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1. Summary

T lymphocytes are at the core of the adaptive immune system. Fitness of T cells defines
susceptibility to infections, autoimmune diseases or cancer. Inherited failure in T-cell
generation and/or further differentiation might lead to primary immunodeficiencies (PIDs).
The generation of healthy T cells is a complex, multistep process that essentially continues
throughout the life of an organism. Therefore, its holistic understanding is a prerequisite for

the development of therapeutic strategies.

In the works summarised here, T-cell development served as a model to address several
fundamental questions in immunology. It starts from the earliest events during the thymus
settling and T-cell development. Both depend on minute numbers of precursors that enter
this organ from the blood. It was not known precisely how many precursors enter the thymus
per day and how this process is regulated. Using fate-mapping experiments and
mathematical modelling, we quantified the number of precursors entering the thymus and
cellular feedback which regulates this process. This is a very important finding, especially in
the context of thymus reconstitution and transplantation. Three further studies demonstrate
how fine-tuning of T cell development by single micro RNA (miRNA), miR-181a-1, critically
influences the emergence and function of T cells which require strong TCR-signals during
their selection, namely invariant NKT (iNKT) cells and regulatory T (Treg) cells. Of note, post-
transcriptional changes mediated by miR-181a-1 can imprint long-lasting changes on the
protein levels, which has not been yet reported for any other miRNA. Finally, through
studying human primary immunodeficiencies, we discovered that gene previously solely
associated with the initiation of clathrin-mediated endocytosis (CME) — FCHo1 (F-BAR
domain only protein 1) — is essential for human T cell development and activation. This initial
genetic discovery followed by experiments on human cellular models and high-resolution
confocal microscopy allowed us to show broader principles governing the immune system:
endocytosis of T cell receptor (TCR) and in consequence signalling, activation and
subsequent lymphocyte selection depend on CME - processes initiated by FCHo1. This

opened so far unexplored avenues of research.



2. Zusammenfassung

T-Lymphozyten bilden den Kern des adaptiven Immunsystems. Die Fithess von T-Zellen
definiert die Anfalligkeit fir Infektionen, Autoimmunerkrankungen oder Krebs. Vererbtes
Versagen bei der Erzeugung von T-Zellen und / oder weitere Differenzierungen kénnen zu
primaren Immundefekten (PIDs) fuhren. Die Erzeugung gesunder T-Zellen ist ein komplexer,
mehrstufiger Prozess, der sich im Wesentlichen wahrend des gesamten Lebens eines
Organismus fortsetzt. Daher ist sein ganzheitliches Verstandnis eine Voraussetzung fur die

Entwicklung therapeutischer Strategien.

In den hier zusammengefassten Arbeiten diente die T-Zellen-Entwicklung als Modell zur
Beantwortung mehrerer grundlegender Fragen der Immunologie. Es beginnt mit den
frihesten Ereignissen wahrend der Thymussiedlung und der T-Zellen-Entwicklung. Beides
hangt von der winzigen Anzahl von Vorlauferzellen ab, die aus dem Blut in das Organ
gelangen. Es war bislang nicht genau bekannt, wie viele Vorlauferzellen pro Tag in den
Thymus gelangen und wie dieser Prozess reguliert wird. Mithilfe von fate-mapping
Experimenten und mathematischen Modellen haben wir die Anzahl der Vorlauferzellen
quantifiziert, die in den Thymus eintreten und die zelluldre Ruckkopplung, die diesen
Prozess reguliert. Dies ist ein sehr wichtiger Befund, insbesondere im Zusammenhang mit

der Rekonstitution und Transplantation des Thymus.

Drei weitere Studien zeigen, wie die Feinabstimmung der T-Zellen-Entwicklung durch
einzelne Mikro-RNA (miRNA), miR-181a-1, die Entstehung und Funktion von T-Zellen, die
wahrend ihrer Selektion starke TCR-Signale bendtigen, namlich die invariante NKT (iNKT),
Zellen und regulatorische T (Treg) - Zellen entscheidend beeinflusst. Bemerkenswerterweise
kénnen durch miR-181a-1 vermittelte post-transkriptionelle Veranderungen langanhaltende
Veranderungen des Proteinspiegels erwirken, Uber die bisher fir keine andere miRNA

berichtet wurde.

Schlief3lich entdeckten wir durch Untersuchung der primaren Immundefekte beim Menschen,
dass das Gen, das zuvor ausschlieBlich mit der Initierung der Clathrin-vermittelten
Endozytose (CME) assoziiert war - FCHo1 (nur Protein 1 der F-BAR-Domane) - fur die
Entwicklung und Aktivierung menschlicher T-Zellen essentiell ist. Diese erste genetische
Entdeckung, gefolgt von Experimenten an menschlichen Zellmodellen und hochauflésender
konfokaler Mikroskopie, ermdglichte es uns, umfassendere Prinzipien fir das Immunsystem
aufzuzeigen: Die Endozytose des T-Zellen-Rezeptors (TCR) wund folglich die
Signallbertragung, Aktivierung und anschlielende Selektion der Lymphozyten hangen von
CME ab - von FCHo1 initierten Prozessen. Dies eroffnete bisher unerforschte

Forschungswege.



3. Introduction

The basic principle of T-cell biology is shared between mice and humans. Since murine
genetic models played a significant role in uncovering the molecular aspects of T-cell
development, selection, and function, this introduction will mainly focus on the murine

system. Individual species-specific differences will be indicated.

Intrathymic T-cell development

Under physiological conditions, intrathymic T-cell development depends on continual
colonisation of the thymus by bone-marrow (BM) derived thymus-seeding progenitors
(TSPs) (Serwold et al., 2009). TSPs comprise a heterogeneous mixture of multipotent
progenitors (MPPs), common lymphoid progenitors (CLPs), and CLP-like cells as well as
already T-lineage committed progenitors. Their phenotypes and physiology have been
extensively studied (Bhandoola et al., 2007; Schlenner and Rodewald, 2010). They possess
different self-renewal potentials and developmental kinetics, which accounts for the
continuous and unperturbed thymic output, despite gated entry to the thymus. The entry of
the precursors to the thymus is mediated through the cascade of receptor-ligand interactions
(Scimone et al., 2006). The role of particular chemokine receptors such as CCR9, CCR7 and
CXCR4, has been extensively studied and indicates the redundant roles of chemokines
signals in the embryonic (Calderon and Boehm, 2011; Liu et al., 2006) and adult thymus
(Krueger et al., 2010; Zlotoff et al., 2010). Furthermore, the role of various adhesion
molecules, including integrins and P-selectin ligand in regulating the periodicity of thymic
entry has been demonstrated (Lepique et al., 2003; Rossi et al., 2005; Scimone et al., 2006).
TSPs enter the thymus from the blood through the large venules at the cortico-medullary
junction (CMJ). This anatomical structure is located at the border of the thymic cortex and
medulla. The minimal phenotypic requirement for TSP is the surface expression of CD27
and/or CD135 (Saran et al., 2010; Serwold et al., 2009).

TSPs occupy approximately 160 niches (Kadish and Basch, 1976; Krueger et al., 2017;
Scollay et al., 1986; Wallis et al., 1975; Zietara et al., 2015) and give rise to early T-lineage
progenitors (ETP), the most immature, detectable thymocyte population. The numbers of
ETPs are directly regulated by Notch signalling, and it has been shown that Notch signals
directly prevent lineage deviation from T- towards B-cells at this stage of thymocytes

development (Feyerabend et al., 2009; Sambandam et al., 2005).

ETPs migrate to the outer cortex, continuously progressing through CD4 CD8 double
negative (DN) stages of thymocytes development (DN1, DN2, DN3 and DN4). Several

critical checkpoints are characteristic for this journey, namely T-lineage commitment at the



DN2 stage, irreversible after expression of transcription factor Bcl11b (Ikawa et al., 2010; Li
et al., 2010a; Li et al., 2010b); somatic rearrangements of the TCR initiated at the DN2 stage
(Terb, Terg and Terd); B-selection at the DN3 stage. Cells with productive rearrangements of
Terb locus signal through pre-TCR, which leads to allelic exclusion, proliferation and
progression to CD4"CD8" double-positive (DP) stage (Fehling et al., 1995). DP thymocytes
start to rearrange Tcra locus (Kishi et al., 1991). This rearrangement leads to generation and
surface expression of aBTCR (Trop et al., 2000). The fate of DP cells expressing on their
surface aBTCR is determined during the subsequent selection steps. Positive selection
ensures the survival of cells which TCR is capable of recognising peptide:MHC ligands on
the surface of antigen-presenting cells (Scott et al., 1989; Teh et al., 1988). Negative
selection ensures deletion of cells which TCR has a high affinity for self-ligand:MHC (most
likely ubiquitously expressed self-antigens), representing potentially dangerous, autoreactive
clones. Positive and negative selection can co-occur in the cortex. Alternatively, after
positive selection, developing thymocytes are directed to the medulla where they are probed
for recognition of tissue-specific self-antigens, which expression is driven by autoimmune
regulator AIRE (Anderson et al., 2002).

Similarly, to negative selection, weak response results in further maturation whereas strong
response in elimination. Altogether selection events result in the deletion of 90% of cells
which expressed afTCR before positive selection. Whereas minimal TCR signal is required
to prevent “death by neglect” during positive selection, TCR affinity plays a more
sophisticated role during negative selection in the cortex and medulla. High TCR affinity to
self-ligand:MHC results in a clonal deletion, in conversion to regulatory T (Teg) cell lineage or
development of invariant natural killer T (iNKT) cells (Klein et al., 2014). Development of
such self-reactive mature T cells is also termed agonist selection (Stritesky et al., 2012).
Single positive T cells emigrate from the thymus via post-capillary venules in the medulla to
establish the peripheral naive T cell pool (Figure 1). Whereas in mice thymic output
contributes to the majority of naive T cells generated throughout the life, in adult humans
only 10-20% of naive T cell production is thymus derived with the remaining being generated

through homeostatic proliferation in the periphery (den Braber et al., 2012).
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Figure 1. Intrathymic T-cell development. cortico-medullary junction — CMJ; thymus seeding
progenitors — TSP; early T-lineage progenitors — ETP; double negative — DN; double-positive — DP;
single positive — SP. Modified after T.Boehm and J.B. Swann 2013 (Boehm and Swann, 2013).

Post-transcriptional requlation of T-cell selection by micro RNAs

The lineage fate of developing thymocytes is tightly regulated on several levels, including
transcriptional and post-transcriptional regulation (Diaz-Munoz and Turner, 2018;
Rothenberg, 2014; Rothenberg et al., 2016b; Seo and Taniuchi, 2016; Winter and Krueger,
2019). The outcome of selection and further T-cell lineage specification critically depend on
TCR signal strength (Gascoigne et al., 2016). TCR signalling requires a host of coordinated
phosphorylation and dephosphorylation events within a network of intracellular signalling
molecules. T cells express over 40 different negative regulators of TCR signalling including
multiple phosphatases for each of the essential TCR signalling kinases, such as Lck, Zap70,
ERK (Felices and Berg, 2008; Gaud et al., 2018). For a cell to tune its internal activation
thresholds, it must simultaneously modulate multiple signalling molecules. The superior
ability of non-coding RNAs, like microRNAs (miRNAs) to concurrently regulate hundreds of
mRNA transcripts is a major advantage of miR-mediated gene regulation, as the gross effect

is significant for entire pathways rather than for individual targets.

Small non-coding RNAs, such as miRNAs, act as a component of post-transcriptional
regulation of gene expression. Upon maturation from precursors, individual miRNAs are
incorporated into RNA-induced silencing complexes (RISC), through which they bind and
destabilise their mRNA target transcripts, blocking translation and promoting mRNA decay
(Guo et al., 2010; Huntzinger and |zaurralde, 2011; Roy-Chaudhuri et al., 2014).

Few individual miRNAs have been shown to be involved in early T-cell development (Dooley

et al., 2013; Kirigin et al., 2012). Tissue-specific deletion of miRNA processing machinery,
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which resulted in the loss of the vast majority of miRNAs, revealed particular importance of
this layer of the regulation for the development of agonist-selected T cells, such as iINKT
cells and Tg cells, as well as maturation and homeostasis of T-lymphocytes in the periphery
(Cobb et al., 2005; Muljo et al., 2005; Zhou et al., 2008).

Among the others, including miR-142 (Mildner et al., 2017), miR-146a (Boldin et al., 2011; Li
et al.,, 2017; Lu et al., 2010), miR-155 (Kohlhaas et al., 2009; Lu et al., 2009; O'Connell et
al., 2010), miR-150 (Bezman et al., 2011; Ghisi et al., 2011) and miR17~92 (Regelin et al.,
2015) miR-181 family attracted particular attention. It comprises six members, in mice and
humans, and can be divided into three mini-clusters, miR-181a/b-1, miR-181a/b-2 and miR-
181c/d. Each mini-cluster is encoded on a separate chromosome. Mature miR-181a-1, miR-

181a-2, miR-181b-1 and miR-181b-2 have an identical sequence (Figure 2).

miR-181a-2
miR-181b-2

miR-181¢c
miR-181d

miR-181a-1

1080-nt

N
S
e
2

AA)A

pre-miR-181a/b-1 (Chromosome 1) pre-miR-181a/b-2 (Chromosome 2) pre-miR-181c/d (Chromosome 8)

Figure 2. Mouse miR-181 family. Modified after Chen Chan-Zheng (Chen, 2013).

Mini-cluster miR-181a/b-1 is highly expressed in the thymus, which accounts for ~98% of all
thymic miRNAs (Neilson et al., 2007; Zietara et al., 2013). Transcripts containing predicted
seed matches to miR-181a/b-1 are enriched at the DN3 stage of thymocytes development
and underrepresented at DP stage (Ebert et al., 2009; Li et al., 2007; Schaffert et al., 2015;
Zietara et al., 2013). This observation together with the unique enrichment of miR-181a/b-1
at the DP stage of thymocytes development led to the hypothesis that miR-181 controls the
T-cell selection through regulation of TCR signalling strength. Subsequent experiments
helped to establish miR-181 family members as modulators of TCR sensitivity. Recognised
targets of miR181a include phosphatases such as SHP-2, PTPN22, DUSP5 and DUSP®6,
critical during the regulation of TCR signalling (Ebert et al., 2009; Li et al., 2007).
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Figure 3. Modulation of TCR-sensitivity by miR-181a/b-1. In the absence of miR-181a/b-1 TCR
signal strength is decreased due to elevated levels of several phosphatases (i.e. PTPN22, DUSP6).
In consequence, the development of T lineages, which require strong (agonist) TCR signalling is
severely compromised. DN-double negative; DP — double positive; SP- single positive; iNKT —
invariant NKT cells; Treg — regulatory T cells; TCR — T-cell receptor. Modified after Stritesky G et al.
2012 (Stritesky et al., 2012).

We and others have shown that the members of the miR-181 family are critical for the thymic
development of INKT cells, MAIT cells and Teq cells in vivo (Blume et al., 2016; Henao-Mejia
et al., 2013; Lyszkiewicz et al., 2019; Winter et al., 2019; Zietara et al., 2013). In particular,
the development of INKT cells and MAIT cells, which express semi-restricted TCR
repertoire, has been almost completely abolished in the absence of miR-181a/b-1 (Winter et
al., 2019; Zietara et al., 2013), Figure 3. The development of T« cells, which also require
strong TCR signalling during selection, is affected to lesser extend by miRNA181a/b-1 than
iINKT cells or MAIT cells (Lyszkiewicz et al., 2019). Of note, miR-181a/b-1-deficient Treq cells
express elevated levels of CTLA-4, which renders them more suppressive than their wild-
type (WT) counterparts. This phenomenon has also been maintained in the periphery, by the
mechanism which is not yet completely understood, however, it indicates that post-
transcriptional changes imprinted during development can be preserved during the life of a
cell.

Control of TCR internalisation and T-cell activation by clathrin adaptor FCHo1

Balanced TCR signalling constitutes an instructive force during T-cell development, as

exemplified by studies on particular miRNAs. However, the precise localisation of the TCR
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that is continuously internalised and recycled back to the plasma membrane is also of critical
importance for the quality of the signal transduced. For instance: (1) activation signals can
be amplified via the scaffolding on early endosomes, (2) activation signals can be attenuated
via lysosomal degradation of the TCR, and/or (3) recirculation of the TCR to immune
synapses via recycling endosomes can modulate TCR-dependent activation signals upon
encountering antigen-presenting cells. Moreover, integrating signal strengths relies on
spatio-temporal organisation of the TCR and associated signalling molecules (Onnis and
Baldari, 2019; Willinger et al., 2015). Abnormalities in TCR and CD4 recycling have been
associated with immune system-related diseases, e.g. impaired surface expression of TCR

and IL-2 production in T-cells from SLE patients (Fernandez et al., 2009).

The TCR can be internalised via clathrin-dependent (Boyer et al., 1991; Dietrich et al., 1994;
Ohno et al., 1995; Telerman et al., 1987) or clathrin-independent mechanisms (Compeer et
al., 2018; Onnis and Baldari, 2019). The work described here focuses on clathrin-dependent

pathway.

Clathrin is a central molecular scaffold protein playing an essential role in the re-organisation
of cellular membranes and the transport between compartments. Clathrin-coated vesicles
(CCV) formation controls internalisation of membrane-associated proteins and protein
transport from the trans-Golgi-network (Robinson, 2015). Clathrin-dependent endocytosis is
initiated at the plasma membrane by the recruitment of adaptors including — but not limited to
- heterotetrameric AP-2 complex, AP180; and anchor proteins such as FCH domain only 1
and 2, [FCHo1 and 2 in vertebrates] (Cocucci et al., 2012; Henne et al., 2010; Pechstein et
al., 2010).

In vitro studies showed that both FCHo1 and FCHo2 proteins play a central role during the
formation of clathrin-coated pits (CCP) (Henne et al., 2010). This function does not only
involve the facilitation of local membrane nucleation at the very beginning of the process but
also a selection and recruitment of specific cargo for endocytosis (McMahon and Boucrot,
2011; Uezu et al., 2011) (Figure 4 and 6).

In nematodes, which possess a single fcho gene, FCHo deficiency is manifested by severe
body malformation and the perturbed formation of CCP (Hollopeter et al., 2014). The
function of FCHo has possibly changed during evolution as two FCHo paralogues (FCHo1
and FCHo2) have emerged in vertebrates (Dergai et al., 2016). For example, knockdown of
fcho1 in Danio rerio causes severe body malformation at an early developmental stage,
whereas silencing of fcho2 is associated with notochord and somite malformations
(Hollopeter et al., 2014).
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Thus, FCHo1 could evolve to act as cargo-specific rather than a universally important
initiator of clathrin-mediated endocytosis (CME) while FCHo2 preserved its original function
(Umasankar et al., 2012). The concept of FCHo1/FCHo2 acting as adaptors specific to
certain cargo in higher vertebrates is further corroborated by a series of other studies
focusing on central elements essential for CME (Azarnia Tehran et al., 2019). Biochemical
analyses of cellular models suggested that FCHo1 can offer an alternative pathway to
promote cargo capture. This function could be achieved via AP-2, central adaptor and main
protein which recruits cargo from the plasma membrane, or in parallel in the entirely
unrelated pathway (Cocucci et al., 2012; Hollopeter et al., 2014; Mulkearns and Cooper,
2012; Umasankar et al., 2012).

Mutations in proteins that are considered to be less pivotal for the CME have been linked to
a variety of diseases such as cancer, neuropsychiatric disorders, metabolic syndromes, but
not to the defects of the immune system (McMahon and Boucrot, 2011). Furthermore, none
of FCHo1/2 direct binding partners has been shown to play a pivotal role in the immune
system of human or mice (Henne et al., 2010; Henne et al., 2007; Hollopeter et al., 2014;
Iseka et al., 2018; Mulkearns and Cooper, 2012; Reider et al.,, 2009; Umasankar et al.,
2012).
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Figure 4. The role of FCHo proteins during initiation of CME. Modified after (Onnis and Baldari,
2019; Reider and Wendland, 2011). CCP — clathrin-coated pit; EE — early endosome.



