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Micro RNAs (miRNAs) are small non-coding single stranded RNAs who act as post-transcriptional
silencers of gene expression through the translational inhibition or degradation of mRNA, being
involved in the regulation of most cellular processes, including haematopoiesis, the differentiation of
multipotential haemotopoietic stem cells into blood cellular components, such as T lymphocyte cells.

CD4+ T helper cells (Th cells), one of two main classes of T lymphocytes, coordinate other immune
system cells, and are further classified in several subtypes, which express different transcription factors
and cytokines and are produced preferentially in different cellular environments.

Logical models (Bornholdt, 2008; Wang et al., 2012) are defined by Logical Regulatory Networks
(LRG), a series of nodes and edges corresponding to the regulatory components of a system (example:
proteins), and the interactions between nodes (example: activations and inhibitions). Nodes are also
associated with discrete variables, which represent their activity level, and logical rules, whose role is
to determine the activity level of a node.

Through the adaptation of a previously published model (Abou-Jaoudé et al., 2015), with new
nodes and interactions, we studied the impact of miR-34c-5p on naive CD4 T cell differentiation, along
with miR-155-5p (which we use as a control). We found a set of logical rules able to produce all Th cell
subtypes in their preferred environment and analyzed the steady states of the model across thirty-six
different initial conditions, representing different cellular environments.

Thus, we conclude that miR-34c-5p may play an inhibitory role in naive CD4 T cell differentiation
into Th9 and Th17 cells, a stimulatory role in the formation of Th2, Th22, Tfth and Treg cells, while
playing no role in the formation of Th1 cells. We also found some evidence that miR-34c-5p can inhibit
the effect of miR-155-5p in naive CD4 T cell differentiation.
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Micro RNAs (miRNAs) sdo pequenos RNAs ndo-codificantes, com 22 a 23 nucleotideos de
comprimento, que atuam como silenciadores pds-transcricionais da expressdo génica através da sua
ligacdo a mRNAS, que resulta na inibi¢do ou degradacdo do mRNA. Como um Unico miRNA pode ter
multiplos MRNAs como alvo, estima-se que pelo menos 50% dos genes codificadores de proteinas estdo
sob a regulacdo de um miRNA, e a maioria, ou talvez até mesmo todos, os processos celulares estdo sob
a influéncia de pelo menos um miRNA. De entre os processos celulares sob a regulagdo dos miRNAs
encontra-se a hematopoiese, o processo de diferenciacdo de células estaminais hematopoiéticas
pluripotentes em componentes celulares do sangue. E este o processo celular que da origem a muitas
das células do sistema imunoldgico.

O sistema imunoldgico é um sistema de defesa em profundidade com trés camadas. Desta forma,
a primeira camada, que raramente é pensada como sendo parte do sistema imunolégico, refere-se as
barreiras fisicas entre o organismo e seu ambiente circundante, tais como a pele e o epitélio gastrico.
Por sua vez, a segunda camada, o sistema imunoldgico inato, fornece uma resposta imune inespecifica
contra patogenos estranhos e inclui uma grande variedade de tipos de células, tais como 0s macréfagos,
basofilos e neutrdfilos. Finalmente, a Ultima camada do sistema imunoldgico, o sistema imunoldgico
adaptativo é responsavel pelas respostas imunes especificas contra patdgenos estranhos especificos, e é
composto principalmente por linfocitos B e T.

Os linfocitos T sdo classificados principalmente em duas classes: células citotoxicas CD8+ e
células T auxiliares CD4+ (células Th). Estas ultimas actuam como os “maestros” do sistema
imunoldgico, servindo de coordenador de funcBes das restantes células do sistema imunoldgico. As
células Th também podem ser classificadas em varios subtipos, de acordo com a expressdo de conjuntos
especificos de fatores de transcrigdo e citocinas. Por sua vez, os diferentes subtipos de células Th séo
produzidas preferencialmente em ambientes celulares especificos.

Esta tese pretende avaliar qual o impacto que o miR-34c-5p tem sobre a diferenciacdo de células T
CD4 imaturas através do uso de modelacéo logica. Esta tese tem também um interesse especial no miR-
155-5p, que é utilizado como controlo, uma vez que se trata de um miRNA extremamente bem estudado
cujo potencial oncogénico e papel no sistema imunoldgico esta muito bem documentado na literatura.
Por outro lado, a maioria do conhecimento acerca do miR-34c¢-5p deve-se ao estudo deste miRNA num
contexto oncoldgico. Embora tenham ocorrido sugestdes prévias acerca da capacidade deste miRNA de
regular genes associados a sinalizagdo de TCR, foi o laborat6rio hospedeiro que relatou pela primeira
vez a expressao de miR-34c-5p em células T CD4+ (Amaral et al., 2017).

Como mencionado previamente, o estudo do impacto do miR-34-c-5p na diferenciacdo de células
T CD4 imaturas é realizado através do uso de modelos légicos, cuja natureza qualitativa e capacidade
de modelar sistemas com até algumas centenas de componentes, permite o estudo de grandes redes
regulatérias de sinalizacdo e transcricdo nas quais dados quantitativos detalhados estdo total ou
parcialmente ausentes, tal como no caso de redes regulatorias Th.

Os modelos Idgicos (Bornholdt, 2008; Wang et al., 2012) sdo definidos por Redes Regulatdrias
Logicas (LRG), que sdo constituidas por uma série de nds e arestas, sendo que 0S primeiros
correspondem aos componentes regulatérios de um sistema (tais como proteinas ou genes), enquanto
que os Ultimos referem-se as interacBes entre 0s nds (como ativagdes e inibi¢des). Por sua vez, 0s n6s
estdo também associados a varidveis discretas, que representam o seu nivel de atividade, e a regras



légicas, cuja funcdo € determinar qual o valor de um nd, e que sdo escritas com uma serie de operadores
I6gicos tais como “!”, “|” e “&” (cujo significado &, respectivamente, “nao”, “ou” e “e”).

Nesta tese, adaptamos um modelo publicado anteriormente por (Abou-Jaoudé et al., 2015), com a
adicdo de novos nos e interacBes, que correspondem a miR-34c¢-5p, miR-155-5p, e aos seus alvos e
fatores de transcricdo, desde que tais alvos e fatores de transcricdo sirvam como alvos e origens de
interacfes aos nOs que estavam presentes no modelo original. Usando este modelo adaptado como a
base, procedemos a criar uma nova série de regras légicas, devido a necessidade de criar regras logicas
para 0s nos que estdo a ser adicionados, e a necessidade de adaptar as regras logicas dos n6s que estavam
presentes no modelo original, mas que devido as nossas adi¢Bes, passaram agora a interagir com 0s nos
que passaram a estar nesta versdo do modelo. Apds realizar esta tarefa, procedemos a obtencdo dos
estados estaciondrios dessa versdo do nosso modelo modificado para um conjunto de trinta e seis
condic@es iniciais diferentes (correspondendo a nove ambientes de interesse especial e as quatro
combinagdes possiveis de auséncia ou expressdo dos nossos dois mMiRNAs de interesse), que sdo depois
analisados de forma a avaliar o impacto do miR-34c-5p na diferenciacdo de células T CD4 imaturas.
Infelizmente, a analise dos estados estacionarios obtidos mostrou que varios subtipos das células Th ndo
eram obtidos nos ambientes em que esses subtipos de células Th deviam ser produzidos
preferencialmente. De forma a resolver este problema, prosseguiu-se a criagdo de novos conjuntos de
regras logicas. Estes novos conjuntos contrastavam com as regras anteriores por serem mais “leves”,
isto é menos restritivas, e por procurarem evitar cenarios nos quais o modelo adaptado poderia mostrar
um nd como estando inactivo, enquanto que o modelo original mostraria 0 mesmo né como estando
activo. Apos varios conjuntos de regras logicas, finalmente obtivemos um conjunto de regras légicas
que levaram a obtencéo de estados estacionarios nos quais os diferentes subtipos de células Th eram
obtidos nos ambientes em que esses subtipos de células Th sdo preferencialmente produzidos.

Neste ponto, podiamos simplesmente prosseguir a analise dos estados estacionarios de forma a
estudar qual o impacto que miR-34c-5p tem sobre a diferenciagdo das células Th. No entanto, decidimos
tomar um caminho diferente. Dessa forma, procedemos a criagdo de um ultimo modelo adaptado. Nos
modelos anteriores, nunca tivemos em conta a existéncia de provas que provassem se um no era ou ndo
expresso em células Th. Desta forma, tendo em conta os dados obtidos em (Cano-Gamez et al., 2020),
procedemos a identificacdo dos nés que sabemos que sdo expressos em células Th. Por sua vez, se um
n6 ndo tem provas da expressdo em células Th, procedemos a sua eliminacdo. Desta forma, procedemos
a eliminagdo dos seguintes nos: FLI1, ETS1, TCF4, NR3C1, EGR1, AR, ELF3, FOX03, FOS, HIF1A
and SNAIL. E de ter em conta, que é perfeitamente possivel que estes nés sejam na realidade expressos
e simplesmente tal informag&o néo esteja atualmente disponivel. De qualquer forma, a eliminacéo destes
nos tornou necessario a alteracdo de algumas das regras logicas.

Apos tais alteracGes procedemos a obtencdo dos estados estacionarios do ultimo modelo e sua
subsequente analise, a partir do qual podemos concluir que 0 miR-34c-5p desempenha um papel de
inibicdo da diferenciacdo de células T CD4 imaturas em células Th9 e Th17, ao mesmo tempo que
desempenha um papel estimulador na formacao de células Th2, Th22, Tfh e Treg, enquanto que no caso
da formac&o de células Th1 parece ndo ter nenhum envolvimento. Da mesma forma, obtivemos algumas
provas de que miR-34c-5p pode inibir o efeito de miR-155-5p na diferenciacdo de células T CD4
imaturas.
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1 Introduction

1.1 MicroRNAs

Micro RNAs (miRNAS) are small non-coding single stranded RNAs, with an average length of
22 to 23 nucleotides, whose role is to regulate gene expression by acting as post-transcriptional silencers
of gene expression.

Currently half of the known miRNAs have their origin in introns, with only a small part being
coded by exons, and the remaining being intergenic (de Rie et al., 2017; Kim & Kim, 2007). MiRNAs
undergo transcription by either RNA polymerase Il or 111, and proceed to fold into a secondary structure
with one or more hairpin loops (Yoontae Lee et al., 2002), which are recognized and cleaved by the
microprocessor complex, which is comprised of DiGeorge syndrome critical region 8 (DGCRS8) and
Drosha, giving rise to a stem loop precursor miRNA (pre-miR) with a length of 60 to 70 nucleotides (Y.
Lee et al., 2003). This pre-miR is then transported to the cytoplasm where it undergoes a secondary
processing step by Dicer, which results in an RNA duplex (Y. Lee et al., 2003; Yoontae Lee et al., 2002),
which is incorporated into the RNA-induced silencing complex (RISC), where one strand undergoes
degradation while the other forms mature miRNA (Guo et al., 2010).
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Figure 1.1.1- General illustration of four different miRNA biogenesis pathways, including both the canonical pathway and
three non-canonical pathways. Image taken from (O’Brien et al., 2018)

Once the mature miRNA is formed, it guides RISC to its target transcript through the use of the
partial complementarity between the miRNA and its target mMRNA (Filipowicz et al., 2008). The
complementarity between miRNA and mRNA is usually high in the seed sequence of the miRNA, which
usually corresponds to the second to seventh nucleotides of the 5’-end of the miRNA, and weak on the
3’-end. As such, in general the binding of miRNA and mRNA occurs usually at the 3’ untranslated

1



region of the target mRNA, although it can also occur less frequently at the 5’ untranslated region of its
target mMRNA transcript (Bartel, 2009). This binding leads to the translational inhibition or degradation
of mMRNA (Filipowicz et al., 2008; Guo et al., 2010). Although, this canonical method of miRNA
biogenesis is the one that occurs most of the times, there have been reports of alternative pathways
(Figure 1.1.1), as mentioned in (O’Brien et al., 2018).

Given the multi-specificity of a single miRNA that allows it to be able to regulate the expression
of multiple genes, and that simultaneously a single gene may be under the regulation of several miRNAs,
at least 50% of protein coding genes are estimated to be under the regulation of a miRNA, and therefore
most, if not all, cellular processes are under the influence of at least one miRNA.

1.2  Tlymphocytes

Haematopoiesis, the process of differentiation of multipotential haemotopoietic stem cells into
the blood cellular components (Figure 1.2.1), such as erythrocytes and lymphocytes, is one of the many
cellular processes under the regulation of miRNAsS, as evidenced by the fact that upon Dicer deletion in
embryonic stem cells and haematopoiesis stem and progenitor cells (HSPC), there occurs an increase of
apoptosis that severely impairs the maturation of HSPC. The existence of distinct miRNA expression
patterns in HSPC, during the differentiation and also in mature hematopoietic cell lineages in both mouse
and human (Allantaz et al., 2012; Liao et al., 2008; Merkerova et al., 2008; Monticelli et al., 2005;
Raghavachari et al., 2014), provides further evidence of the involvement of miRNAs in this process.
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Figure 1.2.1- Graphical representation of Haematopoiesis, the differentiation of multipotential hematopoietic stem cells in
the different cellular components of blood. Figure by A.Rad and M.H&aggstrom. (CC-BY-SA 3.0 license
https://creativecommons.org/licenses/by-sa/3.0/deed.en_US).

Since this is the process that gives origin to the many different cell types of the immune system,
and that these cell types are also found to be under the regulation of miRNA, the fact that the
dysregulation of specific miRNAs is linked with a myriad of pathological conditions such as



autoimmune diseases, cancers and leukemia, shouldn’t come as a surprise (Boldin et al., 2011; Curtale
et al., 2010; O’Connell et al., 2008a; Sekuklu et al., 2009; Xiao et al., 2008; Xue et al., 2013; X. Zhou
etal., 2008).

The immune system may be seen as a defense in depth system with three layers. The first layer
is rarely thought as part of the immune system and refers to the physical barriers between the organism
and its surrounding environment, such as the skin. The second layer, the innate immune system provides
a non-specific immune response against foreign pathogens and includes a great variety of cell types such
as macrophages. The last layer of the immune system, the adaptative immune system is responsible for
the specific immune responses against specific foreign pathogens, and is comprised mostly by B and T
lymphocytes.

The role of T lymphocytes in the adaptative immune system is to recognize foreign pathogens
and initiate a specific immune response to neutralize the danger that they present to the host organism.
In order to accomplish this goal, after their production in the bone marrow, T lymphocytes proceed to
migrate to the thymus, where they acquire their T-cell receptor (TCR), which then goes through a
rearrangement process. Thanks to the differential expression of CD4 and CD8 co-receptors, the TCR
rearrangement process can easily be classified into different stages. Those states correspond to four
double-negative stages, which are followed by four double-positive phases. These stages of
development correspond to positive and negative selection processes whose purpose is to generate T
cells whose somatic rearrangements are productive while simultaneously avoiding self-reactivity. The
last stage of TCR rearrangement results in either CD4 or CD8 single positive cells, which correspond to
mature naive T lymphocytes (Gameiro et al., 2010). In accordance with which of these co-receptors is
expressed, T lymphocytes are classified as either CD8+ cytotoxic cells, whose role is to destroy cells
infected by viruses and malignant cells, or CD4+ T helper cells, which act as the conductors of the
immune system, by coordinating the functions of other cells of the immune system.

The activation of naive CD4+ T lymphocytes occurs upon the presentation of antigens by
antigen presenting cells (APC cells) with the major histocompatibility complex class Il protein complex
(MHC-I1I) to the T cell receptors (TCR) of naive T cell lymphocytes, an event that results in the initiation
of a series of signaling cascades which leads to the activation of several transcription factors that are
responsible for whether or not T lymphocytes undergo differentiation (Huang & Wange, 2004). In
accordance to the cytokine environment in which it is present, naive CD4+ lymphocytes will
differentiate preferentially into a different subtype of CD4+ T cell. The different preferential
environments are presented in Table 1.1.

Although the first two subtypes of CD4+ T lymphocytes, T helper 1 (Th1) and T helper 2 (Th2)
cells, where identified in early immune response studies (Mosmann et al., 1986), it has not until recently
that studies such as those of (Dardalhon et al., 2008; Soroosh & Doherty, 2009; Veldhoen et al., 2008)
lead to the discovery of additional subtypes, such as T helper 9 (Th9) cells, which according to (Kaplan,
2013) are involved in pathogen immunity and inflammatory diseases. The different subtypes of Th
lymphocytes are characterized by the production of a specific set of cytokines, which leads to each
subtype having different functions in the hosts immune system.



Table 1.1- Table containing the cytokine environments that result into preferential differentiation of naive T CD4+
lymphocytes into specific CD4+ T cell subtypes, alongisde two addional environments in which naive CD4+ cells undergo
no stimulation or only APC presence as the only stimulus.The green spaces correspond to the elements that are present in

each of the cytokine environments, while blank spaces correspond to the elements that are absent. As such, an environmnet in
which APC and environmnetal IL12 are present leads to the preferential production of the Th1 subtype.

APC | IL12 IL4 IL6 TFGB IL1B IL23 IL21 IL2

No

stimulation
APC only
Pro Thl
Pro Th2
Pro Th17
Pro Treg
Pro Tth
Pro Th9
Pro Th22

Another recent set of discoveries showed, that under certain conditions, some Th cells are able
to transform into another subtype. One example of such occurrence are the reports of Th17 cells being
able to produce cytokines specific to Thl cell (Harbour et al., 2015; Y. K. Lee et al., 2009; Nindl et al.,
2012; Shi et al., 2008). In this case these Th17 cells went from belonging to the Th17 subtype to being
part of a Th1-Th17 hybrid population (Kullberg et al., 2006; Morrison et al., 2013). The existence of
these hybrid populations further reinforces the high degree of heterogenicity of CD4+ T cells. It should
be noted that even studies performed with polarized CD4+ T cell populations under controlled in vitro
conditions lead to the creation of hybrid populations (Assenmacher et al., 1994; Bucy et al., 1994;
Eizenberg-Magar et al., 2017; Kelso et al., 1999; Openshaw et al., 1995), with segregation of signaling
proteins during asymmetric cell division having been proposed as an explanation for such observations
(Chang et al., 2007; Verbist et al., 2016).

Regardless, many miRNAs have a regulatory role in the proliferation, activation, development,
differentiation and function of T lymphocyte cells, and upon antigen binding to the TCR of a naive
CD4+ T lymphocyte, the miRNA repertoire is altered, as a consequence of signaling and downstream
changes in expression of transcription factors. Previous work realized by the host lab (Amaral et al.,
2017) shows that two specific miRNAs, miR-155-5p and miR-34c-5p are differentially upregulated after
TCR engagement with anti CD-28, anti CD-3 and Interleukin-2 (IL2). This regulatory role of mMiRNAs
doesn’t apply only to T lymphocytes, with miRNAs regulatory influence also spreading to the rest
immune system. For the sake of brevity, and given the context of this thesis, we shall only mention the
roles played by miR-155-5p and miR-34c-5p.

1.3 miR-155-5p and miR-34c-5p
In this thesis, we are interested in two particular miRNAs, miR-155-5p and miR-34¢-5p.

Given its oncogenic potential and the crucial role that it plays in the immune system, miR-155-
5p is extremely well studied. As such, the literature shows that in the innate immune system, in
conjunction with miR-146a, miR-155-5p is one of the key players of macrophage development
(O’connell et al., 2007). Additionally, several regulators of myeloid cell differentiation, such as PU.1,
BACH1/FANCJ, CSF1R and C/EBPS, are downregulated by miR-155-5p (O’Connell et al., 2008a).



Likewise, during T cell activation, miR-155-5p has also been reported to regulate some
transcription factors such as AP1 (Yin et al., 2008) and STAT5 (Kopp et al., 2013). It should be noted
that these transcription factors aren’t the only ones under the regulatory activity of miR-155-5p. IL-2,
an essential autocrine cytokine for T cell activation, has its signaling pathway regulated by several
miRNAs, including miR-155-5p. The literature shows that miR-155-5p is induced upon T-cell activation
and enhances T cell proliferation, through the inhibition of the suppressor of cytokine signaling 1
(SOCS1) (Dudda et al., 2013), and through the inhibition of CTLA-4 (Sonkoly et al., 2010), a negative
regulator of T-cell activation.

The literature also shows that miR-155-5p is one of the miRNAs that is induced early upon
activation of both B and T lymphocytes (Rodriguez et al., 2007; Thai et al., 2007), and that it is involved
in T-cell differentiation (Banerjee et al., 2010), where it plays a crucial role in the function of Thi, Treg
and Th17.

On the other hand, unlike miR-155-5p whose impact on CD4+ T cells was been reported, miR-
34c-5p was studied mostly in an oncological context, where its expression is dysregulated, and where it
functions as an inducer of apoptosis and a repressor of cell proliferation (Hermeking, 2010). Although,
previous works suggests that miR-34c-5p is able to regulate genes associated with TCR signaling, it was
the host lab that first reported miR-34c-5p expression on CD4+ T cells (Amaral et al., 2017).

MiR-34c-5p is part of the miR-34 family, which includes two other members, miR-34a and
miR-34b. The three members of this family are distinguished by their chromosomal location, with miR-
34a being located in chromosome 1 while miR-34b and miR-34c are located in chromosome 11, and by
their promoters having slightly different affinity to different transcription factors (TFs).

The main activating TFs of miR-34 family are TP53 (Rokavec et al., 2014), SP1 (X. Xu et al.,
2012), and FOXOs (Masui et al., 2013), specially FOXO3 for miR34b and c. On the other hand, in the
particular case of miR-34c-5p, the main inhibitor TFs are STAT3 and EMT-TFs (Rokavec et al., 2014).

As previously mentioned, previous work at the host lab, showed that upon naive CD4 T cell
stimulation with anti-CD3, anti-CD28 and IL-2, miR-34c-5p is up-regulated, with its expression peaking
at 72 to 96 hours after stimulation. It should be noted that this observation only occurred in naive CD4
T cells, and when given the same stimulus, memory CD4 T cells showed no up-regulation of this
miRNA.

1.4 Thsubtypes

MiRNA regulation is essential for proper immune function of CD4+ T helper cells. CD4+ T
cells are grouped into several subtypes, each one with a different role in the host immune system. The
different subtypes can be identified in accordance with the transcription factors and cytokines that a cell
expresses, with such patterns being nicknamed as “cytokine expression profile” for the sake of simplicity
(Table 1.2). It should be noted that each different Th cell subtype is associated with a different cytokine
expression profile.

The dysregulation of miRNA may lead to malfunction of CD4+ T cells, and such malfunctions
affect not only how the subtypes of CD4+ T cells play their role in the host immune system, and thus
can contribute or be the cause of certain pathologies.

As such, the dysregulation of miRNA has been associated with a myriad of pathological
conditions, such as haematological cancers (Calin et al., 2004; Calin & Croce, 2006; de Leeuw et al.,
2013; Esquela-Kerscher & Slack, 2006; Garzon et al., 2008; J. Lu et al., 2005; Schotte et al., 2012) and
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Table 1.2- Table of the “cytokine expression profiles" used to identify to which Th subtype a differentiated Th cell belongs. Red spaces indicate nodes that must be absent. Green spaces indicates
nodes that must be expressed. Yellow spaces indicate nodes that can be expressed but whose presence is not necessary for a cell to belong to a given Th cell subtype.

Transcription Factors Secreted cytokines

TBET | GATA3 | RORGT | FOXP3 | BCL6 | PU.1 | STAT3

Th cell subtypes




autoimmune diseases (Simpson & Ansel, 2015; Singh et al., 2013), such as multiple sclerosis,
Sjogren syndrome and autoimmune gastritis.

In haematological cancers, the inhibition of the negative signaling regulators SHIP1 and SOCS1
by miR-155-5p, as lead to the association of miR-155-5p with myeloid and lymphoid leukemia
(O’connell et al., n.d., 2007; O’Connell et al., 2008b).

By the same token, it is of the utmost importance for the Th subtypes to be kept in balance, with
such balance being kept in accordance with the impact of the different subtypes upon the regulation of
autoimmunity and inflammation. This is illustrated by the fact that pro-inflammatory T cells such as
Thl and Thl7 are beneficial in cases of infection, but in cases of chronic inflammation and
autoimmunity may cause more harm than good. With situations such as these in mind, the understanding
of how miRNAs are involved in differentiation of T cells become of the upmost importance, since such
knowledge can result in the development of new diagnostic tools and immune therapies. A specific case
of such instance can be found in the imbalance of Th17/Treg ratio, which is found to be a major driver
of various autoimmune and inflammatory diseases such as Multiple sclerosis (MS) /Experimental
autoimmune encephalomyelitis (EAE) (Jamshidian et al., 2013; Naghavian et al., 2015; Tzartos et al.,
2008), where miR-155-5p is found to be elevated in CD4+ T cells of EAE mice, and when absent, these
cells develop a milder form of EAE and possess fewer Th17 cells (Murugaiyan et al., 2015; O’Connell
etal., 2010).

As such, in the following sections we shall focus on the effect of miRNAs, specially miR-155-
5p, on the differentiation and function of the different subtypes of CD4+ T cells. For a more in-depth
discussion of the effect of mMiRNAs on CD4+ cell subtype consult (Inécio et al., 2018; Kroesen et al.,
2015; Mehta & Baltimore, 2016).

1.4.1 miR-155-5p impact on Th1 cells differentiation and function

Together with Th2, Thl is one of the two “classical” subsets of CD4+ T cells, with Th1l cells
activating macrophages, cytotoxic T cells and natural Killer cells, and playing a key role in the host
defense against intracellular pathogens and tumors, although it can contribute to autoimmune
pathologies when its regulation is impaired (Wilson et al., 2009). Th1 are preferentially produced in an
environment where APC and environmental 1L12 are present and express T-bet and IFNy.

The effect of miRNAs in Thl cell can be seen in experiments in which specific genetic
inactivation of Drosha, DGCRS8 or Dicer, result in miRNA-deficient T cells with an increase in T-bet
expression and IFN-y production (Chong et al., 2008; Muljo et al., 2005; Steiner et al., 2011).

MiR-155 favors Thl differentiation (O’Connell et al., 2010) through inhibition of SHIP1, a
negative regulator of PI3K signaling pathway (Soond et al., 2010). MiR-155-5p plays a crucial role in
determining whether a naive ThO cell differentiates into a Thl or a Th2 cell, being rapidly induced upon
T cell activation. MiR-155-5p overexpression leads to the downregulation of IFN-y a-chain receptor
(IFNGR1) by direct targeting in activated CD4+ T cells and thus promoting Thl differentiation
(Banerjee et al., 2010).

