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Abstract

γδ T cells exert their immuno-(patho)physiological functions mainly through the secretion of two pro-inflammatory cy-
tokines: interleukin-17A and interferon-γ. These are produced by γδ T cell subpopulations (γδ17 and γδIFN) that differen-
tially respond to TCR signal strength and are pre-programmed in the thymus, migrating subsequently to the periphery.
MicroRNAs negatively regulate gene expression, modulating T cell function. miRNA-181a is a rheostat of thymic TCR
sensitivity, affecting T cell activation, thus making it a potential modulator of γδ T cell functions. Preliminary data showed
distinct expression levels of miR-181a in γδ T cell subpopulations throughout development. Therefore, by studying miR-
181a-deficient vs. -sufficient mice, we aimed at dissecting the role of miR-181a in the development and differentiation of
pro-inflammatory of γδ T cell subsets. Ex vivo analysis of lymphoid organs revealed that the fetal thymus of miR-181a-
deficient mice exhibited a decreased frequency of γδ17 cells, with neonatal and adult organs additionally showing an
increased frequency of γδIFN cells, compared to WT controls. Cells lacking in miR-181a showed a slight increase in
calcium flux, and upon in vitro stimulation with αCD3/28 showed decreased frequency of IFN-γ+ cells. A bioinformatical
target search identified several promising mRNA targets associated with the γδ17 and γδIFN machinery. This work high-
lights a modulatory role for miR-181a in γδ T cell development and differentiation, possibly by regulating TCR signaling
strength, steering the commitment of γδ T cells into a γδ17 fate early in the thymus, while suppressing the γδIFN fate,
and potentially impacting on peripheral γδIFN T cells.
Keywords: miR-181a; γδ T cells; thymic development; effector T cell differentiation; cytokines; IL-17; IFN-γ; TCR sig-
naling

1. Introduction
γδ T cells are T lymphocytes that express the γ and
δ chains in their T cell receptor (TCR), and that re-
spond to pathogens and tumors by rapidly providing the
pro-inflammatory cytokines interleukin-17A (IL-17) and/or
interferon-γ (IFN-γ). The acquisition of effector function
by γδ T cells has been demonstrated to depend on TCR
signaling strength, with strong TCR signals leading to a
commitment toward an γδIFN fate, and weak TCR sig-
nals promoting the development of γδ17 cells, during a
process of ”thymic pre-programming” that starts in em-
bryonic development [1].

1.1. γδ T cell biogenesis
Mammal Hemapoietic Stem Cells (HSCs) residing in the
fetal liver and the bone marrow (BM) seed the thymus,
where they give rise to different types of mature T cells.
There are theories postulating that the TCR might play a
role in the bifurcation into either the αβ or the γδ T cell lin-
eages; in particular, there is evidence pointing that com-
mitment to the γδ lineage requires that DN cells receive
stronger TCR signaling [2,3].

TCRγδ diversity is generated through a V(D)J recombi-
nation process characterized by an ordered arrangement
that leads to a timed production of specific γδ subsets
that populate different tissues, thus defining developmen-
tal waves [4,5].

The repertoire of antigens that γδ T cells are able to
recognize is more limited than that of αβ T cells [6,7], but
they have a crucial role in immune responses against tu-
mors, viruses and other pathogens [8]. In mice, most γδ T
cells acquire their effector functions in the thymus, upon
which they move mostly to non-lymphoid tissues, [1,6,9],
where they represent a significant portion of all T cells
present (∼ 50%) [10]. Moreover, since γδ T cells mature
in the thymus and certain populations home to specific
tissues already endowed with a pro-inflammatory pheno-
type, that makes them very fast in initiating effector func-
tions at those sites, having a key role in the early phase
of immune responses. Therefore, they are able to act
as a first line of defense, based on ”innate-like” charac-
teristics. On the other hand, their orchestrated develop-
mental stages in the thymus, as well as the heterogeneity
of subsets based on their γδTCR expression, give γδ T
cells some adaptive-like characteristics. Altogether, the
role of γδ T cells seems to sit between the innate and the
adaptive immune system, also referred to as ”adaptate”
immunity [9,11,12].

1.2. Pro-inflammatory γδ T cell subsets

The effector functions of γδ T cells are mostly associ-
ated with the production of two cytokines: IFN-γ and IL-
17A (simplified to IL-17). γδIFN cells are associated with
the defense against viral and intracellular bacterial infec-
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tions [13], as well as against cancer cells [8], and γδ17
cells are important in the early stages of defense against
several extracellular pathogens [14]. However, overpro-
duction of either of these cytokines can lead to several
complications, including an exacerbated reaction to se-
vere malaria [15], and autoimmuninity [14], respectively.

Pro-inflammatory cytokine production by γδ T cell sub-
sets associates, in different developmental waves, to cer-
tain Vγ-expressing populations [14, 16–19]. In early de-
velopment (E13 – E16), the first wave is marked by IFN-γ
production associated to Vγ5+ cells, which populate the
epidermis of the skin. The following waves are marked
by IL-17 production, first by Vγ6+ cells (E14 – E20), that
populate several epithelial tissues, and then by Vγ4+ cells
(E16 onwards), which home mostly to lymphoid tissues,
like the spleen or lymph nodes. The final waves are char-
acterized by the IFN-γ producers, Vγ1+ and Vγ7+ cells
(E18 onwards), who home to lymphoid tissues and the
intestine, respectively. Vγ1-expressing cells are mainly
IFN-γ producers, but they are known to be able to express
small amounts of IL-17 as well [20].