In this work, three different aspects of the regulation of T-cell development are summarised
and discussed. First, the earliest events of intrathymic T cell development, as well as
mechanisms which provide cellular feedback to regulate the thymus seeding, have been
characterised in detail on a quantitative level. Second, the discovery of miRNA-181a/b-1 as
an indispensable post-transcriptional regulator of the TCR-signaling thresholds controlling
the generation and emergence of agonist-selected T cells has been explained. The final
section addresses the previously unforeseen dependency between the specific adaptor of

CME, FCHo1, and the generation and activation of T cells in humans.

The identification and characterisation of cellular and molecular pathways which control T-
cell generation and maintenance should provide the basis for new therapeutic approaches
that improve the regeneration of the adaptive immune system, especially with functional and
competent naive T cells.
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4. Overview and discussion of research works

4.1 Quantification of the dynamics of thymus colonisation

Zietara N*, Lyszkiewicz M*, Puchatka J, Witzlau K, Reinhardt A, Forster R, Pabst O, Prinz |,
Krueger A. Multicongenic fate mapping quantification of dynamics of thymus colonisation.
J Exp Med; 212(10), 1589-601 (2015)

This section summarises a study which assessed thymus colonisation on the quantitative
level. There is a lot of evidence how thymus settling and T cell development are regulated on
a qualitative level, by transcription factors-gene regulatory networks, extrinsic signals and
specialised tissue microenvironments (Rothenberg et al., 2016a). However, understanding of
both qualitative and quantitative aspects of this process is critical for improving the

regeneration of the immune system, e.g. after transplantation.

T cell development depends on the continuous colonisation of the thymus by bone-marrow
(BM) derived thymus-seeding progenitors (TSPs). They enter the thymus via the
bloodstream, and their numbers in the blood are extremely low (Krueger et al., 2017).
Process of colonisation cannot be addressed directly as phenotypical characterisation of
TSPs within the thymus is not possible using state-of-the-art techniques (too few cells,
rapidly differentiating into further stages). Additionally, thymus colonisation is tightly
controlled by adhesion molecules, and chemokine receptors, and its receptivity is periodic
(Donskoy et al., 2003; Gossens et al., 2009). It was not known how such periodicity is

regulated.

To tackle these challenges, we developed a so-called “multicongenic fate mapping”
experimental system in combination with mathematical modelling. Additionally, we took
advantage of CCR7""CCR9™ (called later DKO) mice, which are particularly receptive to
precursor seeding due to the lack of early T-lineage precursors (ETPs) in the thymus
(Krueger et al., 2010; Zlotoff et al., 2010). In this study, we demonstrated that the availability
of these early intrathymic microenvironmental niches accounts for increased DKO thymus

receptivity, with otherwise physiological cellularity and architecture.

We used a defined population of progenitor cells (lin"CD117°CD135") expressing various
congenic markers or fluorescent proteins, yielding up to 13 various protein tags, all traceable
using flow cytometry. Such defined progenitors contained all TSPs, yet lack the potential of
long-term engraftment of BM, thus the thymus settling was restricted to only one wave of
colonisation (Saran et al.,, 2010; Serwold et al., 2009). We then transplanted non-

manipulated wild-type (WT) or DKO mice with defined ratios of such progenitors. After 21
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days, we determined the number of missing tags in donor populations. To simulate the
colonisation events, we applied a mathematical algorithm based on the Monte Carlo

simulation (Figure 5).

input:
barcoded BM progenitors output:
mixed in variable proportions missing barcodes in thymus

# of niches

# of missing barcodes

Figure 5. Quantification of the dynamics of thymus colonisation using “multicongenic fate
mapping” approach (Krueger et al., 2017). Defined mixtures of tagged BM precursor cells (lin°
CD117*CD135%) were injected into non-manipulated recipient mice. Three weeks after transplantation
missing tags were counted within the recovered donor population. Using mathematical modelling, it
was possible to recapitulate colonisation events and determine the number of intrathymic niches
capable of supporting productive T cell development.

Using such an experimental system, our analysis revealed that WT thymus is on average
colonised by ten TSPs at given time point. Data recovered from DKO recipients revealed
that a maximal number of available niches supporting the earliest thymic progenitors is
~160.

Thymus colonisation has been suggested to be dependent on the periodic opening of a very
limited number of progenitor niches about every 3-4 weeks (Foss et al.,, 2001, 2002;
Goldschneider, 2006). To determine how the periodicity of the thymus settling is regulated,
we took advantage of our 13-code precursors' library and “empty” status of DKO recipient
mice. To this end, we performed a series of transplantation experiments, were individually
tagged precursor populations were sequentially injected at three days intervals. Analysis of
the composition of mature T cell pool six weeks after last transplantation revealed the
periodicity of 9-12 days for thymus colonisation, in both initially empty DKO and WT
recipients. This correlates extremely well with the life-time of ETPs (Porritt et al., 2003),

hence we concluded that niche occupancy by ETP restricts the access of progenitors to the

18



adult thymus. In contrast, previous works suggested that double-negative (DN) thymocytes
rather than more immature thymocytes provide negative feedback for thymus settling
(Prockop and Petrie, 2004).

Quantification of thymus settling using the above described approach and applied
mathematical modelling circumvented several problems associated with direct detection and
accidental counting of cells, which ultimately did not enter the T-cell lineage. This was
possible due to the focus of our counting on the missing tags, hence reducing the readout to
the binary present/absent call, instead of taking into account intrathymic differentiation

processes.

Periodicity of thymus colonisation with its rather long (9-12 days) refractory periods raises
the questions about the regulation of continuous output of mature T cells to the periphery.
The fact that multiple physiological progenitors (comprising at least CLP and MPP subsets)
with different self-renewal potential can enter the thymus and develop there with different

kinetics offers an elegant explanation.

Attempts to quantitate thymus colonisation, mostly of irradiated hosts, have been made over
several decades (Scollay et al., 1986; Wallis et al., 1975). These experiments suggested that
irradiated thymus is colonised by 10-200 cells per day. However, preconditioning regiments
like complete body irradiation are known to induce severe, difficult to control alterations, e.g.
damage to the thymic stromal cells on the cellular and genomic levels (Calvo-Asensio et al.,
2017) and even lead to the complete dysfunctionality of the thymus in the context of the
generation of certain cell populations (Amagai et al., 1987). Therefore, the DKO mice with
their superior receptivity for the TSP progenitors and otherwise physiological thymic
composition and architecture proved to be an excellent model not only to study the
colonisation of the adult thymus but can be successfully used in a variety of transplantation
experiments which aim to investigate any stage of intrathymic T-cell development and

selection.

Taken together, using fate mapping and mathematical modelling, we faithfully quantified the
number of precursors entering the thymus and cellular feedback which regulates this
process in non-manipulated mice. Developed here “multicongenic cellular barcoding”
approach in combination with a mathematical algorithm constitutes an important tool to study
various aspects of thymus settling and reconstitution, especially in the context of

transplantation.
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4.2 Post-transcriptional control of T-cell development by micro RNAs

Zietara N*, Lyszkiewicz M*, Witzlau K, Naumann R, Hurwitz R, Langemeier J, Bohne J,
Sandrock |, Ballmaier M, Weiss S, Prinz |, Krueger A. Critical role for miR-181a/b-1 in
agonist selection of invariant NKT cells. Proc Natl Acad Sci U S A 110(18):7407-12 (2013b)

Blume J, Zur Lage S, Witzlau K, Georgiev H, Weiss S, Lyszkiewicz M*, Zietara N*, Krueger
A*. Overexpression of Va14Ja18 TCR promotes development of iNKT cells in the absence
of miR-181a/b-1. Immunol Cell Biol; 94(8), 741-6 (2016)

tyszkiewicz M, Winter SJ, Witzlau K, Féhse L, Brownlie R, Puchatka J, Verheyden NA,
Kunze-Schumacher H, Imelmann E, Blume J, Raha S, Sekiya T, Yoshimura A, Frueh JT,
Ullrich E, Huehn J, Weiss S, Gutierrez MG, Prinz |, Zamoyska R, Zietara N*, Krueger A*.
miR-181a/b-1 controls thymic selection of Treg cells and tunes their suppressive capacity.
PLoS Biol. 17(3): 2006716 (2019)

MicroRNAs (miRNAs) are non-coding RNAs which act as post-transcriptional regulators of
gene expression. Conditional deletion of mMIRNA processing machinery in developing T cells,
which resulted in the loss of the vast majority of the miRNAs, severely compromised the
survival of aff thymocytes (Cobb et al., 2005).

In this section, three works are summarised, which uncovered the critical in vivo role of
mMiRNA mini-cluster, miR-181a/b-1, during T-cell development in the thymus and T-cell
function in the periphery. MiR-181a/b-1 is dynamically expressed during T-cell development.
It accounts for the largest miRNA enrichment at the DP stage when thymocytes undergo
selection (Kirigin et al., 2012; Neilson et al., 2007). Furthermore, members of the miR-181
family have been postulated to act as intrinsic modulators of TCR sensitivity and to set the
threshold for the T-cell selection in the thymus through targeting multiple negative regulators
of TCR signalling (Ebert et al., 2009; Li et al., 2007). Even though based purely on in vitro
models, these experiments provided an important framework for the mechanism behind the

role of the members of the miR-181 family during T-cell development and selection.

We generated a murine model of miR-181a/b-1-deficiency to study their in vivo role during
thymopoiesis. Global analysis of these mice revealed normal numbers of thymic and
peripheral af T cells with their overall unperturbed development. Of note, TCR signalling of
developing thymocytes was drastically impaired in the absence of miR-181a/b-1. In
agreement, the mRNA levels of three phosphatases, which are negative regulators of TCR
signalling, Ptpn11, Ptpn22 and Dusp6 were elevated in thymocytes of miR-181a/b-1
knockout mice. Detailed analysis of T cell selection revealed that populations which are
selected by agonist ligand, concomitant with the transduction of strong signals through TCR,

such as invariant NKT (iNKT) cells and regulatory T (Teg) cells, are particularly sensitive to
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the changes induced by the lack of miR-181a/b-1. These data were further substantiated by
the discovery of another population of unconventional, agonist-selected T cells, mucosal-
associated invariant T (MAIT) cells, being also severely reduced in the absence of miR-
181a/b-1 (Winter et al., 2019).

In the absence of miR-181a-1, the development of iNKT cells was almost completely
blocked at the very early stage of their selection, which resulted in a dramatic reduction of
iNKT cell numbers in the thymus and periphery, as compared to WT mice. This defect
further impacted their TCR rearrangement and cytokine production. To test the hypothesis
that such profound developmental block is a result of dampened TCR signalling, two
independent in vivo rescue strategies were employed. First, we applied supraphysiological
levels of cognate agonist lipid ligand (a-Galactosylcermide, a-GalCer) and could see that the
development of iINKT cells was rescued in the absence of miR-181a/b-1. Second, transgenic
overexpression of prearranged TCR Va14-Ja18, which was concomitant with higher surface
expression of TCR and enhanced signal transduction, bypassed the lack of miR-181a/b-1
and provided a complete restoration of impaired iNKT cell development. Both approaches
supported our hypothesis that impaired agonist selection in miR-181a/b-1 knockout mice is a

major effector of failed iINKT cell generation.

An independent work, where authors characterised conditional miR-181 mice (triple
knockout of all miR-181 mini-clusters), proposed that the members of miR-181 family act as
a metabolic rheostat of T-cell development through targeting of Pten (Henao-Mejia et al.,
2013). In agreement, haploinsufficiency of Pten was able to partially rescue impaired iNKT
cell development. Transgenic overexpression of prearranged Va14-Ja18 TCR in this study
resulted in a two-fold increase of iINKT cell numbers in the absence of miR-181 members,
demonstrating TCR-dependent effects, despite the author’s divergent conclusions. Of note,
in our model rescue of iINKT cell development by overexpression of TCR Va14-Ja18 did not

alter the Pten levels.

In sum, scenario emerging accumulated by us and others (Schaffert et al., 2015) points to
the primary role of impaired TCR signalling and in consequence agonist selection of iINKT
cells and Trg cells in miR-181a/b-1 deficiency with possibly a secondary role of PTEN-

mediated metabolic changes.

The second population, which development is in part dependent on miR-181a/b-1 is a
population of Treg cells. Using Rag®™ mice as a tool to track newly developing Treq cells in the
thymus, we observed their impaired generation in the absence of miR-181a-1. This defect
could be completely rescued upon enforced expression of Nur77 (Nr4a1) during T-cell

development. Hence, also in this case, impaired TCR signal transduction caused by the lack
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of miR-181a/b-1 was directly responsible for the inefficient generation of Teq cells. Since Treq
cells can be generated from two different type of precursors, CD25'Foxp3~ and CD25
Foxp3*, responsive to stronger and weaker TCR signalling, respectively (Marshall et al.,
2014; Moran et al., 2011), the observed defects in their generation were not as dramatic as
in the case of INKT cells or MAIT cells (Winter et al., 2019). The formation of CD25"Foxp3°
precursors, is virtually not affected in miR-181a/b-1 knockout. Hence, it is plausible that they
are replenished by thymocytes otherwise instructed for clonal deletion. Of note, the
formation of CD25Foxp3* population is more dependent on miR-181a/b-1, implying that this
population constitute a major source of thymic Ty cells, as also suggested by others
(Marshall et al., 2014). Both thymic and peripheral miR-181a/b-1-deficient Ty cells
expressed elevated levels of CTLA-4 protein, which rendered them more suppressive both in
vitro and in vivo. Principally, peripheral T cells express very low levels of miR-181a-1/b-1.
Therefore, it remains incompletely understood what are the mechanisms behind “post-
transcriptional legacy” of miR-181a/b-1, which resulted in the maintenance of high CTLA-4

levels in the peripheral Trq cells.

Collectively, we discovered that miR-181a/b-1 control the strength of TCR-receptor signal
transduction. As a consequence, T-cells which require strong TCR-signals during selection
do not develop in the absence of miR-181a-1/b-1. This is one of the first reports
demonstrating that single miRNA can regulate the development of T-cells in vivo. Mir-
181a/b-1 with its potential to fine-tune TCR-signal strength can be considered as a target to

modulate in e.g. CAR T-cell therapy.
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4.3 Control of T-cell development by changes in the local membrane architecture —

implication for human disease

tyszkiewicz M*, Zietara N*, Frey L, Pannicke U, Stern M, Liu Y, Fan Y, Puchatka P,
Hollizeck S, Somekh I, Rohlfs M, Yimaz T, Unal E, Karakukcu M, Patiroglu T, Kellerer C,
Karasu E, Sykora K-W, Lev A, Simon A, Somech R, Roesler J, Hoenig M, Keppler OT,
Schwarz K, Klein C. Human FCHO1 deficiency reveals role for clathrin-mediated
endocytosis in development and function of T cells. Nat Commun. 11(1):1031 (2020 Feb 25)

Primary immunodeficiencies (PIDs) are mostly monogenic. Hence, they provide a unique
opportunity to unravel the function of single genes essential for the immune system. In work
summarised here, we discovered new PID entity, which allowed us to directly link a specific
nucleator of clathrin-mediated endocytosis (CME), FCHo1 (F-BAR domain only protein 1),

with T-cell generation and differentiation in humans.

We identified and characterised nine patients, carrying six rare, homozygous mutations in
FCHo1 gene. All of them suffered from severe combined immunodeficiency, in particular,
CD4" T-cell lymphopenia. Such conditions predisposed to chronic infections (predominantly
fungal (Candida albicans) and viral (cytomegalovirus, CMV) and lymphoma formation
(diffuse large B-cell lymphoma). Using in vitro cellular models, CRISPR/Cas9 genetic editing
and high-resolution confocal microscopy, we showed that all mutations resulted in a loss-of-
function phenotype. Except for mutants due to an early stop codon, the loss of normal
protein function was caused either by the lack of association of mutant FCHo1 to the plasma
membrane or lack of interaction with direct binding partners, namely EPS15 or EPS15R.
Impaired initiation of CME in the absence of functional FCHo1 led to the inefficient formation
of clathrin-coated pits (CCP).

The precise localisation of the TCR that is continuously internalised and recycled back to the
plasma membrane is of critical importance for the quality of the signal transduced. Further,
the quality of the signal transmitted by pre-T cell receptor (pre-TCR) and TCR is essential for
T-cell development, homeostasis as well as effector responses towards invading pathogens.
Moreover, integrating signal strengths relies on spatio-temporal organisation of the TCR and
associated signalling molecules. The TCR can be internalised via clathrin-dependent (Boyer
et al.,, 1991; Dietrich et al., 1994; Ohno et al., 1995; Telerman et al., 1987) or clathrin-
independent mechanisms (Compeer et al., 2018). We hypothesised that FCHo1 deficiency
could result in impaired TCR internalisation, which would explain the observed T-cell
lymphopenia in humans. We could demonstrate that patient T cells were unresponsive to
TCR stimulation, resulting in impaired proliferation and production of cytokines. Additionally,

we used a human T cell line (Jurkat) to show that in the absence of FCHo1 TCR
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internalisation was severely perturbed, yet could be restored upon ectopic expression of WT
but not mutant FCHo1. Lastly, we established in vitro murine co-culture system, where we
used an inhibitor of CME (chlorpromazine) and demonstrated that T-cell development is

delayed when CME is reduced.

Given the significance of CME as the conserved and ubiquitous process for internalisation of
cargo from the cell surface, we hypothesised that FCHo1 could not act as a global adaptor of
CME since the specific consequences of loss-of-function mutations on lymphocytes in
human. Endocytosis of the transferrin receptor is a process that solely depends on CME to
take place (Mayle et al., 2012). Hence, we tested it on fibroblasts derived from FCHo1-
mutant-patient and healthy donors. This process was unaffected in the absence of functional
FCHo1. Similarly, the entry of VSV-G pseudotyped HIV into host CD4" T cells is, to a large
extent CME dependent (Finkelshtein et al., 2013). Also, here, the internalisation of the virus
was unaffected in the absence of FCHo1, pointing towards cargo/cell-specific function of
FCHo1 (Figure 6).
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Figure 6. CME adaptor FCHo1 selectively targets TCR to control T-cell development and
function in humans. Modified after (Onnis and Baldari, 2019; Reider and Wendland, 2011). CCP —
clathrin-coated pit; EE — early endosome. The question mark indicates the point of ongoing
investigations, which aim to identify the binding partners of FCHo1 in lymphocytes.
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In summary, the discovery of FCHo1 as a specific adaptor of CME targeting lymphocyte
receptors, for the first time links the function of the immune system with CME. This
exemplifies possibly broader scenario where multiple CME adaptors might be specialised in
selecting certain cargo for endocytosis. From the disease perspective, generated knowledge
provides a mechanistic explanation for the phenotype behind the life-threatening disease
and is of potential therapeutic relevance. From the basic research perspective, it uncovers a

completely new layer of control of lymphocyte biology.

Further work will be addressed to answer several open questions of high relevance not only
for basic immunology but also for clinical research, namely: did multiple clathrin adaptors
specialised during evolution to act in specific tissues and target specific cargo for
endocytosis, the fundamental process maintaining basic functions of the cell? Is such
specialisation needed to avoid drastic consequences associated with the ubiquitous role of

central proteins, like clathrin or AP2?
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Postnatal T cell development depends on continuous colonization of the thymus by BM-
derived T lineage progenitors. Both quantitative parameters and the mechanisms of thymus
seeding remain poorly understood. Here, we determined the number of dedicated thymus-
seeding progenitor niches (TSPNs) capable of supporting productive T cell development,
turnover rates of niche occupancy, and feedback mechanisms. To this end, we established
multicongenic fate mapping combined with mathematical modeling to quantitate individual
events of thymus colonization. We applied this method to study thymus colonization

in CCR7-/~CCR9~/~ (DKO) mice, whose TSPNs are largely unoccupied. We showed that
~160-200 TSPNs are present in the adult thymus and, on average, 10 of these TSPNs were
open for recolonization at steady state. Preconditioning of wild-type mice revealed a
similar number of TSPNs, indicating that preconditioning can generate space efficiently for
transplanted T cell progenitors. To identify potential cellular feedback loops restricting
thymus colonization, we performed serial transfer experiments. These experiments indicated
that thymus seeding was directly restricted by the duration of niche occupancy rather than
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long-range effects, thus challenging current paradigms of thymus colonization.