1.4.2 miR-155-5p impact on Th2 cells differentiation and function
The second classical CD4+ T cell subtype, Th2, has its cytokine expression profile characterized
by the expression GATA3, IL4, IL5, and IL13 and is preferentially produced in an environment in which



APC is present in conjunction with environmental IL4 and IL2. These cells are responsible for the
promotion of the survival of basophil, eosinophil and mast cells, and play a role in the host immune
defense against parasitic infections, being responsible for the secretion of cytokines that stimulate B
cells and for inflammation. Unfortunately, upon malfunctioning, Th2 cells may contribute to chronic
inflammatory diseases, such as allergy and asthma (Fahy, 2015).

Once again, the effect of miRNAs upon Th2 cell differentiation can be observed through the
deletion of DGCR8 in CD4+ T cells, in an environment containing IFN-y blocking antibodies and the
conditions for Th2 cell polarization, which results in an increase of IL4 and IL13 expressing cells, as
observed in miRNA-sufficient control cells (Pua et al., 2016).

The role that miR-155 plays in the decision of whether naive ThO cells becomes a Thl or Th2
cell, should be noted again with, the differentiation of ThO cells to Th2 cells being favored in miR-155
deficient cells (Banerjee et al., 2010; Rodriguez et al., 2007). Additionally, during Th2 differentiation,
miR155 targets SIPR1 mRNA and consequently promotes Th2 cell migration and Th2-mediated airway
disease (Okoye et al., 2014; Simpson et al., 2014).

1.4.3 miR-155-5p impact on Th9 cells differentiation and function

The cytokine profile expression of Th9 subtype (Dardalhon et al., 2008; Soroosh & Doherty,
2009; Veldhoen et al., 2008) is characterized by the production of APC in conjunction with
environmental IL4 and TGFB. This subset is preferentially expressed in an environment where PU1 and
IL9 are present. Th9 cells have been found to be involved in pathogen immunity and inflammatory
diseases (Kaplan, 2013).

An example of the influence of miR-155-5p is the recent discovery that this miRNA regulates
the differentiation of Th9 cells in children with methicillin-resistant Staphylococcus aureus pneumonia,
through the targeting of SIRT1, as described in (Tian & Xu, 2021).

1.4.4 miR-155-5p impact on Th17 cells differentiation and function

Th17 cells (Harrington et al., 2005; Mangan et al., 2006) play a key role in the host defense
against opportunistic fungi and extracellular bacteria through the enhancement of mucosal barrier
functions. The cytokine expression profile of Th17 cells is characterized by the expression of RORGT
and IL17 and is produced preferentially in an environment in which APC is present in conjunction with
environmental IL6, TGFB, IL1B and IL23. The production of the cytokine IL22 is optional.

Cells that are Drosha deficient result in an increase of CD4+ T cells that produce IL-17A in
mice spleen and lymph nodes (Chong et al., 2008; Muljo et al., 2005; Steiner et al., 2011). The impact
of miRNA in Th17 cell differentiation can also be seen in dextran sulfate sodium treated mice where
miR-155 is highly expressed, affecting Th17 cell differentiation through the targeting of Jarid2, which
leads to an increase of IL-22 levels, which is implied with an increase in the number of Th17 cells since
IL22 is one of the optional cytokines that it can produce (M. Xu et al., 2017). Likewise, mice that are
miR-155 deficient are associated with a decrease of both Th1 and Th17 cells (O’Connell et al., 2010).

When Th17 cell response is dysregulated, these cells can play a pathological role in several
inflammatory disorders, such as psoriasis, inflammatory bowel disease (IBD) and MS (Wilson et al.,
2009). It can be observed that, miR-155-5p KO cells, present a decrease in the number of Th17 cells



and the antibodies and cytokines associated with it, which can lead to collagen-induced arthritis
(Kurowska-Stolarska et al., 2011; L. F. Lu et al., 2015; O’Connell et al., 2010).

1.4.5 miR-155-5p impact on Th22 cells differentiation and function

Th22 subtype is preferentially produced in an environment where APC is present in conjunction
with environmental IL6 and its cytokine expression profile is characterized by the production of STAT3
and IL22.

In the literature that we consulted there was no link between miR-155-5p and Th22 subtype.

1.4.6 miR-155-5p impact on Treg cells differentiation and function

Regulatory T cells (Treg) are responsible for regulating effector T cell responses through the
limitation of inflammatory responses and prevention of autoimmunity (Tang & Bluestone, 2006). After
their development in the thymus, Treg cells migrate to the periphery where they are critical to prevent
tissue autoimmunity. Treg cells can also differentiate from naive ThO cells into specific inflammatory
niches, like TGF-B rich gut environment. Such “induced” Treg (iTreg) (Chen et al., 2003; Groux et al.,
1997; Schmitt & Williams, 2013) play important roles in limiting local inflammation, which can
exacerbate to pathologies such as Inflammatory bowel disease (IBD) (Naghavian et al., 2015).

Treg cells are preferentially produced in an environment on which APC is present together with
environmental TGFB and IL2 and their cytokine expression profile is characterized by the production
of FOXP3 and TGFB.

MiRNA’s regulatory role is essential for both kinds of Treg cells, as seen by the fact that Dicer-
deficient T cells are unable to maintain their expression profile, upregulating IL-4 and IFN-y expression
while downregulating FOXP3. As a consequence, Treg cells lose their regulatory abilities and possibly
lead to a fatal autoimmune phenotype (Cobb et al., 2006; L. Zhou et al., 2011). Under normal
circumstances, the upregulation of FOXP3 during thymic differentiation would induce miR-155 which
would promote the maintenance of Treg cytokine expression profile through the inhibition of SOCS1, a
negative regulator of the IL-2 signaling cascade (which a main transcription factor of Treg cells), which
results in increased activation of STATS5, further promoting FOXP3 expression through a positive
feedback loop motif (L. F. Lu et al., 2009). Finally, mice that are miR-155 KO present a reduced number
of Treg cells even though there appears to be no effect on the Treg immunosuppressive capabilities.

1.4.7 miR impact on Tfh cells differentiation and function

Follicular helper T cells (Tfh) (Breitfeld et al., 2000; Schaerli et al., 2000) are yet another of the
non-classical CD4+ T cell subtypes, being formed from the CD4+ T cells that remain in lymphoid organs
to help the differentiation of B lymphocytes into antibody secreting cells. Their cytokine expression
profile is characterized by the production of BCL6 and IL21 and their preferential production
environment has APC present in conjunction with environmental 1L12 and IL21. Tth cells have a critical
role in germinal centre formation and germinal centre B-cell maturation, and as such are essential for
the development of antigen-specific B cell immunity (Crotty, 2011; Schaerli et al., 2000).

Tth cell differentiation is compromised by the absence of certain miRNAs, with miR-146a and
miR-155 being described in recent studies as particularly important post-transcriptional regulators of
Tth cell differentiation, given their respective opposing roles of restricting the expansion of Tth cells
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(Hu et al., 2014), and of being required for both the correct development and expansion of Tfh cells,
leads their ratio to be fundamental for the proper regulation of the immune response. MiR-155 has
twenty-one direct target genes identified in Tfh cells, with special attention being given to Pelil which
has been validated as a regulator of cellular proliferation, in addition to the miR-155-Pelil-c-Rel
pathway being regulated during Tfh cell generation and function (Liu et al., 2016).

1.5 Logical modelling

In recent years, the use of computational models has become more common for the study of
complex cellular networks, and although different formalisms have been used to model complex
biological networks, the logical formalism has been of particular value for the study of large signaling
and transcriptional regulatory networks in which detailed quantitative data is either completely or
partially absent, such as in the case of Th regulatory networks.

The qualitative nature of logical models is its greatest advantage, since it enables the modelling
of biological systems for which detailed quantitative information is either partially or completely absent
(Bornholdt, 2008; Naldi et al., 2015; Wang et al., 2012). Other advantages of the modelling formalism
are its scalability, with models that have a few hundred components having been successfully simulated.
A third advantage, is that the logical formalism allows for the construction of logical models through a
modular approach, that is, it allows for the construction, definition and study of smaller models which
can then be merged into a single larger model. (Naldi et al., 2010) is one example of a model that was
built in such a way. Finally, it should be noted that logical models can be used as a way to obtain a “first
glance” at the dynamical properties of complex models, since they are well-suited for the capture of
most important dynamical properties of a regulatory network.

Table 1.3- Examples of Logical rules and their Reading.

Node Logical Rule Reading
STATS5 is a non-Boolean node which can take three values, “2”,
“1”, and “0”. STATS takes the value of “2” when the activity
level of the node IL2R is “2”. When such a thing doesn’t occur
and IL2R takes only the value of “1” and/or IL15R is present,
then STATS takes the value of “1”. Otherwise STATS takes the
value “0”.

2->|L2R:2
STATS 1->1L2R:2 &
(IL2R:1|IL15R)

IL2 1s a Boolean node, whose value “1”’ can be taken on two
'1'>(NFATI|NFKB) & different circumstances. In the first circumstance, FOXP3 and
'TBET & IFOXP3 & TBET are absent, STAT5 and STAT6 cannot be expressed

IL2 i(f;'s;_?_ i 'SI'-II;ETI'G;L simultaneousl;_/, and either NFAT or NFKB must be expressed.
IFOXP3 & I(STATS & In the second circumstance, NFAT and TBET must be expressed
STAT6) while FOXP3 is absent, and STATS and STAT6 must not be
simultaneously expressed.
(TBET| STAT1] IL36R) TBET is a Boolean node which is expressed when at least one of
TBET the TBET, STAT1 and TL36R is present and BCL6 and RORGT

& 'BCL6 & 'RORGT

are absent.
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In this thesis, we use models that follow upon the work of R.Thomas and colleagues, which
allows for the presence of multivalued nodes and the use of sophisticated logical rules and parameters
(Thomas, 1991; Thomas & Thieffry, 1995).

In accordance with the work of R.Thomas, a model network is defined in terms of a logical
regulatory network (LRG), which is comprised of a series of nodes and edges, with nodes being
representative of regulatory components and edges representing interactions between the nodes, such as
activations and inhibitions. Additionally, all nodes are associated with a discrete variable which denotes
its current functional level of activity, and a logical rule which describes the evolution of such level, in
accordance with the values of the regulators of the node. These logical rules are written using a series
of operators such as “!”, “|” and “&” whose meaning are respectively, “not”, “or” and “and” (Table 1.3).

The number of activity levels that a node can take depend on whether the node is Boolean or
non-Boolean. When a node is Boolean, it can only take two values, either “0” or ““1”, with each of these
values referring to either the absence or the presence of said node. On the other hand, a non-Boolean
node can take three or more values (Thomas, 1991; Thomas & Thieffry, 1995). As such, a hypothetic
node A, could be able to take 4 different values, “0”, “1”, “2”, “3”. In such a case, if the value of node
A was “0”, such node would be absent, while if it has had the value “1” it would be present in “small”
quantities that depending on the logical rules of the system could not be enough to influence any of the
other nodes. When the node was present in “medium” quantities and influence the values of some of the
other nodes it would take the value “2”, and finally when present in “high” quantities that allowed it to
perform all of its functions, it would take the value “3”. It should be noted that all of the labels (“absent”,
“present”, “low”, “medium”, “high”), further reinforce the qualitative nature of the logical formalism.
This thesis adapts a model (Abou-Jaoudé et al., 2015) which contains non-Boolean nodes.

Even though, when compared with kinetic models based on differential equations, the logical
formalism is unable to perform quantitative analysis and is limited when it comes to studying the
dynamical aspects of a model, even a greatly simplified Boolean model can reproduce many of the
gualitative features of models that use differential equations. Furthermore, the use of logical models
permits the analysis of important functional aspects, that lead to the creation of hypothesis that can be
tested in a laboratorial context, for example, through the realization of knock-out and perturbation
experiments.

Regardless, it is the activity level of the nodes that define the qualitative state of a logical model,
and the value of the activity value of a node is determined in accordance with its logical rule. If the
current level of a node is different from its target level, then the node changes its value and the logical
model transitions to its successor state. There are several different strategies that are used for updating
the state of a logical model, but the two main strategies that are used are the synchronous and
asynchronous updating schemes.

The main difference between the two updating schemes can be illustrated with a hypothetic
model containing 10 nodes. In such a model, in a scenario where 7 of the nodes may change values,
when using a synchronous update, a single successor state is obtained where all of the seven nodes
change their value. But, if the model is running under the asynchronous updating scheme, seven different
successor states are generated, which one varying the value of only one of the seven nodes. This creates
a situation in which, while an asynchronous updating scheme is far more realistic, it is also prone to
create situations in which the analysis of the resulting non-deterministic concurrent dynamics is
difficulted, especially in larger models, given how many successor states may originate from a single
original state.
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Additionally, other methods such as the introduction of priority classes allows for the definition
of subtler updating schemes (Fauré et al., 2006).

These state transitions lead to the definition of the so-called state transition graph (STG), which
represents the dynamical behavior of the logical regulatory graph. In this graph, nodes correspond to
logical states, and arcs represent transitions between states. In GINsim, the software that we use in this
thesis for the study of logical models (more information in section 2.7 of Methods), STG greatly ease
the finding of the so-called model attractors. Given that in logical models, cell fates can be associated
with model attractors, the identification and reachability properties of the latter are of the utmost
importance. Model attractors correspond to long term stable equilibria, either cyclic attractors or stable
states. Cyclic attractors denote stable oscillations as observed in cell cycle or circadian rhythms (Chaves
& Preto, 2013; Fauré et al., 2006, 2009), while stable states are associated with cell lineages or other
cellular responses to external cues or perturbations (Calzone et al., 2010; Collombet et al., 2017; Naldi
et al., 2010; Sanchez et al., 2008). In GINsim, stable states correspond to nodes with no outgoing arcs
in the STG graph.

A frequent line of inquiry is finding which model attractors can be reached from a specific initial
condition, a question that can be addressed by verifying the trajectories from a certain initial state to the
attractor states. This task becomes increasingly difficult in models with a larger number of nodes, and
in such cases, STG is usually further compressed into a Strongly Connected Components graph (SCC).
A particularity of SCC is that by lumping states that belong to the same strongly connected component
(SCC), an acyclic graph is obtained. Frequently, SCC also preserve the reachability properties of the
original graph. Unfortunately, it is possible for the SCC graph to result in only a moderate STC
compression. In such cases, SCC graphs can be further compressed into yet another acyclic graph called
Hierarchical Transition graph (HTG), which further merges linear chains of states (in addition to cycles)
into single nodes (Bérenguier et al., 2013). The resulting graph preserves the attractors and other
important dynamical properties, but does not fully conserve reachability properties.

Additionally, algorithms such as FIREFRONT and AVATAR may be used to ease the
identification of model attractors, especially those that correspond to cyclic attractors, which tend to be
more difficult to identify (Mendes et al., 2018).

The increasing popularity of the logical formalism to model regulatory and signaling networks
has prompted several groups to develop a variety of tools and methods for the definition and analysis of
such models. This leads to standardization issues, which CoLoMoTo (for more information visit
http://www.colomoto.org), an informal consortium where those who develop logical models, and the
methods and tools used to analyze them, gather with the intent to solve those problems.

The logical formalism has been used in a variety of regulatory networks such as organ
differentiation control in the flowers of Arabidopsis thaliana (Mendoza et al., 1999); haematopoeisis
(Bérenguier et al., 2013); cell differentiation in developmental processes of Drosophila melanogaster
(Fauré etal., 2014; Gonzalez et al., 2008; Sanchez et al., 2008); cell cycle control in yeast and mammals
(Fauré et al., 2006, 2009; Traynard et al., 2016); neuronal differentiation (Coolen et al., 2012); and T
lymphocyte activation and differentiation (Abou-Jaoudé et al., 2015; Mendoza, 2006; Naldi et al., 2010).

Discrete qualitative frameworks, such as the logical formalism, are obviously not the only type
of approach used for the modelling of Th cell differentiation, and several models using quantitative
modeling approaches have been previously published (Mendoza & Pardo, 2010; van den Ham & de
Boer, 2008, 2012).
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Regardless, in the context of this thesis, there is one model of particular interest (Abou-Jaoudé
et al., 2015), which is one of the Th cell differentiation models, which expands upon the previous model
of (Mendoza, 2006). (Mendoza, 2006) proposed a logical model which accounted for the dichotomous
differentiation of naive ThO cells into Thl and Th2 cells, in which he was able to obtain four basins of
attraction that he was able to associate with the different cell types. Using GINsim to expand this initial
model so as to cover additional pathways and the Th17 and Treg subtypes, (Naldi et al., 2010), created
a model with 34 components and proceeded to identify all the stable states and group them in accordance
with the relevant phenotypic Th markers. This model also identified hybrid Th subtypes that expressed
combinations of markers from the Thl, Th2, Th17 and Treg subtypes. Finally, (Abou-Jaoudé et al.,
2015), further developed Naldi’s model into a multi-valued model, which accounted for three new Th
subtypes (Th9, Th22 and Tfh), through the integration of additional transcription factors and cytokine
pathways involved in Th cell commitment.

The goal of this thesis was to further expand the model of (Abou-Jaoudé et al., 2015) by
introducing as new nodes our two miRNAs of interest, miR-155-5p and miR-34c-5p, in conjunction
with their transcription factors and targets. This expansion implied the addition of new interactions, not
only the interactions between the added nodes but also the interactions between the added nodes and the
nodes that were previously present. New logical rules had to be created for the new nodes and some of
the pre-existent logical rules had to be modified to accommodate the added interactions.

Once these tasks were accomplished, we proceeded to obtain the stable states, under a variety
of environments that can be classified under four scenarios. The four scenarios correspond to when both
MiRNAs are expressed, to when both are absent, to when only miR-155-5p is expressed and finally to
when only miR-34c-5p is expressed. We then proceeded to use a R script, which was written during this
thesis, to identify whether a stable state can be associated with a given cytokine expression profile, thus
enabling the correlation between a stable state and a CD4+ T cell subtype. In this way we evaluated the
impact of miR-34c-5p and miR-155-5p on upon naive CD4+ T cell differentiation.

Finally, it should be noted that the construction of these computational models is not a
replacement for experimental work. By the contrary, not only is the data obtained through experimental
work the basis that allows for the construction of these computational models, but the analysis of such
models frequently give rise to hypothesis that lead to further experimental work. As such, both methods
of studies are complementary and their combined use leads to a much better understanding of complex
biological processes, whose study without the use of computational modelling would otherwise be
greatly difficulted.
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2 Software and Databases

2.1 R Studio

Available for Windows, Mac and Linux operative systems, R Studio is an integrated
development environment for the R programming language that includes a console, syntax-highlighting
editor that supports direct code execution, in addition to tools for planning, history, debugging and
workshop management.

2.2 TransmiR v2.0 database

TransmiR is the database for finding regulatory relations between TFs and miRNAs, freely
available for academic use, which allows to obtain data related to a single miRNA, TF or disease and
even visualize such data through the use of the “Search” and “Network™ pages. Additionally, it also
contains the “Enrichment analysis” modules and ‘“Predict” modules, which allow for the identification
of which TFs are likely to regulate miRNA list of interests and the prediction of TF-miRNA regulations
based on binding motif matrices of human TFs, respectively. The data available in TransmiR 2.0 can
also be downloaded for further analysis. In this thesis TransmiR 2.0 was used to obtain the TFs of miR-
155-5p and miR-34c¢-5p. The specific data used for this thesis was obtained at the 27" November 2019.

2.3 miRTarBase

Features miRTarBase 8.0 miRTarBase 9.0
Release date 2019/09/15 2021/9/15
Known miRNA entry miRBase v22 miRBase v22
Known Gene entry Entrez 2019 Entrez 2021
Species 32 37
Curated articles 11,021 13,389
miRNAs 4,312 4,630
Target genes 23,426 27,172
CLIP-seq datasets 331 440
Curated miRNA-target interactions 479,340 2,200,449
Text-mining technique to prescreen Enhanced NLP+Scorin Enhanced

. & q P € NLP+Scoring
literature system
system
Download by validated miRNA-target sites Yes Yes
Browse by miRNA, gene, and disease Yes Yes
Regulation of microRNAs Yes Yes
Cell-free miRNA expression Yes Yes
miRNAs in extracellular vesicles No Yes
Human miRNA tissue atlas No Yes
Editing events in miRNAs No Yes
SNPs and disease-related variants No Yes

MTIs Supported by strong experimental evidence
Numb}er of MTIs validated by ‘Reporter 13,922 16,257
assay’

Ell:::}her of MTIs validated by ‘Western 12,179 14,665
Number of MTIs validated by ‘qPCR’ 13,263 16,483
Number of MTIs validated by ‘Reporter

assay and Western blot’ 10,257 12,171
Number of MTIs validated by ‘Reporter 15,710 18,751

assay or Western blot’

Figure 2.3.1- Table pertaining to the versions 8.0 and 9.0 of miRTarBase.
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A database with more than 470000 miRNA-target interactions, miRTarBase, collected these
interactions by surveying pertinent literature related to functional studies of miRNAs. These interactions
are validated experimentally through the use of reporter assay, western blot, microarray and next
generation sequencing experiments. In this thesis, miRTarBase 8.0 (Figure 2.3.1) was used for obtaining
the Targets of miR-155-5p and miR-34c-5p with such data having been obtained at 28" November 2019.
It should thus be noted that by the date of publication of this thesis we are working with data which is
already outdated.

2.4 GeneCards

GeneCards is a database that provides information on annotated and predicted human genes,
integrating information from about 150 web sources which include genomic, transcriptomic, proteomic,
genetic, clinical and functional information. GeneCards is used to manually identify the UNIPROTS of
nodes which our scripts were unable to obtain.

2.5 HGNC

The HUGO Gene Nomenclature Committee (HGNC) is the committee responsible for setting
the standards for human gene nomenclature, and its database allows for the search of the approved
symbols for human genes, and their information associated to them (such as their UNIPROT identifier).
In conjunction with GeneCards, HGNC was used to identify the UNIPROTSs of nodes that our scripts
were unable to obtain. An UNIPROT identifier is, according to UNIPROT, the “the unique identifier
assigned to the set of proteins that constitute the proteome” in the UNIPROT database.

2.6 OMNIPath

Developed by Saez Lab and Korcsmaros Lab, OMNIPath is a database that contains information
about protein-protein and gene regulatory interactions, enzyme-PTM relationships, protein complexes,
protein annotations and intercellular communication. In this thesis, it was used for finding interactions
between miR-155-5p, miR-34c¢-5p, their respective TFs and Targets, and the nodes of the logical models
that we were using. The specific data that we used was obtained at the 18" of December of 2019.

2.7 GINSIm

GINsim is a software developed in Java that provides a user interface for building, simulating
and analyzing logical models. The simulation of such logical systems can be performed under several
updating schemes such as the synchronous, asynchronous and priority updating schemes. GINsim
includes an algorithm that allows to efficiently obtain all stable states of a logical model, and allows for
the use of the reduction method for the reduction of the size of an LRG. GINsim also permits to define
genetic perturbations, such as gene knock-out and gene knock-in, by forcing a model to take a specific
value, of either 0 in the case of knock-outs, or the maximal activity level in the case of ectopic
expression. Additionally, GINsim also allows model exports to a variety of other formats, which allows
for the use of the model in other softwares, such as, SBML-qual, MaBoSS, BoolSim, GNA, NuSMV,
Integrated Net Analyzer (INA), Snoopy, Graphviz, Cytoscape and Scalable Vector Graphics (SVG). In
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this thesis, GINsim is used for the creation of our modified models and subsequently to their simulation
and obtention of their stable states.

Finally, GINsim can be downloaded for free from its dedicated website (http://ginsim.org),
where a model repository can be found alongside the software’s documentation.
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3 Model Construction

The goal of this thesis was to study the effect of miR-34c-5p on the differentiation of naive
CD4+ T cell differentiation. To reach this goal we intended to expand a pre-existent model (Abou-
Jaoudé et al., 2015) (Figure 3.1) by introducing new nodes and interactions relative to two miRNAs of
interest, miR-155-5p and miR-34c-5p, in conjunction with their transcription factors (TFs) and targets.

Consequently, the first step of this process was the identification of the TFs and targets of miR-
155-5p and miR-34c-5p, through the use of the TransmiR and miRTarBase databases. We used the
search function of the TransmiR database to separately search information regarding the TFs of our two
mMiRNAs. On the other hand, the information regarding the targets of the two miRNAs was obtained by
consulting the miRTarBase database.

The second step of this thesis was to obtain a list of UNIPROT identifiers of all elements
involved. In this case, by all elements involved we mean, all the nodes of the model that is going to be
altered, plus the TFs and targets of the two miRNAs of interest.

Unfortunately, some of these elements didn’t have a UNIPROT associated with them according
to the automatic search using the UNIPROT R package. This led us to use the GeneCards and HGNC
databases to manually identify the missing UNIPROTS.