1.2.1 Cell Surface Markers

An important cell surface marker to identify and analyse
γδ T cells subsets is CD27 [18]. Using CD27 expression,
γδ T cells can be categorized into two groups: CD27-, also
referred to as γδ27-, which are mainly IL-17 producers,
but can be induced to co-express both IL-17 and IFN-γ
under inflammatory conditions [21], and CD27+, or γδ27+,
who are exclusively IFN-γ producers and represent the
most significant proportion of all γδ T cells (∼ 70 – 90%)
in peripheral lymphoid organs under steady-state.

Another seminal work revealed that the earliest γδ T
cell populations in thymus progress from being imma-
ture CD25+CD24+, to CD25-CD24+, and finally to ma-
ture CD25-CD24- [22]. The mature CD24- γδ T cells
progress from an uncommitted stage, in which they are
CD44-CD45RB- to either an IL-17 pathway, in which they
upregulate CD44 to become CD44hiCD45RB-, or to an
IFN-γ pathway, in which commitment is characterized by
the expression of CD45RB. The IFN-γ pathway goes from
the CD44-CD45RB+ stage to the CD44+CD45RB+ one,
acquiring a more effector phenotype with the upregula-
tion of CD44.

1.2.2 TCR signaling strength and γδ T cell effector fate

There is strong evidence pointing to a strong TCR sig-
nal inducing an IFN-γ effector potential [19, 23, 24], likely
mediated by the ERK/MAPK pathway [22]. For example,
a significant increase in the number of CD44+CD45RB+

cells (IFN-γ producers) at the expense of γδ17 cells was
observed when adding anti-TCRδ to E15 thymic lobes,
thus boosting TCR signal strength. This affected not
only absolute cell numbers, but also cytokine produc-
tion, in a dose-dependent manner. However, although
several studies seem to suggest that, in order for γδ T
cells to follow an IL-17 fate, a weak TCR signal is re-
quired [19, 22, 25], some studies contradict this notion,
since, for instance, γδ17 cells express markers related to
strong TCR engagement [26,27].

1.3. MicroRNAs
MicroRNAs (miRNAs or miRs) are small noncoding RNA
molecules, around 22 nucleotides long which, in mam-
mals, are involved in repressing mRNA expression [28].

In mammals, miRNAs are normally generated from pri-
mary transcripts (pri-miRNAs) produced by RNA poly-
merase II. Within the primary transcript, the miRNA-
encoding portions form imperfect stem-loop hairpin struc-
tures. Then, the Drosha type III RNase and the double-
stranded RNA-binding protein DiGeorge syndrome criti-
cal region (DGCR8), together with other proteins, form a
nuclear protein complex called ”Microprocessor”, which
cleaves the hairpin loop pre-miRNAs away from the pri-
mary transcript. This allows the export of these pre-
miRNAs into the cytoplasm. There, they are further pro-
cessed by another protein complex containing the Dicer
type III RNase; the miRNA is thus cleaved to its ma-
ture size. Finally, the mature strand of the miRNA duplex
becomes associated with a final protein complex, called
microRNA-induced silencing complex (miRISC), while the
other strand is usually degraded. This complex contains
proteins of the Argonaute (AGO) family, and its function
is the silencing of genes targeted by the miRNA through
mRNA recognition, typically at their 3’ untranslated re-
gions (3’ UTR) [29].

In mammals, repression of a target mRNA by a given
miRNA through sequence complementarity can be in-
duced by the miRISC complex via deadenylation, trans-
lational repression, decapping and 5’-3’ degradation [30].

1.3.1 MicroRNAs in T cells
miRNAs have been widely studied in T cells, and they
can either promote or suppress their activation, differenti-
ation and/or function [31]. Supporting this is the fact that
cells deficient in components of the miRNA-machinery
(e.g. Drosha or Dicer) exhibit impaired T cell prolifera-
tion and survival upon in vitro stimulation, and abnormal T
cell population balance, with increased IFN-γ production
by Th cells [32, 33]. Furthermore, the miRNA landscape
dramatically changes upon T cell activation [34]. While
several miRNAs have been involved in the regulation of
αβ T cell functions, very little is known about the role of
miRNAs in γδ T cell development and differentiation, with
only miR-146a having been described to be functionally
relevant for γδ T cell plasticity and differentiation [35].

1.3.2 miR-181
The miRNA-181 family is a highly conserved family of mi-
croRNAs in vertebrates [36]. For both human and mice,
it consists of four members: miR-181a, miR-181b, miR-
181c and miR-181d. It is preferentially expressed in sev-
eral tissues, namely in the bone marrow, the spleen, the
thymus, the retina, and the brain [37–39], and it has been
implicated in several biological processes, ranging from
myoblast differentiation to various types of cancer [40,41],
and T cell development [42]. miR-181a is highly ex-
pressed at the DP stage of thymocyte development [42],
and it has been described as an important regulator of T
cell sensitivity to antigens and in promoting T cell activa-
tion [43,44].
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In the seminal work by Li et al., the authors disclosed
the effect of miR-181a as a rheostat of TCR sensitiv-
ity [43]. In this study, miR-181a expression was found to
be dynamically regulated during T cell maturation, being
high in the double negative (DN)1-3 and double positive
(DP) stages, but dropping in DN4 and immature single
positive (ISP) CD4/8. Also, miR-181a overexpression led
to a significant increase in intracellular calcium upon TCR
stimulation, indicating that its expression amplifies TCR-
mediated T cell activation. miR-181a was found to cause
the downregulation of multiple inhibitory phosphatases,
which include the tyrosine phosphatases: SHP-2 and
PTPN22, and also the DUSP-5 and -6 from the ERK path-
way [45]. These phosphatases have been shown to in-
hibit TCR signaling by phosphorylation of members of the
ERK pathway, or by dephosphorylation of Lck, Zap70 or
CD3-associated ITAMs [46, 47]. Additional studies show
that ablation of miR-181a leads to dampening of TCR
and ERK signaling, thus increasing the threshold of pos-
itive selection, without causing an autoimmune pheno-
type [48], and that miR-181a is responsible for sustained
ERK phosphorylation in Th17 cells, which leads them to
having a lower threshold of activation to antigens when
compared to other Th cells [49].