At steady state, T cell development depends on
continuous colonization of the thymus by BM-
derived T-lineage progenitors. The nature of
thymus-seeding progenitors (TSPs) has remained
largely elusive. Various candidate populations
have been proposed, including multipotent pro-
genitors (MPPs) and lymphoid-restricted pro-
genitors, as well as largely T-lineage—committed
cells (Martin et al., 2003; Krueger and von
Boehmer, 2007; Bell and Bhandoola, 2008; Wada
et al., 2008; Schlenner et al., 2010; Luc et al.,
2012). However, none of these BM-derived or
circulating progenitors has a clearly detectable,
phenotypically equivalent counterpart in adult
thymus (Bhandoola et al., 2007). Consequently,
it has been suggested that exposure to Notch
signals in the thymus results in rapid phenotypic
changes of TSPs (Krueger et al., 2006; Schwarz
et al., 2007). We and others have shown that
multiple progenitor populations, which can be
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minimally defined by expression of CD27 and
CD135, contribute to T cell development
(Serwold et al., 2009; Saran et al., 2010). Phe-
notypic characterization of TSPs is hampered
by the low numbers of cells entering the thymus,
whereas, in turn, failure to phenotypically iden-
tify TSPs has precluded direct quantification of
thymus colonization and its regulation. It has
been proposed that the irradiated adult thymus is
colonized by as few as 10-200 cells per day (Wallis
et al., 1975; Kadish and Basch, 1976; Scollay et al.,
1986). Parabiosis experiments have suggested a
2-3% daily turnover of cells within the pro-
genitor niche at steady state (Donskoy and
Goldschneider, 1992).Various assay systems have
been applied to estimate the quantity of TSPs.
Short-term transfers allow direct quantification
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of homing (Scimone et al., 2006; Gossens et al., 2009). How-
ever, analysis of early time points precludes distinction be-
tween true TSPs that enter the T-lineage developmental pathway
and cells that home to the thymus, but fail to differentiate fur-
ther once inside the thymus. In contrast, long-term transfers
selectively permit detection of T-lineage progeny derived from
TSPs, but, in this case, intrathymic proliferation and differentia-
tion events preclude straightforward interpretation of data
(Wallis et al., 1975; Kadish and Basch, 1976; Scollay et al., 1986).
Recently, a combination of short-term transfer followed by
analysis of T-lineage potential in vitro was applied to estimate
TSP numbers (Zhang et al., 2014). However, in vitro differen-
tiation assays are highly sensitive and might result in an overesti-
mate of true TSPs (Schlenner and Rodewald, 2010; Richie
Ehrlich et al., 2011).

Thymus colonization by BM-derived progenitors is tightly
controlled. It depends on various adhesion molecules, includ-
ing integrins and P-selectin ligand (Lepique et al., 2003; R ossi
et al., 2005; Scimone et al., 2006). In addition, chemokine
receptors, particularly CCR7 and CCRY, are required for re-
cruitment of BM-derived progenitors to the thymus (Krueger
et al., 2010; Zlotoft et al., 2010). Of note, dependency on
CCRY7 and CCRY is transiently alleviated after conditioning
by irradiation (Zlotoff et al., 2011). To date, the mechanisms
limiting progenitor input remain ill characterized. It has been
suggested that receptivity of the thymus for progenitors is
a periodic event, allowing for colonization approximately
every 3.5 wk, possibly dependent on oscillating expression of
P-selectin and CCL25 (Donskoy et al., 2003; Gossens et al.,
2009). Furthermore, reconstitution experiments in IL-7R—
and RAG-deficient mice suggested that thymus colonization
is limited by a cellular feedback loop, in which the size of the
DN2 and/or DN3 compartment likely restricted progenitor
entry. However, the mechanisms underlying this feedback
remain unknown.

In this study, we set out to quantitate the overall number
of intrathymic microenvironmental niches capable of sustain-
ing productive T cell development and to determine turnover
rates of niche occupancy and feedback mechanisms. Extra-
thymic progenitors from CCR7~/~CCR9™/~ (DKO) mice
have a severe defect in colonizing a postnatal thymus, result-
ing in low numbers of early T-lineage progenitors (ETPs) in
these mice (Krueger et al., 2010; Zlotoff et al., 2010). This
phenotype suggested that DKO mice constituted an excellent
model to study colonization of the adult thymus. Indeed,
nonmanipulated DKO mice were readily susceptible to thy-
mus seeding. Using these mice in combination with multi-
congenic fate mapping of BM-derived progenitors revealed
that the adult thymus contains ~160 TSP niches (TSPN),
6% of which are accessible to recolonization at steady state.
Furthermore, consecutive transplantation of congenically
tagged progenitors into DKO mice showed that niche occu-
pancy by ETPs is likely to directly control access to these micro-
environmental niches. Thus, our study provided a quantitative
model of colonization of the postnatal thymus and the under-
lying mechanisms.
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RESULTS

Thymus of CCR7~/~CCR9~/~ double knockout mice (DKO) is
highly receptive for TSPs

To test the hypothesis that thymi of DKO mice are highly
receptive for colonization by WT progenitors, BM-derived
lineage-negative (lin™) progenitors (CD45.1) were transferred
i.v. into nonmanipulated DKO and WT recipients (CD45.2).
Thymus cellularity was substantially increased in DKO mice
after transfer of WT cells, suggesting that recipient thymo-
cytes were not replaced by donor-derived cells (Fig. 1 A). WT
mice were largely refractory to thymus seeding by donor-
derived cells, displaying a chimerism of ~0.2% at 21 d after
transfer (Fig. 1, B and C). In contrast, in DKO recipients,
~50% percent of all thymocytes were of donor origin (Fig. 1,
B and C). Developmental progression of donor cells within
DKO recipients was normal and comparable to WT recipi-
ents 21 d after injection as assessed by CD4 and CD8 surface
stainings (Fig. 1 B).

Some lin~ progenitors might first colonize BM before
thymus seeding and might therefore generate a reservoir for
its continuous colonization. Indeed, we detected slightly ele-
vated frequencies (in the range of 1%) of donor cells in DKO
spleen and BM compared with WT controls (Fig. 1 D). How-
ever, DKO recipients were also much more receptive after
transfer of sorted CLPs, which were previously shown to give
rise to a single wave of T cell development and do not colo-
nize BM for extended periods of time (Scimone et al., 2006;
Krueger and von Boehmer, 2007; Fig. 1, E and F). Of note,
overall reconstitution by sorted CLPs was lower in both WT
and DKO recipients when compared with lin™ BM cells
(0.03 vs. 0.23% and 15 vs. 54%, respectively).

The numbers of ETPs and DN2 cells, but not other
thymocyte populations, correlate with thymus receptivity
Whereas thymi of DKO mice are almost devoid of ETPs and
DNZ2 cells, they only display a twofold reduction in DN3 cell
numbers and mild alterations in numbers of more mature
thymocytes (Krueger et al., 2010). This subset distribution
suggested that increased thymic receptivity was a result of
paucity in ETP/DN2 cells rather than more mature thymo-
cytes. To test this hypothesis, we assessed thymus seeding of
CCR77/~ and CCR9™/~ single-deficient mice, which dis-
play intermediate phenotypes in subset cellularity. CCR7~/~
mice were slightly more receptive to seeding by congenic
(CD45.1 plus CD45.1/2) WT lin~ progenitors displaying 3%
donor-derived cells at 21 d after transfer when compared
with 1% reconstitution of WT thymi (Fig. 2 A). Deficiency in
CCRUY resulted in 11% donor-derived cells at 21 d after trans-
fer, corresponding to an 11-fold increase in thymic receptivity
when compared with WT recipients and a fourfold decrease
when compared with DKO recipients (Fig. 2 A).

We correlated thymus receptivity to the abundance of var-
ious thymocyte subsets, including ETPs, DN2, DN3, and DP
cells, in thymi of single mutant and DKO mice. We identified
a strong inverse correlation of thymus receptivity with ETP

Quantification of thymus colonization | Zigtara et al.
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and DN2 cell numbers (Fig. 2 B). In contrast, thymus recep-
tivity did not correlate with numbers of DN3 and DP subsets.

Collectively, these data suggest that thymus receptivity
depends on the presence of ETPs and DN2 cells, but not on
other thymocyte subsets.

Spatial changes in thymic architecture do not accompany
enhanced colonization of DKO thymus

TSPs enter the thymus from the bloodstream at the cortico-
medullary junction (CMJ; Petrie and Zaniga-Pfliicker, 2007).
Therefore, alterations in thymus morphology might account
for increased receptivity of DKO thymi. Immunohistological
analysis of thymus sections from DKO and WT mice revealed
an altered pattern of medullary regions in DKO mice. In sec-
tions, medullary areas (Ker5") were smaller in size, but their
overall numbers were higher (Fig. 3, A and B). Combining
reduced medullary area with increased numbers of medullary
regions resulted in an increased ratio of cortical to medullary
areas but an equal medullary perimeter per section (Fig. 3 B),
suggesting that the overall size of the CM]J is not altered in
DKO mice when compared with controls. To validate these
conclusions, which were based on analysis in two dimen-
sions, we used light-sheet fluorescence microscopy (LSFM)
to assess thymus morphology in complete organs. Medullas
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Figure 1. Thymi of CCR7~/~CCR9~/~ double defi-
cient mice (DKO) are highly receptive for TSPs. Non-
manipulated WT and DKO recipient mice (CD45.2) were
injected i.v. with congenic (CD45.1) WT lin~ BM-derived
precursors. (A) WT and DKO total thymocyte numbers

21 d after injection of WT lin- BM-derived precursors.
(B) Analysis of WT and DKO recipient thymi 21 d after
injection of WT lin— BM-derived precursors. Representa-
tive plots delineating donor and recipient cells (left) and
CD8a versus CD4 profiles of WT donor-derived cells
(right). (C) Percentages and absolute numbers of WT
donor cells within all thymocytes of WT and DKO recipi-
ents. Pooled data from five independent experiments are
depicted. (D) Analysis of WT donor cells in spleen (top)
and BM (bottom) of WT and DKO recipient mice 21 d
after transfer of lin™ BM-derived progenitors. Pooled
data from four independent experiments are depicted.
(E) Analysis of WT and DKO thymi 21 d after injection of
WT CLPs (CD45.1 and CD45.1/2). Representative plots of
three independent experiments (left). Percentages and
absolute numbers of donor cells within all thymocytes
(right). (F) Analysis of WT donor cells in BM of WT and
DKO recipient mice 21 d after transfer of CLPs. Data from
three independent experiments. All recipient mice used
in experiments shown in Fig. T were 4-6 wk old. Donor
mice were 7-10 wk old. Each data point represents an
individual mouse. Statistical analysis was performed
using unpaired Student's t test, where ns, P > 0.05;

* P<0.05;™ P<0.01;™ P<0.001;** P<0.0001.
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were visualized by staining with UEA-1, followed by quanti-
fication of cumulative surface area of UEA-1" structures
(Fig.3 C andVideo 1). DKO mice displayed a slightly increased
total medullary area when compared with WT mice (Fig. 3 D,
left). However, taking into account total thymus size, the rela-
tive size of medullary surfaces was comparable between WT
and DKO thymi (Fig. 3 D, right). These data further support
our conclusion that the size of the CMJ is not increased in
thymi of DKO mice. Notably, the observed thymic architec-
ture of DKO mice was highly reminiscent of that of CCR7~/~
single-mutant mice (Misslitz et al., 2004; Ueno et al., 2004).
Flow cytometric characterization of thymic stromal cells re-
vealed reduced frequencies of medullary, but not cortical, thy-
mic epithelial cells (TECs) or fibroblasts (Fig. 3 E). In addition,
we found similar numbers of endothelial cells in DKO and
WT thymi, suggesting that thymi of DKO mice do not con-
tain an increased amount of vasculature (Fig. 3 E). Sorted
nonhematopoietic cells did not display significant differences
in mRNA expression of factors that mediate progenitor
recruitment and survival, such as Ccl19, Ccl21a, Ccl25, Selp
(P-selectin), and Fit3l (Fig. 3 F). Furthermore, we analyzed
the distribution of cortical CD25M (DN2/DN3) thymocytes.
In contrast to WT mice, which display an enrichment of
DN2/DN3 cells at the subcapsular zone (SCZ), DKO mice
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showed an equal distribution of these cells, similar to what has
been described for CCR9™/~ mice (Benz et al., 2004; Fig. 3,
A and G). In summary, the thymic architecture of DKO mice
combines the key features observed in CCR7~/~ and CCR9™/~
mice. Thus, we conclude that alterations in thymus morphol-
ogy are unlikely to account for the massive increase in thymus
receptivity of DKO mice when compared with either single
mutant or WT mice.

Considering the profound increase in total thymus cellu-
larity of DKO thymi 21 d after transfer of WT BM-derived
progenitors, we determined whether the presence of large
numbers of WT thymocytes was able to induce morphologi-
cal changes toward a WT-like thymic architecture. To this end,
we injected eGFP-tagged lin~ BM-derived progenitors into
WT and DKO recipient mice and analyzed thymic sections
21 d later. Donor-derived cells predominantly localized to the
medullary regions and to medulla-proximal regions of the
cortex, as expected after 21 d of developmental progression
(Fig. 3 H). After this period of time, we did not observe any
gross changes in thymic architecture of DKO recipients. There-
fore, WT-like thymic morphology fails to be induced in adult
DKO mice even when up to 50% of thymocytes are CCR7
and CCRO sufficient.

T-lineage reconstitution in DKO mice is independent

of progenitor exit from circulation

Thymus receptivity might be controlled at various nonmutu-
ally exclusive levels. It may be regulated via restriction of
transit of progenitors from the circulation into the thymic
microenvironment, via presence of a defined number of mi-
croenvironmental niches and/or via facilitating rapid prolif-
eration of TSPs.To test whether transition from blood stream
to the thymic microenvironment contributes to increased re-
ceptivity of DKO thymi, we assessed T' cell development after
direct administration of progenitors into the thymus. Intrathymic
transfer of WT congenic lin"CD117*CD135* BM-derived

1592

108

O 107

106

recipient thymocyte populations and thymus
receptivity, depicted as percentage of en-
graftment. Recipient mice were 4-11 wk old.
Donor mice were 7-8 wk old. Each data point
represents an average of six to eight mice/
genotype from two independent experiments.
R? = coefficient of correlation.

DP
R?=0.399

WT CCR9"

1

progenitors into DKO mice resulted in chimerism of ~40%
when compared with 8% of WT mice (Fig. 4,A and B). Thus,
in DKO mice, i.t. administration of progenitor cells resulted
in equivalent levels of donor-derived T cell development
when compared with i.v. administration, whereas in WT re-
cipients i.t. administration resulted in higher levels of recon-
stitution when compared with the i.v. route. These data
indicate that the receptive state in DKO mice is independent
of active transition of progenitors from circulation to the thy-
mic microenvironment and suggest that higher degrees of
chimerism might be prevented by competition within more
mature thymocyte populations. In contrast, in WT mice it is
possible that i.t. transfer provides a competitive advantage over
endogenous circulating TSPs.

To investigate whether faster proliferation rates of WT
progenitors contributed to high donor chimerism within the
DKO thymus, we tested incorporation of BrdU after a single
4-h pulse 14 and 21 d after transfer. At 14 d after transfer,
donor-derived cells displayed slightly increased BrdU incor-
poration in DKO recipients when compared with controls,
whereas no differences were observed after 21 d (Fig. 4 C).
Minute frequencies of donor-derived cells, especially in WT
recipients, precluded analysis of proliferation rates at earlier
time points.

Thus, we conclude that intrathymic proliferation may in
part contribute to enhanced T-lineage reconstitution in DKO
mice, whereas active transition from circulation to the thymus
appears to play a very limited role. These data suggest that
availability of microenvironmental niches may to a large extent
account for increased thymic receptivity of DKO mice.

Quantification of the adult thymus progenitor niche using
multicongenic fate mapping

Next, we sought to determine the number of available micro-
environmental TSPNs in DKO and WT mice. We hypothe-
sized that this number corresponded directly to the number

Quantification of thymus colonization | Zigtara et al.
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sented as mean + SEM. (F) Gene expression
analysis of sorted nonhematopoietic cells of
WT and DKO mice by qRT-PCR. mTECs were
analyzed for expression of Cc/79and Ccl21a,
cTECs were analyzed for expression of Cc/25,
thymic endothelial cells were analyzed for
expression of P-selectin (Selp), and fibroblasts

were analyzed for expression of Fit3/. Experiments were performed with RNA samples isolated from 5-7 pooled thymi for each genotype. Data from one
representative experiment are depicted. (G) Quantification of distance of CD25* cells from SCZ. 200 x 1,600 um areas were defined on two different re-
gions of section (two random sections for two mice per genotype from two independent experiments as shown in A) using ImageJ software. CD25+ cells
were counted on 200 x 200 pum squares. Data are represented as mean + SEM. (H) Immunofluorescence microscopy of thymus cryosections from WT and
DKO recipient mice 21 d after transfer of eGFP-tagged BM precursors. Sections were stained with anti-cytokeratin 18 Ab (Ker18, blue) and anti-cytokeratin 5
(Ker5, red) to visualize thymic cortex and medulla. Arrowheads indicate single eGFP-positive cells (green). Representative sections from three mice for
each genotype in one experiment are depicted. Mice used for experiments depicted in Fig. 3 were 4-6 wk old. Donor mice in H were 11 wk old.

of TSPs productively colonizing the thymus, i.e., giving rise
to T-lineage progeny, at a given time point. To quantitate pro-
ductive thymus seeding, we devised an approach of multicon-
genic fate mapping. To this end, we generated mouse strains
expressing various combinations of congenic markers and/or
reporter genes as tags allowing flow cytometric separation of
cells of up to 12 distinct origins (Fig. ST and Table S1; Buchholz
et al., 2013). A Monte-Carlo simulation—based algorithm was
generated to derive the number of TSPNs from the number
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of tags missing from donor-derived progeny (Fig. S2 A). This
simulation was adopted from a method for estimating the
number of bacteria founding an infection (Lim et al., 2014).
It is based on the assumption that each TSP has the same ca-
pacity to populate a TSPN, irrespective of its congenic tag.
Under this assumption, the probability that a TSP with a
given tag populates a TSPN is proportional to the fraction of
TSPs carrying this tag in the input population. In this sce-
nario, low numbers of niches and/or the presence of tags with
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Figure 4. T-lineage reconstitution in DKO mice is independent of progenitor exit from circulation and intrathymic proliferation. (A) Analysis of
thymi of WT and DKO recipient mice (CD45.2) 21 d after i.t. transfer of WT BM precursors (CD45.1/2). Representative plots of two independent experiments
are depicted, n = 4. (B) Percentages and absolute numbers of donor cells within all thymocytes from experiments shown in A. (C) Analysis of BrdU incorpora-
tion in donor cells 14 and 21 d after i.v. injection of lin~ BM-derived precursors (CD45.1) into WT and DKO recipients (CD45.2). Density plots (left) and per-
centage of BrdU-positive cells within all donor cells (right). Recipient mice were 5 wk old. Donor mice were 8 wk old. Each data point represents one mouse.
Data are representative of two independent experiments. Statistical analysis was performed using unpaired Student's t test, where **, P < 0.01.

low frequencies in the input population should result in fail-
ure of some tags to be recovered from donor-derived progeny.
Consequently, the mixture of tags had to be composed de-
pending on the suspected number of TSPNs. Counting miss-
ing tags then enabled assessment of the number of niches by
simulating, several times, colonization events for a given num-
ber of TSPNs and then counting cases whenever the result of
the simulation was equal to that of the experiment. Perform-
ing this procedure for a range of TSPN numbers and averaging
the counts permitted identification of a range of most probable
TSPN numbers provided that thymus seeding was restricted
to a discrete colonization event. Pulse-chase experiments had
shown that direct thymus colonization after transfer was es-
sentially complete after 4 h (Spangrude and Weissman, 1988).
Thus, circulating cells did not contribute detectably to a po-
tentially extended phase of colonization. Furthermore, defined
mixtures of BM-derived progenitors (lin-CD117*CD135%),
which lack the capacity of long-term engraftment of BM,
were used in most fate mapping experiments, thus restricting
the generation of a BM-resident source of TSPs. Finally, all
donor-derived populations recovered displayed similar devel-
opmental progression as assessed by surface staining of CD4
and CD8, with most cells being at the DP and CD4 SP stages
and very few DN cells detectable (Fig. S2 B). This finding
suggested that all niches were occupied within a similar time
frame and that loss of tags below the limit of detection
indeed reflected failure to occupy a niche rather than a mere
developmental delay. Differential analysis of tags at the DN
and DP stages showed that DN and DP cells consistently
contained a similar distribution of tags, with no tags being
selectively present in DN cells but absent from DP cells. This
analysis indicated that most, if not all, donor-derived cells
originated from one discrete colonization event defined as
within 4 h of transfer. In addition, experiments were designed
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in a way that the total number of transferred cells corre-
sponded to saturating levels, which were originally determined
to be in the range of 20 X 10° total BM cells (Foss et al., 2002).
Accordingly, 4.5-15 X 10* lin"CD117*CD135" progenitors,
which were previously reported to contain all TSPs and con-
stitute ~0.5% of total BM were transferred (Serwold et al., 2009;
Saran et al., 2010). T-lineage potential of CLPs in vivo was re-
ported to be in the range of 1 in 20 and it is likely to be in a
similar range for lymphoid-primed MPPs, suggesting that suf-
ficient numbers of progenitors were present in the least frequent
individually tagged populations (Kondo et al., 1997).

21 d after transfer of defined mixtures of congenically
tagged progenitors into WT, DKO, and IL-7R a—deficient re-
cipients, the frequency of all donor-derived populations was
determined (Table S1). IL-7Roa—deficient mice have been
described to be particularly receptive for thymus seeding and
were therefore chosen as positive control (Prockop and Petrie,
2004). The sensitivity of the experimental approach was as-
sessed using a Delete-d Jackknife estimation of variance, which
showed that the standard deviation of the predicted median
did not exceed 20% (Fig. S2 C).

Donor-derived thymocytes in DKO recipients originated
from ~160 TSPNs (Fig. 5 A). As these mice display high thy-
mic receptivity in conjunction with barely detectable levels
of ETPs and DN2 cells, as well as normal levels of key ligands
for thymus homing, we suggest that this number is likely to
be close to the maximum number of TSPNs available in an
empty adult nonconditioned thymus. Interestingly, despite
their high degree of responsiveness, IL-7R a—deficient thymi
contained only 24 TSPNs. 10 TSPNs were on average colo-
nized by exogenous progenitors in WT mice, suggesting that
at steady-state ~6% of TSPNs may be accessible. Further-
more, the distribution of individual progenitor tags in differ-
ent WT recipients was more heterogeneous than in [L-7Ra ™/~

Quantification of thymus colonization | Zigtara et al.



and DKO recipients (Fig. 5 B).This indicates that entry of BM-
derived progenitors into the thymus is a stochastic event.

In conclusion, multicongenic fate mapping provided ad-
ditional evidence that thymus receptivity directly depended
on the availability of unoccupied intrathymic progenitor
niches. Furthermore, our data suggested that the total number
of microenvironmental progenitor niches in the adult thymus
is as low as 160, 6% of which are replenished on average at
steady state.

Conditioning of WT and IL-7Ra~/~ mice through sublethal
irradiation liberates TSPNs

Treatment with alkylating agents and/or irradiation is used as
conditioning regimen before BM transplantation and affects
thymus seeding and T-lineage reconstitution in multiple ways.
Multicongenic fate mapping allowed us to directly assess the
effect of irradiation on the availability of TSPNs. To this end,
sublethally irradiated (4.5 Gy) WT, IL-7Ra~/~ mice, and non-
manipulated DKO mice received a defined mixture of BM-
derived progenitors from multicongenic donors. 21 d after
transfer, TSPN size was assessed using Monte Carlo simulation
as described above. Thymi of sublethally irradiated WT mice
contained a similar number of TSPNs as nonmanipulated DKO
mice (Fig. 6, A and B). Furthermore, numbers of TSPNs in
irradiated IL-7Ra~/~ mice were increased by fourfold when
compared with nonmanipulated IL-7Ra~/~ mice (Fig. 6, A
and B). These data indicate that conditioning through irradia-
tion promotes thymus colonization by liberation of TSPNs
and further support the hypothesis that the number of TSPNs
identified in DKO mice likely corresponds to the near maxi-
mum of TSPNs in the adult thymus.

Article

Occupancy of niches by ETPs regulates thymus seeding
Experiments with CCR7~/~, CCR97/~,and DKO mice sug-
gested that thymus receptivity was in part controlled by cellular
feedback from ETPs and/or DN2 cells (Fig. 2). To investigate
cellular feedback restricting progenitor entry at greater details,
we again took advantage of the constitutive empty-niche status
of DKO mice and multicongenic donor mouse strains. Such
progenitors were transferred sequentially at 3-d intervals for
21 d,so that each recipient carried 8 distinct donor cell popula-
tions in total (Table S2). Thus, potential periodicity of thymus
colonization could be directly assessed within an individual an-
imal. 6 wk after the final transfer, spleens were analyzed for the
presence of mature donor-derived T cells. At this time point,
the vast majority of progeny of donor cells has dwelled in the
periphery for at least 2 wk. Therefore, no bias based on post-
thymic proliferation during maturation of recent thymic emi-
grants should be expected (Boursalian et al., 2004; Fohse et al.,
2013). In consequence, frequencies of donor-derived T cells
should directly reflect thymic entry of progenitors. Donor cells
from transfers at day 0, 12, and 21 contributed the majority of
donor-derived T cells with frequencies of ~20% each (Fig. 7 A).
In contrast, progenitors transferred at day 3, 6, 15, and 18 gave
rise to ~5% each and cells transferred at day 9 generated
~10% of all donor-derived T cells. Thus, the frequency distri-
bution of donor-derived splenic T cells from sequential trans-
fers into DKO hosts reflected a periodicity of 9-12 d for
thymus colonization of an initially empty recipient. Data from
an analogous experiment using WT recipients showed a similar
periodicity, although initial colonization was less efficient, pre-
sumably due to competition with endogenous TSPs (Fig. 7 B).
Given that the average life-time of ETPs was determined
to be in the range of 10-12 d (Porritt et al., 2003), we conclude
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Figure 5. Quantification of early intrathymic niches using multicongenic fate mapping. Up to 12-code library of congenic/fluorescent tagged
BM progenitors (multicongenic library) was generated by intercrossing of several mouse strains (Table S1). A mixture (4.8 x 10* to 15 x 10* cells/recipient
mouse) consisting of defined ratios of such progenitors (Table S1, input [I], [II[, and [Ill]) was injected into nonmanipulated WT and DKO recipient mice
(three independent experiments). Thymi of recipient mice were analyzed 21 d after progenitor injection. (A) Quantification of TSPNs was performed using
an algorithm based on Monte Carlo simulation. Bold numbers above each boxplot represent the median number of TSPNs for each genotype. Numbers
in brackets indicate 95% confidence intervals. Data from two experiments are depicted, n = 10 (WT), n = 4 (IL-7Ra~/7), n = 18 (DKO). (B) Distribution of
individual tags (each color represents one tag) within donor cells (100%) in different recipient mice 21 d after transfer. Input bar represents distribution
of 12 tags within the progenitor mixture, which was injected into individual recipients at day 0. Numbers above each column indicate missing tags in
each representative recipient; n = 6 (WT), n = 4 (IL-7Ra~/~), n = 6 (DKO). Recipient mice were 4 to 7 wk old. Donor mice were 7 to 10 wk old.
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Figure 6. Conditioning of WT mice through irradiation fully liberates progenitor niches. Eight-code library of congenic/fluorescently tagged BM
progenitors (multicongenic library) was generated by intercrossing of several mouse strains (Table S1). A mixture (4 x 108 lin~ BM cells/recipient mouse)
consisting of defined ratios of such progenitors (Table S1, input [IV]) was injected into sublethally irradiated (4.5 Gy) WT and nonmanipulated DKO recipi-
ent mice. A mixture (4.5 x 10* [V] and 13 x 10* [VI] of lin=CD117*FIt3* sorted BM cells/recipient mouse) consisting of defined ratios of such progenitors
(Table S1, input [V] and [VI]) was injected into sublethally irradiated (4.5 Gy) IL-7Ra~/~ mice. Thymi of recipient mice were analyzed 21 d after progenitor
injection. (A) Quantification of TSPNs was performed as described for Fig. 5. Bold numbers above each boxplot represent the median number of TSPNs for
each genotype. Numbers in brackets indicate 95% confidence intervals; n = 7 (WT irradiated, one experiment), n = 7 (IL-7Rac™/~ irradiated, 2 experiments),
n =18 (DKO, 2 experiments). (B) Distribution of individual tags (each color represents one tag) within donor cells (100%) in different recipient mice 21 d
after transfer. Input bar represents distribution of 8 tags within the progenitor mixture, which was injected into individual recipients at day 0. Numbers

above each column indicate missing tags in each representative recipient; n = 7 (WT irradiated), n = 7

were 4-13 wk old. Donor mice were 7-10 wk old.

from these data that the occupancy of microenvironmental
niches by ETPs is likely to constitute the predominant factor
restricting access of progenitors to the adult thymus. These data
also provide additional evidence that determination of TSPNs
by multicongenic fate mapping, indeed, reflected a single colo-
nization event rather than a continuous process.

DISCUSSION

Here, we have established CCR77/~"CCR9~/~ (DKO) mice
as a model to study quantitative aspects of colonization of
adult thymus without prior conditioning and cellular mecha-
nisms restricting import of T lineage progenitors. Our data
support a model, in which the average adult murine thymus
contains ~~160 microenvironmental niches for colonization
by BM-derived progenitor cells. At steady state, ~6% of these
niches can be replenished at any given time. Comparison of
single-mutant and DKO mice indicated that thymus recep-
tivity inversely correlated with numbers of ETPs and DN2

A 35, DKO recipients B 75, WT recipients
P 30+ l P
8 254 8 50
g 20 g
2 151 °
[ © |
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0- LI 0
0 3 6 9 12 15 18 21 0 3 6 9
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(IL7-Ra~!~ irradiated), n = 7 (DKO). Recipient mice

cells. Furthermore, microenvironmental progenitor niches
can be refilled with a periodicity of 9—-12 d.This number cor-
responds well to the lifetime of ETPs. Therefore, it is likely
that niche occupancy is controlled by self-restriction and
niches are liberated by developmental progression of ETPs
occupying such niches.

Different strategies and mouse models have been used to
study thymus colonization. Irradiation has been used to empty
progenitor niches in order quantitate niches or “synchronize”
colonization to analyze cellular feedback. However, irradi-
ation causes multiple and difficult to control alterations in
thymic architecture and cellular composition; it also alters ex-
pression of chemokines and cytokines, resulting in receptivity
for progenitors that do not normally settle the adult thymus
(Zubkova et al., 2005; Schwarz et al., 2007; Kenins et al.,
2008). IL-7R o—deficient mice also display a high degree of
thymic receptivity (Prockop and Petrie, 2004). Although the
overall composition of thymocytes by and large corresponds

Figure 7. Occupancy of niches by ETPs regulates
thymus seeding. Multicongenic BM-derived progenitors
were injected into DKO recipient mice, one individual tag
(108 of lin~ BM cells/recipient mouse) every 3 d for 21 d.
Analysis of donor-derived splenic T cells was performed
42 d after the final injection. (A) Quantification of donor
cells within all splenocytes of DKO recipient mice.

(B) Quantification of donor cells within all splenocytes
of WT recipient mice. Data are representative of two
independent experiments, n = 7-12 recipients/genotype.
Recipient mice were 5 and 6 wk old. Donor mice were
7-8 wk old.
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to that of WT mice in these mice, total thymic cellularity is
massively reduced. However, small thymus size did not suffi-
ciently explain our finding that nonmanipulated IL-7R o™/~
mice only contained 24 TSPNs, because preconditioning by
irradiation was able to liberate additional TSPNs. In contrast
to DKO mice, accessibility of TSPNs might not constitute the
sole mechanism underlying increased thymic receptivity in
IL-7R a—deficient mice. Rather, it is conceivable that in these
mice, WT TSPs compete favorably for IL-7 as survival cue.
Thus, multiple factors are likely to contribute to the observa-
tion of high thymus receptivity, including accessibility of
TSPNs, as well as intrathymic competitive advantages for pro-
survival and proliferative cues.

Nonmanipulated mice represent the gold standard to as-
sess quantity and regulation of progenitor niches. However,
even taking into account periodicity of thymus colonization
and use of recipients at an age of optimum receptivity did not
result in progenitor entry compared with that of IL-7Ra™"~
or DKO mice, thus precluding the use of WT mice in quan-
titative approaches (Gossens et al., 2009). DKO mice display
normal thymic cellularity and a gross composition of thymo-
cytes similar to WT mice (Krueger et al., 2010; Zlotoft et al.,
2010). However, numbers of ETP and DN2 subsets are mas-
sively reduced and numbers of DN3 cells are somewhat re-
duced, due to a defect of canonical BM-derived progenitors
to enter the thymus (Krueger et al., 2010; Zlotoff et al., 2010).
Here, we showed that thymi of DKO mice share morpholog-
ical features of both single mutant mouse strains with smaller
but more numerous medullary regions and lack of accumula-
tion of DN2/3 thymocytes at the SCZ. However, similar fre-
quencies of endothelial cells, length and surface area of the
CM]J as entry point for progenitors, and expression of homing
molecules between DKO and WT mice suggest that altered
thymic morphology does not significantly contribute to in-
creased thymic receptivity in DKO mice. Therefore, we con-
cluded that DKO mice represent a valid model for study
colonization of the adult thymus.

‘We combined this model with an approach of combina-
torial multicongenic fate mapping, which allowed us to dis-
criminate up to 12 distinct populations of donor-derived
cells. This approach circumvents pitfalls of conventional long-
and short-term assays. Short-term homing assays have allowed
recovery of comparatively large numbers of donor-derived
cells (Mori et al., 2001; Scimone et al., 2006). Although there
is no evidence that at steady state, in vivo only a fraction of
cells entering the thymus finally ends up in the T-lineage; the
majority of cells detectable in the thymus early after transfer
is eventually lost (Mori et al., 2001). In contrast, analysis after
extended periods of time ensures that only true T-lineage
progenitors are taken into account. Moreover, the use of mul-
tiple tagged donor populations permitted direct quantification
of the original input independent of intrathymic proliferation
events. Of note, transfer of mixed populations of donor cells
had already been reported four decades ago (Wallis et al., 1975;
Ezine et al., 1984). However, limitation to two distinct donor
populations permitted only rough estimates of the size of the
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TSP pool. Recently, short-term transfers have been combined
with subsequent in vitro differentiation thus circumventing
detection of false-positive cells that lack T lineage potential
(Saran et al., 2010; Zhang et al., 2014). However, although
this approach reliably excludes non—T-lineage progenitors, it
does not discriminate between homed cells at large and those
that indeed entered microenvironments required for produc-
tive T cell development.

Combinatorial fate mapping assays using DKO and WT
recipients indicated the presence of a total of 160 thymic
niches that can be colonized by BM-derived progenitors. 6%
of these niches could be replenished, on average, in WT mice.
Interestingly, the number obtained for DKO mice, corre-
sponding to the total number of microenvironmental niches
lies within the same range as in irradiated animals (Wallis et al.,
1975; Kadish and Basch, 1976; Scollay et al., 1986; Spangrude
and Scollay, 1990). These studies proposed a range from as few
as 10 up to 170 progenitor cells as saturating number of TSPs
to fully reconstitute an irradiated thymus. Combinatorial fate
mapping analysis in irradiated recipients showed directly that
conditioning through irradiation indeed liberated TSPNs,
in addition to alterations in thymus size and cellular composi-
tion. These findings are in apparent contradiction with a recent
study showing that irradiation restricted thymus colonization
rather than promoting it as a consequence of loss of intra-
thymic availability of CCL25 (Zhang et al., 2014). Different
doses of irradiation might account for the observed discrep-
ancy, although the effect of lower irradiation doses on expres-
sion of intrathymic CCL25 remains to be explored.

Our data indicate that the availability of TSPNs directly
depends on the presence of progenitors occupying these niches.
These finding are in contrast to a model based on comparison
between IL-7R a—deficient and RAG-deficient mice, propos-
ing that more mature, DN3, thymocytes provide direct feed-
back to restrict thymus colonization (Prockop and Petrie, 2004).
However, the extent to which small thymus size and profound
alterations in thymic morphology in RAG-deficient animals
prevent thymus seeding has not been explored. Elevated levels
of expression of Psel and Ccl25 mRNA have been suggested to
mediate increased thymus receptivity in IL-7Ra—deficient
mice (Gossens et al., 2009). Interestingly, neither Psel nor Ccl25
levels were elevated in DKO mice, suggesting that both molec-
ular cues as well as niche occupancy itself may limit thymus
colonization in a nonexclusive manner.

Comparison of the contribution of different donor popu-
lations showed that CLPs generated a lower degree of chime-
rism in both WT and DKO recipients when compared with
lin- BM progenitors. This finding might imply that the thy-
mus harbors progenitor-type specific TSPNs. However, it has
been shown that CLPs only very transiently contribute to
T cell development whereas MPPs, which are also present in
lin~ progenitors, sustain T cell development for extended pe-
riods of time even after i.t. administration (Saran et al., 2010;
Schwarz et al.,2007).Thus, limited reconstitution of the DKO
thymus by CLPs as assessed after 21 d is best explained by the
transient nature of their progenitor activity.
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Sequential transfer experiments in individual DKO mice
revealed a periodicity of thymus colonization of 9-12 d.These
data are consistent with a previous study showing that thymi of
irradiated mice are receptive at 2-wk intervals after i.t. transfer
(Foss et al., 2002). As all TSPNs in DKO mice can be consid-
ered empty, it is conceivable that this periodicity reflects dura-
tion of niche occupation at the individual niche level and is
therefore likely to be masked at steady state. Notably, i.v. trans-
fers and parabiosis experiments suggested longer refractory pe-
riods of 3—4 wk (Foss et al., 2001, 2002). Analysis of DKO mice
at defined ages did not reveal any age-dependent alterations in
thymus receptivity. These observations again point toward mul-
tiple independent mechanisms controlling thymus seeding and
underscore the potential of DKO mice to dissect cellular and
molecular mechanisms of colonization of the adult thymus.

Recently, it has been reported that in the absence of cel-
lular competition, intrathymic T cell development becomes
autonomous and ultimately results in the formation of T cell
leukemia (Peaudecerf et al., 2012; Martins et al., 2012, 2014).
These findings highlight the critical role of intercellular com-
munication, directly or via competitive niche occupation.
Our findings complement these data by showing that “old”
progenitors are not simply pushed away by newcomers, but
are rather capable of restricting continual influx from BM.
Thus, intercellular communication between early thymocytes
at various times after entry into the thymus appears to be piv-
otal to ensure balanced T cell development. Furthermore, the
concept of cellular competition in the thymus predicts that
progenitors from DKO mice are less competitive when com-
pared with their WT counterpart. Therefore, it will be inter-
esting to test whether transplantation of WT thymi into DKO
mice, and thus competition not only for cytokines but also for
location, will result in donor-thymus autonomous T cell de-
velopment and leukemogenesis.

MATERIALS AND METHODS

Mice. C57BL/6] mice (CD45.2), B6.SJL-Ptprc’Pepd/Boy] mice (termed B6
CD45.1 throughout this manuscript) and IL-7Ra—deficient mice (B6.129S7-
Il7rtm 1Imx/]) were purchased from Charles River or The Jackson Labora-
tory or bred at the animal facility of Hannover Medical School. (C57BL/6]
x B6 CD45.1) F1 mice (CD45.1/CD45.2 heterozygous) were bred at the
animal facility of Hannover Medical School (Hannover, Germany).
CCR77/7 (Férster et al.,, 1999), CCR9™/~ (Wurbel et al., 2001), and
CCR77/7CCR9™/~ (DKO) mice were backcrossed to the C57BL/6 back-
ground for at least eight generations. B6.Cg-Thy1 (B6.Thy1.1), B6. Tg(Actb-
eGFP) reporter mice (Okabe et al., 1997), and B6.Tg(Actb-eCFP) reporter
mice (Hadjantonakis et al., 2002) were bred at the animal facility of Han-
nover Medical School. F1 mice of different fluorescent reporter/congenic
intercrosses were bred at the animal facility of Hannover Medical School.
Animals were maintained under specific pathogen—free conditions. Mouse
care and experimental procedures were performed in accordance with Ger-
man animal welfare legislation under the approval of the local authorities
(Niedersichsisches Landesamt flir Verbraucherschutz und Lebensmittelsi-
cherheit, LAVES).

Isolation of lin~ BM precursors. Lin~ cells were isolated from total BM
by labeling of single cell suspensions with a lineage-specific purified rat-
anti-mouse-IgG antibody cocktail (anti-CD4, anti-CDS8, anti-CD19, anti-
CD11b, anti-Gr-1, Ter-119, and anti-NK1.1, all from eBioscience) followed
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by incubation with sheep-anti-rat-IgG magnetic beads (Dynal; Invitrogen)
and magnetic bead depletion of mature lineages. Lin™ BM cells were used
directly for injection in some of the experiments or for further cell sorting.
Donor mice used for isolation of lin~ cells were always 7-10 wk old.

Flow cytometry and cell sorting. Monoclonal antibodies specific for
CD4 (RM4-5, GK1.5), CD8 (53-6.7), CD25 (PC61), CD44 (IM7), Gr-1
(RB6-8C5), erythroid cell marker (Ter-119), CD19 (1D3), CD11b (M1/70),
pan-NK (DX5), CD45.1 (A20), CD45.2 (104), B220 (RA3-6B2), CD117
(2B8, ACK2), Sca-1 (E13-161.7), CD135 (A2F10), CD127 (A7R34), BrdU
(3D4), were used as biotin, Pacific Blue, fluorescein isothiocyanate (FITC),
Alexa Fluor 488, phycoerythrin (PE), peridinin chlorophyll protein-Cy5.5
(PerCP-Cy5.5), PE-Cy7, allophycocyanin (APC), APC-Cy7, or APC-
eFluor780 conjugates. Antibodies were purified from hybridoma superna-
tants using standard procedures or were purchased from eBioscience, BD, or
BioLegend. Common lymphoid progenitor (CLP) cells were sorted from
lineage-depleted BM as: lin"Sca-1*CD117°/*CD127*CD135". Samples were
acquired on an LSRII (BD) and sorted on a FACSAria II (BD). Data were
analyzed with FlowJo software, v.9.4.9 (Tree Star). For analysis, dead cells and
debris were excluded by gating of forward and side scatter. Sorted cells were
of 98% or higher purity, as determined by reanalysis.

Intrathymic transfers. Mice (5 wk) were anesthetized with Ketamin/
Rompun (Albrecht GmbH/Bayer; 10 mg/ml/0.04%/mouse in 150 pl) via
i.p. injection and fixed in dorsal recumbency. A small, 4-5 mm transverse
incision was made in the skin over the first intercostal space perpendicular to
the sternum so that the second rib could be observed clearly. The needle en-
trance position was in the center of the first intercostal space and the needle
angle at ~90 degrees relative to the sternum. The injection volume was
20 pl. The proper injection depth was ~3.5—4 mm according to age of the
mouse and thymus size and thickness. The skin incision was closed using
wound clips. Thymi were analyzed after 21 d for donor-derived cells.

BrdU incorporation. BrdU (Sigma-Aldrich) was injected i.p. (3 mg/
mouse) 4 h before analysis. BrdU incorporation was analyzed using the FITC
BrdU Flow kit (BD) according to the manufacturer’s protocol. Samples were
acquired on an LSRII (BD) and analyzed using FlowJo software (Tree Star).

Immunohistology. Thymi were excised from 5-6-wk-old age-matched
mice, rinsed in PBS, embedded in Tissue-Tek O.C.T. (Sakura; Finetek),
and frozen on dry ice. 8-pm cryosections were fixed for 10 min in ice-cold
acetone and rehydrated in Tris-buffered saline with 0.05% Tween-20,
blocked with 10% goat or mouse serum, and stained with the following an-
tibodies at room temperature for 45 min. Rat anti-CD25 Alexa Fluor 488
(PC61 5.3; Invitrogen), polyclonal rabbit anti-cytokeratin 5 (Abcam),
washed, and followed by staining with secondary goat anti—rabbit-Cy3
(Jackson ImmunoResearch Laboratories) for 45 min at room temperature.
For analysis of thymi after injection of eGFP-tagged BM-derived precursors
thymi were first fixed in 2% PFA and 30% sucrose overnight, washed in
PBS, and embedded in O.C.T. medium. Sections were stained with mono-
clonal mouse anti—-mouse cytokeratin 18 and biotin conjugated (Abcam),
followed by incubation with streptavidin-Cy5 (eBioscience) and with rabbit
anti-cytokeratin 5 as described above.

Immunohistological analysis of thymus sections was performed at room
temperature using a motorized epifluorescence microscope (BX61; UP-
lanSApo; objective 10X/0.4) equipped with a fluorescence camera (F-View II)
and CellSens software (Olympus). Quantification of CD25" cells was per-
formed with Image] software (Schneider et al., 2012). Quantification of
medullas and their perimeters and areas was performed using CellSens soft-
ware (Polygon tool; Olympus).

Isolation and sorting of thymic nonhematopoietic cells. Thymi were
excised from 5-6-wk-old age-matched mice, rinsed in PBS, cut into small
pieces, collected in plain RPMI-1640, and incubated for 1 h at 4°C with
gentle rotations to remove excess thymocytes. Supernatant was removed and
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remaining tissue pieces were incubated with Collagenase D (0.2 mg/ml;
Roche), Dispase Grade I (0.2 mg/ml; Roche), and DNase-I (0.025 mg/ml;
Roche) 2 times for 15 min at 37°C with mixing every 5 min. Cells were
collected on ice and incubated with 5 mM EDTA for 10 min. Nonhemato-
poietic cells were enriched after staining with rat anti-mouse CD45 anti-
body (30-F11; eBioscience), followed by incubation with sheep anti—rat
magnetic beads (Invitrogen) and magnetic depletion. Cells were stained be-
fore FACS sorting using the following antibodies: anti-CD45 APC (30-F11;
eBioscience), anti-EpCAM eFluor450 (G8.8; eBioscience), anti-Ly51 FITC
(6C3; BD), anti-CD31 FITC (390; eBioscience), anti-CD140a PE (APA5;
eBioscience), UEA-1 Rhodamine (Vector Laboratories). Cells were sorted
on a FACSAria II with 130 pum nozzle at low speed as follows: ¢TECs,
CD45 EpCAMLy51%; mTECs, CD45 EpCAM*UEA-1"; endothelial cells,
CD45-CD317; fibroblasts, CD45 EpCAM-CD31-CD140a*. Sorted cells were
of 94-96% purity, as determined by reanalysis.

LSFM. Thymi were excised from 5-wk-old mice and fixed overnight at 4°C
in PBS with 2% PFA and 30% sucrose. Further sample preparation was
adapted from Renier et al. (2014) and Yokomizo et al. (2012). All steps were
performed at room temperature. Samples were washed three times for 1 h in
PBS, twice for 1 h in PBS with 0.2% Triton X-100 (Sigma-Aldrich), fol-
lowed by two additional washing steps for 1 h in PBS with 1% Triton X-100.
After overnight permeabilization in PBS with 1% Triton X-100, thymi were
blocked in PBS with 0.5% Triton X-100, and 4% BSA for 3 d. After blocking,
samples were washed twice for 1 h in PBS with 0.2% Tween-20 (Carl Roth)
and stained for 4 d with UEA-1 Rhodamine (Vector Laboratories) in PBS
with 0.2% Triton X-100 and 2% BSA. After staining, thymi were sequentially
washed in PBS with 0.2% Tween-20 for 10, 30, 60, 120 min for 3 d, and fi-
nally in PBS for 15, 30, and 60 min. Sample clearing was performed as previ-
ously described (Ertiirk et al., 2012) with minor modifications. Thymi were
dehydrated in 50% tetrahydrofuran (THF; Sigma-Aldrich) for 2 h, 75% THE
and 100% THE for 3 h each, and finally overnight in 100% THE Samples
were cleared in dibenzylether (Sigma-Aldrich) and directly imaged after
clearing was completed. Fluorescence images were acquired using a light-
sheet microscope (Ultramicroscope II; LaVision BioTec) equipped with a
sCMOS camera (Andor Neo) and a 2X/0.5 objective lens. 3D projections
were analyzed with Imaris software (version 7.7.2; Bitplane).

qRT-PCR. RNA was prepared from samples with equal cell numbers using
the RNeasy Mini kit according to the manufacturer’s instructions (QIAGEN).
Room temperature reaction was performed using SuperScript I Reverse tran-
scription (Invitrogen) and Oligo(dT);, 45 primers (Invitrogen) according to the
manufacturer’s protocol. Quantitative RT-PCR analysis of miRNA expression
was performed using the following TagMan probes (Applied Biosystems):
Ccl25, Mm00436443_m1; Ccl19, Mm00839967_gl1; Ccl21a, Mm03646971_
gH; Selp, Mm01295931_m1; Flt3], Mm00442801_m1. Fold differences were
calculated using the AC, method normalized to Hprt as housckeeping gene
(Mm00446968_m1; Applied Biosystems). Reactions were performed using a
StepOne Real-Time PCR System (Applied Biosystems).

Quantification of intrathymic niches using Monte Carlo simulation.
DKO and WT nonmanipulated recipient mice (experiment I [WT 6 wk old,
DKO 6 wk old], Il [WT 4 wk old, DKO 4 wk old, IL-7Ra /'~ 7 wk old],
and III [WT 5 wk old, DKO 5 and 6 wk old]) were i.v. injected with de-
fined mixtures (Table S1, input ratios/percentages) of BM progenitors,
sorted as lin~CD117°*CD135" cells.

In the experiment number IV, V, and VI, empty intrathymic niches
were generated by sublethal irradiation (4.5 Gy) of WT and IL-7Ra ™/~
recipient mice (DKO), and some WT recipients were nonmanipulated
(experiment IV [WT 9 wk old, DKO 6 and 9 wk old], experiment V
[IL-7Ra~/~ 13 wk old], experiment VI [IL-7Ra ™/~ 4 wk old]). Cell numbers
used in individual experiments are indicated in figure legends and Table S1.
Proportions of different congenic populations are indicated in Table S1.
Donors and recipients mice were sex-matched to prevent deletion caused by
XY-chromosome incompatibility.
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Thymi of recipient mice were analyzed 21 d after injection by flow cy-
tometry. In total, 2.5 X 10° events were acquired per sample. Each individu-
ally tagged population was identified by its surface/fluorescent phenotype
(Fig. S1) within total thymocytes of recipients and considered absent upon
detection of <40 events (10 events were detected on average in these sam-
ples). On average, 4,800 events were detected in the least frequent popula-
tions considered present. Quantification of intrathymic niches was performed
using an algorithm based on Monte Carlo smulation. This quantification was
performed for each group (each experiment and each mouse genotype, non-
manipulated DKO, IL-7Ra ™/~ and WT, as well as irradiated WT in experi-
ment IV, and irradiated IL-7Ra ™/~ in experiment V and VI), for which the
experimental missing set was determined (i.e., the set containing, for each
mouse in the group, the number of missing tags).

First, the number of accessible niches was set (niche-count). Subsequently,
colonization was simulated by randomly determining which tag occupies
every niche. The probability that a certain tag occupies a niche was propor-
tional to its fraction in the tag pool. After the tag for every niche was deter-
mined, the number of tags that did not occupy any niche was determined and
stored as the results of the simulation. This simulation was repeated, as many
times as there were mice in the group, and the results of these were collected
together to build one simulated missing set. If this set was equal to the set ob-
tained experimentally for that group, the initially set number of niches was
stored, as the result of one simulation of the invasion experiment. The simula-
tion of the invasion experiment was repeated 10,000 times, so that between
zero and 10,000 results were stored, constituting the result-set for given niche-
count. This whole procedure was run iteratively starting from niche-count
equal to 1 and increasing it by 1. The execution was stopped, when for five
consecutive niche-counts, the result-set was empty and the niche count was
greater than 130 (empirical value). The results-sets were merged together to
build the final result-set for the group. If this set contained <10,000 elements,
the number of repetitions of simulations of the invasion experiment was in-
creased from 10,000 to a value that assured that the final result-set is of a length
of at least 10,000. Finally, for each group 10,000 elements from the final result-
set of each group were chosen randomly (with uniform probability), and these
sub-sets were used to compute statistics for each group. The algorithm was im-
plemented in R software suite (version 2.15.2; Team, 2012).

Repeated injections of multicongenic BM precursors. 5-wk-old
DKO and WT nonmanipulated recipient mice were intravenously injected
at 3-d intervals with equal amounts of an individually tagged population of
lin~ congenic BM progenitors each (10° cells/injection day/recipient mouse)
for 21 d (Table S2). Spleens of recipient mice were analyzed 6 wk after the
final injection. Each individually tagged population was identified by its sur-
face/fluorescent phenotype within total splenocytes of recipient mice.

Statistical analysis. All analysis except for the quantification of intrathymic
niches was performed using GraphPad Prism software. Data are represented
as mean + SEM or + SEM, as indicated. Analysis of significance between
2 groups of mice was performed using unpaired Student’s ¢ tests, where ns,
P> 0.05; % P <0.05 ¥ P<0.01: % P <0.001; ¥+ P <0.0001.

To assess the efficiency of the simulation approach to estimate intrath-
ymic niches, we performed Delete-d Jackknife estimation of variance. In this
procedure a set of subsampled results is generated from the original result, by
removing a predefined number of single measurements. This yields a set of

n n!
k)™ (n—Fk)xk!

ments that were removed. Then the simulation is performed on each set

results, where n is the group size and k the count of ele-

member and the results are collected. As several results are obtained for each
original result, the estimation of variance is possible. We performed this pro-
cedure for each group, while removing 25% of single experiments (rounded
to the nearest integer) and running the simulation for every unique combi-
nation of missing clones (as single experiments lead often to the same num-
ber of missing clones, there are significantly fewer unique combinations than
the total derived by the above formula). The result of such simulation was
then weighted according to prevalence of the corresponding combination.
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Online supplemental material. Figs. S1 and S2 contain data that support
Figs. 1-7. Table S1 contains combinations of alleles used to generate multi-
congenic precursors library, their proportions and cell numbers used in
individual experiments. Table S2 lists the sequence of injections used to de-
termine cellular feedback which restricts thymus seeding. Video 1 contains
LSEM analysis of WT and DKO thymi. Online supplemental material is
available at http://www,jem.org/cgi/content/full/jem.20142143/DC1.
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Figure S1. Phenotype of multicongenic progenitors in the thymus. Thymus of DKO recipient mice 21 d after injection and representative plots of
individual tags from multicongenic progenitor library. Age of recipient mice used in individual experiments is indicated in the Materials and methods
section. Donor mice were 7-10 wk old. The experiment was performed 4 times, with n = 30 (DKO).
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Figure S2. Quantification of thymus colonization using Monte-Carlo simulation. (A) Block diagram scheme for the algorithm used to quantify
TSPNSs. (B) Representative plots of individual tags of multicongenic progenitors injected i.v. into DKO recipients and their i.t. development measured by
surface expression of CD4 and CD8« (data from experiment |, Table S1). (C) Delete-d Jackknife estimation of variance performed to estimate the sensitiv-
ity of Monte Carlo simulation to experimental errors. A set of subsampled results was generated from the original result by removing a predefined num-
ber of single measurements. This yields a set of (nj nl results, where nis the group size and k the count of elements that were removed.

(

k) (n—K)xk!

Then the simulation was performed on each set member and the results were collected. As several results are obtained for each original result the estima-
tion of variance is possible. This procedure was performed for each group while removing 25% of single experiments (rounded to the nearest integer) and
running the simulation for every unique combination of missing clones (as single experiments lead often to the same number of missing clones, there are
significantly fewer unique combinations than the total derived by the above formula). The result of such simulation was then weighted according to the
prevalence of the corresponding combination.
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Video 1. LSFM analysis of WT (left) and DKO (right) thymi. Optical cross sections through whole thymi are shown. Me-
dulla staining (UEA-1, red) and background autofluorescence (white) are depicted. z-step: 10 um. Number of optical sections:
300 (WT) and 350 (DKO). Representative movie of five mice/genotype from two independent experiments.

Table S1, available as an Excel file, shows a combination of alleles used to generate multicongenic library of BM precursors.
Multicongenic library of BM-derived progenitors was generated by intercrossing of indicated mouse strains. F1 animals with
appropriate combination of surface/fluorescent phenotype, as determined by flow cytometry, were used for experiments; Exp
(1) n="5 (WT) and 6 (DKO); Exp (II) n =6 (WT) 6 (DKO) and 4 (IL-7Ra~/7); Exp (III) n = 10 (WT) and 11 (DKO); Exp
(V) n =7 (WT,,) and 7 (DKO); Exp (V) n =3 (IL-7Ra~"7;,); Exp (VI) n = 4 (IL-TRa™"7,)).

Table S2, available as an Excel file, shows a phenotype and sequence of injections used to determine cellular feedback which
allows for entry of new progenitors from BM. Multicongenic F1 mice were generated as indicated in Table S1 and their sur-
face/fluorescent phenotype was determined by flow cytometry before injection. BM-derived progenitors (10° lin™ BM cells/
recipient mouse per single injection) from these animals were injected, at 3 d intervals for 21 d; Exp (I) n = 7 (WT) and 7
(DKO); Exp (II) n = 12 (WT) and 12 (DKO).

JEM S3
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T-cell receptor (TCR) signal strength determines selection and lineage
fate at the CD4"CD8" double-positive stage of intrathymic T-cell de-
velopment. Members of the miR-181 family constitute the most abun-
dantly expressed microRNA at this stage of T-cell development. Here
we show that deletion of miR-181a/b-1 reduced the responsiveness
of double-positive thymocytes to TCR signals and virtually abrogated
early invariant natural killer T (iNKT) cell development, resulting in
a dramatic reduction in iNKT cell numbers in thymus as well as in the
periphery. Increased concentrations of agonist ligand rescued iNKT
cell development in miR-181a/b-1"/~ mice. Our results define a critical
role of miR-181a/b-1 in early iNKT cell development and show that
miR-181a/b-1 sets a TCR signaling threshold for agonist selection.

atural killer T (NKT) lymphocytes share features charac-
teristic for NK cells as well as T cells, including the T-cell
receptor (TCR). Upon TCR triggering they are able to rapidly
release cytokines, such as IL-4 and IFN-y, without prior priming.
Thus, NKT cells are able to shape T helper cell differentiation
and may, consequently, promote or suppress immune responses
(1). NKT cells constitute various populations, the most exten-
sively characterized of which comprises the invariant (i)NKT
cells. These cells share a semiinvariant TCR that recognizes
lipid antigen bound to the nonclassic MHC I molecule CD1d (2). It
is composed of a Val4Jal8 TCRa chain in mouse (Va24Jal8 in
human) and a limited pool of TCR@ chains, with a bias toward V8,
VpB7, and VP2 (3). During intrathymic T-cell development the
iNKT cell lineage diverges from conventional ap T cells at the CD4*
CD8" double-positive (DP) thymocyte stage and can be identified
by its reactivity to CD1d-tetramers loaded with lipid antigen, such
as a-galactosyl-ceramide (xGalCer) (4). Differentiation of iNKT
cells proceeds through four phenotypically distinct precursor
stages: CD24"DPY™ (stage 0), CD44 NK1.1~ (stage 1), CD44*
NKI1.1" (stage 2), and CD44*NK1.1* (stage 3) (5-7). Stage 3 likely
comprises a mixture of freshly generated as well as recirculating
iNKT cells.
iNKT cells, as well as other nonconventional T cells, have been
shown to be autoreactive to a certain degree (2). Consequently,
iNKT cells have been proposed to be selected through strong TCR
signals in a process termed “agonist selection.” They undergo
massive intrathymic proliferation, and mature cells are CD44™,
indicating an antigen-experienced phenotype. Furthermore, they
express high levels of Nur77, which can be considered as a surro-
gate marker for TCR signal strength, immediately after positive
selection (8). A further increase of TCR signal strength by addition
of supraphysiological amounts of ligand or transgenic expression of
CD1d provided some evidence for negative selection of iNKT cells
(9, 10). Of note, the nature of positively selecting ligands remains
largely elusive and is controversially discussed (1). In addition to
strong TCR signals, development of iNKT cells depends on cos-
timulatory signals. These are mediated through homotypic inter-
actions of signaling lymphocytic-activation molecule (SLAM)
family members (11). Consequently, mice deficient in the SLAM-
associated protein (SAP) and its downstream kinase Fyn have

www.pnas.org/cgi/doi/10.1073/pnas.1221984110

severe defects in iNKT cell development at the stage 0 to stage 1
transition (11-15).

microRNAs (miRNAs) are short noncoding RNAs that modu-
late a large number of biological processes, mostly by down-regu-
lating expression of target genes via mRNA degradation, mRNA
destabilization, or interference with translation. miR-181 com-
prises a family of six miRNAs, which are organized in three clusters
(miR-181a/b-1, miR-181a/b-2, miR-181c/d). miR-181a constitutes
the most prominently expressed miRNA species in DP thymocytes
(16, 17) and has been associated with modulating TCR signal
strength via targeting serine/threonine as well as tyrosine phos-
phatases (18). Consequently, elevated expression of miR-181a
results in reduced phosphatase activity and increased TCR signal
strength. Recently it has been shown that miR-181a expression
prevents the generation of aff T cells that are strongly reactive
toward positively selecting peptides (19).

To date, the effect of aberrant expression of miR-181a on TCR
signaling has only been analyzed using short-term assays and in
vitro organ cultures. Here we studied the consequences of deletion
of miR-181a/b-1 on T-cell development in vivo in the steady state.
We found that miR-181a/b-1-deficient mice displayed an almost
complete block in early iNKT cell development, resulting in dra-
matically reduced numbers of iNKT cells in thymus as well as in the
periphery. DP thymocytes from miR-181a/b-1-deficient mice dis-
played diminished signaling upon TCR triggering, leading to an
altered TCRp repertoire in iNKT cells and reduced cytokine
production in the periphery. In turn, increasing the availability of
agonist ligand overcame the early block in iNKT cell development
in these mice.

Taken together, we identified miR-181a/b-1 as a regulator of
iNKT cell development and provided evidence for the critical
importance of fine-tuned TCR signal strength for agonist-se-
lected T cells.

Results and Discussion

Development of aff T Cells in Mice Lacking miR-181a/b-1. Among all
miRNAs, miR-181a/b is most prominently expressed in DP
thymocytes, in which it constitutes up to 40% of all miRNAs (16,
17). We generated mice carrying a targeted deletion in miR-

Author contributions: N.Z., M.t., I.P., and A.K. designed research; N.Z., M.t., KW., R.N.,
J.L., JB., IS, M.B., I.P,, and AK. performed research; R.H. and S.W. contributed new
reagents/analytic tools; N.Z., M.t., J.B., I.P., and AK. analyzed data; and N.Z., M.t.,, and
A.K. wrote the paper.

The authors declare no conflict of interest.

*This Direct Submission article had a prearranged editor.
'N.Z. and M.t. contributed equally to this work.

2I.P. and AK. contributed equally to this work.

3To whom correspondence should be addressed. E-mail: krueger.andreas@mh-hannover.
de.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1221984110/-/DCSupplemental.

PNAS | April 30,2013 | vol. 110 | no.18 | 7407-7412

>
[\
[=]
=
[=]
=
=2
=
=



mailto:krueger.andreas@mh-hannover.de
mailto:krueger.andreas@mh-hannover.de
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1221984110/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1221984110/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1221984110

L T

/

1\

=y

Downloaded by guest on February 18, 2020

181a/b-1 (miR-181a/b-17~ mice) (Fig. S1). Deletion of miR-
181a/b-1 was verified by Northern blot (Fig. 14). Quantitative
RT-PCR with primers recognizing both miR-181a-1 and miR-
181a-2 showed that deletion of miR-181a/b-1 resulted in a re-
duction of all miR-181a species by 98%. This confirmed that
miR-181a/b-1 but not miR-181a/b-2 is predominantly expressed
in thymus (Fig. 1B). Thymus cellularity of miR-181a/b-17'~ mice
was indistinguishable from WT and heterozygous littermate
controls both at 2 wk and 8 wk of age, and gross composition as
assessed by staining for CD4 or CD8 was essentially normal (Fig.
1 C-E). In addition, we did not detect major alterations in early
thymocyte subsets (Fig. 1F). Despite reduced expression of miR-
181a-1 and miR-181b-1 in heterozygous miR-181a/b-1*"~ mice,
T-cell development in these mice was comparable to that in WT
littermates. Therefore, miR-181a/b-1*~ mice were used as con-
trols throughout this study. We detected a mild effect of homo-
zygous deletion of miR-181a/b-1 in development of conventional
ap T cells, reflected by slight alterations in early T lineage pro-
genitor numbers compared with controls, an ~4% decrease in the
frequency of DP thymocytes, and a concomitant increase in the
frequency of CD4 single positive (SP) thymocytes. These findings
are consistent with minor alterations in thymocyte subsets in a
different mouse model of deletion of miR-181a/b-1 (20). Taken
together, these data indicate that deletion of miR-181a/b-1 does
not result in substantial defects in early T-cell development.
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Fig. 1. Development of af T cells in mice lacking miR-181a/b-1. (A)
Northern blot analysis of miR-181a-1 and miR-181b-1 expression in total
thymocytes of miR-181a/b-1*"*, miR-181a/b-1*"~, and miR-181a/b-1"" mice.
U6 snRNA expression was assessed as loading control. (B) Quantitative RT-
PCR for mature miR-181a expression in total thymocytes of miR-181a/b-1+/*,
miR-181a/b-1*'~, and miR-181a/b-17~ mice. n = 3 for each genotype. (C)
FACS analysis of DN, DP, and SP thymocytes from miR-181a/b-1*'~ and miR-
181a/b-17"~ mice. Representative plots of multiple experiments are depicted.
Quantitative plot for DN, DP, and SP thymocytes, n = 5. Percentage within of
total thymocytes is shown. (D) Frequency of major thymic subsets and (E)
thymus cellularity in miR-181a/b-1*'~ and miR-181a/b-17"~ mice at various
ages (mean + SEM, n = 5-7). (F) FACS analysis of DN thymocyte subsets;
ETP, early T lineage progenitor (lineage"CD44*CD1177CD257); DN2
(lineage™CD44*CD117+*CD25%); DN3 (Iineage_CD44'°CD117_CD25+); DN4
(Iineage’CD44'°CD1 17°CD257). Mean + SEM, n = 3-4.

7408 | www.pnas.org/cgi/doi/10.1073/pnas.1221984110

Development of iNKT Cells Depends on miR-181a/b-1. Next we ana-
lyzed whether deletion of miR-181a/b-1 resulted in altered gen-
eration of iNKT cells. Thymi from miR-181a/b-17"~ mice showed
a 15-fold reduced frequency of iNKT cells, as assessed by surface
staining for TCRB*, NK1.1* in conjunction with aGalCer CD1d
tetramers (CD1d-tet), compared with controls (Fig. 2 4 and B).
Absolute numbers of iNKT cells were reduced to a similar extent
(Fig. 2B). CD1d-tet TCRB*NK1.1" variant (v)NKT cell frequen-
cies and numbers, which are present at much lower frequencies in
WT mice than iNKT cells, were also reduced in miR-181a/b-17~
mice, albeit less dramatically, compared with iNKT cells (Fig. 2C).
To test whether the paucity of thymic iNKT cells penetrated into
the periphery, we assessed frequencies and numbers of splenic and
liver iNKT cells. In both organs we found ninefold and 11-fold
reduced numbers, respectively, of iNKT cells in miR-181a/b-17"~
mice compared with controls (Fig. 2B). Analysis of vNKT cells in
spleen and liver yielded comparable results as analysis of thymus,
although the observed differences might be underestimated be-
cause low frequencies of vNKT cells and lack of specific staining
reagents rendered analysis of this subset difficult (Fig. 2C). Thus,
we conclude that deletion of miR-181a/b-1 results in impaired
generation of iNKT cells, which cannot be compensated for in the
periphery. Mice lacking miR-150 display a defect in the de-
velopment of iNKT cells, resulting in a modest reduction of iNKT
cell numbers in the thymus, which does not penetrate into the
periphery (21, 22). Nevertheless, our data imply that the previously
reported massive defect in iNKT cell development in mice with
conditional deletion of the RNA-processing enzyme Dicer, which
is essential for the generation of miRNAs, in hematopoietic cells or
DP thymocytes, can be attributed to a large extent to a lack of miR-
181a/b-1 (23-25). Of note, other unconventional T-cell pop-
ulations that have been suggested to depend on agonist selection,
such as some yd T cells and intestinal intraepithelial lymphocytes
(iIELs), remained essentially unaffected by deletion of miR-181a/
b-1 (Fig. S2). y& T cells do not pass the DP stage during de-
velopment, and it is a matter of debate whether iIELs are derived
from DP thymocytes (26, 27). Relative expression of miR-181a/b-1
is highest in DP cells, whereas it is expressed at lower levels in
double-negative (DN) cells (17). Therefore, it is conceivable that
miR-181a/b-1 selectively controls unconventional T-cell subsets
that originate from DP thymocytes, such as iNKT cells.

Deletion of miR-181a/b-1 might prevent the generation of iNKT
cells because of failure of extrinsic signals. To directly assess whether
deficiency in miR-181a/b-1 inhibited generation of iNKT cells in
a cell-intrinsic manner we generated mixed bone marrow (BM)
chimeras. To this end, BM cells from congenic competitors
(CD45.1/CD45.2) were mixed at a 1:1 ratio with BM cells from miR-
181a/b-1""~ mice or heterozygous controls (CD45.2) and transferred
into lethally irradiated hosts (CD45.1). Analysis of mixed chimeras
after 12 wk revealed that only few iNKT cells derived from miR-
181a/b-1-deficient donor cells were found in thymus and spleen,
indicating that lack of miR-181a/b-1 results in a cell-intrinsic defect
to generate iNKT cells (Fig. 2 D-F). Of note, heterozygous controls
were not significantly outcompeted by WT competitors, further ar-
guing for the absence of a gene dosage effect of miR-181a/b-1 in
iNKT cell development (Fig. 2 D-F). Although we noted a slight
competitive disadvantage of miR-181a/b-17"~ DP thymocytes com-
pared with their DN precursors, loss of cells derived from miR-181a/
b-17~ donors was much more prominent in the iNKT cell fraction
compared with DP thymocytes (Fig. 2E). This suggests that miR-
181a/b-1 acts at or after the DP stage of development.

miR-181a/b-1 Controls Development of iNKT Cells at the Transition
from Stage 0 to Stage 1. Development of iNKT cells originates
from DP thymocytes and then proceeds through CD1d-tet" stages
distinguishable by differential expression of CD24, CD44, and
NK1.1. To define the developmental stage at which miR-181a/b-1
is required for generation of iNKT cells, we first assessed the

Zietara et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1221984110/-/DCSupplemental/pnas.201221984SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1221984110/-/DCSupplemental/pnas.201221984SI.pdf?targetid=nameddest=SF2
www.pnas.org/cgi/doi/10.1073/pnas.1221984110

L T

/

D\

v
ar

Downloaded by guest on February 18, 2020

A Fig. 2. Development of iNKT cells depends on miR-
iNKT vNKT 181a/b-1. (A) FACS analysis of CD1d-tet* iNKT cells from
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frequency of preselection (CD5"TCRB') DP thymocytes carrying
Val4Jal8 TCRa rearrangements. Val4Jal8 rearrangements oc-
cur late during the life of a DP thymocyte and, thus, impaired
thymocyte survival might affect development of iNKT cells as has
been previously reported for mice deficient in the transcription
factor c-Myb (28). Semiquantitative RT-PCR analysis revealed
that preselection DP thymocytes displayed a similar frequency of
Val14Jal8 rearrangements compared with heterozygous controls,
indicating that miR-181a/b-1 is not required to control iNKT cell
precursor frequency before selection (Fig. 34).

To faithfully quantify rare progenitor populations, we enriched
CD1d-tet* cells from young mice using magnetic beads (Fig. 3B).
Frequencies of stage 2 and stage 3 iNKT cells were similar in thymi
of miR-181a/b-17"~ and miR-181a/b-1"~ mice (Fig. 3 B-D). How-
ever, whereas most CD44 NK1.1~ precursors in miR-181a/b-1"~
mice were at stage 1 (CD24"), the vast majority of CD44 NK1.1~
precursors had retained CD24 expression, indicating that miR-
181a/b-1is required to promote the transition from stage 0 to stage 1
(Fig. 3 B and C). Analysis of absolute numbers of iNKT cell pre-
cursors revealed a minor reduction of stage 0 precursors in thymi of
miR-181a/b-17'~ mice compared with heterozygous controls (Fig.
3D). However, in contrast to controls even fewer stage 1 than stage
0 precursors were detectable in thymi of miR-181a/b-17~ mice,
substantiating the conclusion that the stage 0 to stage 1 transition of
iNKT cell development is dependent on miR-181a/b-1. Absolute
numbers of stage 2 and stage 3 iNKT cells were also reduced, in-
dicating that these cells do not undergo sufficient compensatory
proliferation. To directly test whether the observed developmental
block is due to a failure of proliferation, we administered a 2-h BrdU
pulse to 13-d-old miR-181a/b-17"~ mice and heterozygous controls
before isolation of iNKT cell precursors. Consistent with our pre-
vious observations, a massively reduced number of stage 0 miR-181a/
b-1-deficient iNKT cell precursors had incorporated BrdU, whereas
all other subsets showed similar levels of BrdU incorporation (Fig.
3E). Taken together, we conclude that miR-181a/b-1 is critical for
proliferative expansion of stage 0 iNKT cell precursors. Similarly,
failure to undergo proliferative expansion toward developmental
stage 1 has been demonstrated in c-Myc—deficient as well as in Pdk1-
deficient mice (29, 30). However, this developmental block may also
reflect a direct consequence of aberrant TCR signaling during se-
lection as shown for mice deficient in the transcription factors Egrl
and Egr2 (31). Both factors are rapidly induced upon TCR trigger-
ing. Analysis of expression of the transcriptional regulators of iNKT
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Each dot represents an individual mouse.

cell development promyelocytic leukemia zinc finger (PLZF), Egrl,
Egr2, and c-Myc at stage 0 and 1 revealed no clear differences be-
tween cells from miR-181a/b-1*"~ and miR-181a/b-17"~ mice (Fig.
S3). These data suggest that either miR-181a/b-1 acts independently
of these transcription factors or, alternatively, that miR-181a/b-1-
deficient stage 1 iNKT cells represent cells that have escaped de-
velopmental arrest. The latter explanation is supported by normal
rates of BrdU incorporation at developmental stages 1-3.

Impaired Agonist Selection of iNKT Cells in the Absence of miR-181a/
b-1. To assess whether impaired development of iNKT cells in
miR-181a/b-17"~ mice is a consequence of altered TCR signal
strength, we first analyzed expression levels of CD69 and CDS5 as
indicators of TCR signal strength. Stage 0 cells from miR-181a/b-
17~ mice displayed a consistent, albeit mild, reduction of ex-
pression levels of CD69 and CD5 compared with heterozygous
controls (Fig. 44). Lower levels of CD69 were not apparent in
preselection DP cells or at later stages of development, whereas
CDS5 expression remained lower until stage 3. Next we assessed
whether miR-181a/b-1 directly modulated the TCR response of
DP thymocytes. To this end, thymocytes from miR-181a/b-17/~
mice and controls were stimulated with anti-CD3 antibody and
assessed for Ca®*-flux. In contrast to controls, miR-181a/b-1-
deficient DP thymocytes generated only little Ca** signal upon
TCR triggering, directly demonstrating that TCR signaling is
impaired in the absence of miR-181a/b-1 (Fig. 4B). Targets of
miR-181a comprise several phosphatases capable of negatively
regulating TCR signaling (18). Thus, we assessed whether these
targets displayed altered expression levels in DP thymocytes
from miR-181a/b-17/~ mice. We found that levels of mRNA
coding for Ptpn22, Shp-2 (encoded by Ptpnll), and Dusp6 were
increased between 1.3- and 1.8-fold (Fig. 4C). This differential
expression was comparable to alterations of phosphatase ex-
pression induced by targeting of miR-181a in vitro (18). Thus,
permanent ablation of miR-181a/b-1 does not result in com-
pensatory restoration of phosphatase levels. These data are con-
sistent with a previous report implicating miR-181a as a positive
regulator of TCR signaling (18) and support the hypothesis that
increased expression of miR-181a/b-1-dependent negative regu-
lators results in impaired TCR signaling in thymocytes from miR-
181a/b-17" mice.

Ithasbeen reported that the restricted V chain use in WT iNKT
cells is a consequence of antigen recognition and that changes in

PNAS | April 30,2013 | vol. 110 | no. 18 | 7409
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Fig. 3. miR-181-a/b-1 controls development of iNKT
cell at the transition from stage 0 to stage 1. (A)
Semiquantitative RT-PCR analysis of Va14Ja18 rear-
rangements from sorted preselection DP thymocytes
(CD5’TCR[}'°). Wedges indicate threefold serial dilu-
tions. Expression of the TCRa constant region (Ca) was
assessed as positive control. Data are representative
for three mice from each genotype. (B) Flow cyto-
metric analysis of iNKT cell development in CD1d-tet™

m

enriched thymocytes from 13-d-old mice. Plots are
representative for 12 mice from three individual
experiments. Numbers within gates denote de-
velopmental stages. Numbers in quadrants and adja-
cent to gates indicate frequencies of cells within the
corresponding gates. (C) Percentage and (D) absolute
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exposure of iNKT cell precursors to selecting self-ligands resulted
in alterations of the TCR chain repertoire (3, 32). Furthermore, it
has been shown that VB7" and VB8.2* iNKT cells displayed dif-
ferent affinities for aGalCer, suggesting that different TCRp chains
transmit signals with different signal strength (33). Development of
iNKT cells in miR-181a/b-17"~ mice was not completely abrogated,
thus allowing us to test the prediction that altered TCR signaling
results in changes of the TCR repertoire of successfully selected
iNKT cells. Analysis of Vf chain use by splenic iNKT cells revealed
that a reduced proportion of splenic iNKT cells from miR-181a/b-
17~ mice expressed VB8 compared with splenic iNKT cells from
miR-181a/b-1"'~ littermates (Fig. 4D). In contrast, frequencies of
V7" and VB2* were only marginally affected by homozygous de-
letion of miR-181a/b-1. Instead, we noted increased relative use of
VB4, VBS, and VP11 chains, all of which are barely detectable on
WT iNKT cells. Of note, absolute quantification of iNKT cells
expressing different V chains revealed that changes in relative V
use were largely due to a selective loss of iNKT cells expressing
VP8, VB7, and V2, which constitute the majority of iNKT cells in
WT mice, but also VB9 and Vp10. In contrast, absolute numbers of
Vp4t, Vp5.1/5.2*, Vp6™, and VB11* iNKT cells remained essen-
tially unaffected by deletion of miR-181a/b-1 (Fig. 4E). Given that
the biased V@ chain use in WT iNKT cells is a consequence of
antigen recognition rather than preferential pairing of TCR chains
(3), these findings are consistent with the hypothesis that miR-181a/
b-1 controls iNKT cell differentiation via setting a TCR signaling
threshold. A selective loss of iNKT cell subsets expressing Vp8,
V@7, and VB2 is also consistent with our data showing that key
transcriptional regulators of iNKT cell development were not ab-
errantly expressed in iNKT cell precursors that could still be re-
covered from miR-181a/b-17"~ mice (Fig. S3). To assess possible
functional consequences of an altered TCR repertoire of iNKT
cells from miR-181a/b-1~"~ mice, we analyzed their capacity to
produce cytokines in response to stimulation. To this end, miR-
181a/b-1-deficient and sufficient splenic NKT cells were
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numbers of CD1d-tet*TCRB™ cells in each stage of de-
velopment gated as depicted in A as mean + SEM; n =
12 for each genotype. (E) BrdU incorporation in DP
thymocytes and iNKT cells from 13-d-old mice at dif-
ferent developmental stages after a 2-h pulse. Num-
bers in plots indicate frequency of cells within gates +
SEM; n = 6 for each genotype.

cocultured with aGalCer-pulsed splenic dendritic cells, and cy-
tokine production was assessed after 16 and 72 h. At both time
points splenic NKT cells from miR-181a/b-1~'~ mice produced
considerably less cytokines, in particular IL-4, compared with
controls (Fig. 4F), suggesting that altered selection of iNKT cells
affects their responsiveness, at least to stimulation with a model
antigen, in the periphery. Thus, deletion of miR-181a/b-1 results
in a reduced responsiveness toward TCR stimulation and, con-
sequently, in an altered repertoire and reduced peripheral
function of iNKT cells.

Exogenous Ligand Rescues iNKT Cell Development Beyond Stage 0 in
miR-181a/b-1~'~ Mice. If reduced responsiveness to TCR signals is
causative for defective development of iNKT cells in miR-181a/b-
17"~ mice, administration of supraphysiological concentrations of
agonist ligand should be able to compensate for cell-intrinsic
reduction of TCR signal strength. To test this prediction, we
injected aGalCer i.p. into 13 d-old miR-181a/b-17~ mice and
heterozygous controls and assessed its effect on the frequency of
the iNKT cell precursor stages after 16 h. Administration of
aGalCer did not result in significant changes in frequency of stage
2 and stage 3 cells in either miR-181a/b-1-deficient or control
mice after this short course of treatment with aGalCer (Fig. 54).
In contrast, we observed a reversal of frequencies of stage 0 and
stage 1 precursors in miR-181a/b-1-deficient mice after aGalCer
injection, whereas the frequency of stage 1 precursors in control
mice was only mildly increased. Notably, aGalCer treatment of
miR-181a/b-1-deficient mice resulted in an increase of absolute
numbers of stage 1 cells, whereas numbers of stage 0 cells
remained almost constant (Fig. 5B). We conclude that increased
availability of agonist ligand, and thus increased capacity for TCR
signaling, is able to rescue both the developmental block as well
as the failure of proliferative expansion at the stage 0 to stage 1
transition in miR-181a/b-1~~ mice.
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Fig. 4. Impaired agonist selection of iNKT cells in A
the absence of miR-181a/b-1. (A) Surface expression 3.0 p=0.0001
of CD5 and CD69 on iNKT cells at different de- -
velopmental stages of iNKT cells at 13 d of age.
Data are shown as mean fluorescence intensity
(mean +SEM). n = 6 for each genotype. (B) Total thy-
mocytes were stimulated with anti-CD3, and Ca®*-flux
was recorded flow cytometrically over time. Plots
for electronically gated DP thymocytes are repre-
sentative for five mice from two individual experi-
ments. “stim” indicates time point of stimulation. C
Bar graph shows analysis of peak Ca?*-flux over
background from five mice per group from two
independent experiments. (C) Analysis of expres-
sion of Ptpn22, Ptpni11 (encoding Shp-2), and
Dusp6 in DP thymocytes by quantitative RT-PCR.
Expression levels were normalized to Actb. Data
are shown as mean relative expression + SEM from
four mice per group out of two individual experi- @
ments. (D) TCR VB repertoire of splenic CD1d-tet” Q’&
TCRB* iNKT cells was analyzed by flow cytometry.
Pie charts represent frequencies of individual VB E
chains within these iNKT cells. Cumulative data
from 13 to 14 mice per genotype from four in-
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analysis was performed using unpaired Student 100

t test. (E) Absolute numbers of splenic CD1d-tet”
TCRB* iNKT cells expressing different Vp chains. (F)
Cytokine production by splenic iNKT cells from miR- 0
181a/b-1*'~ or miR-181a/b-1""~ mice after stimula- e
tion with aGalCer-loaded splenocytes for the in-
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dicated periods of time. IFNy, IL-4, and IL-13 concentrations were determined using cytometric bead assays. Data are shown as mean + SEM from five mice in
two independent experiments. Statistical analysis was performed using unpaired Student t test.

Taken together, our data indicate that deficiency in miR-181a/
b-1 results in reduced TCR signaling and, consequently, in an
altered TCR repertoire and peripheral responsiveness of iNKT
cells. Conversely, rescue by supraphysiological concentrations of
agonist ligand supports the hypothesis that miR-181a/b-1 con-
trols iNKT cell development by modulating agonist selection.

Modest alterations of target gene expression, such as increased
expression of Ptpn22, Shp-2, and Dusp6 in miR-181a/b-17/~ mice,
seem to be the rule rather than an exception for gene regulation
by miRNA. Consequently, it has been suggested that, rather
than controlling major biological switches, miRNAs contribute to
managing noise and/or setting regulatory thresholds (34). Thus,
virtually complete control of development of a cell lineage by
a single miRNA as described in this study is to our knowledge
unparalleled in the immune system. miRNAs have been sug-
gested to frequently target multiple genes within a particular
pathway, thus generating synergistic effects (35). Here, de-
letion of miR-181a/b-1 resulted in increased expression of
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multiple negative regulators of TCR signaling, and it has been
proposed that their coordinated, but not individual, regulation
by miR-181a modulates TCR signaling thresholds (18). iNKT
cells seem to be particularly sensitive to alterations in TCR
signal strength. For example, reduction of TCR signal strength
by reduction of immunoreceptor tyrosine-based activation
motif motifs in the CD3¢ chain resulted in a preferential de-
fect in iNKT cell development (36). In addition, generation of
iNKT cells is dependent on costimulation via SLAM-SAP-Fyn
signaling (11). Fyn activity is also negatively regulated by
target phosphatases of miR-181a/b-1, suggesting that its de-
letion results in defective integration of TCR stimulation
and costimulation, thus providing an additional explanation
why iNKT cell development is selectively controlled by miR-
181a/b-1.

In conclusion, we have identified a single miRNA species, miR-
181a/b-1, that controls differentiation of iNKT cells by setting
a threshold for agonist selection.

B W -
a--
4.0
% -
& 3.0
] Fig. 5. Exogenous ligand rescues iNKT cell development
% 20 beyond stage 0 in miR-181a/b-17~ mice. (A) Flow cyto-
0] metric analysis of thymic iNKT cells from 13-d-old mice
g 16 h after i.p. injection of aGalCer or vehicle control.
= 1.0 Plots are representative for 10-13 mice from each ge-
= notype from two individual experiments. (B) Numbers of
0.0 | | stage 0 and stage 1 iNKT cell precursors after i.p. in-

o N jection of aGalCer relative to vehicle control. n = 10-13
for each genotype.
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Materials and Methods

Mice. C57BL/6J mice (CD45.2) were purchased from Charles River. B6.SJL-
Ptprc®Pepc®/Boy) mice (termed “B6 CD45.1" throughout this article) and
(C57BL/6J x B6 CD45.1) F1 mice (CD45.1/CD45.2 heterozygous) were bred at
the animal facility of Hannover Medical School. Animals were maintained
under specific-pathogen-free conditions. All animal experiments were con-
ducted in accordance with local and institutional guidelines (Permit: 33.9-
42502-04-12/0869, 07/1393, 08/1480). Generation of miR-181a/b-1 knockout
mice is described in detail in S/ Materials and Methods.

Flow Cytometry and Cell Sorting. Phycoerythrin (PE)- and allophycocyanin
(APQ)-conjugated CD1d/aGalCer tetramer was provided by R. Hurwitz (Max
Planck Institute for Infection Biology, Berlin, Germany), PE conjugated CD1d/
aGalCer tetramer was purchased from Prolimmune. APC-conjugated CD1d/
PBS-57 (aGalCer analog) loaded and unloaded tetramer were provided by
the National Instiutes of Health Tetramer Facility at Emory University
(Atlanta, GA). Monoclonal antibodies used in this study are described in S/
Materials and Methods.

Enrichment and Analysis of iNKT Development. For analysis of iNKT cells,
thymocyte single-cell suspensions obtained from 13-d-old mice were stained
for 15 min at room temperature with APC-labeled CD1d/PBS-57 tetramers.
CD1d-tet* cells were then enriched with anti-APC magnetic microbeads by
using a magnetic-activated cell sorting cell separator (Miltenyi Biotec) and
subjected to further staining by flow cytometry.
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Application of oGalCer. Thirteen-day-old miR-181a/b-1"~ or miR-181a/b-17~
mice were injected i.p. with aGalCer (Alexis Biochemicals) at 1 pg per
mouse per 50 uL of PBS, or PBS/DMSO. Sixteen hours later, mice were
killed, and intrathymic development of iNKT cells was analyzed as
described above.

Additional Methods. Northern Blot analysis, PCR, procedures for enrichment
of DN thymocytes, generation of competitive BM chimeras, analysis of TCR VB
chain repertoire, measurement of intracellular Ca**-flux in DP thymocytes,
and BrdU incorporation are described in S/ Materials and Methods.

Statistical Analysis. All analysis was performed using GraphPad Prism soft-
ware. Data are represented as mean + SEM. Analysis of significance between
two groups of mice was performed using unpaired Student t tests.
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Overexpression of Val4Jal8 TCR promotes
development of INKT cells in the absence of

miR-181a/b-1
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Expression of microRNA miR-181a/b-1 is critical for intrathymic development of invariant natural killer T (iNKT) cells. However,
the underlying mechanism has remained a matter of debate. On the one hand, growing evidence suggested that miR-181a/b-1 is
instrumental in setting T-cell receptor (TCR) signaling threshold and thus permits agonist selection of iNKT cells through high-
affinity TCR ligands. On the other hand, alterations in metabolic fitness mediated by miR-181a/b-1-dependent dysregulation

of phosphatase and tensin homolog (Pten) have been proposed to cause the iNKT-cell defect in miR-181-a/b-1-deficient mice.
To re-assess the hypothesis that modulation of TCR signal strength is the key mechanism by which miR-181a/b-1 controls the
development of iNKT cells, we generated miR-181a/b-1-deficient mice expressing elevated levels of a Val4Ja1l8 TCRa chain.
In these mice, development of iNKT cells was fully restored. Furthermore, both subset distribution of iNKT cells as well as TCR
Vp repertoire were independent of the presence of miR-181a/b-1 once a Val4Jx1l8 TCRa chain was overexpressed. Finally,
levels of Pten protein were similar in Val4Ja18 transgenic mice irrespective of their miR-181a/b-1 status. Collectively,

our data support a model in which miR-181 promotes development of iNKT cells primarily by generating a permissive state

for agonist selection with alterations in metabolic fitness possibly constituting a secondary effect.

Immunology and Cell Biology (2016) 94, 741-746; doi:10.1038/icb.2016.40

Developing T cells undergo selection processes in the thymus
depending on the affinity of their T-cell receptors (TCRs) for major
histocompatibility complex (MHC):antigen complexes. Most develop-
ing thymocytes recombine a non-functional TCR that fails to
recognize MHC:antigen complexes and thus dies by neglect. Those
thymocytes carrying a functional TCR are positively selected by low-
affinity TCR-MHC:antigen interactions and are induced to undergo
apoptosis upon high-affinity contact with MHC:antigen. However,
development of certain T-cell lineages, including regulatory T cells,
some yOT cells and the so-called invariant natural killer T (iNKT)
cells, is dependent on high-affinity TCR-MHC:ligand interactions in a
process termed agonist selection.! iNKT cells express a semi-invariant
TCR comprising a Val4Jal8 TCRa chain in mouse (Va24Jal8 in
humans) and a restricted repertoire of Vf chains mostly comprising
VB8, VB7 and VB2.2 These TCRs preferentially recognize lipid antigens
in the context of the non-classical MHC molecule CD1d and are
selectively enriched during selection.®*

iNKT cells represent an innate-like lymphocyte lineage and are
therefore prewired to express cytokines directly upon stimulation.

Recently, iNKT cells have been classified into three distinct lineages,
NKT1, NKT2 and NKT17, based on the expression of signature
transcription factors and their propensity to release distinct cytokines.”

MicroRNAs are essential for the development of iNKT cells. We
and others have shown that, in particular, miR-181a/b-1 is critical in
this process."® We showed that miR-181a/b-1-deficient mice had
substantially reduced numbers of iNKT cells in both the thymus and
peripheral organs owing to a developmental block at the stage of their
selection.’ Farlier studies had indicated that miR-181a/b-1 targets
comprised negative regulators of TCR signaling, including serine/
threonine as well as tyrosine phosphatases. In consequence, miR-181a/
b-1 acted as a modulator of TCR signal strength and positive
selection.!%!!  Consistently, we found that miR-181a/b-1-deficient
thymocytes displayed a poor Ca**-response to TCR stimuli and this
was recently confirmed by Schaffert et al.!> Furthermore, residual
NKT cells in miR-181-deficient mice displayed an aberrant TCRf
repertoire with predominant depletion of canonical VP chains and a
reduced propensity to produce cytokines, especially interleukin (IL)-4,
upon stimulation. Finally, iNKT-cell development in these mice was
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rescued by administration of agonist ligand. Taken together, these
studies strongly support the hypothesis that miR-181a/b-1 is a critical
modulator of agonist selection of iNKT cells.”"'> However, based on
an analysis of an independently generated miR-181a/b-1-deficient
mouse, Henao-Mejia et al” concluded that a defect in metabolic
fitness rather than impaired agonist selection was the primary cause of
iNKT-cell deficiency in these mice. This defect in metabolic fitness was
attributed to the elevated expression of phosphatase Pten (phosphatase
and tensin homolog) in the absence of miR-181a/b-1. Most notably, in
this study the expression of a transgenic TCR as a means to increase
TCR signal strength was not able to fully restore the development of
iNKT cells.

In order to reconcile these apparently conflicting experimental data,
we re-assessed iNKT-cell development in miR-181a/b-1-deficient mice
expressing a transgenic Val4Jal8 TCRa chain.!* We hypothesized
that introduction of this transgene would result in increased avail-
ability of surface TCR capable of signal transduction and would
therefore compensate for a miR-181a/b-1-mediated reduction in TCR
signal strength. We demonstrate that in these mice numbers of
iNKT cells were fully restored to levels of miR-181a/b-1-sufficient
mice. Furthermore, VP chain usage was independent of miR-181a/b-1
in V14 transgenic mice and the proportion of iNKT-cell subsets was
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Figure 1 Expression of a prearranged Val4Jal8 TCRa chain restores iNKT-
cell development in miR-181a/b-17~ mice. (a) Representative histogram of
TCRP expression in iNKT cells of the indicated genotype. (b) Representative
contour plots of thymocytes from non-Tg and Val4-Tg miR-181a/b-1
sufficient (+/—) and deficient (—/-) mice. Values in plots indicate relative
amount of iNKT cells identified by binding of aGalCer-loaded tetramer. (c)
Absolute counts of thymic iNKT cells in non-Tg and Val4-Tg mice sufficient
(black and dark gray bars) and deficient (white and light gray bars) for
miR-181a/b-1 and (d) relative proportion of thymic, splenic and liver
resident iNKT cells in the indicated genotypes. (b—d) Pooled data of 5-6
mice from two independent experiments. Error bars indicate s.d. Numbers in
bar graphs indicate P-value of unpaired t-test.
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restored. Finally, we show that the expression of Pten protein was
independent of miR-181a/b-1, suggesting that metabolic alterations
are downstream rather than upstream of TCR signaling in miR-181a/
b-1-deficient mice. Collectively, the present re-analysis of iNKT-cell
development supports our earlier interpretation that impaired agonist
selection is a major effector of failed iNKT-cell generation in
miR-181a/b-1-deficient mice.

RESULTS

Expression of a prearranged Va14J18 TCRo chain restores
iNKT-cell development in miR-181a/b-1"~ mice

In order to re-assess the hypothesis that miR-181a/b-1 promotes the
development of iNKT cells by controlling TCR signal thresholds, we
generated miR-181a/b-17~ mice with developing T cells expressing a
prearranged Val4Jal8 TCRa chain (Val4-Tg).!? Transgenic expres-
sion of a prearranged TCRa chain resulted in markedly increased
TCRP surface expression on thymic iNKT cells in both miR-181a/b-1-
deficient and -sufficient mice when compared with non-transgenic
(non-Tg) mice (Figure la). Of note, neither non-Tg nor Val4-Tg
miR-181a/b-17~ mice displayed reduced levels of surface TCR
expression when compared with their miR-181a/b-1-sufficient coun-
terparts, suggesting that miR-181a/b-1 acts downstream rather than
upstream of the TCR (Figure 1a and Zietara et al.?).

As previously reported, miR-181a/b-1-sufficient Val4-Tg mice
displayed a massive relative and absolute increase in thymic iNKT-
cell numbers when compared with non-Tg controls (Figures 1b—d).
Thymi of Val4-Tg/miR-181a/b-17~ mice displayed highly comparable
frequencies and numbers of iNKT cells as their Va14-Tg miR-181a/b-
1-sufficient counterparts. Similar to the observations in the thymus,
Val4-Tg mice showed elevated frequencies of iNKT cells in the spleen
and liver independent of the expression of miR-181a/b-1 (Figure 1d).
Thus introduction of a transgenic Val4Jal8 TCRo chain and
concomitantly elevated TCR levels efficiently restored iNKT-cell
development in miR-181a/b-1""~ mice.
miR-181a/b-1-deficient iNKT population is skewed toward NKT2
and NKT17 subsets
iNKT cells can be subdivided into three distinct subsets based on the
expression profile of T-bet and PLZF or use of surface markers CD122
and CD4 (Figure 2a). These subsets predominantly secrete the
cytokines interferon-y (NKT1, CD4*/~CDI122%), IL-4 (NKT2, CD4*
CD122") or IL-17 (NKT17, CD4"CD1227).1 Recently, C-X-C motif
chemokine receptor 3 (CXCR3) was reported to be expressed
exclusively on NKT1 cells and can therefore be used interchangeably
with CD122 in the periphery.!® In the thymi of miR-181a/b-17~ mice,
we detected an increased proportion of NKT2 and NKT17 cells at the
expense of NKT1 cells (Figure 2b).

Similar to the subdivision of iNKT-cell subsets in the thymus, we
segregated splenic iNKT cells by surface expression of CXCR3 and
CD4." In accordance with the results from the thymus, splenic
iNKT cells of miR-181a/b-17~ mice showed an increase in the
frequency of NKT2 and NKT17 cells compared with miR-181a/b-1-
sufficient NKT cells (Figure 2c). Analysis of liver-resident iNKT cells
revealed an almost complete absence of NKT2 cells in miR-181a/b-17~
mice (Supplementary Figure Sla). Analysis of NKT-cell subsets based
on the expression of signature transcription factors PLZF and T-bet
yielded highly similar results as segregation via surface markers
CXCR3 and CD4 (Figure 2d). Interestingly, PLZF and T-bet expres-
sion levels were lower in miR-181a/b-17~ mice mice (Figure 2e).
These data suggest that, in the absence of miR-181a/b-1, differentia-
tion into distinct NKT subsets might not be complete.
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Figure 2 miR-181a/b-1-deficient iNKT population is skewed toward NKT2
and NKT17 subsets. (a) Schematic gating for NKT1, NKT2 and NKT17
subsets based on surface expression of CD122 (thymus) or CXCR3
(periphery) and CD4 or by expression of PLZF and T-bet. (b, c)
Representative contour plots and quantification of thymic (b) and splenic (c)
iNKT cells from non-Tg mice sufficient (+/—, black bars) and deficient
(=/—, white bars) for miR-181a/b-1. (d) Representative contour plots and
quantification of splenic NKT1, NKT2 and NKT17 subsets of the indicated
genotypes derived from surface and transcriptional classification. (e) Overlay
of histograms for transcription factor expression in the indicated genotypes
and quantification of PLZF and T-bet as mean fluorescence intensity of the
indicated populations and genotypes. (b—e) Pooled data of 5-6 mice from
two independent experiments. Error bars indicate s.d. Numbers in bar
graphs indicate P-value of unpaired t-test.

Prearranged TCRa chain restores iNKT-cell development and
polarization

Next we analyzed iNKT subsets in Va14-Tg mice. In the thymus of
Val4-Tg mice, we detected a marked increase in the frequency of
NKT17 subset, identified by the lack of CD4 and CD122 expression.
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Of note, no differences in subset distribution that were dependent on
the presence of miR-181a/b-1 could be identified in Val4-Tg mice
(Figure 3a). Analysis of iNKT subsets in the periphery recapitulated
observations obtained from the thymus. Loss of miR-181a/b-1 did not
result in detectable differences regarding iNKT subsets in Val4-Tg
mice when compared with miR-181a/b-1-sufficient controls
(Figure 3b and Supplementary Figure Sla). Interestingly, in Val4-
Tg mice, there was a miR-181a/b-1-independent ~ 10-fold increase of
the CD4"CXCR3™ NKT17 subset compared with that in non-Tg mice
(Figure 3b and Supplementary Figure Sla). This change towards
NKT17 cells appeared to be mostly due to the low expression levels of
CD4 (Figures 3¢ and d). Indeed, analysis of iNKT-cell subsets based
on transcription factor signatures showed a much smaller, but still
clearly detectable, difference to non-Tg mice (Figure 3e). These data
are consistent with overall lower levels of CD4 on the thymocytes of
these mice and suggest that the expression of CD4 cannot be
employed to faithfully define iNKT-cell subsets in Va14-Tg mice.!?

Importantly, we observed no detectable differences in subset
distribution dependent on the presence of miR-181a/b-1. Notably,
the previously observed reduced expression of PLZF and T-bet in
miR-181a/b-17~ mice was not detectable in the presence of the Vo4
transgene (Figure 3e). This is in line with recent findings placing PLZF
induction downstream of TCR signaling during iNKT differentiation.'

Analysis of VP chain usage by iNKT cells in Val4-Tg/miR-181a/b-
17~ and Va14-Tg/miR-181a/b-1"~ mice revealed that transgenic Vol4
TCR expression fully restored the loss of V3 bias observed previously
in miR-181a/b-17~ mice (Figure 3f).° Taken together, these data
suggest that the expression of a transgenic Va14 TCR is able to rescue
all developmental defects and alterations in polarization of NKT cells
in miR-181a/b-17" mice.

Levels of Pten protein are not affected by a Val4 TCR transgene
Dysregulation of Pten was implicated in causing alterations in the
metabolic fitness of developing thymocytes, in turn resulting in loss of
iNKT cells in miR-181a/b-17~ mice.” Therefore, we tested whether
introduction of a prearranged Val4 TCRa chain would have an effect
on its expression at the protein level. Western blottings on total
thymocyte lysates showed a modest, statistically non-significant,
1.2-fold increase in Pten expression in thymocytes from
miR-181a/b-17~ mice when compared with miR-181a/b-1-sufficient
cells and an even smaller miR-181a/b-1-dependent difference in
Val4-Tg mice (Figure 4). Thus, whereas a Val4 TCRa transgene
can fully restore iNKT-cell development and polarization in
miR-181a/b-17~ mice, it has little effect at best on the protein levels
of Pten. In conclusion, our data suggest that modulation of Pten by
miR-181a/b-1 only exerts a minor or secondary effect on iNKT-cell
development.

DISCUSSION

In this study, we have re-assessed the molecular mechanisms resulting
in impaired development of iNKT cells in miR-181a/b-17~ mice.
MiR-181a/b-17~ mice carrying a Val4Jal8 transgenic TCR were
phenotypically virtually indistinguishable from their miR-181-
sufficient counterparts. Thus these data provide additional evidence
that miR-181 primarily controls TCR signaling to support the
development of agonist-selected iNKT cells.

Similar TCR surface levels in miR-181a/b-1-deficient and -sufficient
mice suggest that miR-181la/b-1 acts downstream rather than
upstream of TCR. Thus, in contrast to our observations, deletion of
miR-181a/b-1 should also affect iNKT cells expressing high levels of
the Va14Ja18 transgenic TCR. However, our data indicate that high
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Figure 3 Prearranged TCRa chain restores iNKT-cell development and polarization. (a) Representative contour plots and quantification of thymic NKTI,
NKT2 and NKT17 subsets via CD122 and CD4 surface expression for the indicated genotypes, pregated on iNKT cells from Val4-Tg miR-181a/b-1
sufficient (+/—) and deficient (-/—) mice. (b) Representative contour plots of splenic NKT1, NKT2 and NKT17 subsets via CXCR3 and CD4 surface
expression for the indicated genotypes, pregated on iNKT cells. (c, d) Quantification of CD4 expression as mean fluorescence intensity of total iNKT cells of
the indicated genotypes from thymus (c) and spleen (d). (e) Representative contour plots and quantification of splenic NKT1, NKT2 and NKT17 subsets of
Val4-Tg miR-181a/b-1 sufficient (+/—) and deficient (—/—) mice based on transcriptional classification. (f) Doughnut graph of VB chain usage of iNKT cells
in the thymus and spleen of two Val4-Tg miR-181a/b-1 sufficient (+/—) and deficient (-/-) mice. (a—d) Pooled data of 5-6 mice from two independent
experiments. Error bars indicated s.d. Numbers in bar graphs indicate P-value of unpaired t-test.
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Figure 4 Levels of Pten protein are not affected by a Val4 TCR transgene.
(a) Relative protein levels of Pten determined by western blotting of 1x10°
thymocytes from the indicated genotypes. (b) Quantification of western
blotting data. Expression was normalized to Actin and set to 1 for miR-181a/
b-1*- thymocytes. Pooled data of three mice. Error bars indicate s.d.

levels of the Val4Jal8 transgenic TCR are sufficient to transmit
signals strong enough to overcome the threshold for agonist selection
irrespective of a dampening effect caused by the absence
of miR-181a/b-1.

Our data remain at odds with another study suggesting that control
of anabolic metabolism by the phosphatase Pten is impaired in
miR-181-deficient mice, thus limiting iNKT-cell development.”
Henao-Mejia et al” observed a miR-181-dependent reduction of
iNKT-cell numbers in the thymus by 20-fold on a non-TCR-
transgenic background, which is in good agreement with our own
observations. Expression of a transgenic Val4Jal8 TCR resulted in a
reduction of the miR-181-dependent difference in NKT-cell formation

Immunology and Cell Biology

to approximately twofold, showing, in fact, a high degree of
TCR-dependent rescue despite the authors’ divergent conclusion.
The small discrepancy between both rescue approaches might be
explained by the use of different Val4Ja18 TCR transgenic lines with
different levels or timing of transgene expression. In this study, we
employed mice expressing the Val4Ja18 TCRa chain under control of a
Vall promoter, resulting in high levels of expression.'> Although in
these mice a non-CD1d-restricted TCRa transgenic population might
arise, presumably owing to premature expression of the transgene, these
cells are unlikely to account for the higher degree of rescue in our study,
because the artificial emergence of such cells would have been reflected
in an altered VB repertoire.> However, in our experiments VB usage in
Val4Jal8 transgenic mice was independent of miR-181a expression.
Consistent with the study of Henao-Mejia et al.,” we detected a trend
toward increased Pten protein levels in the thymocytes of miR-181-
deficient mice, which was retained in the thymocytes from Val4Jal8
transgenic mice. However, low detection levels of Pten protein at present
preclude this point from being definitely addressed. Taken together,
these data suggest that elevated expression of Pten in miR-181-deficient
thymocytes is of little consequence for iNKT-cell development or can at
least be overridden by elevated TCR expression. MicroRNAs have been
reported to frequently target multiple components of a given signaling
pathway or cellular process.!”” Accordingly, we do not presume that
miR-181 exclusively controls the development of iNKT cells by
modulating agonist selection via setting TCR signaling thresholds.
Rather, metabolic changes by direct or indirect regulation of the
expression of Pten might also contribute to the observed phenotype.



Nevertheless, the scenario emerging from all the evidence accumulated
by us and others points to a primary role of impaired agonist selection
and possibly a secondary role of Pten-mediated metabolic changes.

Limited and dysbalanced cytokine secretion was observed in
peripheral iNKT cells from miR-181-deficient mice,’ prompting us
to analyze whether this finding was reflected by alteration in
frequencies of different NKT-cell lineages. Somewhat surprisingly,
we found a small increase in frequency of NKT2 cells despite our
earlier finding that IL-4 production was more severely affected in
miR-181-deficient NKT cells when compared with other cytokines.
However, it has been shown that NKT1 cells are also capable of
secreting IL-4 upon stimulation. Given their higher frequency in B6
mice, under normal circumstances they might substantially contribute
to the amount of IL-4 secreted.” Furthermore, in the absence of
miR-181, the expression of both PLZF and T-bet had a wider
distribution with a large frequency of cells emerging that expressed
intermediate levels of T-bet and PLZF. Thus a clear distinction into
NKT1, NKT2 and NKT17 subsets might prove difficult in miR-181-
deficient mice. This finding is consistent with a profound deficiency in
NKT cells expressing the canonical VB chains in these mice.’
Unfortunately, exceedingly low cell numbers preclude further mole-
cular analysis of NKT cells in miR-181-deficient mice.

In summary, our study has provided additional evidence to support
the hypothesis that miR-181 expression helps to establish TCR
signaling threshold, thus permitting agonist selection of iNKT cells.

METHODS

Mice

B6.Mirc14™AnK mice (termed miR-181a/b-17~ mice throughout this study)®
and Val4Jal8 TCRa transgenic mice were bred at the animal facility of the
Helmbholtz Centre for Infection Research in Braunschweig and Hannover Medical
School. Animals were maintained under specific-pathogen-free conditions.
C57BL/6 Val4Jal8 transgenic mice' were kindly provided by Dr Albert Bendelac
(Department of Pathology, The University of Chicago, Chicago, IL, USA) and
Dr Florian Winau (Department of Microbiology and Immunobiology and
the Department of Pediatrics, Harvard Medical School, Boston, MA, USA).

Flow cytometry
APC-conjugated CD1d/PBS-57 (aGalCer analog) loaded tetramer was provided
by the NIH Tetramer Facility at Emory University (Atlanta, GA, USA).
Monoclonal antibodies specific for CD4 (RM4-5, GK1.5), TCRp (H57-597),
CXCR3 (CD183; CXCR3-173), CD122 (TM-b1), PLZF (Mags.21F7) and T-bet
(4B10) were used as various fluorescent or biotin conjugates. Antibodies were
purified from hybridoma supernatants or were purchased from eBioscience
(Frankfurt, Germany), BD Biosciences (Heidelberg, Germany), Biolegend
(Fell, Germany) or Santa Cruz (Heidelberg, Germany). TCR Vf repertoire
was analyzed using the Mouse VB TCR Screening Panel (BD) according to
the manufacturer’s instructions. Transcription factors were stained using the
Foxp3/Transcription Factor Staining Buffer Set (eBioscience), and cytokines
were stained with Intracellular Fixation and Permeabilization Buffer Set
(eBioscience), both according to the manufacturer’s instructions. Flow
cytometry was conducted on an LSRII (Becton Dickinson, Heidelberg,
Germany) and analyzed in FlowJo (10.0, TreeStar, Ashland, OR, USA)).
Liver-resident lymphocytes were extracted using an established protocol.'®
Whole organs were passed through 100-pm cell strainers (BD) into precooled
isolation buffer (phosphate-buffered saline+3% fetal calf serum+2 mm EDTA).
Lymphoid cells were enriched by a 70%/40% Percoll (GE Healthcare,
Darmstadt, Germany) gradient centrifugation (20 min, 300 ¢) and used for
further analysis.

Western blotting
For western blotting analysis, 2 X 10° lysed total thymocytes were lysed (Cell
Lysis Buffer, Cell Signaling, Leiden, The Netherlands), denaturized (NuPAGE
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LDS sample buffer, Thermo Fisher, Darmstadt, Germany) and loaded onto
NuPAGE Novex 4-12% Bis-Tris protein gels and transferred to Hybond ECL
nitrocellulose membranes (Amersham, GE Healthcare, Darmstadt, Germany).
Pten (A2B1, Santa Cruz) and Actin (C4, Millipore, Darmstadt, Germany) were
detected by ECL reaction with secondary horseradish peroxidase goat anti-
mouse antibody (Southern Biotech, Birmingham, AL, USA) using a Fusion FX7
(Vilber Lourmat, Eberhardzell, Germany). Quantification of band intensities
was performed with Fusion CaptAdvanced (Vilber Lourmat), utilizing the
built-in quantification module (rolling ball method).

Statistics

All analysis was performed using the GraphPad Prism Software (La Jolla, CA,
USA). Data are represented as mean+s.d. Statistical significance of differences
between two groups was analyzed using non-paired t-tests. Samples were not
randomized or blinded. Sample size estimates were performed qualitatively
based on preliminary data and the data published in Zietara et al.’

Study approval
All animal experiments were conducted in accordance with local and
institutional regulations.
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Abstract

The interdependence of selective cues during development of regulatory T cells (Treg cells)
in the thymus and their suppressive function remains incompletely understood. Here, we
analyzed this interdependence by taking advantage of highly dynamic changes in expres-
sion of microRNA 181 family members miR-181a-1 and miR-181b-1 (miR-181a/b-1) during
late T-cell development with very high levels of expression during thymocyte selection,
followed by massive down-regulation in the periphery. Loss of miR-181a/b-1 resulted in inef-
ficient de novo generation of Treg cells in the thymus but simultaneously permitted homeo-
static expansion in the periphery in the absence of competition. Modulation of T-cell
receptor (TCR) signal strength in vivo indicated that miR-181a/b-1 controlled Treg-cell for-
mation via establishing adequate signaling thresholds. Unexpectedly, miR-181a/b-1-defi-
cient Treg cells displayed elevated suppressive capacity in vivo, in line with elevated levels
of cytotoxic T-lymphocyte—associated 4 (CTLA-4) protein, but not mMRNA, in thymic and
peripheral Treg cells. Therefore, we propose that intrathymic miR-181a/b-1 controls devel-
opment of Treg cells and imposes a developmental legacy on their peripheral function.
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Author summary

T cells are pivotal in orchestrating an adaptive immune response. They are produced in
the thymus and undergo selection processes resulting in elimination of nonfunctional and
self-reactive cells in order to prevent autoimmune disease. One type of T cells, called regu-
latory T cells (Treg cells), is generated either in the thymus or in the periphery through a
process termed agonist selection. Peripheral Treg cells are crucial for the suppression of
unwanted immune responses. However, too much suppressive function of Treg cells can
also impair immune responses directed against tumors. Here, we have analyzed the mech-
anisms that regulate this process and show that a microRNA, miR-181a/b-1, controls de
novo generation of Treg cells by modulating agonist selection. We show that thymic and
peripheral Treg cells deficient in miR-181a/b-1 contain higher levels of the key effector
molecule CTLA-4, and as a consequence, such Treg cells display increased suppressive
capacity. We observe that the expression of miR-181a/b-1 in peripheral Treg cells is much
lower when compared to thymocytes; thus, our study implies that peripheral Treg-cell
effector function is imprinted during intrathymic differentiation.

Introduction

Regulatory T cells (Treg cells) expressing the lineage-defining transcription factor forkhead
box protein P3 (Foxp3) form an integral part of the adaptive immune system and function to
prevent unwanted immune responses [1,2]. Treg cells are generated during T-cell development
in the thymus (thymic [t] Treg cells) as well as via peripheral induction of naive T cells (induced
[i] Treg cells). Development of tTreg cells depends on strong T-cell receptor (TCR) signals [3].
Accordingly, tTreg cells are generated when a TCR of a developing T cell recognizes a self-anti-
gen with high affinity, as has been demonstrated in mouse models transgenic for both a TCR
and its cognate antigen [4,5] and by analysis of polyclonal superantigen-reactive T cells [6,7].
tTreg cells can develop through two distinct precursor (prec) stages. Some Treg-cell precursors
are found within a cluster of differentiation (CD) 4 single-positive (SP) Foxp3~, glucocorticoid-
induced tumor necrosis factor receptor-related protein high (GITRM), CD25" population [8].
These cells are the first precursors generated in double transgenic TCR/cognate-antigen mouse
models [9,10]. More recently, an additional CD4SP Foxp3*CD25 Treg-cell precursor has been
described [11]. These cells are phenotypically less mature than tTreg cells, are generated with
similar kinetics as tTreg cells upon induction of T-cell development in vivo, and efficiently
become tTreg cells in vitro and in vivo [10,11]. Generation of both precursors is dependent on
strong TCR signals, although on average, Foxp3*CD25™ Treg-cell precursors have received
somewhat weaker signals than their Foxp3 GITR™CD25" counterparts [10]. Further differenti-
ation into mature Foxp3"CD25" tTreg cells is then dependent on yc cytokines [8,10-12]. The
level of TCR signal strength required for tTreg cell generation in comparison to TCR signals
resulting in clonal deletion have not been fully established. Data from a TCR signaling reporter
as well as repertoire studies suggest that signal strength required for tTreg-cell development
overlaps with that inducing clonal deletion in other autoreactive thymocytes [3,13-15]. How-
ever, reduction of major histocompatibility complex (MHC) ligand levels on medullary thymic
epithelial cells rescued autoreactive T cells from clonal deletion but resulted in a concomitant
increase in Treg-cell development, suggesting that at least some tTreg cells are generated
through weaker TCR signals than those inducing clonal deletion [16].

Treg cells suppress T-cell immune responses using multiple molecular mechanisms, includ-
ing consumption of interleukin-2 (IL-2) and production of suppressive cytokines, as well as

PLOS Biology | https://doi.org/10.1371/journal.pbio.2006716 March 11,2019

2/27


https://doi.org/10.1371/journal.pbio.2006716

@°PLOS ‘ BIOLOGY

Control of Treg cell development and function by miR-181

histocompatibility complex; MID, multiplex
identifier; miR-181a/b-1, microRNA family
members 181a-1 and 181b-1; miRNA, microRNA;
mLN, mesenteric lymph node; Nr4a7, Nuclear
receptor subfamily 4 group A member 1; Nur77,
Nuclear hormone receptor NUR/77 encoded by
Nrd4at; OT-l, ovalbumin-specific MHC class II-
restricted alpha beta TCR; OVA, chicken ovalbumin;
PE, phycoerythrin; PerCP-Cy5.5, peridinin
chlorophyll protein-Cy5.5; pLN, peripheral lymph
node; PMA, phorbol 12-myristate 13-acetate; prec,
precursor; Pipn, protein tyrosine phosphatase,
nonreceptor type; qRT-PCR, quantitative reverse-
transcription PCR; Rab11, Ras-related in brain
protein 11; Rag1, recombination activating gene 1;
RIPmQVA, rat insulin promoter-driven membrane-
bound chicken ovalbumin; RNAseq, RNA
sequencing; RTE, recent thymic emigrant; scLN,
subcutaneous lymph node; snoR412, small
nucleolar RNA 412; SP, single positive; Tconv,
conventional T cell; TCR, T-cell receptor; TNF,
tumor necrosis factor; Treg cell, regulatory T cell;
tTreg, thymic Treg; WT, wild type; Zap-70, