.

. Interleukins 2 and 6 show different behaviors between males and females

in the pathologies studied, being potential targets for future treatments
of these diseases depending on the patient’s sex.

The joint results of this thesis highlight how sex differences in the immune
system significantly influence the development of nonalcoholic fatty liver
disease and multiple sclerosis.

. The set of sex-associated alterations found in this doctoral thesis, associ-

ated with nonalcoholic fatty liver disease and multiple sclerosis, represent
an advance in reducing the existing sex bias in these diseases. However,
further studies are still needed to translate these findings into clinical
practice.

. Systematic reviews and meta-analyses have proven effective methodolo-

gies for reducing sex bias in health and medicine, identifying changes at
the genetic, functional, and metabolic pathway levels, even with the lim-
itation of having a small number of eligible studies available in publicly
accessible databases.

Openly accessible data with standardized patient information is still lim-
ited, which is a constraint for systematic reviews and meta-analyses.
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Appendix 1

Interpretation of meta-analysis
results

As this work is a doctoral thesis composed of various papers, it does not have
a dedicated material and methods section. However, providing an explanation
of the results from the meta-analyses may be helpful.

As indicated within each chapter, the detailed results of each article are avail-
able on a web platform and on the public repository Zenodo:

o Chapter 3:  Hepatic steatosis and steatohepatilis: o functional
meta-analysis of sex-based differences in  transcriptomic studies.
Results available at https://bioinfo.cipf.es/metafun-NAFLD/ &
https://zenodo.org/doi/10.5281/zenodo.14062682

e Chapter 4: A deep transcriptome meta-analysis reveals sex differences in
multiple sclerosis. Results available at https://bioinfo.cipf.es/metafun-
MS/ & https://zenodo.org/doi/10.5281 /zenodo.5211962
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Appendiz I. Interpretation of meta-analysis results

I.1 Evaluation of the combined effect of the primary studies

For each gene, function, or pathway meta-analysis in this thesis, several statis-
tics are calculated to provide information about the magnitude of the com-
bined change [196]. These results are included both in data tables and visually
through forest plots.

e An estimator of the magnitude of the combined change (logFC or
LOR for genes and functions/pathways, respectively).

e The 95% confidence interval of the estimated combined effect,
which is constructed with the model’s estimated variability. The non-

inclusion of the value 0 in the interval would confirm the significance of
the logFC/LOR.

e The p-value: the significance level for a null combined effect. These p-
values are adjusted using the Benjamini & Hochberg [197] or Benjamini
& Yekutieli [198] method, depending on the analysis.

Forest plots visually represent the results of meta-analyses. They consist of
elements that are essential for accurate interpretation. These elements are
detailed below and can be identified in Fig. I.1.

e On the left side of the plot, the studies included in the meta-analysis are
listed along the y-axis.

e On the right is the value of the summary measure of each study and its
confidence interval at 95%.

e In the center, there is a segment and a black square that represent the
confidence interval and the effect measure value for each individual study.
The size of the black square indicates the precision of the estimates.

e At the bottom of the plot, the combined effect of the meta-analysis is
displayed, along with its 95% confidence interval. This is represented
by a diamond shape that is centered on the effect value, and its width
corresponds to the confidence interval for the effect.
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Fig. I.1: Example of a forest plot showing the results of the meta-analysis of the GO:0090178
process for 6 primary studies. The image shows each study’s effect measure (Log Odds Ratio),
95% confidence interval, and standard error (SD). Also, the combined effect measure and its
95% confidence interval resulted from the individual studies’ meta-analysis.

I.2 Evaluation of the heterogeneity and the influence of the
primary studies

FEvaluation of the heterogeneity of the primary studies

The differences among the primary studies refer to the variability in the re-
sults obtained from each study. Variability in meta-analyses is unavoidable
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[199], and various methods have been developed to evaluate and represent this
variability. The methods used in this work are described below [141, 196, 200]:

e QF & QFEp represent the contrast statistic and p-value, respectively, of
the DerSimonian and Laird [201] test for detecting between-study hetero-
geneity. The null hypothesis of this test points to the absence of hetero-
geneity between studies.

e 72, Estimate of residual amount of heterogeneity.

e [?. Estimation, as a percentage, of the variability between studies con-
cerning the overall variability, i.e., variability not due to chance. The
25%, 50%, and 75% values are usually used to delimit low, moderate,
and high heterogeneity, respectively.

e H?2. The ratio of global variability to sampling variability [202].

The DerSimonian and Laird test of heterogeneity between studies [201] has
low statistical power when there are few primary studies, so it is beneficial
to utilize graphical representations of heterogeneity. For this purpose, funnel
plots have been used in this doctoral thesis. Funnel plots can be used to
illustrate the variability of different studies and the presence of biases [203].
These representations show the magnitude of the effect on the X-axis versus a
measure of precision (variance, standard error, etc.) on the Y-axis. The lines
delimiting the funnel area represent the 95% confidence interval limits. In the
absence of bias, a symmetrical graph is expected. Fig. 1.2 shows an example
funnel plot of the GO:0090178 process from Chapter 3.

FEvaluation of the influence of the primary studies

It is important to note that the presence of primary studies with significantly
different magnitudes or variabilities compared to others can greatly affect the
results of a meta-analysis [196]. Removing these studies would considerably
reduce the heterogeneity and improve the precision of the average outcome
estimated by the random-effects model. Nevertheless, rather than simply ex-
cluding these studies, it is essential to examine them to understand the rea-
sons behind their unusual results. Outliers and influential cases may provide
valuable insights into study characteristics that could be acting as potential
moderators, revealing new patterns and leading to new insights [204]|. The as-
sessment of data influence analysis is already implemented in regression models
[205, 206] and has been adapted to meta-analyses to detect studies with a su-
perior influence on the model.
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Fig. I.2: Example of a funnel plots showing the results of the meta-analysis of GO:0090178
process for 6 primary studies. The X-axis shows the variability estimators (standard error,
sampling variance, inverse standard error, and inverse sampling variance), while the Y-axis
shows the effect of magnitude as LOR. It can be seen how all four studies are within the
confidence region defined by the white area.

Figure 1.3 shows an example of the graphical representations of the influence
diagnostics generated by the metafor R package [200], in which various statis-
tics are evaluated for each primary study.
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Fig. 1.3: Representation of the influence diagnostics plots, performed by the “influence”
function of the metafor R package [200], for the GO:0090178 process analyzing 6 primary
studies. The figure shows a plot of the (1) externally standardized residuals, (2) DFFITS
values, (3) Cook’s distances, (4) covariance ratios, (5) leave-one-out estimates of the amount
of heterogeneity, (6) leave-one-out values of the test statistics for heterogeneity, (7) hat
values, and (8) weights.
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Appendix II

Scientific contributions during
the period of this doctoral
dissertation

Since T began this doctoral thesis in November 2019, I have contributed to
various scientific projects, both directly related to this thesis and through
collaborations with colleagues from the Bioinformatics and Biostatistics Unit
(UBB/CBL) of the Prince Felipe Research Center as well as other research
groups. Additionally, during this time, I have co-directed several final degree
and master’s theses. The details of my contributions are listed below:

Journal papers

1. Irene Soler-Séez; Alcida Karz; Marta R. Hidalgo; Borja Gémez-Cabanes;
Adolfo Lopez-Cerdén; José F. Catala-Senent; Kylie Prutisto-Chang;
Nicole M. Eskow; Benjamin Izar; Torben Redmer; Swaminathan Ku-
mar; Michael A. Davies; Maria de la Iglesia-Vayé; Eva Hernando; Fran-
cisco Garcia-Garcia. Unveiling common transcriptomic features between
melanoma brain metastases and neurodegenerative diseases. Journal of
Investigative Dermatology. 24/09/2024. DOI: 10.1016/;.jid.2024.09.005
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. Pablo Malmierca-Merlo; Rubén Sénchez-Garcia; Rubén Grillo-Risco;

Irene Pérez-Diez; José F. Catala-Senent; Maria de la Iglesia-Vayé;
Marta R. Hidalgo; Francisco Garcia-Garcia. MetaFun: unveiling sex-
based differences in multiple transcriptomic studies through comprehen-
sive functional meta-analysis. Biology of Sex Differences. 27/08/2024.
DOTI: 10.1186/s13293-024-00640-0

. Elena G. Biosca; Ricardo Delgado Santander; Félix Mor4n; Angela Figas-
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