With this information in hand, we proceeded to the third step, the identification of the nodes and
interactions which should be added in the modified version of the model. To this end, we identified
which nodes of our models were also TFs or targets of our miRNAs of interest. We name these direct
interactions as “intercepts”. Additionally, we also identified “indirect interactions”, that is, the
interactions between nodes of our models and the identified TFs and targets of the two miRNAs of
interest. We used the OMNIPath database for the identification of the “indirect interactions”. We then
proceeded to expand the model by introducing not only the two miRNAs of interest but also their TFs
and targets which interact with nodes of the models, in conjunction with the interactions that were
previously obtained. While the original sources (OMNIPath and Transmir) contain information about
whether or not a given interaction is an activation or an inhibition, this information had to be searched
manually to check for possible inconsistencies, with the exception of the interactions from a miRNA to
its targets, which are always presumed to be inhibitions. Finally, we proceed to remove the TFs and
targets who serve only as either targets or sources of interactions. The former would not influence other
model variables while the latter would be model inputs whose value would have to be set and would not
be influenced by the other variables in the model. An image of the resulting modified model can be
consulted in Figure 3.2.
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Figure 3.1- Logical model of CD4+ T cell differentiation from (Abou-Jaoudé et al., 2015) The blue nodes correspond to the inputs (nodes without incoming regulatory interactions), while the
yellow nodes correspond to the cytokines secreted by the different Th cell subtypes. The green edges represent activations, while the red edges represent inhibitions. Rectangular nodes refer to
non-Boolean nodes, while Boolean nodes are indicated by elyptic nodes.
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Figure 3.2- Modified version of the (Abou-Jaoudé et al., 2015) upon addition of the miRNAs of interest and the TFs and targets and respective interactions upon removal of nodes that serve only
as either the origin or target of interaction.
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At this stage we proceeded to the fourth step, in which we wrote new logical rules for the nodes
that we added, and rewrote the logical rules for nodes already present, in accordance with the interactions
that had been added. Before any further advance, we used GINsim to create a series of perturbations to
serve as conditions to be used in stable state analysis. Those perturbations referred to nine different
cytokine environments that were previously mentioned and can be consulted in Table 1.1. While in the
case of the original models these nine environmental conditions are enough, when it comes to the
modified models, those nine environments must be multiplied by four, given the four possible miRNA
expression scenarios, that is the four possible combinations of whether our two miRNAs of interest are
expressed or absent. More specifically the four scenarios refer to the absence of both miRNAs, the
expression of both miRNAs, the expression of only miR-34c-5p, and the expression of only miR-155-
5p. Consequently, while there are only nine conditions for the original model, the modified models have
thirty-six conditions for which we want to find stable states. If our modified model is able to produce
all specific Th subtypes in their corresponding favored environment in at least one of the four scenarios,
we consider the modified model to be valid and proceed to analyze the effect of miR-34c¢-5p on Th cell
differentiation. After creating all the necessary perturbations, we proceeded to obtain the stable states of
the original models in their nine different initial conditions, with the intention of using these results as
benchmark for the results of the modified models. Upon obtaining the stable states, we proceeded to
identify to which subtype, if any, the different stable states correspond to, and how many stable states
correspond to the different Th cell subtypes in the different environmental conditions.
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Table 3.1- List containing the original logical rules of the nodes present in the model of Abou-Jaoude and collaborators, in addition to the strict, loose and intermediate logical rules of
“-“indicates that a node either lacks a logical rule or its logical rule doesn’t undergo any alteration, and therefore the logical rule
of that node should be consulted at the closest written column at the left of the “-* signal.

respective versions of the modified model. The presence of a

Node

Original Model

Strict Model

Loose Model

Intermediate

IL1B_e

IFNG_e

IL2 e

IL4 e

IL6 e

IL10 e

IL12 e

IL15 e

IL21 e

IL23 e

IL27 e

TGFB_e

1L36 e

IL33 e

IL18 e

IL25 e

IFNB_e

IFNA_e

IL1A e

IL29 e

APC

TCR

APC

CDz28

APC
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IFNGR1 & IFNGR2 &

IFNGR (IFNGJIFNG_e) ) )
IL36R IL36_e & ILIRL2 & IL1IRAP - -
(IL1B_e|IL1A e) & ILIRAP &
ILIR ILIR1
2->CGC & IL2RB & IL2RA &
IL2R (IL2]IL2_e) ] )
1->CGC & IL2RB & !IL2RA &
(IL2JIL2_e)
IL4R CGC & IL4RA & (IL4|IL4_e) - -
GP130 & IL6RA & (IL6_e|IL6)
IL6R GP130 & IL6RA & (IL6_e|IL6) 2 ImiR3a -
IL10RA & IL10RB &
IL10R (IL10]IL10_e) ) )
ILI2R | IL12RB1 & IL12RB2 & IL12_e - -
IL15R CGC & IL15RA & IL2RB & ] ]
IL15 e
IL2IR | GP130 & CGC & (IL21]IL21_e) - -
\L23r | GP130&ILI2RBI&IL23 e & ] ]
STAT3 & RORGT
IL27R GP130 & IL27RA & IL27 e - -
(IFNA_e|IFNB_e) & IFNAR1 &
IFNAR IFNAR2
IFNAR1 - STAT3 -
IFNAR2 - - -
(TGFB|TGFB_¢) & SP1 & ETS1 | (TGFB|TGFB_e | SP1|ETS1 |
TGFBR TGFBITGFB e & FLI1 & 'miR34 FLI1) & 'miR34
IFNGR1 - ImiR155 -
ILIRAP - - -
IFNGR2 - - -
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GP130 - STAT1 & STAT3 & STATS STAT1|STAT3|STATS -
IL6RA - - - -
IL12RB1 - - - -
CGC - - - -
IL12RB2 ISTAT6 ISTAT6 & |GATA3 - -
IL10RB - - - -
IL1I0RA - - - -
IL4RA - - - -
IL1I5RA - - - -
IL2RB - ETS1 - -
ILora | (SMAD3[FOXP3|STATSINFKB) | (SMAD3|FOXP3|STATSINFKB) é?%ﬁ?:fi%ﬁi’gi ]
& NFAT & NFAT & STAT1 & STAT3
NFAT
IL27RA - - - -
IL1R1 STAT3 - - -
IL29R IL29 e & IL28RA & IL10RB - - -
IL17RB - ImiR155 - -
IL18RAP - - - -
IL18RA - - - -
IL18 e & IL18RAP & IL18RA
IL18R & STAT4 ) i )
ST2 GATA3 - - -
IL25R IL17RB & (I1L25_e|IL25) - - -
IL33R IL33 e & ST2 & ILIRAP - - -
ILIRL?2 - - - -
IL28RA - ImiR34 - -
rger | (TBETISTATL|IL36R) & IBCL6 | (TBET|STATL|IL36R) & !IBCL6 | (TBET|STATL|IL36RINFKB) & | (TBETISTATL|IL36R) & !BCL6

& 'RORGT

& IRORGT & NFKB

IBCL6 & IRORGT

& 'RORGT
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1->IGATA3 & ITBET &
(STAT6|IL25R) & !BCL6 &

1->IGATA3 & ITBET &
(STAT6|IL25R) & !BCL6 &

1->IGATA3 & ITBET &

1->IGATA3 & ITBET &

(STAT6|IL25R| NFKB) & (STATG6|IL25R) & 'BCL6 &
GATA3 IPUL & 'IL29R IPU1 & 1L29R & NFKB IBCL6 & IPU1 & 'IL29R IPUL & 1L29R
1->GATA3 & 'BCL6 & 'PUL1 & | 1->GATA3 & 'BCL6 & 'PUL & | 1->(GATA3INFKB) & IBCL6 & | 1->GATA3 & IBCL6 & IPU1 &
IL29R IL29R & NFKB IPUL & 'IL29R IL29R
TGFBR & STAT3 & 'BCL6 &
RORGT IFOXP3 ) ) )
1->STAT5 & NFAT & FOXP3 1->STATS & NFAT & FOXP3
& ISTATE & ISTAT6 & 'IRF1
: - ]
FOXP3 1->STAT5 & NFAT & 'FOXP3 1->STATS & NFAT & IFOXP3 - -
& SMAD3 & ISTAT1 & !
& SMADS & ISTATL & ! (STAT3 & RORGT) & ISTAT6
(STAT3 & RORGT) & ISTAT6 )
& 'IRF1
->
I%I'B(ESTTQEEZ"IA'\;— ?glLS: g;g)?)i 1->(STATLSTAT3|STATS| 1->(STATL|STAT3|STAT4) &
1->(STATLSTAT3ISTATA) & | ° IPUL & ImiR155 & !IRF4 FOXO03) & !'TBET & ISTAT5 & ITBET & !STAT5 & 'PUL1 &
BCL6 ITBET & !STATS 1—>-STAT3 '& STAT4 & ITBET IPU1 & 'miR155 & !IRF4 ImiR155 & 'IRF4
1->STAT3 & STAT4 & 'TBET & FOXO03 & IPUL & 'mil.?155 & 1->STAT3 & STAT4 & 'TBET 1->STAT3 & STAT4 & 'TBET
;IRF4 ’ & 'PUL & 'miR155 & !'IRF4 & 'PUL & 'miR155 & !'IRF4
Proliferation & IFOXP3 & . . . .
I I
Proliferation & IFOXP3 & NFAT & ((TBET & Proliferation & 'FOXP3 & Proliferation & 'FOXP3 &
NFAT & ((TBET & NFAT & ((TBET &
IFNG NFAT & ((TBET & RUNX3)|STAT4|IL18R) &
RUNX3)[STATA[IL18R) ISTATL & JUN & STATS & RUNX3)|STAT4|IL18R| JUN | RUNX3)|STAT4|IL18R) &
| NEKB STATS5 |NFKB) & ISTAT1 ISTAT1
. . NFAT & proliferation & GATA3 NFAT & proliferation & . .
"y NFAT & proliferation & GATA3 & (STAT5|CMAF) & IFOXP3 & NFAT & proliferation & GATA3

& (STAT5|cMAF) & IFOXP3 &

I((TBET & RUNX3)|IRF1)

I((TBET & RUNX3)|IRF1) &
CEBPB

GATA3 & (STAT5|cMAF|
CEBPB) & IFOXP3 & !((TBET

& (STAT5|CMAF) & IFOXP3 &

& RUNX3)|IRF1)

I((TBET & RUNX3)|IRF1)
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1->(NFAT|NFKB) & !ITBET &
IFOXP3 & !(STATS5 & STATS6)

1->(NFAT|NFKB) & !'TBET &

IFOXP3 & !(STAT5 & STATS6)

& 'miR155 & 1JUN & IETS1 &
EGR1 & RUNX1

1->(NFAT|NFKB| EGR1|
RUNX1) & ITBET & !IFOXP3
& I(STAT5 & STAT6) &

1->(NFAT|NFKB) & !TBET &
IFOXP3 & |(STAT5 & STATS)
& 'miR155 & 1JUN & !ETS1

IL2 1->NFAT & TBET & 'FOXP3 & | 1->NFAT & TBET & IFOXP3 & 1:1:5%3_5 ;‘ _I_'éLé'_\ll_ g iIE;r)f(lPs 1->NFAT & TBET & 'FOXP3 &
I(STAT5 & STAT6) I(STAT5 & STAT6) & !miR155 & I(STAT5 & STAT6) & I(STAT5 & STAT6) & 'miR155
& JUN & IETS1 & EGR1 & IMiR155 & 1JUN & IETS1 & JUN & !ETS1
RUNX1
NFAT & proliferation &
IL17 RORGT & NFKB & STAT3 & ] i ]
I(FOXP3 & STAT1 & STAT5 &
STAT6)
1L22 Proliferation & NFAT & i ) i
(STAT3|STAT1) & IcMAF
Lo (NFKB|NFAT) & proliferation & ) i ]
(SMAD3|PU1|IL33R) & STAT6
(GATA3|STAT3|STAT4|cMAF|I (CATASSTATSISTATACMAF]I | (GATASSTATIISTATAICMAFI (GATA3|STAT3|STAT4|cMAF|I
IL10 | RF1) & NFAT & proliferation & RlFl) & NFAT & proliferation & | RF1|STATL|SPLINFKB) & | ooy o \EaT @ proliferation &
IL18R & 11L33R IL18R & 'IL33R & STAT1 & NFAT & proliferation & 'L18R IL18R & 11L33R
SP1 & NFKB & 'IL33R
L3 GATA3 & proliferation & NFAT GATAS3 & proliferation & NFAT (Gp'?(;rl'i?egrlafi-gil&&Niil?rlé)&& GATAS & proliferation & NFAT
& ETS1 & EGR1 & 'RUNX1 & 'RUNX1
IRUNX1
IL21 NFAT & proliferation & ) i i
(STAT3|IcMAF|STAT4)
Proliferation & NFAT & Proliferation & NFAT & Proliferation & NFAT & Proliferation & NFAT &
IL5 (GATA3|cMAF|IL33R) & (GATA3|cMAF|IL33R) & (GATA3|cMAF|IL33R| PU1 | (GATA3|cMAF|IL33R) &

IFOXP3

IFOXP3 & PU1 & YY1 & ETS1

YY1|ETS1) & IFOXP3

IFOXP3
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Proliferation & NFAT &

IL13 (GATA3[cMAFJIL33R) & i ; i
IFOXP3
Proliferation & NFAT & STAT3 g#’:?;ﬁj'ﬁ'&lf‘c';;ﬁ;)‘g; Proliferation & NFAT & STAT3
IL6 | Proliferation & NFAT & STAT3 | & ISTATL& IMiRIS5 & JUN & | (o> " " 00 % P17 | & ISTATL & ImiR155 & IEGRL
IEGRL & CEBPB & INFKB | - ' ' & INFKB
INFKB
(IFNAR[IFNGR[IL27R) & | (IFNAR|IFNGR|IL27R|STAT3) | (IFNAR[IFNGR|IL27R) &
STATL IFNAR|IFNGRIIL27R STAT3 & INR3CL & ImiR155 & INR3C1 & ImiR155 INR3CL & ImiR155
(IL6R[IL23R[ILIR]IL2IR[IL27R | (IL6RIIL23RILIR[IL2IR|IL27R] | (IL6R]IL23R[ILIRIL2IR]IL27R
STATS | IL6RIIL23RILIRIL2IRIL2TR | yg |1 10R & 1miR155 & ITP53 |  IL10R) & IMiR155 & ITP53 ) & ImiR155 & ITP53
STAT4 IL12R & IGATA3 i - i
2>IL2R:2
STATS 1->1L2R:2 & (IL2R:1|IL15R) ) ) )
STAT6 IL4R i - i
cMAF TGFBR & STAT3 i - i
TGFBR & RBPJ & JUN & (TGFBR [RBPJ [JUN | -
PUL TGFBR RUNXL & !miR155 RUNXL1) & ImiR155 TGFBR & ImIR1SS
NFAT & proliferation & FOXP3 NFAT & proliferation & . i
TGFB | NFAT & proliferation & FOXP3 | & SP1&JUN&HIFIA& | (FOXP3|SP1|JUN [HIF1A) & | AT & p;?"gi;{"p\“gg & FOXP3
ISMAD3 ISMAD3 '
SMAD3 TGFBR TGFBR & ImiR155 - i
IRFL STATL STATL & STAT3 & NFKB (STAT1|STAT3 | NFKB) STATL
RUNX3 TBET i - i
liferati -
pro (I)r?ratl STATS:2|proliferation - - -
IIKB & IFOXP3 & SP1 & IFOS | IIKB & IFOXP3 & (SP1|E2F1) | !IKB & IFOXP3 & IFOS &
NFKB IIKB & IFOXP3 & ImiR155 & E2F1 & IEGRL & | & IFOS & ImiR155 & IEGRL & | !miR155 & IEGR1 & IAR &
IAR IAR (SP1[E2F1)
NFAT TCR & CD28 TCR & CD28 & 1TP53 - i

26



IKB ITCR ITCR & NFKB - -
IL31 NFAT & proliferation & STAT6 - - -
1L25 NFAT & proliferation & GATA3 - - -
. . NFAT & proliferation & FOXP3 NFAT & proliferation & . .
IL35 NFAT & proliferation & FOXP3 & NEKB (FOXP3 | NFKB) NFAT & proliferation & FOXP3
1L24 NFAT & proliferation & STAT6 -
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Table 3.2- List of the strict and loose logical rules of the nodes added to our modified versions of the model, and the versions of the model in which each of the two rule sets are used. The

presence of a “-*

“indicates that a node either lacks a logical rule or its logical rule is doesn 't undergo any alteration, and therefore the logical rule of that node should be consulted at the

column at the left of the ““-* signal.

Nodes Strict Logical Rules (Strict, Perfected 2,4,6,7) Loose Logical Rules (Loose, Intermediate, Perfected 1,3,5)
miR34 FOXO03 & JUN & HIF1A & GATA3 & RUNX1 & TP53 & PU1 & SP1 | (FOXO3 |JUN | HIF1IA | GATA3 | RUNX1 | TP53 | PU1 | SP1 | FOS
& FOS & E2F1 & ISNAIL & 1ZEB1 & 'BCL6 | E2F1) & ISNAI1 & 'ZEB1 & 'BCL6
TGFB & PUL & STAT1 & RBPJ & YY1 & FOS & STAT3 & E2F1 & (TGFB | PUL | STAT1 | RBPJ | YY1 | FOS | STAT3 | E2F1 | IRF4 |
IRF4 & JUN & ETS1 & IRF1 & STAT5 & JUNB & NFKB & AR &
miR155 SMAD3 & FOXP3 & HIF1IA & FLI1 & MYC & EGR1 & CEBPB & JUNETSL]IRFL|STATS | JUNB | NFKB | AR | SMADS | FOXP3
GATA3 & RUNX1 & TCF4 & 'RUNX3 & 'IKB & !AKT1 & INR3C1 [HIFLA | IFLll | MYC|| EGR1|| CEBPB || GATAS| R:UNX1 | -I;CFA' |
& IBCL6 & ITP53 & ELF3 ELF3) & 'RUNX3 & 'IKB & 'AKT1 & INR3C1 & !'BCL6 & !TP53
MYC STAT4 & STAT3 & NFKB & 'miR34 & ImiR155 (STAT4 | STAT3 | NFKB) & 'miR34 & 'miR155
SNAI1 NFKB & ImiR34 -
E2F1 IIRF1 -
RUNX1 IRUNXS -
TP53 STAT1 & NFKB STAT1 | NFKB
ZEB1 GATA3 -
JUN SMAD3 & 'miR155 -
FOS STAT1 & STAT6 & STAT3 & ImiR155 (STATL1|STAT6 | STAT3) & !miR155
HIF1A STAT3 & ImiR155 -
AKT1 INKFB & !miR155 -
JUNB STAT3 & NFKB & 'miR155 (STAT3 | NFKB) & 'miR155
TCF4 RUNX3 & 'miR155 -
EGR1 INFKB -
AR INFKB -
IRF4 NFKB & !'BCL6 -
ELF3 NFKB -
YY1 ImiR34 -
SP1 ImiR155 -
FOXO03 ImiR155 -
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ETS1 ImiR155
NR3C1 ImiR155
RBPJ ImiR155
FLI1 ImiR155
CEBPB ImiR155
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Initially, we considered a given stable state as part of a Th subtype only when both all the nodes
that had to be present are expressed and none of the nodes that had to be absent are expressed. This
classification criteria resulted in an incredibly low number of identified stable states in the first two sets
of logical rules that we used. We hypothesized that such a result was a consequence of most stable states
being hybrid populations of two or more Th cell subtypes, which lead us to adopt a new classification
in which only the nodes that have to be present are used to identify the Th subtype of a stable state. As
a result, the number of identifiable steady states increased, showing that most of the stable states that
we obtain refer to hybrid populations of Th subtypes.

Unfortunately, even though the previous alteration resulted in an improvement of the obtained
results, those results were still invalid, since Thl, Th2 and Treg subtypes couldn’t be produced in the
environments that favored their production, under any of the four scenarios. We ascribed these results
to the strict approach that we used in the modification and creation of the logical rules of our modified
model. This strict approach can easily be seen in the logical rules of the new nodes, which resulted in
such nodes only being expressed when all their activators were expressed, while a single inhibitor was
sufficient for its inactivation. With this in mind, we proceeded to create a new set of logical rules which
took a loose approach. This set of logical rules, which we named Loose rules, allowed the nodes to be
expressed when only a single of their activators was expressed, although the presence of a single
inhibitor still resulted in their inactivation. Although this approach worked perfectly for the added nodes,
the nodes of the original models could be expressed in circumstances that didn’t act in accordance with
the original logical rules. Two examples of this would be the IRF1 and IL35 nodes, in which, in the first
case, the loose rules allowed, for example, for it to be expressed when STAT3 was present, which goes
against the original rule which states that the node is expressed when STATL is expressed; by the same
token, in the second example, 1L35 could be expressed when the nodes NFAT, proliferation and NFKB
were active, which contradicts the original rule in which expression occurs when NFAT, proliferation
and FOXP3 were the active nodes. To remedy this situation a new set of logical rules, named
Intermediate rules, was created. With this process done, two different versions of the modified model
are created, one for the loose rules set and another for the intermediate rules set, and we proceed to the
computation of the stable states of those two new versions. The logical rules of the nodes of the original
model can be consulted in Table 3.1, where the strict, loose and intermediate rule sets of those nodes are
also present. The strict, loose and intermediate rules of the nodes added in the modified versions of our
model can be consulted in Table 3.2.

While the two new rules sets were able to obtain Thl, Th2 and Treg subtypes, a new set of Th
subtypes were not obtained. Specifically, the loose model was unable to produce Th17 and Tfh cells,
while the intermediate model was unable to produce Th17 cells. Given that the intermediate model was
successful at producing a wider set of Th subtypes, future versions of our modified model were based
on it.

With the failure of the intermediate model to produce Th17 cells we asked ourselves why this
specific Th cell subtype wasn’t produced, which lead us to consult the obtained stable states, thus finding
that IL 17 wasn’t being expressed as a consequence of the NFAT and NFKB not being simultaneously
expressed under any situation. Given that under the strict model this Th subtype was produced we
wondered whether the changing of the logical rules of the new nodes (miR-34c-5p, miR-155-5p, MYC,
TP53, FOS, JUNB) back to the rules used in the strict model would solve the problem. To that end we
created 7 so-called “Perfected” models who differ from each other in accordance with whether miR-
34c¢-5p, miR-155-5p and the other remaining new nodes (MY C, TP53, FOS, JUNB) follow the strict or
loose versions of their logical rules. The only combination that is not considered is the one in which all
these rules are the loose rules for in such case refers to a perfect copy of the intermediate model. The
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combination of logical rules used in the different Perfected models can be seen in Table 3.3.
Surprisingly, the only nodes who appear to have any bearing in the results are the (MYC, TP53, FOS,
JUNB) nodes, with the results of the seven perfected models being categorized in accordance with
whether these nodes follow the strict or the loose rules. The perfected model 1, 3 and 5 followed the
loose rules and, unfortunately continued to be unable to produce the Th17 subtype. On the other side,
the models in which these nodes adapted the strict rules (Perfected 2/4/6/7), are finally able to produce
Th17 cells. The seventh perfected model is the one that we consider to be best since it maintains the
loose rules of the two miRNAs as they exist in the intermediate model, while changing the other nodes
logical rules to their strict versions, thus being able to produce all Th cell subtypes.

Table 3.3- Table containing which sets of strict or loose rules are used by miR-34c-5p, miR-155-5p and four other nodes of
interest (MYC, TP53, FOS, JUNB) in the seven Perfected versions of the modified model.

. . (MYC, TP53, FOS,

miR-34c-5p miR-155-5p JUNB)
Perfected 1 Strict Strict Loose
Perfected 2 Strict Strict Strict
Perfected 3 Strict Loose Loose
Perfected 4 Strict Loose Strict
Perfected 5 Loose Strict Loose
Perfected 6 Loose Strict Strict
Perfected 7 Loose Loose Strict

At this point of the thesis, we could opt to proceed to the analysis of the impact of miR-34c¢-5p
on the differentiation of Th cells. Instead, we opted to create a final modified model, aptly named “Last
Model”. The reason behind the creation of this model was the elimination of added nodes that aren’t
expressed on Th cells. In the previous models, through the use of several different databases, we added
a series of nodes to our modified models, regardless of whether or not there was prove that they were
present in Th cells. In this model, we use data obtained from (Cano-Gamez et al., 2020) to obtain a
model whose added nodes have a confirmed expression in Th cells. This resulted in the elimination of
the following nodes: FLI1, ETS1, TCF4, NR3C1, EGR1, AR, ELF3, FOX03, FOS, HIF1A and SNAIL.
Obviously given that there is a lack of information for some subtypes, it is perfectly possible that some
of the nodes that are now eliminated should be included in the Last Model, and if future discoveries
indicate that such is the case, we encourage the future inheritors of this work or any other interested
parties to reintroduce such nodes. It also stands to reason that with the elimination of some of the nodes,
certain logical rules will have to be altered.

The elimination of nodes from the Last model was done through the creation of perturbations in
which the nodes to be eliminated were knocked out. The Last Model logical rules can be consulted in
Table 3.4 and 3.5.
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Table 3.4- List of logical rules of the nodes present in the original model for The Last Model version of the modified model.

The presence of a “-“indicates that a node lacks a logical rule.
Node The Last Model
IL1B_e -
IFNG e -
IL2 e -
IL4 e -
IL6 e -
IL10 e -
IL12 e -
IL15 e -
IL21 e -
IL23 e -
IL27 e -
TGFB_e ;
IL36 e -
IL33 e -
IL18 e -
IL25 e -
IFNB._e -
IFNA_e -
IL1A e -
IL29 e -
APC -
TCR APC
CD28 APC
IFNGR IFNGR1 & IFNGR2 & (IFNG|IFNG _e)
IL36R IL36_e & IL1IRL2 & IL1IRAP
IL1IR (IL1B_e|IL1A e) & ILIRAP & IL1R1
IL2R 2->CGC & IL2RB & IL2RA & (IL2|IL2_¢)
1->CGC & IL2RB & 'IL2RA & (IL2|IL2_¢)
IL4R CGC & IL4RA & (IL4|IL4_e)
IL6R GP130 & IL6RA & (IL6_e|IL6) & 'miR34
IL10R ILI0RA & IL10RB & (IL10|IL10_e)
IL12R IL12RB1 & IL12RB2 & IL12 e
IL15R CGC & IL15RA & IL2RB & IL15 e
IL21R GP130 & CGC & (IL21]IL21 e)
IL23R GP130 & IL12RB1 & IL23 e & STAT3 &
RORGT
IL27R GP130 & IL27RA & IL27 e
IFNAR (IFNA_g|IFNB_e) & IFNARL & IFNAR2
IFNAR1 STAT3
IFNAR2 -
TGFBR (TGFB[TGFB_e) & 'miR34
IFNGR1 ImiR155
ILIRAP -
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IFNGR2

GP130 STAT1|STAT3|STATS
IL6RA -
IL12RB1 -
CGC -
IL12RB2 ISTAT6 & IGATA3
IL10RB -
IL1I0RA -
ILARA -
IL15RA -
IL2RB -
IL2RA (SMAD3|FOXP3|STATS| NFKB) & NFAT
IL27RA -
IL1IR1 STAT3
IL29R IL29 e & IL28RA & IL10RB
IL17RB ImiR155
IL18RAP -
IL18RA -
IL18R IL18 e & IL18RAP & IL18RA & STAT4
ST2 GATA3
IL25R IL17RB & (IL25_e|IL25)
IL33R IL33_e & ST2 & IL1IRAP
ILIRL2 -
IL28RA ImiR34
TBET (TBET|STATL|IL36R) & !BCL6 & IRORGT
1->IGATA3 & ITBET & (STATG6|IL25R) &
GATA3 IBCL6 & IPUL & 'IL29R
1->GATA3 & !BCL6 & !'PU1 & !IL29R
RORGT TGFBR & STAT3 & IBCL6 & IFOXP3
1->STAT5 & NFAT & FOXP3 & ISTAT6 &
IIRF1
FOXP3 1->STAT5 & NFAT & IFOXP3 & SMAD3
& ISTAT1 & ! (STAT3 & RORGT) &
ISTAT6 & 'IRF1
1->(STAT1|STAT3|STAT4) & ITBET &
BCLS ISTATS5 & 'PUL & 'miR155 & !IRF4
1->STAT3 & STAT4 & !TBET & 'PUL1 &
ImiR155 & !IRF4
IENG Proliferation & 'FOXP3 & NFAT & ((TBET
& RUNXB3)|STAT4|IL18R) & ISTAT1
NFAT & proliferation & GATA3 &
IL4 (STAT5|cMAF) & 'FOXP3 & I((TBET &
RUNXA3)|IRF1)
L2 1->(NFATINFKB) & ITBET & IFOXP3 &

I(STAT5 & STAT6) & ImiR155 & 1JUN
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1->NFAT & TBET & !FOXP3 & I(STAT5 &
STAT6) & 'miR155 & 1JUN

NFAT & proliferation & RORGT & NFKB &

IL17 STAT3 & (FOXP3 & STAT1 & STAT5 &
STAT6)
Proliferation & NFAT & (STAT3|STATL) &
1L22
ICMAF
L9 (NFKB|NFAT) & proliferation &
(SMAD3|PU1|IL33R) & STAT6
IL10 (GATAS3|STAT3|STAT4|cMAF|IRF1) &
NFAT & proliferation & lL18R & !'IL33R
IL3 GATAS & proliferation & NFAT & 'RUNX1
IL21 NFAT & proliferation &
(STAT3|cMAF|STAT4)
IL5 Proliferation & NFAT &
(GATA3|CMAF|IL33R) & IFOXP3
IL13 Proliferation & NFAT &
(GATA3|CMAF|IL33R) & IFOXP3
L6 Proliferation & NFAT & STAT3 & ISTAT1
& 'miR155 & INFKB
STAT1 (IFNARJIFNGRJIL27R) & 'miR155
(IL6R|IL23R|ILIR|IL21R|IL27R) & !miR155
STATS & 'TP53
STAT4 IL12R & !GATA3
2->1L2R:2
STATS 1->!IL2R:2 & (IL2R:1|IL15R)
STAT6 IL4R
cMAF TGFBR & STAT3
PU1 TGFBR & 'miR155
TGFB NFAT & proliferation & FOXP3 & 'SMAD3
SMAD3 TGFBR & 'miR155
IRF1 STAT1
RUNX3 TBET
proliferation STATS:2|proliferation
NFKB KB & IFOXP3 & 'miR155 & (SP1|E2F1)
NFAT TCR & CD28 & !'TP53
IKB ITCR & NFKB
1L31 NFAT & proliferation & STAT6
IL25 NFAT & proliferation & GATA3
IL35 NFAT & proliferation & FOXP3
1L24 NFAT & proliferation & STAT6
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Table 3.5- Logical rules of the added nodes to the Last Model version of the modified model.

Nodes The Last Model Logical Rules
miR34 (JUN| GATA3 | RUNX1 | TP53 | PU1 | SP1 | E2F1) & |ZEB1 & IBCL6
(TGFB | PU1 | STAT1|RBPJ| YY1 |STAT3|E2F1|IRF4|JUN | IRF1|STATS |
miR155 | JUNB | NFKB | SMAD3 | FOXP3 | MYC | CEBPB | GATA3 | RUNX1) & 'RUNX3 &
KB & !AKT1 & IBCL6 & !TP53
MYC STAT4 & STAT3 & NFKB & 'miR34 & 'miR155
E2F1 IIRF1
RUNX1 IRUNX3
TPS53 STAT1 & NFKB
ZEB1 GATAS3
JUN SMAD3 & ImiR155
AKT1 INKFB & 'miR155
JUNB STAT3 & NFKB & 'miR155
IRF4 NFKB & IBCL6
YY1 ImiR34
SP1 IMiR155
RBPJ ImiR155
CEBPB ImiR155

Upon altering the logical rules previously mentioned, we proceeded to obtain the results for the
Last Model of the modified model, and observed that those results showed an increase in the fractions
of Thl, Th2, Th9 and Treg while showing a decrease in the fractions of Th17, Th22 and Tfh, when
compared with the results of the Perfected 2,4,6 and 7 versions of our modified model.

Finally, a comparison of the results obtained in the different sets of logical rules can be consulted

in Table 3.6.

Table 3.6- Comparing the results obtained by the different versions of modified model when it comes to the fraction of
obtained Th subtype in the environment that preferentially leads to the formation of said Th subtype. In this table green
corresponds to the situations in which the fraction is 0,5 or more, while red indicates the absence of the intended Th subtype.
The yellow color corresponds to situations in which the Th subtype in question is the one present in highest numbers but with
a fraction inferior to 0,5. Finally the orange color indicates cases in which the intended subtype is present but is not the Th

subtype present in highest numbers.

ThO |Thi |Th2 |Th9 |Thl7 |Th22 | Tfh | Treg
Original 0,26 0,01 0,43 0,23
Strict 0,08 0,40
Loose 0,45 0,08 0,47 0,29 0,32
Intermediate 0,24 0,10 0,18 0,36 0,12 0,32
Perfected 1/3/5 0,24 0,09 0,18 0,36 0,12 0,32
Perfected 2/4/6/7 0,26 0,09 0,18 0,05 0,38 0,13 0,22
Last Model 035 [025 038 [003 013 [002 [050
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4 Results

Having obtained a version of our modified model in which every Pro Th environment gives rise
to the Th cell subtype whose production they favor, we now proceed to present the results analyzing
mMiRNA effects.

4.1 No Stimulation Environment Results

The no stimulation environment of the Last Model results (Table 4.1) show the expected lack
of naive Th cell differentiation with the sole obtention of ThO cells, event that occurs only when miR-
155-5p is expressed, although with a higher percentage in the “Just miR155” scenario. In the remaining
scenarios there were no classifiable steady states.

Table 4.1- Results of the number of steady states identified as being part of a given Th subtype, under the four different
combinations of miRNA expression, in the environment in which there is no stimulation, for the Last model version of our
modified model. The four numbers under parenthesis following the mentioned environment refer to the number of steady
states that the modified model produces in the four different miRNA expression scenarios. The number under parenthesis

following the number of steady states classified as being part of a certain Th cell subtype, refers to percentage of that result
compared with the total number of steady states.

No Stimulation Environment (0/432/0/288)
None Just miR155 | Just miR34c Both Total
Tho 0(0) 96 (22,22) 0(0) 48 (16,67) 144
Thi 0 (0) 0 (0) 0 (0) 0(0) 0
Th2 0 (0) 0 (0) 0 (0) 0 (0) 0
Th9 0 (0) 0 (0) 0 (0) 0 (0) 0
Th17 0 (0) 0 (0) 0 (0) 0 (0) 0
Th22 0 (0) 0 (0) 0 (0) 0 (0) 0
Tfh 0 (0) 0 (0) 0 (0) 0(0) 0
Treg 0 (0) 0 (0) 0 (0) 0 (0) 0

4.2 APConly Environment results

The results of the APC only environment (Table 4.2) present three observable patterns of Th
subtype obtention, with the scenario where both miRNAs are absent resulting in the production of small
guantities of ThO, Th2 and Th22 cells, the scenarios where miR-155-5p is expressed resulting in the
obtention of ThO and Th2 in small quantities, in addition to significative quantities of Treg cells and
finally large quantities of Th1 cells. The remaining scenario, “Just miR34c”, results in the production of
small quantities of ThO and Th2, in conjunction with moderate quantities of Th22 and Treg cells.

When it comes to the scenarios which express miR-155-5p, we should take into account two
observations that shall become common occurrence in the remaining environments. Both of these
occurrences refer to the ratios of the percentages obtained between the “Both” and the “Just miR155”
scenarios. The first observation is that the percentages of Th1l and Treg cells in the two scenarios tend
to be very similar, with ratios around 1. On the other hand, the ratio of the percentages of ThO and Th2
cells obtained between the “Both” scenario and the “Just miR155” scenario tend to be around 0,75 and
in the range of 1,45 to 1,50, respectively.
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Table 4.2- Results of the number of steady states identified as being part of a given Th subtype, under the four different
combinations of miRNA expression, in the environment in which the presence of antigen presenting cells (APC) is the only
stimulation, for the Last model version of our modified model. The four numbers under parenthesis following the mentioned
environment refer to the number of steady states that the modified model produces in the four different miRNA expression
scenarios. The number under parenthesis following the number of steady states classified as being part of a certain Th cell
subtype, refers to percentage of that result compared with the total number of steady states.

APC only Environment (1388/1164/1076/798)
None Just miR155 | Just miR34c Both Total
Tho 48 (3,46) 96 (8,25) 16 (1,49) 48 (6,02) 208
Thl 0 (0) 288 (24,74) 0 (0) 192 (24,06) 480
Th2 32 (2,31) 24 (2,06) 32 (2,97) 24 (3,01) 112
Th9 0(0) 0(0) 0(0) 0(0) 0
Th17 0(0) 0 (0) 0 (0) 0(0) 0
Th22 64 (4,61) 0 (0) 120 (11,15) 0(0) 184
Tfh 0(0) 0 (0) 0(0) 0(0) 0
Treg 0 (0) 216 (18,56) 176 (16,36) 144 (18,05) 536

4.3  ProTh1 environment results

In the Pro Th1 cell environment (Table 4.3), the scenarios where miR-155-5p is expressed result
in the production of small quantities of ThO and Th2 cells, while producing moderate quantities of Treg
cells, and large percentages of Thl cells. On the other hand, the scenario where the only miRNA
expressed is miR-34c-5p there is the production of small quantities of Th2 and Tfh cells, and moderate
quantities of Th22 and Treg cells. Lastly, the scenario in which none of the miRNAs is expressed results
in the production of Th2 and Th22 cells although in small quantities. Finally, the ratios that have been
previously mentioned in the APC only environment, also occur in the Pro Th1l environment.

Table 4.3- Results of the number of steady states identified as being part of a given Th subtype, under the four different
combinations of miRNA expression, in the environment in which promotes Th1 differentiation, for the Last model version of
our modified model. The four numbers under parenthesis following the mentioned environment refer to the number of steady

states that the modified model produces in the four different miRNA expression scenarios. The number under parenthesis
following the number of steady states classified as being part of a certain Th cell subtype, refers to percentage of that result
compared with the total number of steady states.

Pro Thl environment (2624/2232/2080/1548)
None Just miR155 | Just miR34c Both Total
Tho 0 (0) 96 (4,30) 0 (0) 48 (3,10) 144
Thl 0 (0) 576 (25,81) 0 (0) 384 (24,81) 960
Th2 64 (2,44) 48 (2,15) 64 (3,08) 48 (3,10) 224
Th9 0(0) 0(0) 0(0) 0(0) 0
Th17 0(0) 0 (0) 0(0) 0(0) 0
Th22 32 (1,22) 0 (0) 256 (12,31) 0 (0) 288
Tfh 0(0) 0 (0) 64 (3,08) 0 (0) 64
Treg 0 (0) 432 (19,35) 320 (15,38) 288 (18,60) 1040

4.4  Pro Th2 environment results

The Pro Th2 environment results shown the expected Th2 cells being produced in all scenarios
(Table 4.4). The four scenarios all present distinct Th subtype production patterns, with ThO, Th2 and
Th22 cells being produced in small percentages when both miRNAs are absent, while in the scenario
where miR-155-5p is the only expressed miRNA, the Th cells obtained belong in an enormous quantity
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of Thl cells and are accompanied by moderate quantities of ThO and Th2 cell subtypes. On the other
hand, when only miR-34c-5p is expressed, Th cells differentiate into small quantities of Th2 and Th22
cells and finally, the scenario where both miRNAs are expressed, results in the production of huge
quantities of Th1 cells and great quantities of Th2 cells.

Table 4.4- Results of the number of steady states identified as being part of a given Th subtype, under the four different
combinations of miRNA expression, in the environment in which promotes Th2 differentiation, for the Last model version of
our modified model. The four numbers under parenthesis following the mentioned environment refer to the number of steady

states that the modified model produces in the four different miRNA expression scenarios. The number under parenthesis
following the number of steady states classified as being part of a certain Th cell subtype, refers to percentage of that result
compared with the total number of steady states.

Pro Th2 environment (1360/384/944/240)
None Just miR155 | Just miR34c Both Total
Tho 32 (2,35) 48 (12,50) 0 (0) 0 (0) 80
Thl 0 (0) 288 (75,00) 0 (0) 192 (80,00) 480
Th2 64 (4,71) 48 (12,50) 64 (6,78) 48 (20,00) 224
Th9 0(0) 0(0) 0(0) 0(0) 0
Th17 0(0) 0 (0) 0(0) 0(0) 0
Th22 64 (4,71) 0 (0) 32 (3,39) 0(0) 96
Tfh 0(0) 0 (0) 0 (0) 0(0) 0
Treg 0(0) 0 (0) 0 (0) 0(0) 0

While, as previously mentioned, Th2 cells are obtained under all miRNA expression scenario,
the obtained percentages vary greatly between the different expression scenarios, with the “Just
miR155” and “Both” scenarios obtaining much higher percentages than the other scenarios. Finally, the
ratio that has mentioned previously in the APC only environment, only applies to Thl cells in this
environment.

4.5 ProTh9 environment results

The Pro Th9 environment results in the production of Th9 cells in the scenario where none of
the miRNAs is expressed. In such scenario, Th9 cells are produced in large percentages in conjunction
with a small percentage of Th17 cells. On the other hand, the “just miR-155-5p” scenario leads to the
obtention of small quantities of Th2 cells, in addition to a significant population of ThO cells and a large
quantity of Th1 cells. The “Just miR34” scenario results in the production of small numbers of Th2 and
Th22 cells. Meanwhile, the last scenario results in the obtention of large quantities of Thl and small
percentages of Th2 cells. These results can be consulted in Table 4.5.
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Table 4.5- Results of the number of steady states identified as being part of a given Th subtype, under the four different
combinations of miRNA expression, in the environment in which promotes Th9 differentiation, for the Last model version of
our modified model. The four numbers under parenthesis following the mentioned environment refer to the number of steady

states that the modified model produces in the four different miRNA expression scenarios. The number under parenthesis
following the number of steady states classified as being part of a certain Th cell subtype, refers to percentage of that result
compared with the total number of steady states.

Pro Th9 environment (928/768/1032/480)
None Just miR155 | Just miR34c Both Total

Tho 0(0) 96 (12,50) 0 (0) 0 (0) 96
Thl 0 (0) 288 (37,50) 0 (0) 192 (40,00) 480
Th2 0 (0) 24 (3,13) 32 (3,10) 24 (5,00) 80
Th9 448 (48,28) 0 (0) 0 (0) 0 (0) 448
Th17 64 (6,90) 0 (0) 0 (0) 0 (0) 64
Th22 0 (0) 0 (0) 16 (1,55) 0(0) 16
Tfh 0(0) 0 (0) 0(0) 0(0) 0

Treg 0 (0) 0 (0) 0(0) 0(0) 0

Once again, just like in the previous environment, the ratios mentioned in APC only
environment only apply to the Th1 cell subtype.

4.6 ProTh17 environment results

The Pro Th17 environment results (Table 4.6), show the production of the expected Th17 cells
in the scenario where none of the miRNAs are expressed, which results in the production a small
percentage of Th17 steady states. The scenarios where miR-155-5p are expressed result in the
production of large quantities of Thl cells, medium quantities of Treg cells and small quantities of ThO
and Th2 cells. The scenario where miR-34c¢-5p is the only miRNA present, results in the production of
small quantities of ThO, Th2, Th22 and Treg cells. The ratio that was observed in the APC only
environment is once again fully appliable to this environment.

Table 4.6- Results of the number of steady states identified as being part of a given Th subtype, under the four different
combinations of miRNA expression, in the environment in which promotes Th17 differentiation, for the Last model version of
our modified model. The four numbers under parenthesis following the mentioned environment refer to the number of steady

states that the modified model produces in the four different miRNA expression scenarios. The number under parenthesis
following the number of steady states classified as being part of a certain Th cell subtype, refers to percentage of that result
compared with the total number of steady states.

Pro Th17 environment (464/1182/912/798)

None Just miR155 | Just miR34c Both Total
Tho 0 (0) 96 (8,12) 8 (0,88) 48 (6,02) 152
Thl 0(0) 288 (24,37) 0(0) 192 (24,06) 480
Th2 0 (0) 24 (2,03) 16 (1,75) 24 (3,01) 64
Th9 0 (0) 0 (0) 0 (0) 0 (0) 0
Thl7 32 (6,90) 0(0) 0(0) 0(0) 32
Th22 0 (0) 0 (0) 60 (6,58) 0 (0) 60
Tth 0 (0) 0 (0) 0 (0) 0 (0) 0
Treg 0(0) 216 (18,27) 88 (9,65) 144 (18,05) 448
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4.7 ProTh22 environment results

As shown in Table 4.7, the Pro Th22 environment results in the production of Th22 cells in the
scenarios where miR-155-5p is not expressed. The scenarios where miR-155-5p is expressed result in
the production of small percentages of ThO and Th2, together with moderate percentages of Treg and a
large percentage of Thl.

On the other hand, the scenarios where none of the miRNAs are expressed results in the
production of small quantities of Th2 and Th22 cells. The last scenario, the “Just miR34¢” scenario
results in the production of small percentages of ThO and Th2 cells and moderate quantities of Th22 and
Treg cells.

Although the Th22 cells can be obtained in two different scenarios it should be noted that when
comparing the results obtained in the “None” scenario with the “Just miR34c” scenarios, the latter results
take nearly the double and more than the double of the absolute and relative values that are observed in
the former scenario. Finally, the ratios mentioned in the APC only environment occur in this
environment.

Table 4.7- Results of the number of steady states identified as being part of a given Th subtype, under the four different
combinations of miRNA expression, in the environment in which promotes Th22 differentiation, for the Last model version of
our modified model. The four numbers under parenthesis following the mentioned environment refer to the number of steady

states that the modified model produces in the four different miRNA expression scenarios. The number under parenthesis
following the number of steady states classified as being part of a certain Th cell subtype, refers to percentage of that result
compared with the total number of steady states.

Pro Th22 environment (1256/1164/1076/798)

None Just miR155 | Just miR34c Both Total
ThO 0(0) 96 (8,25) 16 (1,49) 48 (6,02) 160
Thi 0(0) 288 (24,76) 0(0) 192 (24,06) 480
Th2 16 (1,27) 24 (2,06) 32 (2,97) 24 (3,01) 96
Th9 0 (0) 0 (0) 0 (0) 0 (0) 0
Th17 0(0) 0 (0) 0 (0) 0 (0) 0
Th22 64 (5,10) 0 (0) 120 (11,15) 0 (0) 184
Tfh 0 (0) 0 (0) 0 (0) 0(0) 0
Treg 0 (0) 216 (18,56) 176 (16,36) 144 (18,05) 536

4.8 Pro Tfh environments results
The results of the Pro Tth environment (Table 4.8) show three different patterns of Th cell

differentiation, with the scenarios where miR-155-5p is present resulting in the production of small
quantities of ThO and Th2 cells, moderate quantities of Treg cells and large numbers of Th1l cells, and
the ratios that have been previously described once again occurring in this environment.

The “None” scenario results in the production of small quantities of both Th2 and Th22 cells.
Finally, “Just miR34c¢” scenario results in the production of significative quantities of Th22 and Treg
cells and minor quantities of Th2 and Tth cells.
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Table 4.8- Results of the number of steady states identified as being part of a given Th subtype, under the four different
combinations of miRNA expression, in the environment in which promotes Tth differentiation, for the Last model version of
our modified model. The four numbers under parenthesis following the mentioned environment refer to the number of steady
states that the modified model produces in the four different miRNA expression scenarios. The number under parenthesis
following the number of steady states classified as being part of a certain Th cell subtype, refers to percentage of that result
compared with the total number of steady states.

Pro Tfth environment (2496/2448/1888/1656)
None Just miR155 | Just miR34c Both Total

ThO 0(0) 168 (6,86) 0 (0) 84 (5,07) 252
Thl 0(0) 576 (23,53) 0(0) 384 (23,19) 960
Th2 32 (1,28) 48 (1,96) 32 (1,69) 48 (2,90) 160
Th9 0 (0) 0 (0) 0 (0) 0 (0) 0

Th17 0 (0) 0 (0) 0 (0) 0 (0) 0

Th22 32 (1,28) 0 (0) 256 (13,56) 0(0) 288
Tth 0(0) 0 (0) 64 (3,39) 0 (0) 64
Treg 0(0) 432 (17,65) 224 (11,86) 288 (17,39) 944

4.9 ProTregenvironment results
Finally, Treg cells are also obtained in the ProTreg environment, being produced by every

scenario where at least one of the miRNAS is expressed. In this environment, when none of the miRNAs
are expressed Th17 is the only Th cell subtype that naive CD4+ T cells differentiate into, which results
in a significative Th17 cell population. When it comes to the scenarios where miR-155-5p is the only
miRNA present naive Th cell differentiation results in obtaining a minor percentage of Th2 cells, a
significative quantity of ThO cells and large quantities of Th1 and Treg cells. The “Both” scenario results
in the obtention of the same Th cell subtypes, with the only difference being that ThO is present in small
guantities. Finally, the “Just miR34¢” scenario results in the obtention of small quantities of ThO and
Th2 cells, a significative percentage of Th22 cells and a large quantity of Treg cells.

It should be noted that the percentages of Treg cells obtained in the scenarios where miR-155-
5p is expressed are much higher than the percentage of Treg cells obtained in the “Just miR34c”

scenario. finally, the ratio that was so frequently mentioned so far, occurs once again in the Pro Treg
environment. More detailed results can be consulted in Table 4.9.

Table 4.9- Results of the number of steady states identified as being part of a given Th subtype, under the four different
combinations of miRNA expression, in the environment in which promotes Treg differentiation, for the Last model version of
our modified model. The four numbers under parenthesis following the mentioned environment refer to the number of steady

states that the modified model produces in the four different miRNA expression scenarios. The number under parenthesis
following the number of steady states classified as being part of a certain Th cell subtype, refers to percentage of that result
compared with the total number of steady states.

Pro Treg environment (608/864/1152/576)
None Just miR155 | Just miR34c Both Total
ThoO 0(0) 96 (11,11) 16 (1,39) 48 (8,33) 160
Thl 0 (0) 288 (33,33) 0 (0) 192 (33,33) 480
Th2 0(0) 48 (5,56) 64 (5,56) 48 (8,33) 160
Th9 0 (0) 0 (0) 0 (0) 0 (0) 0
Th17 64 (10,53) 0 (0) 0(0) 0(0) 64
Th22 0(0) 0(0) 224 (19,44) 0(0) 224
Tth 0 (0) 0 (0) 0 (0) 0 (0) 0
Treg 0 (0) 432 (50,00) 352 (30,56) 288 (50,00) 1072
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4.10 Results by Th cell subtype

Following the previous description of the results obtained by the Last Model version of our
modified model, we proceed to analyze those results per Th cell subtype.

4.10.1 ThO
To begin with, our results show that although ThO cells are obtained in all environments, the
mMiRNA expression scenarios in which they are obtained differ between environments.

As such, in the no stimulation, Pro Thl and Pro Tfh environments, ThO cells are produced in
the scenarios which express miR-155-5p, with higher percentages being obtained in the “Just miR155”
scenario, as seen in Figure 4.10.1.1.
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Figure 4.10.1.1-Comparison of the percentages of steady states classified as belonging to the ThO cell subtype in the nine
different environments of the four miRNA expression scenarios.

In the Pro Th2 environment, ThO cells are produced whenever miR-34c-5p is absent, and the
“Just miR155” scenario is the one with a higher percentage of obtained ThO cells.

In the Pro Th9 environment, ThO cells are obtained only in the scenario where miR-155-5p is
the only miRNA present.

In the Pro Th17, Pro Th22 and Pro Treg environments, ThO cells are formed in the scenarios
where at least one of the miRNAs are expressed. With the scenario where miR-155-5p is the only
miRNA expressed favoring the obtention of ThO cells while the presence of miR-34c-5p, especially
when alone, being detrimental for the obtention of ThO cells.

In the APC only environment, ThO cells are produced in every scenario, with a higher percentage
of ThO cells being obtained in the “Just miR155” scenario and lower in the “Just miR34c” scenario.

In conclusion, ThO cells are obtainable under every miRNA expression scenario, and its highest
percentages are obtained in the “Just miR155” scenario, while its lowest are obtained in the “Just
miR34c¢” scenario. While the expression of miR-155-5p appears to increase the percentage of obtained
ThO cells, miR-34c-5p appears to have the opposite effect, with the “Just miR34¢” presenting a lower
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percentage of ThO cells than the scenario where none of the miRs are present. Additionally, given that
the percentages obtained in the “Both” scenario tends to be 75% of the percentages obtained in the “Just
miR155” scenario, it appears that in this environment the presence of miR-34c-5p is able to inhibit the
effects of miR-155-5p.

4.10.2 Thl

The Thl CD4+ T cell subtype is obtained in all environments except the No Stimulation
environment, and in all these cases its expression occurs in the scenarios where miR-155-5p is
expressed, with the percentages obtained for the scenario pair “Both” and “Just miR155” being similar
for each environment (Figure 4.10.2.1).
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Figure 4.10.2.1- Comparison of the percentages of steady states classified as belonging to the Th1 cell subtype in the nine
different environments of the four miRNA expression scenarios.

The fact that the production of Thl cells only occurs upon the presence of miR-155-5p
establishes a clear link between this miRNA and the production of this Th cell subtype, thus acting in
accordance with the literature, which states that miR-155-5p is essential for the development and
function of Thl cells (Banerjee et al., 2010).

43



4.10.3 Th2
In its turn, Th2 cells are obtained in every environment except the No stimulation environment
(Figure 4.10.3.1).
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Figure 4.10.3.1- Comparison of the percentages of steady states classified as belonging to the Th2 cell subtype in the nine
different environments of the four miRNA expression scenarios.

In the APC only and Pro Th1l environments, Th2 cells are produced in every scenario, with the
higher percentages being obtained in the scenario where both miRNAs are expressed, and the lowest
percentage corresponding to the scenario in which only miR-155-5p is expressed. The comparison of
the scenarios where only one of the miRNAs are present with the scenario where none of the miRNAs
is expressed, appears to suggest that miR-155-5p has an inhibitory effect on the production of Th2 cells,
while the miR-34c-5p has a stimulatory effect in their production. Curiously, the scenario in which both
mMiRNAs are present is the one with the higher percentage of Th2 cells, which appears to go against the
previous assessment that miR-155-5p served as an inhibitor of Th2 cell differentiation.

In the Pro Th2 and Pro Tfh environments, all miRNA expression scenarios result in the
production of the Th2 cell subtype, but unlike in the environments in the previous paragraph, both
miRNAs appear to have a stimulatory effect in the production of Th2 cells, although the miR-155-5p
appears to have a stronger effect on the Th2 cell production. Just like in the previous environments, the
“Both” scenario is the one which results in a higher percentage of Th2 cells. The exact same situation
occurs with the Pro Th22 environment, with the exception that in this environment, the miR-34c-5p is
the miRNA with the highest stimulatory effect on Th2 cell differentiation.

In the Pro Th9 and Th17 environments, only the scenarios with no miRNAs don’t produce Th2
cells, and, while the "Both” scenario is the one with the higher percentage of Th2 cells, the results of the
two remaining scenarios differ between the two environments. As such, while in the Pro Th9
environment, those two scenarios show results with similar percentages, in the Pro Th17 environment,
the percentage of Th2 cells obtained in the “Just miR34c¢” scenario is significantly lower than the
percentage obtained in the “Just miR155” scenario.

Finally, the Pro Treg environment results in the production of Th2 cells in every scenario in
which at least one of the miRNAs is expressed. With the same percentage of Th2 cells being obtained
in the two scenarios where one of the miRNAs is expressed, while the “Both” scenario once again
presents the highest percentage of Th2 cells.
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In summary, the results of our modified model don’t allow to identify a clear role for the two
miRNAs of interest in the differentiation of Th2 cells, given that these cells are obtainable in every
single scenario, and that the behavior of the two miRNAs differs between different environments,
although as a general rule, in most cases both miRNAs stimulate the differentiation of naive CD4+ T
cells into Th2 cells.

4.10.4 Th9

Th9 cells are obtained only in the Th9 environment, where they are produced in great quantities
in the scenario where none of the miRNAs of interest are expressed (Figure 4.10.4.1). These results thus
allow us to establish a clear inhibitory role for the miR-34c-5p and the miR-155-5p in Th9 cell
differentiation.
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Figure 4.10.4.1- Comparison of the percentages of steady states classified as belonging to the Th9 cell subtype in the nine
different environments of the four miRNA expression scenarios.

4.10.5 Th17

In our modified model, the Th17 CD4+ T cell subtype is obtained under three different
environments: the Pro Th9, Pro Th17 and Pro Treg environments. In all of these environments, Th17
cells are produced only in the environment in which none of the miRNAs are expressed, taking a
percentage of 6,90% in the Pro Th9 and Pro Th17 environments and a percentage of 10,53% in the Pro
Treg environment (Figure 4.10.5.1).

Once again, like in the case of the Th9 subtype, the production of Th9 cells only when none of
the miRNAs of interest is expressed, appear to point to both miR-155-5p and miR-34c-5p playing an
inhibitory role in the differentiation of naive CD4+ T cells into Th17 cells. Unfortunately, these results
contradict the literature according to which the expression of miR-155-5p is essential for the production
of Th17 cells (O’Connell et al., 2010).
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Th17 result comparison
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Figure 4.10.5.1- Comparison of the percentages of steady states classified as belonging to the Th17 cell subtype in the nine
different environments of the four miRNA expression scenarios.

4.10.6 Th22

The Th22 cell subtype is obtained in every environment except the No stimulation environment
(Figure 4.10.6.1).
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Figure 4.10.6.1- Comparison of the percentages of steady states classified as belonging to the Th22 cell subtype in the nine
different environments of the four miRNA expression scenarios.

In the APC only, Pro Th1l and Pro Th22 and Pro Tfh environments, Th22 cells are obtained in
the scenarios where miR-155-5p is not expressed, with higher values in the “Just miR34c” scenario
indicating that miR-34c-5p plays a role in stimulating in the differentiation of naive CD4+ T cells into
Th22 cells.

In the Pro Th2 environment, the scenarios in which miR-155-5p is absent also results in the
production of Th22 cells, but in this case the results appear to show that Th22 the miR-34c-5p has an
inhibitory role in the differentiation of Th22 cells.
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Finally, in the Pro Th9, Pro Th17 and Pro Treg environments, Th22 cells are produced in the
scenario where miR-34c-5p is the only miRNA that is expressed.

The fact that our results show that Th22 cells are produced in any environments where miR-
155-5p is not present clearly shows us that this miRNA has an inhibitory role in the differentiation of
Th22 cells. On the other hand, the results appear to indicate that miR-34c-5p stimulates the
differentiation of Th22 cells, with the results of “Just miR34c” scenario increasing of more than 200%
when compared with the results of the “None” scenario in the APC only and Pro Th22 environments,
and tenfold in the Pro Th1 and Pro Tfh environments. There is an exception to these increases in the Pro
Th2 environment where, where the percentage in the “Just miR34c” scenario is about 71% of that in the
“None” scenario, but this exception nonetheless, there appears to be more than enough evidence to
propose that miR-34c-5p plays a stimulatory role for the production of Th22 cells although in some
environments its presence is not necessary for the formation of Th22 cells.

4.10.7 Tfh

Tfh cells are produced in the Pro Thl and Pro Tfh environments, in both cases only in the
scenario where miR-34c-5p is the only miRNA that is expressed, with a slightly higher percentage of
cells beings produced in the Pro Tfh environment (Figure 4.10.7.1). As such, it is quite easy to conclude
that our results show that miR-34c-5p is essential for the differentiation of naive CD4+ T cells into Tfh
cells, even though its stimulatory effect is nullified when miR-155-5p is expressed, as visible by our
results in the scenario where both miRNAs are expressed.
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Figure 4.10.7.1- Comparison of the percentages of steady states classified as belonging to the Tth cell subtype in the nine
different environments of the four miRNA expression scenarios.

4.10.8 Treg

Finally, Treg cells are obtained in the following environments: APC only, Pro Thl, Pro Th17,
Pro Th22, Pro Tfh and Pro Treg. In all of these environments, production of Treg cells occurs in the
scenarios where at least one of the miRNAs of interest is expressed (Figure 4.10.8.1). In the same way,
in all environments, the scenario where the higher percentage of Treg cells occurs is the scenario where
miR-155-5p is the only miRNA expressed, and the scenario with the lower percentage is the “Just
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miR34¢” scenario, with the scenario where both miRNAs are expressed having a percentage of Treg
cells close but slightly lower than the percentage of Treg cells in the “Just miR155” scenario. As such,
the author is of the opinion that although both miRNAs lead to the stimulation of Treg cell
differentiation, the stimulatory role of miR-155-5p is somewhat stronger than that of miR-34c-5p. It is
of interest that, once again, there appear to be indications of miR-34c-5p inhibiting to a certain degree
the stimulatory effects of miR-155-5p in Th cell differentiation.
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Figure 4.10.8.1- Comparison of the percentages of steady states classified as belonging to the Treg cell subtype in the nine
different environments of the four miRNA expression scenarios.

5 Discussion and Conclusion

Now that we have gone through the description of the results followed by their analysis per Th
cell subtype, we proceed to evaluate the role of miR-155-5p and miR-34c-5p in the differentiation of
naive CD4+ T cells into their different subtypes.

Taking into account the previous results, it is clear to the author that miR-155-5p is essential for
the formation of Th1l cells, given that the production of Th1l cells only occurs in the environments in
which this miRNA is expressed. By the same token, miR-155-5p appears to stimulate the differentiation
of naive Th cells into Treg cell. We arrived to this conclusion through the observation that although
Treg cells can be produced in any scenario where at least one of the miRNAs is present, it is in the
scenarios in which miR-155-5p is expressed, that the highest percentages of Treg cells are observed.
These results are in accordance with the literature (L. F. Lu et al., 2009), in which miR-155-5p is
fundamental for the development and function of Thl and Treg cells.

On the other hand, miR-155-5p appears to play an inhibitory role in the differentiation of Th9
and Th17 cells, given that these cells are only produced in the scenario in which none of the miRNAs
are expressed. In the same way, miR-155-5p also appears to be an inhibitor of Th22 cell differentiation,
which only is produced when miR-155-5p is not present. Seeing how Tfh cells are produced when miR-
34c-5p is present but aren’t produced in the presence of both miRNAS, miR-155-5p also appears to be
an inhibitor of Tfh cell differentiation and at least in this environment, is able to inhibit the stimulatory
effects of miR-34c-5p. In the case of Th17 cells, our result contradicts the literature (O’Connell et al.,
2010) which states that miR-155-5p is necessary for the Th17 development and function. It should be
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noted that our work only analyses the activity of the miRs at the steady states. It is plausible that miR-
155-5p activity could be necessary in the dynamic trajectory of the system before reaching the steady
state, and not necessary anymore once steady state is reached. To clarify this situation, future work
should simulate the dynamical trajectories of the system that lead to each type of steady state. If these
simulations show that miR-155-5p activity is necessary to reach Th17 steady states, but is absent in the
final state, the model agrees with previous observations. In any case, experimental detection of activity
of miR-155-5p in stable Th17 cells can prove that our model is not valid.

Finally, when it comes to the impact of miR-34c-5p on naive CD4+ T cell differentiation, we
can easily say that it plays no role in the differentiation of naive Th cells into Thl. We arrive to this
conclusion by observing that no Th1 cells are obtained in the “Just miR34c¢” scenario and that there are
significative differences between the percentages obtained in the “Just miR155” scenario and the “Both”
scenario, which eliminates the possibility of miR-34c-5p having an inhibitory role in this process.

By the same token, miR-34c-5p plays an inhibitory role in Th9 and Th17 cell differentiation,
given that these cells are only produced in the scenario where none of the miRNA are expressed.

On the other hand, miR-34c-5p has a stimulatory role in the differentiation of naive ThO cells
into Th22 cells. Th22 cells are formed in the scenarios in which miR-155-5p is not present, and as such
are not dependent upon the expression of miRNAs, but the scenario in which miR-34c-5p is expressed
results in the increase of environments in which Th22 cells are obtained, in addition to an increase of
the percentages of Th22 cells obtained that ranges from two to tenfold.

It is on Tth cells though, that the influence of miR-34c-5p is the clearer, with this cell subtype
only being produced when miR-34c¢-5p is the only miRNA expressed, thus making miR-34c-5p essential
for the production of Tth cells.

MiR-34c-5p has once again a stimulatory role in the production of Treg cells, which are
produced in any scenario where at least one of the miRNAs are present. Curiously, even though both of
the miRNAs of interest play a stimulatory effect upon the formation of Treg cells, not only does the
effect of miR-34c-5p appears to be lesser than that of miR-155-5p but it also appears that in this scenario
miR-34c-5p has an inhibitory effect upon miR-155-5p, given that in the scenario where both miRNAs
are present, the modified model usually gives rises to percentages of Treg cells that are slightly lower
than when only miR-155-5p is expressed.

This is not the first instance in which miR-34c-5p appeared capable to inhibit miR-155-5p
effects.

When it comes to the percentages of obtained ThO cells, the results show that these cells can be
obtained in every single scenario. However, higher percentages of ThO cells are clearly associated with
the presence of miR-155-5p, while miR-34c-5p plays an inhibitory role with the “Just miR34c¢” scenario
resulting in lower percentages than the “None” scenario. It is also in this scenario, that once more the
inhibitory effect of miR-34c¢-5p on mMiR-155-5p is laid bare, with a the “Both” scenario presenting
significantly lower percentages of ThO cells than the “Just miR155” scenario, possibly due miR-34c-5p
inhibiting the stimulatory effect of miR-155-5p.

Finally, when it comes to the Th2 cells, our results don’t allow us to find any discernible rules,
other than that in most environments both miRNAs act as stimulators of the differentiation of naive Th
cells into Th2 cells.

In summary, during this thesis, we proceeded to adopt a previously published CD4+ T cell
differentiation model (Abou-Jaoudé et al., 2015) by adding information regarding miR-34c-5p and miR-
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155-5p, their targets and transcription factors, and obtaining the steady states of this modified model,
aiming to evaluate the impact of these miRNAs upon CD4+ T cell differentiation.

During this process we created several versions of our modified model, with different logical rules
for the nodes of our system, until we reached a version of the modified model in which all environments
which favored the production of a certain Th cell subtype gave rise to such cell subtype. Upon the
obtention of a version of our modified model which managed to succeed in such task we proceeded to
the analysis of the model steady states, which permitted to determine the impact of our two miRNAs of
interest upon the differentiation of naive CD4+ T cells.

As such, the analysis of our results showed that miRNA-155-5p plays an inhibitory role in the
formation of Th9, Th17, Th22 and Tth cells, while playing a stimulatory role in the differentiation of
naive ThO cells into Thl and Treg cells. Finally, its role in the production of Th2 cells couldn’t be
inferred although in general it appears to have a stimulatory effect.

When it comes to miRNA-155-5p, there appear to be some discrepancies between the literature and
the results obtained by our model. These discrepancies may be explained through the absence of nodes
such as SOCS1, that interact with miRNA-155-5p. In this work we only included interactions present in
OMNIPath. Although it covers a large number of curated interactions, many real interactions are not yet
included. To address these discrepancies, a manual curation of the modified model and a literature search
for additional interactions are needed. Regardless, for the most part our results act in accordance with
the available literature.

On the other hand, miR-34c-5p appears to have no impact on Th1l cell differentiation, while being
an inhibitor of naive Th cell differentiation into Th9 and Th17 cells, and playing a stimulatory role in
the differentiation of naive ThO cells into Th22, Tfh and Treg cells. In fact, miR-34c-5p appears to be
fundamental for the obtention of Tfh cells. The role of miR-34c-5p in the production of Th2 cells
couldn’t be inferred with certainty, but in most cases, it would appear that this miRNA has a stimulatory
effect in the production of Th2 cells.

It should also be noted that according to our results, miR-34c-5p appears to play an inhibitory role
upon the effects of miR-155-5p at least when it comes to the number of ThO and Treg cells obtained,
while on the other hand, miR-155-5p appears to inhibit the effects of miR-34c-5p when it comes to the
number of Tth cells obtained.

Finally, we would like to say that in the future, further laboratorial studies are necessary to confirm
whether the removal of FLI1, ETS1, TCF4, NR3C1, EGR1, AR, ELF3, FOX03, FOS, HIF1A and
SNAI1 are or not justified. It is crucially important to study whether any of these is expressed during Th
cell differentiation as their reintroduction into our model may have an effect upon the observed results.

50



6 Bibliography
Abou-Jaoudé, W., Monteiro, P. T., Naldi, A., Grandclaudon, M., Soumelis, V., Chaouiya, C., &

Thieffry, D. (2015). Model Checking to Assess T-Helper Cell Plasticity. Frontiers in
Bioengineering and Biotechnology, 2, 86. https://doi.org/10.3389/fbioe.2014.00086

Allantaz, F., Cheng, D. T., Bergauer, T., Ravindran, P., Rossier, M. F., Ebeling, M., Badi, L., Reis, B.,
Bitter, H., D’ Asaro, M., Chiappe, A., Sridhar, S., Pacheco, G. D., Burczynski, M. E., Hochstrasser,
D., Vonderscher, J., & Matthes, T. (2012). Expression profiling of human immune cell subsets
identifies mMiRNA-mRNA regulatory relationships correlated with cell type specific expression.
PLoS ONE, 7(1). https://doi.org/10.1371/journal.pone.0029979

Amaral, A. J., Andrade, J., Foxall, R. B., Matoso, P., Matos, A. M., Soares, R. S., Rocha, C., Ramos, C.
G., Tendeiro, R., Serra-Caetano, A., Guerra-Assuncdo, J. A., Santa-Marta, M., Gongalves, J.,
Gama-Carvalho, M., & Sousa, A. E. (2017). miRNA profiling of human naive CD4 T cells links
miR-34c-5p to cell activation and HIV replication. The EMBO Journal, 36(3), 346-360.
https://doi.org/10.15252/embj.201694335

Assenmacher, M., Schmitz, J., & Radbruch, A. (1994). 24: 1097-1101 Co-expression of cytokines in Th
cells 1097. In Eur. J. Immunol.

Banerjee, A., Schambach, F., Dejong, C. S., Hammond, S. M., & Reiner, S. L. (2010). Micro-RNA-155
inhibits IFN-y signaling in CD4+ T cells. European Journal of Immunology, 40(1), 225-231.
https://doi.org/10.1002/¢ji.200939381

Bartel, D. P. (2009). MicroRNAs: Target Recognition and Regulatory Functions. In Cell (Vol. 136,
Issue 2, pp. 215-233). https://doi.org/10.1016/j.cell.2009.01.002

Bérenguier, D., Chaouiya, C., Monteiro, P. T., Naldi, A., Remy, E., Thieffry, D., & Tichit, L. (2013).
Dynamical modeling and analysis of large cellular regulatory networks. Chaos: An
Interdisciplinary Journal of Nonlinear Science, 23(2), 25114. https://doi.org/10.1063/1.4809783

Boldin, M. P., Taganov, K. D., Rao, D. S,, Yang, L., Zhao, J. L., Kalwani, M., Garcia-Flores, Y., Luong,
M., Devrekanli, A., Xu, J., Sun, G., Tay, J., Linsley, P. S., & Baltimore, D. (2011). miR-146a is a
significant brake on autoimmunity, myeloproliferation, and cancer in mice. Journal of
Experimental Medicine, 208(6), 1189-1201. https://doi.org/10.1084/jem.20101823

Bornholdt, S. (2008). Boolean network models of cellular regulation: Prospects and limitations. In
Journal of the Royal Society Interface (Vol. 5, Issue SUPPL. 1). Royal Society.
https://doi.org/10.1098/rsif.2008.0132.focus

Breitfeld, D., Ohl, L., Kremmer, E., Ellwart, J., Sallusto, F., Lipp, M., & Forster, R. (2000). Follicular
B Helper T Cells Express CXC Chemokine Receptor 5, Localize to B Cell Follicles, and Support
Immunoglobulin ~ Production. In J.  Exp. Med (Vol. 192, Issue 11).
http://www.jem.org/cgi/content/full/192/11/1545

Bucy, I. P., Panoskahsis-Mortari, A., Huang, G.-Q., Li, J., Karr, L., Ross, M., Tlussell, J. H., Murphy,
K. M., & Weaver, C. T. (1994). Heterogeneity of Single Cell Cytokine Gene Expression in Clonal
T Cell Populations.

Calin, G. A., & Croce, C. M. (2006). MicroRNA signatures in human cancers. In Nature Reviews Cancer
(Vol. 6, Issue 11, pp. 857-866). https://doi.org/10.1038/nrc1997

51



Calin, G. A., Liu, C.-G., Sevignani, C., Ferracin, M., Felli, N., Dumitru, C. D., Shimizu, M., Cimmino,
A., Zupo, S., Dono, M., Dell’Aquila, M. L., Alder, H., Rassenti, L., Kipps, T. J., Bullrich, F.,
Negrini, M., & Croce, C. M. (2004). MicroRNA profiling reveals distinct signatures in B cell
chronic lymphocytic leukemias. Proceedings of the National Academy of Sciences of the United
States of America, 101(32), 11755-11760. https://doi.org/10.1073/pnas.0404432101

Calzone, L., Tournier, L., Fourquet, S., Thieffry, D., Zhivotovsky, B., Barillot, E., & Zinovyev, A.
(2010). Mathematical modelling of cell-fate decision in response to death receptor engagement.
PLoS Computational Biology, 6(3). https://doi.org/10.1371/journal.pcbi.1000702

Cano-Gamez, E., Soskic, B., Roumeliotis, T. I., So, E., Smyth, D. J., Baldrighi, M., Willé, D., Nakic,
N., Esparza-Gordillo, J., Larminie, C. G. C., Bronson, P. G., Tough, D. F., Rowan, W. C,,
Choudhary, J. S., & Trynka, G. (2020). Single-cell transcriptomics identifies an effectorness
gradient shaping the response of CD4+ T cells to cytokines. Nature Communications, 11(1).
https://doi.org/10.1038/s41467-020-15543-y

Chang, J. T., Palanivel, V. R., Kinjyo, I., Schambach, F., Intlekofer, A. M., Banerjee, A., Longworth, S.
A., Vinup, K. E., Mrass, P., Oliaro, J., Killeen, N., Orange, J. S., Russell, S. M., Weninger, W., &
Reiner, S. L. (2007). Asymmetric T lymphocyte division in the initiation of adaptive immune
responses. Science, 315(5819), 1687—-1691. https://doi.org/10.1126/science.1139393

Chaves, M., & Preto, M. (2013). Hierarchy of models: From qualitative to quantitative analysis of
circadian rhythms in cyanobacteria. Chaos, 23(2). https://doi.org/10.1063/1.4810922

Chen, W. J., Jin, W., Hardegen, N., Lei, K. J., Li, L., Marinos, N., McGrady, G., & Wahl, S. M. (2003).
Conversion of Peripheral CD4+CD25- Naive T Cells to CD4+CD25+ Regulatory T Cells by TGF-
B Induction of Transcription Factor Foxp3. Journal of Experimental Medicine, 198(12), 1875—
1886. https://doi.org/10.1084/jem.20030152

Chong, M. M. W., Rasmussen, J. P., Rudensky, A. Y., & Littman, D. R. (2008). The RNAselll enzyme
Drosha is critical in T cells for preventing lethal inflammatory disease. Journal of Experimental
Medicine, 205(9), 2005-2017. https://doi.org/10.1084/jem.20081219

Cobb, B. S., Hertweck, A., Smith, J., O’Connor, E., Graf, D., Cook, T., Smale, S. T., Sakaguchi, S.,
Livesey, F. J., Fisher, A. G., & Merkenschlager, M. (2006). A role for Dicer in immune regulation.
Journal of Experimental Medicine, 203(11), 2519-2527. https://doi.org/10.1084/jem.20061692

Collombet, S., van Oevelen, C., Sardina Ortega, J. L., Abou-Jaoudé, W., di Stefano, B., Thomas-
Chollier, M., Graf, T., & Thieffry, D. (2017). Logical modeling of lymphoid and myeloid cell
specification and transdifferentiation. Proceedings of the National Academy of Sciences, 114(23),
5792. https://doi.org/10.1073/pnas.1610622114

Coolen, M., Thieffry, D., Drivenes, @., Becker, T. S., & Bally-Cuif, L. (2012). MiR-9 Controls the
Timing of Neurogenesis through the Direct Inhibition of Antagonistic Factors. Developmental
Cell, 22(5), 1052-1064. https://doi.org/10.1016/j.devcel.2012.03.003

Crotty, S. (2011). Follicular Helper CD4 T cells (T FH). Annual Review of Immunology, 29, 621-663.
https://doi.org/10.1146/annurev-immunol-031210-101400

Curtale, G., Citarella, F., Carissimi, C., Goldoni, M., Carucci, N., Fulci, V., Franceschini, D., Meloni,
F., Barnaba, V., & Macino, G. (2010). An emerging player in the adaptive immune response:
microRNA-146a is a modulator of IL-2 expression and activation-induced cell death in T
lymphocytes. https://doi.org/10.1182/blood-2009

52



Dardalhon, V., Awasthi, A., Kwon, H., Galileos, G., Gao, W., Sobel, R. A., Mitsdoerffer, M., Strom, T.
B., Elyaman, W., Ho, I. C., Khoury, S., Oukka, M., & Kuchroo, V. K. (2008). IL-4 inhibits TGF-
B-induced Foxp3+ T cells and, together with TGF-p, generates IL-9+ IL-10+ Foxp3- effector T
cells. Nature Immunology, 9(12), 1347-1355. https://doi.org/10.1038/ni.1677

de Leeuw, D. C., van den Ancker, W., Denkers, F., de Menezes, R. X., Westers, T. M., Ossenkoppele,
G. J, van de Loosdrecht, A. A., & Smit, L. (2013). MicroRNA profiling can classify acute
leukemias of ambiguous lineage as either acute myeloid leukemia or acute lymphoid leukemia.
Clinical Cancer Research, 19(8), 2187-2196. https://doi.org/10.1158/1078-0432.CCR-12-3657

de Rie, D., Abugessaisa, I., Alam, T., Arner, E., Arner, P., Ashoor, H., Astrém, G., Babina, M., Bertin,
N., Burroughs, A. M., Carlisle, A. J., Daub, C. O., Detmar, M., Deviatiiarov, R., Fort, A., Gebhard,
C., Goldowitz, D., Guhl, S., Ha, T.J., ... de Hoon, M. J. L. (2017). An integrated expression atlas
of miRNAs and their promoters in human and mouse. Nature Biotechnology, 35(9), 872-878.
https://doi.org/10.1038/nbt.3947

Dudda, J. C., Salaun, B., Ji, Y., Palmer, D. C., Monnot, G. C., Merck, E., Boudousquie, C., Utzschneider,
D. T., Escobar, T. M., Perret, R., Muljo, S. A., Hebeisen, M., Rufer, N., Zehn, D., Donda, A.,
Restifo, N. P., Held, W., Gattinoni, L., & Romero, P. (2013). MicroRNA-155 is required for
effector CD8+ T cell responses to virus infection and cancer. Immunity, 38(4), 742—753.
https://doi.org/10.1016/j.immuni.2012.12.006

Eizenberg-Magar, ., Rimer, J., Zaretsky, |., Lara-Astiaso, D., Reich-Zeliger, S., & Friedman, N. (2017).
Diverse continuum of CD4+ T-cell states is determined by hierarchical additive integration of
cytokine signals. Proceedings of the National Academy of Sciences of the United States of America,
114(31), E6447-E6456. https://doi.org/10.1073/pnas.1615590114

Esquela-Kerscher, A., & Slack, F. J. (2006). Oncomirs - MicroRNAs with a role in cancer. In Nature
Reviews Cancer (Vol. 6, Issue 4, pp. 259-269). https://doi.org/10.1038/nrc1840

Fahy, J. v. (2015). Type 2 inflammation in asthma--present in most, absent in many. Nature Reviews.
Immunology, 15(1), 57-65. https://doi.org/10.1038/nri3786

Fauré, A., Naldi, A., Chaouiya, C., & Thieffry, D. (2006). Dynamical analysis of a generic Boolean
model for the control of the mammalian cell cycle. Bioinformatics, 22(14).
https://doi.org/10.1093/bicinformatics/btl210

Fauré, A., Naldi, A., Lopez, F., Chaouiya, C., Ciliberto, A., & Thieffry, D. (2009). Modular logical
modelling of the budding yeast cell cycle. Molecular BioSystems, 5(12), 1787-1796.
https://doi.org/10.1039/b910101m

Fauré, A., Vreede, B. M. I., Sucena, E., & Chaouiya, C. (2014). A Discrete Model of Drosophila
Eggshell Patterning Reveals Cell-Autonomous and Juxtacrine Effects. PLOS Computational
Biology, 10(3), e1003527-. https://doi.org/10.1371/journal.pcbi.1003527

Filipowicz, W., Bhattacharyya, S. N., & Sonenberg, N. (2008). Mechanisms of post-transcriptional
regulation by microRNAs: Are the answers in sight? In Nature Reviews Genetics (Vol. 9, Issue 2,
pp. 102-114). https://doi.org/10.1038/nrg2290

Gameiro, J., Nagib, P., & Verinaud, L. (2010). The thymus microenvironment in regulating thymocyte
differentiation. In Cell Adhesion and Migration (Vol. 4, Issue 3, pp. 382-390). Taylor and Francis
Inc. https://doi.org/10.4161/cam.4.3.11789

53



Garzon, R., Volinia, S., Liu, C.-G., Fernandez-Cymering, C., Palumbo, T., Pichiorri, F., Fabbri, M.,
Coombes, K., Alder, H., Nakamura, T., Flomenberg, N., Marcucci, G., Calin, G. A., Kornblau, S.
M., Kantarjian, H., Bloomfield, C. D., Andreeff, M., & Croce, C. M. (2008). MicroRNA signatures
associated  with  cytogenetics and  prognosis in acute  myeloid leukemia.
https://doi.org/10.1182/blood-2007-07

Gonzélez, A., Chaouiya, C., & Thief, D. (2008). Logical modelling of the role of the Hh pathway in the
patterning of the Drosophila wing disc. Bioinformatics, 24(16).
https://doi.org/10.1093/bioinformatics/btn266

Groux, H., O’Garra, A., Bigler, M., Rouleau, M., Antonenko, S., de Vries, J. E., & Roncarolo, M. G.
(1997). A CD4+T-cell subset inhibits antigen-specific T-cell responses and prevents colitis.
Nature, 389(6652), 737—742. https://doi.org/10.1038/39614

Guo, H., Ingolia, N. T., Weissman, J. S., & Bartel, D. P. (2010). Mammalian microRNAs predominantly
act to decrease  target MRNA levels. Nature, 466(7308), 835-840.
https://doi.org/10.1038/nature09267

Harbour, S. N., Maynard, C. L., Zindl, C. L., Schoeb, T. R., & Weaver, C. T. (2015). Th17 cells give
rise to Thl cells that are required for the pathogenesis of colitis. Proceedings of the National
Academy of Sciences of the United States of America, 112(22), 7061-7066.
https://doi.org/10.1073/pnas.1415675112

Harrington, L. E., Hatton, R. D., Mangan, P. R., Turner, H., Murphy, T. L., Murphy, K. M., & Weaver,
C. T. (2005). Interleukin 17-producing CD4+ effector T cells develop via a lineage distinct from
the T helper type 1 and 2 lineages. Nature Immunology, 6(11), 1123-1132.
https://doi.org/10.1038/ni1254

Hermeking, H. (2010). The miR-34 family in cancer and apoptosis. In Cell Death and Differentiation
(Vol. 17, Issue 2, pp. 193-199). https://doi.org/10.1038/cdd.2009.56

Hu, R., Kagele, D. A., Huffaker, T. B., Runtsch, M. C., Alexander, M., Liu, J., Bake, E., Su, W.,
Williams, M. A., Rao, D. S., Mdller, T., Garden, G. A., Round, J. L., & O’Connell, R. M. (2014).
MiR-155 Promotes T Follicular Helper Cell Accumulation during Chronic, Low-Grade
Inflammation. Immunity, 41(4), 605-619. https://doi.org/10.1016/j.immuni.2014.09.015

Huang, Y., & Wange, R. L. (2004). T cell receptor signaling: Beyond complex complexes. In Journal
of Biological Chemistry (Vol. 279, Issue 28, pp. 28827-28830).
https://doi.org/10.1074/jbc.R400012200

Inécio, D. P., Amado, T., Silva-Santos, B., & Gomes, A. Q. (2018). Control of T cell effector functions
by MiRNAs. Cancer Letters, 427, 63-73.
https://doi.org/https://doi.org/10.1016/j.canlet.2018.04.011

Jamshidian, A., Shaygannejad, V., Pourazar, A., Zarkesh-Esfahani, S. H., & Gharagozloo, M. (2013).
Biased Treg/Th17 balance away from regulatory toward inflammatory phenotype in relapsed
multiple sclerosis and its correlation with severity of symptoms. Journal of Neuroimmunology,
262(1-2), 106-112. https://doi.org/10.1016/j.jneuroim.2013.06.007

Kaplan, M. H. (2013). Th9 cells: differentiation and disease.
Kelso, A., Groves, P., Ramm, L., & Doyle, A. G. (1999). Single-cell analysis by RT-PCR reveals

differential expression of multiple type 1 and 2 cytokine genes among cells within polarized CD4

54



T cell populations. In International  Immunology  (Vol. 11, Issue 4).
http://intimm.oxfordjournals.org/

Kim, Y. K., & Kim, V. N. (2007). Processing of intronic microRNAs. EMBO Journal, 26(3), 775-783.
https://doi.org/10.1038/sj.emboj.7601512

Kopp, K. L., Ralfkiaer, U., Gjerdrum, L. M. R., Helvad, R., Pedersen, I. H., Litman, T., Jgnson, L.,
Hagedorn, P. H., Krejsgaard, T., Gniadecki, R., Bonefeld, C. M., Skov, L., Geisler, C., Wasik, M.
A., Ralfkiaer, E., @dum, N., & Woetmann, A. (2013). STAT5-mediated expression of oncogenic
miR-155 in cutaneous T-cell lymphoma. Cell Cycle (Georgetown, Tex.), 12(12), 1939-1947.
https://doi.org/10.4161/cc.24987

Kroesen, B.-J., Teteloshvili, N., Smigielska-Czepiel, K., Brouwer, E., Boots, A. M. H., van den Berg,
A., & Kluiver, J. (2015). Immuno-miRs: critical regulators of T-cell development, function and
ageing. Immunology, 144(1), 1-10. https://doi.org/10.1111/imm.12367

Kullberg, M. C., Jankovic, D., Feng, C. G., Hue, S., Gorelick, P. L., McKenzie, B. S., Cua, D. J., Powrie,
F., Cheever, A. W., Maloy, K. J., & Sher, A. (2006). IL-23 plays a key role in Helicobacter
hepaticus-induced T cell-dependent colitis. The Journal of Experimental Medicine, 203(11), 2485—
2494. https://doi.org/10.1084/jem.20061082

Kurowska-Stolarska, M., Alivernini, S., Ballantine, L. E., Asquith, D. L., Millar, N. L., Gilchrist, D. S.,
Reilly, J., lerna, M., Fraser, A. R., Stolarski, B., McSharry, C., Hueber, A. J., Baxter, D., Hunter,
J., Gay, S,, Liew, F. Y., & Mclnnes, I. B. (2011). MicroRNA-155 as a proinflammatory regulator
in clinical and experimental arthritis. Proceedings of the National Academy of Sciences of the
United States of America, 108(27), 11193-11198. https://doi.org/10.1073/pnas.1019536108

Lee, Y., Ahn, C., Han, J., Choi, H., Kim, J., Yim, J., Lee, J., Provost, P., Ra& Dmark, O., Kim, S., & Kim,
V. N. (2003). The nuclear RNase Il Drosha initiates microRNA processing.
Www.nature.com/nature

Lee, Y. K., Turner, H., Maynard, C. L., Oliver, J. R., Chen, D., Elson, C. O., & Weaver, C. T. (2009).
Late developmental plasticity in the T helper 17 lineage. Immunity, 30(1), 92-107.
https://doi.org/10.1016/j.immuni.2008.11.005

Liao, R., Sun, J., Zhang, L., Lou, G., Chen, M., Zhou, D., Chen, Z., & Zhang, S. (2008). MicroRNAs
play a role in the development of human hematopoietic stem cells. Journal of Cellular
Biochemistry, 104(3), 805-817. https://doi.org/10.1002/jcb.21668

Liu, W. H., Kang, S. G., Huang, Z., Wu, C. J., Jin, H. Y., Maine, C. J., Liu, Y., Shepherd, J., Sabouri-
Ghomi, M., Gonzalez-Martin, A., Xu, S., Hoffmann, A., Zheng, Y., Lu, L. F., Xiao, N., Fu, G., &
Xiao, C. (2016). A miR-155-Pelil-c-Rel pathway controls the generation and function of T
follicular  helper cells. Journal of Experimental Medicine, 213(9), 1901-1919.
https://doi.org/10.1084/jem.20160204

Lu, J., Getz, G., Miska, E. A., Alvarez-Saavedra, E., Lamb, J., Peck, D., Sweet-Cordero, A., Ebert, B.
L., Mak, R. H., Ferrando, A. A., Downing, J. R., Jacks, T., Horvitz, H. R., & Golub, T. R. (2005).
MicroRNA expression profiles classify human cancers. Nature, 435(7043), 834-838.
https://doi.org/10.1038/nature03702

Lu, L. F., Gasteiger, G., Yu, I. S., Chaudhry, A., Hsin, J. P., Lu, Y., Bos, P. D., Lin, L. L., Zawislak, C.
L., Cho, S., Sun, J. C., Leslie, C. S., Lin, S. W., & Rudensky, A. Y. (2015). A Single Mirna-Mrna

55



Interaction Affects The Immune Response In A Context- And Cell-Type-Specific Manner.
Immunity, 43(1), 52—-64. https://doi.org/10.1016/j.immuni.2015.04.022

Lu, L. F,, Thai, T. H., Calado, D. P., Chaudhry, A., Kubo, M., Tanaka, K., Loeb, G. B., Lee, H.,,
Yoshimura, A., Rajewsky, K., & Rudensky, A. Y. (2009). Foxp3-Dependent MicroRNA155
Confers Competitive Fitness to Regulatory T Cells by Targeting SOCS1 Protein. Immunity, 30(1),
80-91. https://doi.org/10.1016/j.immuni.2008.11.010

Mangan, P. R., Harrington, L. E., O’Quinn, D. B., Helms, W. S., Bullard, D. C., Elson, C. O., Hatton,
R. D., Wahl, S. M., Schoeb, T. R., & Weaver, C. T. (2006). Transforming growth factor-f induces
development of the T H17 lineage. Nature, 441(7090), 231-234.
https://doi.org/10.1038/nature04754

Masui, K., Tanaka, K., Akhavan, D., Babic, I., Gini, B., Matsutani, T., lwanami, A., Liu, F., Villa, G.
R., Gu, Y., Campos, C., Zhu, S., Yang, H., Yong, W. H., Cloughesy, T. F., Mellinghoff, I. K.,
Cavenee, W. K., Shaw, R. J., & Mischel, P. S. (2013). MTOR complex 2 controls glycolytic
metabolism in glioblastoma through FoxO acetylation and upregulation of c-Myc. Cell
Metabolism, 18(5), 726-739. https://doi.org/10.1016/j.cmet.2013.09.013

Mehta, A., & Baltimore, D. (2016). MicroRNAs as regulatory elements in immune system logic. Nature
Reviews Immunology, 16, 279. https://doi.org/10.1038/nri.2016.40

Mendes, N. D., Henriques, R., Remy, E., Carneiro, J., Monteiro, P. T., & Chaouiya, C. (2018).
Estimating Attractor Reachability in Asynchronous Logical Models. Frontiers in Physiology, 9,
1161. https://doi.org/10.3389/fphys.2018.01161

Mendoza, L. (2006). A network model for the control of the differentiation process in Th cells.
Biosystems, 84(2), 101-114. https://doi.org/https://doi.org/10.1016/j.biosystems.2005.10.004

Mendoza, L., & Pardo, F. (2010). A robust model to describe the differentiation of T-helper cells. Theory
in Biosciences, 129(4), 283-293. https://doi.org/10.1007/s12064-010-0112-x

Mendoza, L., Thieffry, D., & Alvarezzbuylla, E. R. (1999). Genetic control of flower morphogenesis in
Arabidopsis thaliana: a logical analysis.

Merkerova, M., Belickova, M., & Bruchova, H. (2008). Differential expression of microRNAs in
hematopoietic cell lineages. European Journal of Haematology, 81(4), 304-310.
https://doi.org/10.1111/j.1600-0609.2008.01111.x

Monticelli, S., Ansel, K. M., Xiao, C., Socci, N. D., Krichevsky, A. M., Thai, T. H., Rajewsky, N.,
Marks, D. S., Sander, C., Rajewsky, K., Rao, A., & Kosik, K. S. (2005). MicroRNA profiling of
the murine hematopoietic system. Genome Biology, 6(8). https://doi.org/10.1186/gb-2005-6-8-r71

Morrison, P. J., Bending, D., Fouser, L. A., Wright, J. F., Stockinger, B., Cooke, A., & Kullberg, M. C.
(2013). Th17-cell plasticity in Helicobacter hepaticus-induced intestinal inflammation. Mucosal
Immunology, 6(6), 1143-1156. https://doi.org/10.1038/mi.2013.11

Mosmann, T. R., Cherwinski, H., Bond, M. W., Giedlin, M. A., & Coffman, R. L. (1986). Two types of
murine helper T cell clone. 1. Definition according to profiles of lymphokine activities and secreted
proteins. Journal of immunology (Baltimore, Md. : 1950), 136(7), 2348-2357.

Muljo, S. A., Mark Ansel, K., Kanellopoulou, C., Livingston, D. M., Rao, A., & Rajewsky, K. (2005).
Aberrant T cell differentiation in the absence of Dicer. Journal of Experimental Medicine, 202(2),
261-269. https://doi.org/10.1084/jem.20050678

56



Murugaiyan, G., da Cunha, A. P., Ajay, A. K., Joller, N., Garo, L. P., Kumaradevan, S., Yosef, N.,
Vaidya, V. S., & Weiner, H. L. (2015). MicroRNA-21 promotes Th17 differentiation and mediates
experimental autoimmune encephalomyelitis. Journal of Clinical Investigation, 125(3), 1069-
1080. https://doi.org/10.1172/JC174347

Naghavian, R., Ghaedi, K., Kiani-Esfahani, A., Ganjalikhani-Hakemi, M., Etemadifar, M., & Nasr-
Esfahani, M. H. (2015). miR-141 and miR-200a, revelation of new possible players in modulation
of Thl7/Treg differentiation and pathogenesis of multiple sclerosis. PLoS ONE, 10(5).
https://doi.org/10.1371/journal.pone.0124555

Naldi, A., Carneiro, J., Chaouiya, C., & Thieffry, D. (2010). Diversity and plasticity of Th cell types
predicted from regulatory network modelling. PL0oS Computational Biology, 6(9).
https://doi.org/10.1371/journal.pchi.1000912

Naldi, A., Monteiro, P. T., Missel, C., Tools, the C. for L. M. and, Kestler, H. A., Thieffry, D., Xenarios,
l., Saez-Rodriguez, J., Helikar, T., & Chaouiya, C. (2015). Cooperative development of logical
modelling standards and tools with CoLoMoTo. Bioinformatics, 31(7), 1154-1159.
https://doi.org/10.1093/bioinformatics/btv013

Nindl, V., Maier, R., Ratering, D., de Giuli, R., Zust, R., Thiel, V., Scandella, E., di Padova, F., Kopf,
M., Rudin, M., Rilicke, T., & Ludewig, B. (2012). Cooperation of Thl and Th17 cells determines
transition from autoimmune myocarditis to dilated cardiomyopathy. European Journal of
Immunology, 42(9), 2311-2321. https://doi.org/10.1002/eji.201142209

O’Brien, J., Hayder, H., Zayed, Y., & Peng, C. (2018). Overview of microRNA biogenesis, mechanisms
of actions, and circulation. In Frontiers in Endocrinology (Vol. 9, Issue AUG). Frontiers Media
S.A. https://doi.org/10.3389/fend0.2018.00402

O’connell, R. M., Chaudhuri, A. A., Rao, D. S., & Baltimore, D. (n.d.). Inositol phosphatase SHIP1 is
a primary target of miR-155. www.pnas.org/cgi/content/full/

O’Connell, R. M., Kahn, D., Gibson, W. S. J., Round, J. L., Scholz, R. L., Chaudhuri, A. A., Kahn, M.
E., Rao, D. S., & Baltimore, D. (2010). MicroRNA-155 promotes autoimmune inflammation by
enhancing  inflammatory T  cell  development. Immunity, 33(4), 607-619.
https://doi.org/10.1016/j.immuni.2010.09.009

O’Connell, R. M., Rao, D. S., Chaudhuri, A. A., Boldin, M. P., Taganov, K. D., Nicoll, J., Paquette, R.
L., & Baltimore, D. (2008a). Sustained expression of microRNA-155 in hematopoietic stem cells
causes a myeloproliferative disorder. Journal of Experimental Medicine, 205(3), 585-594.
https://doi.org/10.1084/jem.20072108

O’Connell, R. M., Rao, D. S., Chaudhuri, A. A., Boldin, M. P., Taganov, K. D., Nicoll, J., Paquette, R.
L., & Baltimore, D. (2008b). Sustained expression of microRNA-155 in hematopoietic stem cells
causes a myeloproliferative disorder. Journal of Experimental Medicine, 205(3), 585-594.
https://doi.org/10.1084/jem.20072108

O’connell, R. M., Taganov, K. D., Boldin, M. P., Cheng, G., & Baltimore, D. (2007). MicroRNA-155 is
induced during the macrophage inflammatory response. www.pnas.org/cgi/content/full/

Okoye, I. S., Czieso, S., Ktistaki, E., Roderick, K., Coomes, S. M., Pelly, V. S., Kannan, Y., Perez-
Lloret, J., Zhao, J. L., Baltimore, D., Langhorne, J., & Wilson, M. S. (2014). Transcriptomics
identified a critical role for Th2 cell-intrinsic miR-155 in mediating allergy and antihelminth

57



immunity. Proceedings of the National Academy of Sciences of the United States of America,
111(30). https://doi.org/10.1073/pnas.1406322111

Openshaw, P., Murphy, E. E., Hosken, N. A., Maino, V., Davis, K., Murphy, K., & O’garra, A. (1995).
Heterogeneity of IntraceUular Cytokine Synthesis at the Single-Cell Level in Polarized T Helper |
and T Helper 2 Populations.

Pua, H. H., Steiner, D. F., Patel, S., Gonzalez, J. R., Ortiz-Carpena, J. F., Kageyama, R., Chiou, N. T.,
Gallman, A., de Kouchkovsky, D., Jeker, L. T., McManus, M. T., Erle, D. J., & Ansel, K. M.
(2016). MicroRNAs 24 and 27 Suppress Allergic Inflammation and Target a Network of
Regulators of T Helper 2 Cell-Associated Cytokine Production. Immunity, 44(4), 821-832.
https://doi.org/10.1016/j.immuni.2016.01.003

Raghavachari, N., Liu, P., Barb, J. J,, Yang, Y., Wang, R., Nguyen, Q. T., & Munson, P. J. (2014).
Integrated analysis of miRNA and mRNA during differentiation of human CD34+ cells delineates
the regulatory roles of microRNA in hematopoiesis. Experimental Hematology, 42(1), 14-27.e2.
https://doi.org/10.1016/j.exphem.2013.10.003

Rodriguez, A., Vigorito, E., Clare, S., Warren, M. v, Couttet, P., Soond, D. R., van Dongen, S., Grocock,
R. J., Das, P. P., Miska, E. A., Vetrie, D., Okkenhaug, K., Enright, A. J., Dougan, G., Turner, M.,
& Bradley, A. (2007). Requirement of bic/microRNA-155 for normal immune function. Science
(New York, N.Y.), 316(5824), 608—611. https://doi.org/10.1126/science.1139253

Rokavec, M., Li, H., Jiang, L., & Hermeking, H. (2014). The p53/miR-34 axis in development and
disease. In Journal of Molecular Cell Biology (Vol. 6, Issue 3, pp. 214-230). Oxford University
Press. https://doi.org/10.1093/jmcb/mju003

Saez-Rodriguez, J., Simeoni, L., Lindquist, J. A., Hemenway, R., Bommbhardt, U., Arndt, B., Haus, U.-
U., Weismantel, R., Gilles, E. D., Klamt, S., & Schraven, B. (2007). A Logical Model Provides
Insights into T Cell Receptor Signaling. PLOS Computational Biology, 3(8), 1-11.
https://doi.org/10.1371/journal.pcbi.0030163

Sanchez, L., Chaouiya, C., & Thieffry, D. (2008). Segmenting the fly embryo: Logical analysis of the
role of the segment polarity cross-regulatory module. International Journal of Developmental
Biology, 52(8), 1059-1075. https://doi.org/10.1387/ijdb.072439Is

Schaerli, P., Willimann, K., Lang, A. B., Lipp, M., Loetscher, P., & Moser, B. (2000). CXC Chemokine
Receptor 5 Expression Defines Follicular Homing T Cells with B Cell Helper Function. In J. Exp.
Med (Vol. 192, Issue 11). http://www.jem.org/cgi/content/full/192/11/1553

Schmitt, E., & Williams, C. (2013). Generation and Function of Induced Regulatory T Cells. Frontiers
in Immunology, 4, 152. https://www.frontiersin.org/article/10.3389/fimmu.2013.00152

Schotte, D., Pieters, R., & den Boer, M. L. (2012). MicroRNAs in acute leukemia: From biological
players to clinical contributors. In Leukemia (Vol. 26, Issue 1, pp. 1-12).
https://doi.org/10.1038/leu.2011.151

Sekuklu, S. D., Donoghue, M. T. A., & Spillane, C. (2009). miR-21 as a key regulator of oncogenic
processes. Biochemical Society Transactions, 37(4), 918-925.
https://doi.org/10.1042/BST0370918

58



Shi, G., Cox, C. A, Vistica, B. P., Tan, C., Wawrousek, E. F., & Gery, I. (2008). Phenotype switching
by inflammation-inducing polarized Th17 cells, but not by Thl cells. Journal of Immunology
(Baltimore, Md. : 1950), 181(10), 7205-7213. https://doi.org/10.4049/jimmunol.181.10.7205

Simpson, L. J., & Ansel, K. M. (2015). MicroRNA regulation of lymphocyte tolerance and
autoimmunity. Journal of Clinical Investigation, 125(6), 2242-2249.
https://doi.org/10.1172/JCI78090

Simpson, L. J., Patel, S., Bhakta, N. R., Choy, D. F., Brightbill, H. D., Ren, X., Wang, Y., Pua, H. H.,
Baumjohann, D., Montoya, M. M., Panduro, M., Remedios, K. A., Huang, X., Fahy, J. v, Arron,
J. R., Woodruff, P. G., & Ansel, K. M. (2014). A microRNA upregulated in asthma airway T cells
promotes TH2 cytokine production. Nature Immunology, 15(12), 1162-1170.
https://doi.org/10.1038/ni.3026

Singh, R. P., Massachi, I., Manickavel, S., Singh, S., Rao, N. P., Hasan, S., Mc Curdy, D. K., Sharma,
S., Wong, D., Hahn, B. H., & Rehimi, H. (2013). The role of miRNA in inflammation and
autoimmunity. In  Autoimmunity Reviews (Vol. 12, Issue 12, pp. 1160-1165).
https://doi.org/10.1016/j.autrev.2013.07.003

Sonkoly, E., Janson, P., Majuri, M. L., Savinko, T., Fyhrquist, N., Eidsmo, L., Xu, N., Meisgen, F., Wei,
T., Bradley, M., Stenvang, J., Kauppinen, S., Alenius, H., Lauerma, A., Homey, B., Wingvist, O.,
Sthle, M., & Pivarcsi, A. (2010). MiR-155 is overexpressed in patients with atopic dermatitis and
modulates T-cell proliferative responses by targeting cytotoxic T lymphocyte-associated antigen
4. Journal of Allergy and Clinical Immunology, 126(3). https://doi.org/10.1016/j.jaci.2010.05.045

Soond, D. R, Bjgrgo, E., Moltu, K., Dale, V. Q., Patton, D. T., Torgersen, K. M., Galleway, F., Twomey,
B., Clark, J., Gaston, J. S. H., Taskén, K., Bunyard, P., & Okkenhaug, K. (2010). PI3K p1108
regulates T-cell cytokine production during primary and secondary immune responses in mice and
humans. Blood, 115(11), 2203-2213. https://doi.org/10.1182/blood-2009-07-232330

Soroosh, P., & Doherty, T. A. (2009). Th9 and allergic disease. Immunology, 127(4), 450-458.
https://doi.org/10.1111/j.1365-2567.2009.03114.x

Steiner, D. F., Thomas, M. F., Hu, J. K., Yang, Z., Babiarz, J. E., Allen, C. D. C., Matloubian, M.,
Blelloch, R., & Ansel, K. M. (2011). MicroRNA-29 Regulates T-Box Transcription Factors and
Interferon-y ~ Production in  Helper T  Cells. Immunity, 35(2), 169-181.
https://doi.org/10.1016/j.immuni.2011.07.009

Tang, Q., & Bluestone, J. A. (2006). Regulatory T-cell physiology and application to treat
autoimmunity.

Thai, T.-H., Calado, D. P., Casola, S., Ansel, K. M., Xiao, C., Xue, Y., Murphy, A., Frendewey, D.,
Valenzuela, D., Kutok, J. L., Schmidt-Supprian, M., Rajewsky, N., Yancopoulos, G., Rao, A., &
Rajewsky, K. (2007). Regulation of the Germinal Center Response by MicroRNA-155. Science,
316(5824), 604-608. http://www.jstor.org/stable/20036132

Thomas, R. (1991). Regulatory networks seen as asynchronous automata: A logical description. Journal
of Theoretical Biology, 153(1), 1-23. https://doi.org/https://doi.org/10.1016/S0022-
5193(05)80350-9

Thomas, R., & Thieffry, D. (1995). DYNAMICAL BEHAVIOUR OF BIOLOGICAL REGULATORY
NETWORKS-I. BIOLOGICAL ROLE OF FEEDBACK LOOPS AND PRACTICAL USE OF

59



THE CONCEPT OF THE LOOP-CHARACTERISTIC STATE. In Bulletin of Mathematical
Biology (Vol. 57, Issue 2).

Tian, K., & Xu, W. (2021). MiR-155 regulates Th9 differentiation in children with methicillin-resistant
Staphylococcus aureus pneumonia by targeting SIRT1. Human Immunology, 82(10), 775-781.
https://doi.org/10.1016/j.humimm.2021.07.002

Traynard, P., Fauré, A., Fages, F., & Thieffry, D. (2016). Logical model specification aided by model-
checking techniques: Application to the mammalian cell cycle regulation. Bioinformatics, 32(17),
i772-i780. https://doi.org/10.1093/bioinformatics/btw457

Tzartos, J. S., Friese, M. A., Craner, M. J., Palace, J., Newcombe, J., Esiri, M. M., & Fugger, L. (2008).
Interleukin-17 production in central nervous system-infiltrating T cells and glial cells is associated
with active disease in multiple sclerosis. American Journal of Pathology, 172(1), 146-155.
https://doi.org/10.2353/ajpath.2008.070690

van den Ham, H. J., & de Boer, R. J. (2008). From the two-dimensional Thl and Th2 phenotypes to
high-dimensional models for gene regulation. International Immunology, 20(10), 1269-1277.
https://doi.org/10.1093/intimm/dxn093

van den Ham, H. J., & de Boer, R. J. (2012). Cell division curtails helper phenotype plasticity and
expedites helper T-cell differentiation. Immunology and Cell Biology, 90(9), 860-868.
https://doi.org/10.1038/icb.2012.23

Veldhoen, M., Uyttenhove, C., van Snick, J., Helmby, H., Westendorf, A., Buer, J., Martin, B., Wilhelm,
C., & Stockinger, B. (2008). Transforming growth factor-p “reprograms” the differentiation of T
helper 2 cells and promotes an interleukin 9-producing subset. Nature Immunology, 9(12), 1341
1346. https://doi.org/10.1038/ni.1659

Verbist, K. C., Guy, C. S., Milasta, S., Liedmann, S., Kaminski, M. M., Wang, R., & Green, D. R.
(2016). Metabolic maintenance of cell asymmetry following division in activated T lymphocytes.
Nature, 532(7599), 389-393. https://doi.org/10.1038/nature17442

Wang, R. S., Saadatpour, A., & Albert, R. (2012). Boolean modeling in systems biology: An overview
of methodology and applications. In Physical Biology (Vol. 9, Issue 5).
https://doi.org/10.1088/1478-3975/9/5/055001

Wilson, C. B., Rowell, E., & Sekimata, M. (2009). Epigenetic control of T-helper-cell differentiation.
Nature Reviews Immunology, 9(2), 91-105. https://doi.org/10.1038/nri2487

Xiao, C., Srinivasan, L., Calado, D. P., Patterson, H. C., Zhang, B., Wang, J., Henderson, J. M., Kutok,
J. L., & Rajewsky, K. (2008). Lymphoproliferative disease and autoimmunity in mice with
increased miR-17-92 expression in lymphocytes. Nature Immunology, 9(4), 405-414.
https://doi.org/10.1038/ni1575

Xu, M., Zuo, D., Liu, X., Fan, H., Chen, Q., Deng, S., Shou, Z., Tang, Q., Yang, J., Nan, Z., Wu, H,,
Dong, Y., & Liu, Y. (2017). MiR-155 contributes to Th17 cells differentiation in dextran sulfate
sodium (DSS)-induced colitis mice via Jarid2. Biochemical and Biophysical Research
Communications, 488(1), 6-14. https://doi.org/10.1016/j.bbrc.2017.04.143

Xu, X., Wang, S., Liu, J., Dou, D., Liu, L., Chen, Z, Ye, L., Liu, H., He, Q., Raj, J. U., & Gao, Y.
(2012). Hypoxia induces downregulation of soluble guanylyl cyclase p1 by miR-34c-5p. Journal
of Cell Science, 125(24), 6117-6126. https://doi.org/10.1242/jcs.113381

60



Xue, F., Li, H., Zhang, J., Lu, J., Xia, Y., & Xia, Q. (2013). MiR-31 regulates interleukin 2 and kinase
suppressor of ras 2 during T cell activation. In Genes and Immunity (Vol. 14, Issue 2, pp. 127—
131). https://doi.org/10.1038/gene.2012.58

Yin, Q., Wang, X., McBride, J., Fewell, C., & Flemington, E. (2008). B-cell receptor activation induces
BIC/miR-155 expression through a conserved AP-1 element. The Journal of Biological Chemistry,
283(5), 2654-2662. https://doi.org/10.1074/jbc.M708218200

Yoontae Lee, Kipyoung Jeon, Jun-Tae Lee, Sunyoung Kim, & V.Narry Kim. (2002). MicroRNA
maturation: stepwise processing and subcellular localization. The EMBO Journal, Vol. 21(No. 17),
4663-4670.

Zhou, L., Park, J. J., Zheng, Q., Dong, Z., & Mi, Q. (2011). MicroRNAs are key regulators controlling
iNKT and regulatory T-cell development and function. In Cellular and Molecular Immunology
(Vol. 8, Issue 5, pp. 380-387). https://doi.org/10.1038/cmi.2011.27

Zhou, X., Jeker, L. T., Fife, B. T., Zhu, S., Anderson, M. S., McManus, M. T., & Bluestone, J. A. (2008).
Selective miRNA disruption in T reg cells leads to uncontrolled autoimmunity. Journal of
Experimental Medicine, 205(9), 1983-1991. https://doi.org/10.1084/jem.20080707

61



7 Supplemental Information

Supplemental Table 7.1-Table containing the number of steady states obtained by which of the different versions of ethe
modified model in the nine different initial environmental conditions when none of the miRNAs is expressed.

Steady States Number Comparison (No miRNA is expressed)

No APC Pro Pro Pro Pro Pro Pro Pro

stimulation | only | Thl | Th2 | Th9 | Thl7 | Th22 | Tfh | Treg

Strict 480 4968 | 14208 | 4608 | 4992 | 1248 | 3432 | 10752 | 864

Loose 960 2496 | 4992 | 192 | 1728 | 1152 | 2304 | 4608 | 1536

Intermediate | 1152 4560 | 8160 | 1344 | 2496 | 1920 | 3840 | 7680 | 3648

Pe{;;c;ed 1152 4560 | 8160 | 1344 | 2496 | 1920 | 3840 | 7680 | 3648

Perfected 1152 5232 | 9120 | 2688 | 4992 | 2112 | 4224 | 8448 | 3264
214167

The Last 0 1388 | 2624 | 1360 | 928 | 464 | 1256 | 2496 | 608
Model

Supplemental Table 7.2- Table containing the number of steady states obtained by which of the different versions of ethe

modified model in the nine different initial environmental conditions when miRNA-155-5p is expressed.

Steady States Number Comparison (miR-155-5p expressed)
No APC Pro Pro Pro Pro Pro Pro Pro
stimulation | only | Thl | Th2 | Th9 | Thl7 | Th22 | Tfh | Treg
Strict 72 72 281 96 144 72 72 288 48
Loose 432 1260 | 2232 384 768 1278 | 1260 | 2448 864
Intermediate 432 1164 | 2232 384 768 1182 1164 | 2448 864
Pegglcsted 432 1164 | 2232 | 384 | 768 | 1182 | 1164 | 2448 | 864
Perfected

214/6/7 432 1164 | 2232 384 768 1182 1164 | 2448 864
T&eo'a;st 432 1164 | 2232 | 384 | 768 | 1182 | 1164 | 2448 | 864
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Supplemental Table 7.3- Table containing the number of steady states obtained by which of the different versions of ethe

modified model in the nine different initial environmental conditions when miRNA-34c¢-5p is expressed.

Steady States Number Comparison (miR-34c-5p expressed)

No APC Pro Pro Pro Pro Pro Pro Pro

stimulation | only | Thl | Th2 | Th9 | Thl7 | Th22 | Tfh | Treg

Strict 240 3096 | 8256 | 2688 144 2580 | 3096 288 48

Loose 648 1608 | 3216 144 1224 840 1608 | 3072 960

Intermediate 2712 10404 | 22104 | 2880 | 5616 | 5478 | 10404 | 19248 | 8448

Pe[}cgged 2712 | 10404 | 22104 | 2880 | 5616 | 5478 | 10404 | 19248 | 8448
Perfected

2/4/6/7 2712 15168 | 32352 | 5760 | 11568 | 8304 | 15168 | 26880 | 9504

T&eo'c‘jzlst 0 1076 | 2080 | 944 | 1032 | 912 | 1076 | 1888 | 1152

Supplemental Table 7.4- Table containing the number of steady states obtained by which of the different versions of ethe

modified model in the nine different initial environmental conditions when both miRNAs are expressed.

Steady States Number Comparison (Both miRNAs are expressed)
No APC Pro Pro Pro Pro Pro Pro Pro
stimulation | only | Thl | Th2 | Th9 | Thl7 | Th22 | Tfh | Treg
Strict 36 36 144 48 72 36 36 144 24
Loose 288 822 1548 240 480 822 822 1656 576
Intermediate 288 798 1548 240 480 798 798 1656 576
Pe{;glcsted 288 798 | 1548 | 240 | 480 | 798 | 798 | 1656 | 576
Perfected
0/4/6)7 288 798 1548 240 480 798 798 1656 576
The Last 288 798 | 1548 | 240 | 480 | 798 | 798 | 1656 | 576
Model
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Supplemental Table 7.5-Comparison of the number of steady states that belong to the ThO cell subtype when using the first
version of the R script written for the purpose of identifying to which Th subtype a stable state belongs, under strict, loose
and intermediate sets of logical rules, under all thirty-six initial environmental conditions. As a result of the being obtained
through the use of the first version of the R script, these results refer to the steady states who present all the characteristics

associated with ThO cell subtype, and are thus referred as “Pure”.

Pure ThO Results

Pure ThO Results Comparison when no

MiRNA is expressed

Pure ThO Results Comparison when

miR155 is absent

Model Strict Loose Model Strict Loose
0-stimulus 336 0 0-stimulus 168 0
APC only 744 0 APC only 312 0

Pro Thl 720 0 Pro Thl 240 0
Pro Th2 1440 0 Pro Th2 576 0
Pro Thi7 0 0 Pro Th17 228 0
Pro Treg 0 0 Pro Treg 0 0
Pro Tth 576 0 Pro Tfh 96 0
Pro Th9 0 0 Pro Th9 144 0
Pro Th22 480 0 Pro Th22 312 0

Pure ThO Results Comparison when

miR34 is absent

Pure ThO Results Comparation when both

mMiRs are expressed

Model Strict Loose Model Strict Loose
0-stimulus 72 96 0-stimulus 36 48
APC only 48 96 APC only 24 48

Pro Thl 96 96 Pro Thl 48 48
Pro Th2 96 0 Pro Th2 48 0
Pro Th17 48 96 Pro Th17 24 48
Pro Treg 0 0 Pro Treg 0 0
Pro Tfh 96 168 Pro Tfh 48 84
Pro Th9 144 48 Pro Th9 72 0
Pro Th22 48 96 Pro Th22 24 48
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Supplemental Table 7.6- Comparison of the number of steady states that belong to the Th1 cell subtype when using the first
version of the R script written for the purpose of identifying to which Th subtype a stable state belongs, under strict, loose
and intermediate sets of logical rules, under all thirty-six initial environmental conditions. As a result of the being obtained
through the use of the first version of the R script, these results refer to the steady states who present all the characteristics

associated with Thl cell subtype, and are thus referred as “Pure”.

Pure Thl Results

Pure Thl Results Comparison when no

MiRNA is expressed

Pure Thl Results Comparison when

miR155 is absent

Model Strict Loose Model Strict Loose
0-stimulus 0 0 0-stimulus 0 0
APC only 0 0 APC only 0 384

Pro Thl 0 0 Pro Thl 0 768
Pro Th2 0 0 Pro Th2 0 96
Pro Th17 0 0 Pro Th17 0 192
Pro Treg 0 0 Pro Treg 0 384
Pro Tth 0 0 Pro Tfh 0 768
Pro Th9 288 0 Pro Th9 0 384
Pro Th22 0 0 Pro Th22 0 384

Pure Thl Results Comparison when

miR34 is absent

Pure Thl Results Comparation when both

mMiRs are expressed

Model Strict Loose Model Strict Loose
0-stimulus 0 0 0-stimulus 0 0
APC only 0 192 APC only 0 96

Pro Thl 0 384 Pro Thl 0 192
Pro Th2 0 192 Pro Th2 0 96
Pro Th17 0 192 Pro Thl7 0 96
Pro Treg 0 192 Pro Treg 0 96
Pro Tfh 0 384 Pro Tfh 0 192
Pro Th9 0 192 Pro Th9 0 96
Pro Th22 0 192 Pro Th22 0 96
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Supplemental Table 7.7- Comparison of the number of steady states that belong to the Th2 cell subtype when using the first
version of the R script written for the purpose of identifying to which Th subtype a stable state belongs, under strict, loose
and intermediate sets of logical rules, under all thirty-six initial environmental conditions. As a result of the being obtained
through the use of the first version of the R script, these results refer to the steady states who present all the characteristics

associated with Th2 cell subtype, and are thus referred as “Pure”.

Pure Th2 Results

Pure Th2 Results Comparison when no

MiRNA is expressed

Pure Th2 Results Comparison when
miR155 is absent

Model Strict Loose Model Strict Loose
0-stimulus 0 0 0-stimulus 0 0
APC only 0 0 APC only 0 0

Pro Thl 0 0 Pro Thl 0 0
Pro Th2 0 0 Pro Th2 0 0
Pro Th1l7 0 0 Pro Thl7 0 0
Pro Treg 0 0 Pro Treg 0 0
Pro Tth 0 0 Pro Tfh 0 0
Pro Th9 0 0 Pro Th9 0 0
Pro Th22 0 0 Pro Th22 0 0

Pure Th2 Results Comparison when

miR34 is absent

Pure Th2 Results Comparation when both
mMiRs are expressed

Model Strict Loose Model Strict Loose
0-stimulus 0 0 0-stimulus 0 0
APC only 0 0 APC only 0 0

Pro Thl 0 0 Pro Thl 0 0
Pro Th2 0 0 Pro Th2 0 0
Pro Th17 0 0 Pro Thl7 0 0
Pro Treg 0 0 Pro Treg 0 0
Pro Tfh 0 0 Pro Tfh 0 0
Pro Th9 0 0 Pro Th9 0 0
Pro Th22 0 0 Pro Th22 0 0
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Supplemental Table 7.8- Comparison of the number of steady states that belong to the Th9 cell subtype when using the first
version of the R script written for the purpose of identifying to which Th subtype a stable state belongs, under strict, loose
and intermediate sets of logical rules, under all thirty-six initial environmental conditions. As a result of the being obtained
through the use of the first version of the R script, these results refer to the steady states who present all the characteristics

associated with Th9 cell subtype, and are thus referred as “Pure”.

Pure Th9 Results

Pure Th9 Results Comparison when no

MiRNA is expressed

Pure Th9 Result Comparition when
miR155 is absent

Model Strict Loose Model Strict Loose
0-stimulus 0 0 0-stimulus 0 0
APC only 0 0 APC only 0 0

Pro Thl 0 0 Pro Thl 0 0
Pro Th2 0 0 Pro Th2 0 0
Pro Th1l7 0 0 Pro Thl7 0 0
Pro Treg 0 0 Pro Treg 0 0
Pro Tth 0 0 Pro Tfh 0 0
Pro Th9 1008 0 Pro Th9 0 96
Pro Th22 0 0 Pro Th22 0 0

Pure Th9 Results Comparison when

miR34 is absent

Pure Th9 Results Comparation when both

mMiRs are expressed

Model Strict Loose Model Strict Loose
0-stimulus 0 0 0-stimulus 0 0
APC only 0 0 APC only 0 0

Pro Thl 0 0 Pro Thl 0 0
Pro Th2 0 0 Pro Th2 0 0
Pro Th17 0 0 Pro Thl7 0 0
Pro Treg 0 0 Pro Treg 0 0
Pro Tfh 0 0 Pro Tfh 0 0
Pro Th9 0 0 Pro Th9 0 0
Pro Th22 0 0 Pro Th22 0 0
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Supplemental Table 7.9- Comparison of the number of steady states that belong to the Th17 cell subtype when using the first
version of the R script written for the purpose of identifying to which Th subtype a stable state belongs, under strict, loose
and intermediate sets of logical rules, under all thirty-six initial environmental conditions. As a result of the being obtained
through the use of the first version of the R script, these results refer to the steady states who present all the characteristics
associated with Th17 cell subtype, and are thus referred as “Pure”.

Pure Th17 Results

Pure Th17 Results Comparison when no

MiRNA is expressed

Pure Th17 Results Comparison when
miR155 is absent

Model Strict Loose Model Strict Loose
0-stimulus 0 0 0-stimulus 0 0
APC only 0 0 APC only 0 0

Pro Thl 0 0 Pro Thl 0 0
Pro Th2 0 0 Pro Th2 0 0
Pro Th17 96 0 Pro Th17 0 0
Pro Treg 96 0 Pro Treg 0 0
Pro Tth 0 0 Pro Tfh 0 0
Pro Th9 240 0 Pro Th9 0 0
Pro Th22 0 0 Pro Th22 0 0

Pure Th17 Results Comparison when

miR34 is absent

Pure Th17 Results Comparation when

both miRs are expressed

Model Strict Loose Model Strict Loose
0-stimulus 0 0 0-stimulus 0 0
APC only 0 0 APC only 0 0

Pro Thl 0 0 Pro Thl 0 0
Pro Th2 0 0 Pro Th2 0 0
Pro Th17 0 0 Pro Thl7 0 0
Pro Treg 0 0 Pro Treg 0 0
Pro Tth 0 0 Pro Tfh 0 0
Pro Th9 0 0 Pro Th9 0 0
Pro Th22 0 0 Pro Th22 0 0
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Supplemental Table 7.10- Comparison of the number of steady states that belong to the Th22 cell subtype when using the first
version of the R script written for the purpose of identifying to which Th subtype a stable state belongs, under strict, loose
and intermediate sets of logical rules, under all thirty-six initial environmental conditions. As a result of the being obtained
through the use of the first version of the R script, these results refer to the steady states who present all the characteristics
associated with Th22 cell subtype, and are thus referred as “Pure”.

Pure Th22 Results

Pure Th22 Results Comparison when no
MiRNA is expressed

Pure Th22 Results Comparation when

miR155 is absent

Model Strict Loose Model Strict Loose
0-stimulus 0 0 0-stimulus 0 0
APC only 144 0 APC only 48 96

Pro Thl 216 0 Pro Thl 72 0
Pro Th2 240 0 Pro Th2 96 0
Pro Th17 0 0 Pro Thi7 48 48
Pro Treg 0 0 Pro Treg 0 0
Pro Tth 144 0 Pro Tth 0 0
Pro Th9 0 0 Pro Th9 0 96
Pro Th22 108 0 Pro Th22 48 96

miR34 is absent

Pure Th22 Results Comparison when

Pure Th22 Results Comparation when

both miRs are expressed

Model Strict Loose Model Strict Loose
0-stimulus 0 0 0-stimulus 0 0
APC only 0 0 APC only 0 0

Pro Thl 0 0 Pro Thl 0 0
Pro Th2 0 0 Pro Th2 0 0
Pro Th17 0 0 Pro Th17 0 0
Pro Treg 0 0 Pro Treg 0 0
Pro Tfh 0 0 Pro Tfh 0 0
Pro Th9 0 0 Pro Th9 0 0
Pro Th22 0 0 Pro Th22 0 0
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Supplemental Table 7.11- Comparison of the number of steady states that belong to the Treg cell subtype when using the first
version of the R script written for the purpose of identifying to which Th subtype a stable state belongs, under strict, loose
and intermediate sets of logical rules, under all thirty-six initial environmental conditions. As a result of the being obtained
through the use of the first version of the R script, these results refer to the steady states who present all the characteristics

associated with Treg cell subtype, and are thus referred as “Pure”.

Pure Treg Results Comparison

Pure Treg Results Comparison when no

MiRNA is expressed

Pure Treg Result Comparation when

miR155 is absent

Model Strict Loose Model Strict Loose
0-stimulus 0 0 0-stimulus 0 0
APC only 0 0 APC only 0 0

Pro Thl 0 0 Pro Thl 0 0
Pro Th2 0 0 Pro Th2 0 0
Pro Th1l7 0 0 Pro Thl7 0 0
Pro Treg 0 0 Pro Treg 0 0
Pro Tth 0 0 Pro Tfh 0 0
Pro Th9 0 0 Pro Th9 0 0
Pro Th22 0 0 Pro Th22 0 0

Pure Treg Results Comparison when

miR34 is absent

Pure Treg Results Comparation when

both miRs are expressed

Model Strict Loose Model Strict Loose
0-stimulus 0 0 0-stimulus 0 0
APC only 0 48 APC only 0 24

Pro Thl 0 96 Pro Thl 0 48
Pro Th2 0 0 Pro Th2 0 0
Pro Th17 0 48 Pro Thl7 0 24
Pro Treg 0 96 Pro Treg 0 48
Pro Tth 0 96 Pro Tfh 0 48
Pro Th9 0 0 Pro Th9 0 0
Pro Th22 0 48 Pro Th22 0 24
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Supplemental Table 7.12- Comparison of the number of steady states that belong to the Tth cell subtype when using the first
version of the R script written for the purpose of identifying to which Th subtype a stable state belongs, under strict, loose
and intermediate sets of logical rules, under all thirty-six initial environmental conditions. As a result of the being obtained
through the use of the first version of the R script, these results refer to the steady states who present all the characteristics
associated with Tth cell subtype, and are thus referred as “Pure”.

Pure Tfh Results

Pure Tfh Results Comparison when no

MiRNA is expressed

Pure Tfh Result Comparation when
miR155 is absent

Model Strict Loose Model Strict Loose
0-stimulus 0 0 0-stimulus 0 0
APC only 384 0 APC only 192 0

Pro Thl 1920 0 Pro Thl 960 0
Pro Th2 0 0 Pro Th2 0 0
Pro Th17 0 0 Pro Thi7 192 0
Pro Treg 0 0 Pro Treg 0 0
Pro Tth 1536 0 Pro Tfh 0 0
Pro Th9 0 0 Pro Th9 0 0
Pro Th22 192 0 Pro Th22 192 0

Pure Tfh Results Comparison when

miR34 is absent

Pure Tfh Results Comparation when both

mMiRs are expressed

Model Strict Loose Model Strict Loose
0-stimulus 0 0 0-stimulus 0 0
APC only 0 0 APC only 0 0

Pro Thl 0 0 Pro Thl 0 0
Pro Th2 0 0 Pro Th2 0 0
Pro Th17 0 0 Pro Th17 0 0
Pro Treg 0 0 Pro Treg 0 0
Pro Tfh 0 0 Pro Tfh 0 0
Pro Th9 0 0 Pro Th9 0 0
Pro Th22 0 0 Pro Th22 0 0

71



Supplemental Table 7.13-Number of steady states obtained as belonging to a certain Th cell subtypes as a result of the use of
the final version of the R script written to such purpose, under all nine initial environmental conditions that are appliable to
the Original Model.

Original Model Results
No APC Pro Pro Pro Pro Pro Pro Pro
Stimulation only Thl Th2 Th9 Thl7 Th22 Tfh Treg
ThO 48 48 0 32 0 0 0 0 0
Thl 0 3456 5376 | 3456 192 0 2304 4608 288
Th2 0 32 64 64 0 0 16 32 0
Th9 0 0 0 0 592 0 0 0 0
Thl7 0 0 0 0 384 384 0 0 576
Th22 0 2368 7712 | 2368 0 2368 7712 0
Tfh 0 0 4608 0 0 0 4608 0
Treg 0 1216 3072 0 0 200 800 3072 928

Supplemental Table 7.14-Number of steady states obtained with the strict version of the modified model that are identified as
belonging to the different Th cell subtypes, through the use of the final version of the R script written for this purpose, thus
leading such results to refer to both “Pure” and hybrid cell populations, under all miRNA expression scenarios where there
is no environmental stimulation.

No Stimulation Environment (Strict version)
None Just miR155 | Just miR34c Both Total
ThO 336 72 168 36 612
Thl 0 0 0 0 0
Th2 0 0 0 0 0
Th9 0 0 0 0 0
Thl7 0 0 0 0 0
Th22 0 0 0 0 0
Tfh 0 0 0 0 0
Treg 0 0 0 0 0

Supplemental Table 7.15- Number of steady states obtained with the strict version of the modified model that are identified as
belonging to the different Th cell subtypes, through the use of the final version of the R script written for this purpose, thus
leading such results to refer to both “Pure” and hybrid cell populations, under all miRNA expression scenarios where the

only environmental stimulus is the presence of APC.

APC only environment (Strict version)

None Just miR155 | Just miR34c Both Total
ThO 744 48 312 24 1128
Thl 0 0 0 0 0
Th2 0 0 0 0 0
Th9 0 0 0 0 0
Thl7 0 0 0 0 0
Th22 1128 0 648 0 1776
Tfh 384 0 192 0 576
Treg 0 0 0 0 0
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Supplemental Table 7.16- Number of steady states obtained with the strict version of the modified model that are identified as
belonging to the different Th cell subtypes, through the use of the final version of the R script written for this purpose, thus
leading such results to refer to both “Pure” and hybrid cell populations, under all miRNA expression scenarios where the

only environmental favors the differentiation of ThO cells into Th1 cells..

Pro Thl environment (Strict version)
None Just miR155 | Just miR34c Both Total
ThO 720 96 240 48 1104
Thl 0 0 0 0 0
Th2 0 0 0 0 0
Th9 0 0 0 0 0
Thl7 0 0 0 0 0
Th22 2568 0 1464 0 4032
Tfh 2112 0 1056 0 3168
Treg 0 0 0 0 0

Supplemental Table 7.17- Number of steady states obtained with the strict version of the modified model that are identified as
belonging to the different Th cell subtypes, through the use of the final version of the R script written for this purpose, thus
leading such results to refer to both “Pure” and hybrid cell populations, under all miRNA expression scenarios where the

only environmental favors the differentiation of ThO cells into Th2 cells.

Pro Th2 environment (Strict version)
None Just miR155 | Just miR34c Both Total
ThO 1440 96 576 48 2160
Thl 0 0 0 0 0
Th2 0 0 0 0 0
Th9 0 0 0 0 0
Thl7 0 0 0 0 0
Th22 576 0 336 0 912
Tfh 0 0 0 0 0
Treg 0 0 0 0 0

Supplemental Table 7.18- Number of steady states obtained with the strict version of the modified model that are identified as
belonging to the different Th cell subtypes, through the use of the final version of the R script written for this purpose, thus
leading such results to refer to both “Pure” and hybrid cell populations, under all miRNA expression scenarios where the

only environmental favors the differentiation of ThO cells into Th9 cells.

Pro Th9 environment (Strict version)
None Just miR155 | Just miR34c Both Total
ThO 0 144 144 72 360
Thl 432 0 0 0 432
Th2 0 0 0 0 0
Th9 1488 0 0 0 1488
Thl7 240 0 0 0 240
Th22 0 0 0 0 0
Tfh 0 0 0 0 0
Treg 0 0 0 0 0
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Supplemental Table 7.19- Number of steady states obtained with the strict version of the modified model that are identified as
belonging to the different Th cell subtypes, through the use of the final version of the R script written for this purpose, thus
leading such results to refer to both “Pure” and hybrid cell populations, under all miRNA expression scenarios where the

only environmental favors the differentiation of ThO cells into Th17 cells.

Pro Th17 environment (Strict version)

None Just miR155 | Just miR34c Both Total

Tho 0 48 228 24 300
Thi 0 0 0 0 0
Th2 0 0 0 0 0
Th9 0 0 0 0 0
Th17 96 0 0 0 96
Th22 0 0 648 0 648
Tfh 0 0 192 0 192
Treg 0 0 0 0 0

Supplemental Table 7.20- Number of steady states obtained with the strict version of the modified model that are identified as
belonging to the different Th cell subtypes, through the use of the final version of the R script written for this purpose, thus
leading such results to refer to both “Pure” and hybrid cell populations, under all miRNA expression scenarios where the

only environmental favors the differentiation of ThO cells into Th22 cells.

Pro Th22 environment (Strict version)

None Just miR155 | Just miR34c Both Total
ThO 480 48 312 24 864
Thi 0 0 0 0 0
Th2 0 0 0 0 0
Th9 0 0 0 0 0
Th17 0 0 0 0 0
Th22 732 0 648 0 1380
Tfh 192 0 192 0 384
Treg 0 0 0 0 0

Supplemental Table 7.21- Number of steady states obtained with the strict version of the modified model that are identified as
belonging to the different Th cell subtypes, through the use of the final version of the R script written for this purpose, thus
leading such results to refer to both “Pure” and hybrid cell populations, under all miRNA expression scenarios where the

only environmental favors the differentiation of ThO cells into Tfh cells.

Pro Tth environment (Strict version)

None Just miR155 | Just miR34c Both Total
Tho 576 96 96 48 816

Thi 0 0 0 0 0
Th2 0 0 0 0 0
Th9 0 0 0 0 0
Th17 0 0 0 0 0

Th22 1776 0 0 0 1776

Tfh 1728 0 0 0 1728
Treg 0 0 0 0 0
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Supplemental Table 7.22- Number of steady states obtained with the strict version of the modified model that are identified as
belonging to the different Th cell subtypes, through the use of the final version of the R script written for this purpose, thus
leading such results to refer to both “Pure” and hybrid cell populations, under all miRNA expression scenarios where the

only environmental favors the differentiation of ThO cells into Treg cells.

Pro Treg environment (Strict version)
None Just miR155 | Just miR34c Both Total
ThO 0 0 0 0 0
Thl 0 0 0 0 0
Th2 0 0 0 0 0
Th9 0 0 0 0 0
Thl7 96 0 0 0 96
Th22 0 0 0 0 0
Tfh 0 0 0 0 0
Treg 0 0 0 0 0

Supplemental Table 7.23- Number of steady states obtained with the loose version of the modified model that are identified as
belonging to the different Th cell subtypes, through the use of the final version of the R script written for this purpose, thus
leading such results to refer to both “Pure” and hybrid cell populations, under all miRNA expression scenarios where there
is no environmental stimulation.

No stimulation environment (Loose version)
None Just miR155 | Just miR34c Both Total
ThoO 0 96 0 48 144
Thl 0 0 0 0 0
Th2 0 0 0 0 0
Th9 0 0 0 0 0
Thl7 0 0 0 0 0
Th22 0 0 0 0 0
Tfh 0 0 0 0 0
Treg 0 0 0 0 0

Supplemental Table 7.24- Number of steady states obtained with the loose version of the modified model that are identified as
belonging to the different Th cell subtypes, through the use of the final version of the R script written for this purpose, thus
leading such results to refer to both “Pure” and hybrid cell populations, under all miRNA expression scenarios where the

only environmental stimulus is the presence of APC.

APC only environment (Loose version)

None Just miR155 | Just miR34c Both Total

Tho 0 96 0 48 144
Thi 0 288 384 192 864
Th2 0 24 0 24 48
Th9 0 0 0 0 0
Th17 0 0 0 0 0
Th22 0 0 576 0 576
Tfh 0 0 0 0 0
Treg 0 216 0 144 360
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Supplemental Table 7.25- Number of steady states obtained with the loose version of the modified model that are identified as
belonging to the different Th cell subtypes, through the use of the final version of the R script written for this purpose, thus
leading such results to refer to both “Pure” and hybrid cell populations, under all miRNA expression scenarios where the

only environmental favors the differentiation of ThO cells into Th1 cells.

Pro Thl environment (Loose version)

None Just miR155 | Just miR34c Both Total
ThO 0 96 0 48 144
Thi 0 576 768 384 1728
Th2 0 48 0 48 96
Th9 0 0 0 0 0
Th17 0 0 0 0 0
Th22 0 0 1152 0 1152
Tfh 0 0 0 0 0
Treg 0 432 0 288 720

Supplemental Table 7.26- Number of steady states obtained with the loose version of the modified model that are identified as
belonging to the different Th cell subtypes, through the use of the final version of the R script written for this purpose, thus
leading such results to refer to both “Pure” and hybrid cell populations, under all miRNA expression scenarios where the

only environmental favors the differentiation of ThO cells into Th2 cells.

Pro Th2 environment (Loose version)

None Just miR155 | Just miR34c Both Total

ThO 0 0 0 0 0
Thi 0 288 96 192 576
Th2 0 48 0 48 96
Th9 192 0 144 0 336
Th17 0 0 0 0 0
Th22 0 0 144 0 144
Tfh 0 0 0 0 0
Treg 0 0 0 0 0

Supplemental Table 7.27- Number of steady states obtained with the loose version of the modified model that are identified as
belonging to the different Th cell subtypes, through the use of the final version of the R script written for this purpose, thus
leading such results to refer to both “Pure” and hybrid cell populations, under all miRNA expression scenarios where the

only environmental favors the differentiation of ThO cells into Th9 cells.

Pro Th9 environment (Loose version)

None Just miR155 | Just miR34c Both Total
Tho 0 48 0 0 48
Thi 0 288 384 192 864
Th2 0 24 0 24 48
Th9 768 0 576 0 1344
Th17 0 0 0 0 0
Th22 0 0 576 0 576
Tfh 0 0 0 0 0
Treg 0 0 0 0 0
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Supplemental Table 7.28- Number of steady states obtained with the loose version of the modified model that are identified as
belonging to the different Th cell subtypes, through the use of the final version of the R script written for this purpose, thus
leading such results to refer to both “Pure” and hybrid cell populations, under all miRNA expression scenarios where the

only environmental favors the differentiation of ThO cells into Th17 cells.

Pro Th17 environment (Loose version)

None Just miR155 | Just miR34c Both Total

ThO 0 96 0 48 144
Thi 0 288 192 192 672
Th2 0 24 0 24 48
Th9 0 0 0 0 0
Th17 0 0 0 0 0
Th22 0 0 288 0 288
Tfh 0 0 0 0 0
Treg 0 216 0 144 360

Supplemental Table 7.29- Number of steady states obtained with the loose version of the modified model that are identified as
belonging to the different Th cell subtypes, through the use of the final version of the R script written for this purpose, thus
leading such results to refer to both “Pure” and hybrid cell populations, under all miRNA expression scenarios where the

only environmental favors the differentiation of ThO cells into Th22 cells.

Pro Th22 environment (Loose version)

None Just miR155 | Just miR34c Both Total

ThO 0 96 0 48 144
Thi 0 288 384 192 864
Th2 0 24 0 24 48
Th9 0 0 0 0 0
Th17 0 0 0 0 0
Th22 0 0 576 0 576
Tth 0 0 0 0 0
Treg 0 216 0 144 360

Supplemental Table 7.30- Number of steady states obtained with the loose version of the modified model that are identified as
belonging to the different Th cell subtypes, through the use of the final version of the R script written for this purpose, thus
leading such results to refer to both “Pure” and hybrid cell populations, under all miRNA expression scenarios where the

only environmental favors the differentiation of ThO cells into Tfh cells.

Pro Tth environment (Loose version)

None Just miR155 | Just miR34c Both Total
Tho 0 168 0 84 252
Thi 0 576 768 384 1728
Th2 0 48 0 48 96
Th9 0 0 0 0 0
Th17 0 0 0 0 0
Th22 0 0 1152 0 1152
Tfh 0 0 0 0 0
Treg 0 432 0 288 720
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Supplemental Table 7.31- Number of steady states obtained with the loose version of the modified model that are identified as
belonging to the different Th cell subtypes, through the use of the final version of the R script written for this purpose, thus
leading such results to refer to both “Pure” and hybrid cell populations, under all miRNA expression scenarios where the

only environmental favors the differentiation of ThO cells into Treg cells.

Pro Treg environment (Loose version)
None Just miR155 | Just miR34c Both Total

ThO 0 0 0 0 0
Thl 0 288 384 192 864
Th2 0 48 0 48 96
Th9 0 0 0 0 0
Thl7 0 0 0 0 0
Th22 0 0 576 0 576
Tfh 0 0 0 0 0
Treg 0 432 0 288 720

Supplemental Table 7.32- Number of steady states obtained with the intermediate version of the modified model that are
identified as belonging to the different Th cell subtypes, through the use of the final version of the R script written for this
purpose, thus leading such results to refer to both “Pure” and hybrid cell populations, under all miRNA expression scenarios

where there is no environmental stimulation.

No stimulation environment (Intermediate version)
None Just miR155 | Just miR34c Both Total
ThO 0 96 96 48 240
Thl 0 0 0 0 0
Th2 0 0 0 0 0
Th9 0 0 0 0 0
Thl7 0 0 0 0 0
Th22 0 0 0 0 0
Tfh 0 0 0 0 0
Treg 0 0 0 0 0

Supplemental Table 7.33- Number of steady states obtained with the intermediate version of the modified model that are
identified as belonging to the different Th cell subtypes, through the use of the final version of the R script written for this
purpose, thus leading such results to refer to both “Pure” and hybrid cell populations, under all miRNA expression scenarios

where the only environmental stimulus is the presence of APC.

APC only environment (Intermediate version)
None Just miR155 | Just miR34c Both Total
ThO 0 98 288 48 432
Thl 192 288 2304 192 2976
Th2 0 24 288 24 336
Th9 0 0 0 0 0
Thl7 0 0 0 0 0
Th22 0 0 3264 0 3264
Tfh 0 0 384 0 384
Treg 0 216 1584 144 1944
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Supplemental Table 7.34- Number of steady states obtained with the intermediate version of the modified model that are
identified as belonging to the different Th cell subtypes, through the use of the final version of the R script written for this
purpose, thus leading such results to refer to both “Pure” and hybrid cell populations, under all miRNA expression scenarios

where the only environmental favors the differentiation of ThO cells into Th1 cells.

Pro Thl environment (Intermediate version)

None Just miR155 | Just miR34c Both Total
ThO 0 96 384 48 528
Thl 0 576 3840 384 4800
Th2 0 48 576 48 672
Th9 0 0 0 0 0
Thl7 0 0 0 0 0
Th22 0 0 7680 0 7680
Tfh 0 0 2304 0 2304
Treg 0 432 3264 288 3984

Supplemental Table 7.35- Number of steady states obtained with the intermediate version of the modified model that are
identified as belonging to the different Th cell subtypes, through the use of the final version of the R script written for this
purpose, thus leading such results to refer to both “Pure” and hybrid cell populations, under all miRNA expression scenarios

where the only environmental favors the differentiation of ThO cells into Th2 cells.

Pro Th2 environment (Intermediate version)

None Just miR155 | Just miR34c Both Total
ThoO 0 48 0 0 48
Thl 384 288 2304 192 3168
Th2 0 48 576 48 672
Th9 0 48 576 48 672
Thl7 0 0 0 0 0
Th22 0 0 1920 0 1920
Tfh 0 0 0 0 0
Treg 0 0 0 0 0

Supplemental Table 7.36- Number of steady states obtained with the intermediate version of the modified model that are
identified as belonging to the different Th cell subtypes, through the use of the final version of the R script written for this
purpose, thus leading such results to refer to both “Pure” and hybrid cell populations, under all miRNA expression scenarios

where the only environmental favors the differentiation of ThO cells into Th9 cells.

Pro Th9 environment (Intermediate version)

None Just miR155 | Just miR34c Both Total
Tho 0 96 0 0 96
Thl 384 288 2304 192 3168
Th2 0 24 288 24 336
Th9 1344 0 0 0 1344
Thl7 0 0 0 0 0
Th22 0 0 2112 0 2112
Tfh 0 0 384 0 384
Treg 0 0 0 0 0
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Supplemental Table 7.37- Number of steady states obtained with the intermediate version of the modified model that are
identified as belonging to the different Th cell subtypes, through the use of the final version of the R script written for this
purpose, thus leading such results to refer to both “Pure” and hybrid cell populations, under all miRNA expression scenarios

where the only environmental favors the differentiation of ThO cells into Th17 cells.

Pro Th17 environment (Intermediate version)
None Just miR155 | Just miR34c Both Total
ThO 0 96 144 48 288
Thl 0 288 1152 192 1632
Th2 0 24 144 24 192
Th9 0 0 0 0 0
Thl7 0 0 0 0 0
Th22 0 0 1632 0 1632
Tfh 0 0 192 0 192
Treg 0 216 792 144 1152

Supplemental Table 7.38- Number of steady states obtained with the intermediate version of the modified model that are
identified as belonging to the different Th cell subtypes, through the use of the final version of the R script written for this
purpose, thus leading such results to refer to both “Pure” and hybrid cell populations, under all miRNA expression scenarios

where the only environmental favors the differentiation of ThO cells into Th22 cells.

Pro Th22 environment (Intermediate version)
None Just miR155 | Just miR34c Both Total
ThoO 0 96 288 48 432
Thl 0 288 2304 192 2784
Th2 0 24 288 24 336
Th9 0 0 0 0 0
Thl7 0 0 0 0 0
Th22 0 0 3264 0 3264
Tfh 0 0 384 0 384
Treg 0 216 1584 144 1944

Supplemental Table 7.39- Number of steady states obtained with the intermediate version of the modified model that are
identified as belonging to the different Th cell subtypes, through the use of the final version of the R script written for this
purpose, thus leading such results to refer to both “Pure” and hybrid cell populations, under all miRNA expression scenarios

where the only environmental favors the differentiation of ThO cells into Tth cells.

Pro Tfh environment (Intermediate version)
None Just miR155 | Just miR34c Both Total
Tho 0 168 384 84 636
Thl 0 576 3072 384 4032
Th2 0 48 384 48 480
Th9 0 0 0 0 0
Thl7 0 0 0 0 0
Th22 0 0 7680 0 7680
Tfh 0 0 2304 0 2304
Treg 0 432 2688 288 3408
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Supplemental Table 7.40- Number of steady states obtained with the intermediate version of the modified model that are
identified as belonging to the different Th cell subtypes, through the use of the final version of the R script written for this
purpose, thus leading such results to refer to both “Pure” and hybrid cell populations, under all miRNA expression scenarios

where the only environmental favors the differentiation of ThO cells into Treg cells.

Pro Treg environment (Intermediate version)
None Just miR155 | Just miR34c Both Total
ThO 0 96 288 48 432
Thl 0 288 2304 192 2784
Th2 0 48 576 48 672
Th9 0 0 0 0 0
Thl7 0 0 0 0 0
Th22 0 0 4224 0 4224
Tfh 0 0 0 0 0
Treg 0 432 3168 288 3888

Supplemental Table 7.41- Number of steady states obtained with the first, third and fifth perfected versions of the modified
model that are identified as belonging to the different Th cell subtypes, through the use of the final version of the R script

written for this purpose, thus leading such results to refer to both “Pure” and hybrid cell populations, under all miRNA
expression scenarios where there is no environmental stimulation.

No stimulation environment (Perfected 1/3/5 version)
None Just miR155 | Just miR34c Both Total
Tho 0 96 96 48 240
Thi 0 0 0 0 0
Th2 0 0 0 0 0
Th9 0 0 0 0 0
Thl7 0 0 0 0 0
Th22 0 0 0 0 0
Tfh 0 0 0 0 0
Treg 0 0 0 0 0

Supplemental Table 7.42- Number of steady states obtained with the first, third and fifth perfected versions of the modified
model that are identified as belonging to the different Th cell subtypes, through the use of the final version of the R script

written for this purpose, thus leading such results to refer to both “Pure” and hybrid cell populations, under all miRNA
expression scenarios where the only environmental stimulus is the presence of APC.

APC only environment (Perfected 1/3/5 version)

None Just miR155 | Just miR34c Both Total
Tho 0 96 288 48 432
Thl 192 288 2304 192 2976
Th2 0 24 288 24 336
Th9 0 0 0 0 0
Thil7 0 0 0 0 0
Th22 0 3264 3264
Tfh 0 384 384
Treg 0 216 1584 144 1944
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Supplemental Table 7.43- Number of steady states obtained with the first, third and fifth perfected versions of the modified
model that are identified as belonging to the different Th cell subtypes, through the use of the final version of the R script
written for this purpose, thus leading such results to refer to both “Pure” and hybrid cell populations, under all miRNA
expression scenarios where the only environmental favors the differentiation of ThO cells into Th1 cells.

Pro Thl environment (Perfected 1/3/5 version)

None Just miR155 | Just miR34c Both Total
Tho 0 96 384 48 528
Thi 0 576 3840 384 4800
Th2 0 48 576 48 672
Th9 0 0 0 0 0
Thl7 0 0 0 0 0
Th22 0 0 7680 0 7680
Tfh 0 0 2304 0 2304
Treg 0 432 3264 288 3984

Supplemental Table 7.44- Number of steady states obtained with the first, third and fifth perfected versions of the modified
model that are identified as belonging to the different Th cell subtypes, through the use of the final version of the R script
written for this purpose, thus leading such results to refer to both “Pure” and hybrid cell populations, under all miRNA
expression scenarios where the only environmental favors the differentiation of ThO cells into Th2 cells.

Pro Th2 environment (Perfected 1/3/5 version)

None Just miR155 | Just miR34c Both Total
ThoO 0 48 0 0 48
Thi 384 288 2304 192 3168
Th2 0 48 576 48 672
Th9 1344 0 0 0 1344
Thi7 0 0 0 0 0
Th22 0 0 1920 0 1920
Tfh 0 0 0 0 0
Treg 0 0 0 0 0

Supplemental Table 7.45- Number of steady states obtained with the first, third and fifth perfected versions of the modified
model that are identified as belonging to the different Th cell subtypes, through the use of the final version of the R script
written for this purpose, thus leading such results to refer to both “Pure” and hybrid cell populations, under all miRNA
expression scenarios where the only environmental favors the differentiation of ThO cells into Th9 cells.

Pro Th9 environment (Perfected 1/3/5 version)

None Just miR155 | Just miR34c Both Total
ThO 0 96 0 0 96
Thi 384 288 2304 192 3168
Th2 0 24 288 24 336
Th9 1344 0 0 0 1344
Thl7 0 0 0 0 0
Th22 0 0 2112 0 2112
Tfh 0 0 384 0 384
Treg 0 0 0 0 0
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Supplemental Table 7.46- Number of steady states obtained with the first, third and fifth perfected versions of the modified
model that are identified as belonging to the different Th cell subtypes, through the use of the final version of the R script
written for this purpose, thus leading such results to refer to both “Pure” and hybrid cell populations, under all miRNA

expression scenarios where the only environmental favors the differentiation of ThO cells into Th17 cells.

Pro Th17 environment (Perfected 1/3/5 version)

None Just miR155 | Just miR34c Both Total
Tho 0 96 144 48 288
Thi 0 288 1152 192 1632
Th2 0 24 144 24 192
Th9 0 0 0 0 0
Thl7 0 0 0 0 0
Th22 0 0 1632 0 1632
Tfh 0 0 192 0 192
Treg 0 216 792 144 1152

Supplemental Table 7.47- Number of steady states obtained with the first, third and fifth perfected versions of the modified
model that are identified as belonging to the different Th cell subtypes, through the use of the final version of the R script
written for this purpose, thus leading such results to refer to both “Pure” and hybrid cell populations, under all miRNA
expression scenarios where the only environmental favors the differentiation of ThO cells into Th22 cells.

Pro Th22 environment (Perfected 1/3/5 version)

None Just miR155 | Just miR34c Both Total
ThoO 0 96 288 48 432
Thi 0 288 2304 192 2784
Th2 0 24 288 24 336
Th9 0 0 0 0 0
Thi7 0 0 0 0 0
Th22 0 0 3264 0 3264
Tfh 0 0 384 0 384
Treg 0 216 1584 144 1944

Supplemental Table 7.48- Number of steady states obtained with the first, third and fifth perfected versions of the modified
model that are identified as belonging to the different Th cell subtypes, through the use of the final version of the R script
written for this purpose, thus leading such results to refer to both “Pure” and hybrid cell populations, under all miRNA

expression scenarios where the only environmental favors the differentiation of ThO cells into Tfh cells.

Pro Tfh environment (Perfected 1/3/5 version)

None Just miR155 | Just miR34c Both Total
ThO 0 168 384 84 636
Thi 0 576 3072 384 4032
Th2 0 48 384 48 480
Th9 0 0 0 0 0
Thl7 0 0 0 0 0
Th22 0 7680 7680
Tfh 0 2304 2304
Treg 0 432 2688 288 3408
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Supplemental Table 7.49- Number of steady states obtained with the first, third and fifth perfected versions of the modified
model that are identified as belonging to the different Th cell subtypes, through the use of the final version of the R script

written for this purpose, thus leading such results to refer to both “Pure” and hybrid cell populations, under all miRNA
expression scenarios where the only environmental favors the differentiation of ThO cells into Treg cells.

Pro Treg environment (Perfected 1/3/5 version)

None Just miR155 | Just miR34c Both Total
ThO 0 96 288 48 432
Thl 0 288 2304 192 2784
Th2 0 48 576 48 672
Th9 0 0 0 0 0
Thi7 0 0 0 0 0
Th22 0 0 4224 0 4224
Tth 0 0 0 0 0
Treg 0 432 3168 288 3888

Supplemental Table 7.50- Number of steady states obtained with the second, fourth, sixth and seventh perfected versions of
the modified model that are identified as belonging to the different Th cell subtypes, through the use of the final version of the
R script written for this purpose, thus leading such results to refer to both “Pure” and hybrid cell populations, under all

miRNA expression scenarios where there is no environmental stimulation.

No stimulation environment (Perfected 2/4/6/7 version)
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Just miR155
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Supplemental Table 7.51- Number of steady states obtained with the second, fourth, sixth and seventh perfected versions of
the modified model that are identified as belonging to the different Th cell subtypes, through the use of the final version of the
R script written for this purpose, thus leading such results to refer to both “Pure” and hybrid cell populations, under all
miRNA expression scenarios where the only environmental stimulus is the presence of APC.

APC only environment (Perfected 2/4/6/7 version)

None Just miR155 | Just miR34c Both Total
Tho 0 96 192 48 336
Thl 384 288 4608 192 5472
Th2 0 24 576 24 624
Th9 0 0 0 0 0
Thil7 768 0 0 0 768
Th22 0 5760 5760
Tfh 0 768 768
Treg 0 216 1584 144 1944
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Supplemental Table 7.52- Number of steady states obtained with the second, fourth, sixth and seventh perfected versions of
the modified model that are identified as belonging to the different Th cell subtypes, through the use of the final version of the

R script written for this purpose, thus leading such results to refer to both “Pure” and hybrid cell populations, under all
miRNA expression scenarios where the only environmental favors the differentiation of ThO cells into Th1 cells.

Pro Thl environment (Perfected 2/4/6/7 version)

None Just miR155 | Just miR34c Both Total
ThO 0 96 288 48 432
Thl 0 576 7680 384 8640
Th2 0 48 1152 48 1248
Th9 0 0 0 0 0

Thil7 1536 0 0 0 1536
Th22 0 0 13440 0 13440
Tfh 0 0 3840 0 3840

Treg 0 432 3264 288 3984

Supplemental Table 7.53- Number of steady states obtained with the second, fourth, sixth and seventh perfected versions of
the modified model that are identified as belonging to the different Th cell subtypes, through the use of the final version of the

R script written for this purpose, thus leading such results to refer to both “Pure” and hybrid cell populations, under all
miRNA expression scenarios where the only environmental favors the differentiation of ThO cells into Th2 cells.

Pro Th2 environment (Perfected 2/4/6/7 version)
None Just miR155 | Just miR34c Both Total
Tho 0 48 0 0 48
Thl 768 288 4608 192 5856
Th2 0 48 1152 48 1248
Th9 2688 0 0 0 2688
Thl7 768 0 0 0 768
Th22 0 0 3840 0 3840
Tfh 0 0 0 0 0
Treg 0 0 0 0 0

Supplemental Table 7.54- Number of steady states obtained with the second, fourth, sixth and seventh perfected versions of
the modified model that are identified as belonging to the different Th cell subtypes, through the use of the final version of the
R script written for this purpose, thus leading such results to refer to both “Pure” and hybrid cell populations, under all

miRNA expression scenarios where the only environmental favors the differentiation of ThO cells into Th9 cells.

Pro Th9 environment (Perfected 2/4/6/7 version)
None Just miR155 | Just miR34c Both Total
ThO 0 96 0 0 96
Thi 768 288 4608 192 5856
Th2 0 24 576 24 624
Th9 2688 0 0 0 2688
Thl7 768 0 0 0 768
Th22 0 0 4416 0 4416
Tfh 0 0 768 0 768
Treg 0 0 0 0 0
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Supplemental Table 7.55- Number of steady states obtained with the second, fourth, sixth and seventh perfected versions of
the modified model that are identified as belonging to the different Th cell subtypes, through the use of the final version of the
R script written for this purpose, thus leading such results to refer to both “Pure” and hybrid cell populations, under all
miRNA expression scenarios where the only environmental favors the differentiation of ThO cells into Th17 cells.

Pro Th17 environment (Perfected 2/4/6/7 version)

None Just miR155 | Just miR34c Both Total
Tho 0 96 96 48 240
Thi 0 288 2304 192 2784
Th2 0 24 288 24 336
Th9 0 0 0 0 0
Thil7 384 0 0 0 384
Th22 0 0 2880 0 2880
Tfh 0 0 384 0 384
Treg 0 216 792 144 1152

Supplemental Table 7.56- Number of steady states obtained with the second, fourth, sixth and seventh perfected versions of
the modified model that are identified as belonging to the different Th cell subtypes, through the use of the final version of the
R script written for this purpose, thus leading such results to refer to both “Pure” and hybrid cell populations, under all
mIRNA expression scenarios where the only environmental favors the differentiation of ThO cells into Th22 cells.

Pro Th22 environment (Perfected 2/4/6/7 version)

None Just miR155 | Just miR34c Both Total
Tho 0 96 192 48 336
Thl 0 288 4608 192 5088
Th2 0 24 576 24 624
Th9 0 0 0 0 0
Thl7 768 0 0 0 768
Th22 0 0 5760 0 5760
Tth 0 0 768 0 768
Treg 0 216 1584 144 1944

Supplemental Table 7.57- Number of steady states obtained with the second, fourth, sixth and seventh perfected versions of
the modified model that are identified as belonging to the different Th cell subtypes, through the use of the final version of the
R script written for this purpose, thus leading such results to refer to both “Pure” and hybrid cell populations, under all
miRNA expression scenarios where the only environmental favors the differentiation of ThO cells into Tth cells.

Pro Tfh environment (Perfected 2/4/6/7 version)

None Just miR155 | Just miR34c Both Total
ThO 0 168 0 84 252
Thi 0 576 6144 384 7104
Th2 0 48 768 48 864
Th9 0 0 0 0 0
Thl7 1536 0 0 0 1536
Th22 0 13440 13440
Tfh 0 3840 3840
Treg 0 432 2688 288 3408
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Supplemental Table 7.58- Number of steady states obtained with the second, fourth, sixth and seventh perfected versions of
the modified model that are identified as belonging to the different Th cell subtypes, through the use of the final version of the

R script written for this purpose, thus leading such results to refer to both “Pure” and hybrid cell populations, under all
miRNA expression scenarios where the only environmental favors the differentiation of ThO cells into Treg cells.

Pro Treg environment (Perfected 2/4/6/7 version)

None Just miR155 | Just miR34c Both Total
ThO 0 96 192 48 336
Thl 0 288 4608 192 5088
Th2 0 48 1152 48 1248
Th9 0 0 0 0 0
Thil7 768 0 0 0 768
Th22 0 0 6336 0 6336
Tth 0 0 0 0 0
Treg 0 432 3168 288 3888
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