1.3.3 Preliminary results
The host lab performed preliminary experiments with
double reporter mice, where IFN-γ was co-translated with
eYFP+ and IL-17A was co-translated with GFP+, thus al-
lowing for the isolation of both IFN-γ+ and IL-17A+ γδ T cell
subpopulations. GFP-eYFP- (DN), GFP+ and eYFP+ sub-
sets of γδ T cells were sorted from pLNs and subjected
to small RNA-seq. This analysis revealed 103 differen-
tially expressed miRNAs, between the IL-17+ and IFN-γ+

γδ T cell populations, with miR-181a being slightly overex-
pressed in IFN-γ+eYFP+ cells compared to IL-17A+GFP+

cells, but particularly overexpressed in the DN subset,
when compared to the effector subsets.

Importantly, the expression of miR-181a in cells from
the E17.5 thymus, from the D3 thymus and from the pe-
ripheral lymph nodes (pLNs) of adult mice was further
characterized by RT-qPCR in γδ T cell populations based
on the expression of the CD24, CD44 and CD45RB cell
surface markers (see Figure 1). In this analysis, the rel-
ative expression of miR-181a was the most prominent
in the immature (CD24+) and in the uncommitted subset
(CD44-CD45RB-) of the neonatal thymus and of the pLNs
of adults. These differences in expression levels are the
basis of the studies performed in this Thesis.

2. Materials and methods
2.1. Mice
We used miR-181a/b-1 KO mice (B6.Mirc14tm1.1Ankr),
which were described in [50]. All studies were performed
using both miR-181a-KO mice and WT littermate con-
trols. All mice were studied at the fetal (E17.5), neonatal
(3 days), or adult (8–12 weeks) stages. Mice were bred
and maintained in the specific pathogen–free animal fa-
cilities of Instituto de Medicina Molecular João Lobo An-
tunes (Lisbon, Portugal). All experiments involving ani-
mals were done in compliance with the relevant laws and

Figure 1: miR-181a expression in CD24+, CD44-CD45RB-,
CD44hiCD45RB- and CD45RB+ subsets of the embryonic E17.5 thy-
mus, of the neonatal D3 thymus and of the peripheral lymph nodes of
adult mice.

institutional guidelines and were approved by the ethics
committee of Centro Académico de Medicina de Lisboa.

2.1.1 Genotyping
We performed DNA extraction from a piece of the tail of
each mice using the Xpert directXtract PCR kit (GRiSP)
and then performed the PCR reaction using the Xpert
Fast DNA Polymerase in a MyCycler Thermal Cycler (Bio-
Rad).

2.1.2 Dissection
pLNs (cervical, axillary, inguinal, and popliteal) and
spleen were dissected from adult mice, and the thy-
mus was dissected from fetal and neonatal mice. Un-
til the cell preparation phase, organs were kept at 4
°C and in RPMI medium supplemented with 10% fetal
bovine serum (FBS), 1% HEPES buffer, 1% nonessen-
tial amino acids (NEAA), 1% sodium pyruvate, 1% peni-
cillin and steptomycin, 0.1% gentamicin and 0.1% β-
mercaptoethanol.

2.2. Monoclonal Antibodies
The following anti-mouse fluorescently labeled mono-
clonal antibodies (mAbs), antigens and clones, were
used: TCRδ (GL3), TCRβ (H57-597), Vγ5 (536),
Vγ1 (2.11), Vγ4 (UC3-10A6), IgG (Poly4055), CD3
(145.2C11), CD4 (GK1.5), CD8 (53–6.7), CD24 (M1/69),
CD25 (PC61), CD27 (LG.7F9), CD44 (IM7), CD45RB
(C363-16A), Ki-67 (16A8), IFN-γ (XMG1.2), and IL-17A
(TC11.18H10.1). Antibodies were purchased from BD
Biosciences, eBiosciences, or BioLegend.

2.3. Cell Preparation
Cell suspensions were obtained from thymus, spleen or
pLNs. Erythrocytes were osmotically lysed in red blood
cell lysis buffer (BioLegend). Cells were filtered through
70-µm cell strainers (BD Biosciences). Cell suspen-
sions were washed and homogenized using 1x phos-
phate buffered saline (PBS).

2.4. Flow Cytometry and Cell Sorting
For cell surface staining, single-cell suspensions were in-
cubated for 10-30 minutes with saturating concentrations
of mAbs. For intracellular cytokine staining, cells were
stimulated with phorbol 12-myristate 13-acetate (PMA)
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(50 ng/mL) and ionomycin (1 µg/mL) in the presence
of brefeldin A (1 µg/mL) (all from Sigma-Aldrich) for 3
hours at 37 °C. Cells were stained for the aforementioned
cell surface markers in the presence of anti-CD16/CD32
(eBioscience). For intracellular staining, cells were ad-
ditionally fixed for 30 minutes at 4 °C, permeabilized
with the Foxp3/Transcription Factor Staining Buffer set
(eBioscience) in the presence of anti-CD16/CD32 (eBio-
science) for 15 minutes at 4 °C, and lastly incubated for
30-60 minutes at 4 °C with the antibodies against intra-
cellular proteins in permeabilization buffer. The cells were
sorted on FACSAria (BD Biosciences) or analyzed using
FACSFortessa (BD Biosciences). Data was analyzed us-
ing FlowJo software (Tree Star).

2.5. Calcium Flux Assay
Cell suspensions were incubated for 1 hour at 37 °C with
a Ca2+ die by using the PBX Calcium Assay kit (BD), con-
sisting of the calcium indicator PBX, a 10 x PBX signal
enhancer and a calcium assay buffer. Cells were then
stained for the aforementioned cell surface markers for 15
minutes at 4 °C, washed and kept at 4 °C. Samples were
pre-incubated at 37 °C for 10 minutes prior to the assay,
upon which they were placed in the flow cytometer and
baseline data was acquired for 40 seconds, after which 8
µL if anti-CD3 (0.5 mg/mL) was added, data was acquired
for another 40 seconds, and, finally, 80 µL of anti-IgG (0.5
mg/mL) was added and data was acquired for ∼ 8 min-
utes, all using FACSFortessa (BD Biosciences).

2.6. In Vitro Stimulation of the γδ27- and γδ27+ Subsets
γδ27+ and γδ27- cells were FACS-sorted from the pLNs
of adult mice and cultured overnight at 37 °C in the
presence of plate-bound anti-CD3ε (145.2C11) plus anti-
CD28 mAb (37.51), both at 2.5 µg/mL (PeproTech).

2.7. Target Gene Prediction
Predicted and validated targets for mmu-miR-181a were
determined using miRWalk 3.0 [51]. This database uses
a machine learning approach to find predicted and vali-
dated miRNA-target interactions in up-to-date databases.
To predict novel targets, it uses the TarPmiR algorithm
[52], and theTargetscan and the miRDB platforms [53,54].
The validated targets included in miRWalk 3.0 are from
miRTarBase [55].

2.8. Statistical Analysis
The statistical significance of differences between two
populations was assessed using either the two-tailed
nonparametric Mann-Whitney test or the t-test when ap-
plicable. ANOVA, followed by multiple comparisons, was
performed when comparing the mean of more than one
population. P values 6 0.05 were considered significant
and are indicated in the figures. In bar graphs, data is
presented as mean ± SD.

3. Results

3.1. Ex Vivo Analysis of Adult Lymphoid Organs
In order to test if miR-181a impacts on γδ T cell biology,
we analysed ex vivo γδ T cells from the pLNs of miR-
181a-deficient mice versus miR-181a-sufficient littermate

controls by flow cytometry.
γδ T cell frequency and numbers were higher in miR-

181a-/- mice when compared to the WT littermate con-
trols (Figure 2(a)), but intracellular staining of the prolif-
eration marker KI-67 on γδ T cells was similar between
WT and KO animals (data not shown). Regarding TCR
diversity, miR-181a-/- mice showed higher proportion of
Vγ1+ and a lower proportion of Vγ4+ γδ T cells when com-
pared to WT mice, with similar frequencies of the vestigial
Vγ5+ population (in pLN) (Figure 2(c)). In agreement with
the association between effector markers and Vγ chain
expression, miR-181a-/- showed a decreased frequency
of the IL-17-committed CD44hiCD45RB- cells, and an in-
creased frequency and/or total cell count of IFN-γ com-
mitted CD45RB+ subsets, with the major difference be-
ing observed in the less effector population of the two
(CD44-CD45RB+). These differences did not translate
into cytokine production by γδ T cells, in that we could
only observe a slight tendency for increased IFN-γ and
decreased IL-17 expression, in terms of frequency and
total cell numbers, in miR-181a-/- mice, and no difference
could be observed in terms of Mean Fluorescence Inten-
sity (MFI) (Figure 2(b)).

Figure 2: Main results of the ex vivo analysis of adult γδ T cells
from the pLNs. (a) Frequency of γδ T cells (Live+CD45+CD3+TCRδ+)
in the pLNs of miR-181a+/+ and miR-181a-/- adult mice. (b) Cell
frequency of IFN-γ+, IL-17+ and DN cells ((CD3+TCRδ+CD24-), in
the pLNs of miR-181a+/+ and miR-181a-/- adult mice. (c) Cell
frequency of Vγ1 and Vγ4 usage, and of four distinct γδ T cell
subsets – CD44hiCD45RB-, CD44+CD45RB+, CD44-CD45RB+ and
CD44-CD45RB- – (CD3+TCRδ+CD24-) in the pLNs of miR-181a+/+ and
miR-181a-/- adult mice. The data shown is from two independent exper-
iments, each consisting of n = 4. Each symbol represents an individual
mouse. ** P 6 0.01, *** 6 0.001, **** 6 0.0001 (Mann-Whitney two-
tailed test).

Considering these data, we thus hypothesized that
miR-181a plays a role in γδ T cell biology in adult mice,
restraining not only the frequency and total number of γδ

T cells, but also the propotion of its two pro-inflammatory
subsets, shifting its balance towards the IL-17 pathway.
miR-181 is also associated with a decreased Vγ1/Vγ4
chain usage ratio.
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3.2. Ex Vivo Analysis of E17.5 Thymus
Since we could not attribute the differences observed be-
tween peripheral γδ T cells of miR-181a-/- and miR-181+/+

mice to differential proliferation, and both Vγ chain usage
and effector fate are, in its majority, established in the
thymus, we decided to analyse thymi at embryonic day
E17.5 by flow cytometry, as the development of some γδ

T cell subsets is restrained to this embryonic time window.
We observed an increased frequency of γδ T cells in

miR-181a-/- mice when compared to miR-181a+/+ mice,
but that difference did not translate into absolute cell num-
ber (data not shown), and we did not see a difference in
terms of Ki-67+ γδ T cells (data not shown). miR-181a-/-

mice had slightly more Vγ1+ cells in terms of frequency,
but not in terms of total cell numbers, and Vγ4 expres-
sion was similar between the two groups (Figure 3(a)).
WT and miR-181a-KO mice had similar cell frequencies
and/or numbers for the γδIFN populations, but IFN-γ MFI
was higher in KO cells (Figure 3(c)). On the other hand,
the frequency of the CD44hiCD45RB- γδ17 population is
decreased in miR-181a-KO mice, even though it is still
a minor population at this stage, likely related to the fact
that the wave of IL-17-producing γδ T cells begins at the
embryonic day E16 [8]. A decreased frequency in terms
of IL-17+ cells can also be seen in KO mice, although that
does not reflect in terms of total cell number or IL-17 MFI
(Figure 3(b)).

Figure 3: Main results of the ex vivo analysis of thymic E17.5 γδ T cells.
(a) Cell frequency of thymic Vγ1 and Vγ4 usage, and of four distinct γδ T
cell subsets – CD44hiCD45RB-, CD44+CD45RB+, CD44-CD45RB+ and
CD44-CD45RB- – (CD3+TCRδ+CD24-) of miR-181a+/+ and miR-181a-/-

E17.5 mice. (b) Cell frequency and/or MFI of IFN-γ-, IL-17-expressing,
and DN thymic γδ T cells (CD3+TCRδ+CD24-) of miR-181a+/+ and miR-
181a-/- E17.5 mice. The data shown is from one experiment, consisting
of n = 8 (miR-181a+/+) and n = 11 (miR-181a-/-). Each symbol repre-
sents an individual mouse. * P 6 0.05, ** 6 0.01, *** 6 0.001 (Mann-
Whitney two-tailed test).

Based on the analysis of E17.5 thymi, we hypothe-
sized that miR-181a promotes the differentiation of γδIL-
17 cells, while conversely diminishing IFN-γ production by
γδIFN cells.

3.3. Ex Vivo Analysis of D3 Thymus
Having observed some significant differences in the fetal
thymus, we asked if miR-181a also had an impact in cells

developing at the neonatal phase. We thus analysed the
day 3 (D3) thymus of miR-181a+/+ and miR-181a-/- mice
ex vivo and by flow cytometry.

We observed once again a higher frequency of γδ T
cells, but not of total cell numbers, in mice lacking miR-
181a, while the frequency of proliferating γδ T cells was
similar between WT and KO mice (data not shown). miR-
181a-/- mice showed increased frequencies of Vγ5+ and
Vγ1+ cells, compared to miR-181a+/+ mice, while there
were no differences in terms of Vγ4 expression between
the two groups (Figure 4(b)). The cell frequency of the
CD44hiCD45RB- γδ17 population was significantly de-
creased in KO mice; in contrast, the CD44-CD45RB+

and CD44-CD45RB- γδIFN subsets were significantly in-
creased. CD44+CD45RB+ subset does not differ much
between WT and KO mice. Noticeably, these observa-
tions were not present at the E17.5 stage, but some of
them remained consistent moving into lymphoid organs of
adult mice; namely, the frequency of the CD44hiCD45RB-

and CD44-CD45RB+ populations. However, after acquir-
ing effector functions in the thymus, most γδ T cells move
to non-lymphoid tissues [8], so it is possible that some of
the cells that exhibit the aforementioned differences at D3
migrated to tissues that were not analysed in this work.
Also, miR-181a-/- mice have more IFN-γ+ and IL-17+ cells
than miR-181a+/+ mice, and a higher MFI for both cy-
tokines (Figure 4(a)). Differences in MFI were found only
in the CD44-CD45RB- subset, in that KO mice have a
significantly higher MFI for both cytokines in this subset
(Figure 4(c)).

3.4. Calcium Flux Assay

In order to test if miR-181a affects TCR signaling in γδ T
cells through the mobilization of calcium, we isolated cells
from the pLNs of miR-181a+/+ and miR-181a-/- adult mice
and conducted a calcium flux assay, as described in the
methods section of this document.

A slight, but non-significant, increase in calcium flux
was observed in miR-181a-/- mice, in comparison to the
WT littermate controls, for both αβ and γδ T cells (see Fig-
ure 5(a)). The CD44hiCD45RB- population of both miR-
181a+/+ and miR-181a-/- mice behaved similarly. Indeed,
it has been shown that only the IFN-γ ”pathway” is signifi-
cantly responsive to calcium flux upon TCR signaling [27],
so we did not expect to see any changes for this partic-
ular subset, which is IL-17 committed. For the remain-
ing populations — CD44+CD45RB+, CD44-CD45RB+

and CD44-CD45RB- —, there is a trend for miR-181a-/-

mice to present a higher cytosolic calcium influx than
the miR-181a+/+ littermate controls, with the most pro-
nounced changes occurring for the CD44-CD45RB+ and
CD44-CD45RB- subsets (see Figure 5(b)). These data
hint at the possibility that miR-181a might be implicated
in the Ca2+ pathway of TCR signaling of IFN-γ-associated
subsets of γδ T cells by augmenting TCR-mediated T cell
activation, but this hypothesis requires further investiga-
tion.
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Figure 4: Main results of the ex vivo analysis of thymic D3 cells. (a)
Flow cytometry analysis of intracellular IFN-γ and IL-17 expression of
thymic cells of miR-181a+/+ and miR-181a-/- D3 mice. (b) Cell fre-
quency of thymic Vγ1 and Vγ4 usage, and of four distinct γδ T cell
subsets – CD44hiCD45RB-, CD44+CD45RB+, CD44-CD45RB+ and
CD44-CD45RB- – (CD3+TCRδ+CD24-) of miR-181a+/+ and miR-181a-/-

D3 mice. (c) MFI of IFN-γ- and/or IL-17-expressing thymic cells, of miR-
181a+/+ and miR-181a-/- of D3 mice, in γδ T cell subsets defined by la-
belling of CD44 and CD45RB. The data shown is from one experiment,
consisting of n = 11 (miR-181a+/+) and n = 14 (miR-181a-/-). Each
symbol represents an individual mouse. P ** 6 0.01, *** 6 0.001, **** 6
0.0001 (Mann-Whitney two-tailed test).

3.5. αCD3/αCD28 In Vitro Stimulation of γδ27- and γδ27+

Subsets

Aiming at further dissecting the role of miR-181a on γδ

T cell function, we cultured the γδ27- and γδ27+ subsets
in αCD3/28 overnight, activating them in a way that par-
tially mimics short-term TCR stimulation [56]. Some of
the samples were analyzed for proliferation after a total of
48h in culture.

The γδ27+ subset of miR-181a-/- mice showed a de-
creased frequency of IFN-γ+ cells upon in vitro TCR stim-
ulation (Figure 6(a)). The γδ27- subset displayed simi-
lar cell frequencies between groups. The comparison of
miR-181a+/+ with miR-181a-/- mice revealed similar MFIs
of IFN-γ and IL-17 in both subsets. Thus, miR-181a ap-
pears to promote the frequency of γδ27+ cells producing
IFN-γ, while the amount of cytokine produced by γδ27+

cells remained unaffected.

CellTrace Violet (CTV) produces a highly stable fluores-
cent signal that becomes diluted upon every cell division,
thus allowing for the identification of several generations
of cells. CTV expression indicated that there were no dif-
ferences in terms of cell proliferation between miR-181a-
KO mice and their WT littermate control counterparts in
neither γδ27-, nor γδ27+ cells (data not shown).

Figure 5: Main results of the calcium flux assay in T cell subsets. (a)
Plots showing the MFI of PBX (calcium signal enhancer) throughout
time, in seconds, for αβ and γδ T cells and for miR-181a+/+ and miR-
181a-/- mice. (b) Plots showing the MFI of PBX throughout time, in
seconds, for the CD44hiCD45RB-, CD44+CD45RB+, CD44-CD45RB+

and CD44-CD45RB- subsets of γδ T cells, of miR-181a+/+ and miR-
181a-/- mice. The data shown is from two individual experiments, each
consisting of n = 2.

Figure 6: Frequency and MFI of IFN-γ- and IL-17-expressing γδ27-

and γδ27+ T cells, of miR-181a+/+ and miR-181a-/- adult mice, after
αCD3/αCD28 overnight stimulation. The data shown is from two in-
dependent experiments, one consisting of n = 3 (miR-181a+/+) and an-
other of n = 2 (miR-181a-/-). Each symbol represents an individual
mouse. * P 6 0.05, ** 6 0.01 (Mann-Whitney two-tailed test).

3.6. Bioinformatical Target Search
There are several validated targets of miR-181a affecting
T cell differentiation already described in the literature. In
αβ T cells, TCR-mediated T cell activation occurs through
the repression of expression of multiple inhibitory tyrosine
phosphatases: the SHP-2 and PTPN22, and also DUSP-
5 and -6 from the ERK pathway [43, 45]. In Th17 cells,
miR-181a is responsible for sustained ERK phosphoryla-
tion, which renders them a lower threshold of activation
to antigens when compared to other Th cells, and Id3
was pinpointed to be activated upon this sustained phos-
phorylation and to negatively regulate Rorc and, conse-
quently, Il17 [49]. Therefore, in order to better understand
the molecular/biological basis of the effects of miR-181a
on γδ T cell differentiation described throughout this work,
we conducted a bioinformatical analysis, as to identify ad-
ditional mRNA targets of miR-181a that might be involved
in the context of the development and differentiation of γδ

T cells.
We used miRWalk3.0 to find the potential mRNA tar-

gets of miR-181a by setting the threshold for the binding
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probability to 0.5 and searching for possible targets within
the 3’ UTR region [51]. Because miR-181a might be act-
ing in both γδ T cell subsets, we decided to check for
connections within the predicted/validated targets identi-
fied bioinformatically and other non-target genes that are
usually associated with IFN-γ or IL-17 γδ T cell develop-
ment and differentiation [18, 57, 58]. As such, we built
two STRING networks, having set the strength of interac-
tion to a minimum of 0.7, and having hidden disconnected
nodes (data not shown).

In the IFN-γ-related STRING network, we selected two
interesting candidate targets: Creb1 and Mecp2. Creb1
(cAMP response element binding protein 1) is a mem-
ber of the CREB/ATF family of transcription factors and
is phosphorylated by protein kinase A after an intracellu-
lar increase in cAMP, activating transcription in response
do cAMP, Ca2+ and growth factor stimulation [59, 60].
CREB activation was also shown to play an important
role in governing the IL-2 and IFN-γ production by Th1
cells [61], thus promoting Th1 responses, with IL-17 in-
hibiting CREB-mediated IFN-γ production [62]. Impor-
tantly, Methyl-CpG binding protein 2 (MeCP2), an X-
chromosome linked nuclear protein that binds methylated
DNA and has been reported to play a bifunctional role in
regulating gene expression, was shown to associate with
CREB1 in promoters, synergistically promoting gene ex-
pression [63]. The study of MeCP2 function in effector
T cell lineages has led to the observation that MeCP2-
deficient effector CD4 T cells are severely impaired in
their production of inflammatory Th1 and Th17 cytokines
[64].

The IL-17-related STRING network only exhibited
genes that were promotors of the IL-17 machinery. Given
the role of these genes in promoting IL-17 production,
their downregulation in the presence of miR-181a would
lead to decreased IL-17 levels, which is contrary to the
phenotype we observed.

4. Discussion
miRNAs have been shown to act as post-transcriptional
regulators of effector function of various T cell subsets,
including the CD4+ T cell proinflammatory counterparts
of γδ T cell subsets, Th1 and Th17 cells. To date, how-
ever, only miR-146a has been thoroughly studied in γδ T
cells [35], where it was identified to act as an IFN-γ in-
hibitor and to restrict γδ T cell functional plasticity in vitro
and in vivo. As for miRNA-181a, it has been shown to be
a regulator of TCR sensitivity to antigens and to promote
conventional T cell activation [43], making it a potential
modulator of γδ T cell effector commitment, possibly by
affecting TCR signaling strength. Although one study re-
ports that this miRNA does not impact γδ T cell numbers
in the thymus nor the periphery [65], results from the host
lab showed that it was present in high amounts in the DN
subset (IFN-γ-IL-17-) of adult peripheral γδ T cells when
compared to the IFN-γ and IL-17 effector subsets, and
that it was overexpressed in CD44-CD45RB- peripheral γδ

T cells of adult mice, and in thymic γδ T cells of neonatal
mice. In this work, we conducted several experiments us-
ing miR-181a-deficient mice to determine the functional

role of miR-181a in γδ T cell function. We did ex vivo
analyses of lymphoid organs of adult, fetal and neonatal
mice, aiming at assessing the role of miR-181a in γδ T
cell development, and we did a calcium flux assay and
one in vitro assay, aiming at understanding the effect of
miR-181a on γδ T cells upon TCR stimulation.

To sum up, our data shows that miR-181a negatively
affects the frequency of γδ T cells in all developmen-
tal stages. The main observation in the fetal thymus
is a decreased frequency of CD44hiCD45RB+ cells in
miR-181a-deficient mice, but no differences in the other
subsets, suggesting that miR-181a is steering solely the
commitment towards an IL-17 fate at that point in time.
However, when moving towards the neonatal and adult
stages, we observed not only a decreased frequency of
IL-17-associated γδ T cell subsets, but also an increased
frequency of IFN-γ-associated γδ T cell subsets in KO an-
imals. Furthermore, in adult cells, miR-181a might be
downregulating the calcium signaling pathway upon TCR
engagement; and, upon in vitro short-term TCR stimula-
tion, miR-181a likely promotes the differentiation of im-
mature cells of the γδ27+ subset into effector IFN-γ+ cells.

We know that miR-181a acts as a rheostat of TCR sig-
naling strength through the modulation of several phos-
phatases [43]. In γδ T cells, a strong TCR signal is asso-
ciated first with γδ T cell lineage commitment (over the αβ

fate), and then, in terms of effector function acquisition,
with IFN-γ commitment over IL-17 [1]. miR-181a seems
to be modulating the TCR signaling threshold, controlling
the frequency of γδ T cells and of its two pro-inflammatory
subsets, γδIFN and γδ17, during the fetal and neonatal
stages, a phenotype which is sustained into adulthood.
At E17.5 and D3, miR-181a expression favors the γδ17
subset, while also seemingly suppressing the IFNγδ pop-
ulations. One study described miR-181a to be part of a
feed-forward loop, which sustains ERK phosphorylation
through the downregulation of phosphatases, which in
turn maintains high levels of miR-181a expression [49].
This mechanism was evident for Th17 cells exclusively, in
comparison to other Th cell types, and leads to a lower
threshold of activation upon antigen encounter. Indeed,
the preliminary studies done by the host lab disclose that
miR-181a expression within the CD44hiCD45RB- subset
is the highest during fetal development, and becomes
progressively lower moving into adulthood, but a lower
threshold of activation and stronger TCR signaling are
incompatible with the current perspectives on proinflam-
matory γδ lineage commitment, where a strong TCR sig-
nal leads to an γδIFN fate, and a weak TCR signal leads
to a γδ17 fate. These phenotypic observations in terms
of γδ T cell commitment are consistent when moving to
the periphery and adulthood. These results suggest that
the effects of miR-181a expression on γδ T cells became
imprinted during development, despite miR-181a over-
all expression subsiding in the periphery. Remarkably,
these differences in commitment are not accompanied
by differences in cytokine secretion in adults. Then, in
response to TCR engagement, miR-181a is able to re-
act to stronger TCR signals, ”allowing” uncommitted (DN)
cells to become IFN-γ+. This corroborates the previously
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described role for miR-181a as a modulator of TCR sig-
nalling strength throughout development and upon acti-
vation [43, 44], this time for γδ T cells. It is also possi-
ble that miR-181a has a dual effect in γδ T cell develop-
ment, modulating different events depending on the pro-
inflammatory subset. We propose that miR-181a expres-
sion leads to a weaker TCR signal in the fetal and neona-
tal thymus by targeting genes that promote a γδIFN fate,
thus promoting γδ17 differentiation, a phenotype trans-
lates to the periphery. Then, in adults, miR-181a may
mediate TCR signalling strength, affecting the differenti-
ation of DN cells into γδIFN T cells. This mechanism is
illustrated in Figure 7.

Figure 7: Proposed mechanism of the role of miR-181a in γδ T cell de-
velopment. We propose that miR-181a expression prevents strong TCR
signals in the fetal and neonatal thymus, thus promoting γδ17 differenti-
ation. The phenotype observed in the neonatal thymus is imprinted into
the periphery. Then, in adults, miR-181a could be mediator the TCR
signaling response, thus affecting the differentiation of γδIFN T cells.
Pro-inflammatory cytokine secretion is similar between γδIFN and γδ17
in adults. To explain our proposed mechanism, some of the possible
targets of miR-181a could be CREB1 or MeCP2.

Having established the cytokine levels of γδ T cells in
the pLNs and spleen of adults, and since γδ T cells move
mostly to non-lymphoid tissues upon thymic development
[8], it would now be interesting to evaluate how cytokine
provision is distributed in other tissues by γδ T cells of
miR-181a+/+ and miR-181a-/- mice; especially, in tissues
where γδ T cells play an important role in physiology and
homeostasis, such as the meninges, the skin, the lungs
or the intestine [66].

It would be useful to perform the same in vitro study,
sorting the γδ27- and γδ27+ subsets and stimulating them
with αCD3/28, but for a longer period of time, to de-
termine whether the increased differentiation into IFN-γ+

cells within the γδ27+ subset upon short-term TCR stimu-
lation would still occur after a long-term TCR stimulation.
It could also be interesting to assess how miR-181a con-
trols the balance of the two pro-inflammatory cytokines
produced by γδ T cells upon in vivo challenge, since adult
peripheral γδ T cells are dependent on stimuli to exert
their functions [8]. To do so, several models could be
used, such as infection with Staphylococcus aureus, to
check for differences in IFN-γ provision by γδ T cells be-
tween miR-181a+/+ and miR-181a-/- mice, or Streptococ-
cus pneumoniae, to check for differences in IL-17 provi-
sion by γδ T cells. However, many other cells are at play
in this context, which could override the effects of the in-
teraction between miR-181a and γδ T cells.

Combining our model with the results from our bioin-

formatical search allowed us to identify a few interesting
possible targets. Our two most promising mRNA targets
are CREB1 and MeCP2, that promote IFN-γ production
[60, 61, 63]; therefore, targeting of either of these genes
by miR-181a could suppress the commitment towards an
IFN-γ lineage. In γδ T cells, the commitment to either of
the two pro-inflammatory lineages likely occurs at the ex-
pense of the other, since it is postulated that strong TCR
signaling leads to a γδIFN commitment, and weak TCR
signaling leads to a γδ17 commitment. It is therefore pos-
sible that, if miR-181a targets either CREB1 or MeCP2 in
γδ T cells, it affects both lineages in opposite ways; that
is, leading to increased γδ17 commitment, and decreased
γδIFN commitment. However, there are other known tar-
gets of miR-181a for other T cell types mentioned in the
literature that could be influencing γδ T cell differentiation,
such as DUSP5 and DUSP6, and PTPN11 and PTPN22
— a series of phosphatases that are downregulated by
miR-181a in Th cells, which leads to sustained ERK phos-
phorylation and a lower activation threshold and stronger
TCR signaling [43, 49]. Despite there being a few possi-
ble targets — CREB1, MeCP2, or even the phosphatases
described in the literature —, at this point we cannot de-
termine if any of them influence γδ T cell development
and differentiation. To understand if any of these genes
affect γδ T cells, we could start by analysing their expres-
sion levels in several γδ T cell subsets and at different
developmental stages and determine whether there is an
inverted correlation with miR-181a expression levels. We
could also manipulate their expression levels, either in-
hibiting, or overexpressing them, and see if we observe
an opposite phenotype, or an exacerbated one, respec-
tively, when compared to the steady-state scenario, and
whether this phenotype is the reversed to that observed
for miR-181a expression manipulation. Luciferase assays
could also be performed in order to determine whether
miR-181a interacts directly with the CREB1 or MeCP2 3’
UTR regions.

In conclusion, in this Thesis, we have studied the role
of miR-181a in the development and differentiation of the
main pro-inflammatory subsets of γδ T cells. The pre-
sented findings will contribute to the knowledge of miR-
181a on γδ T cell biology, thus leading to additional in-
sights on the importance of miRNAs in the regulation of
γδ T cell differentiation.
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versus αβ T cell development. Nature Reviews Immunology,
10(9):657–663, 2010.
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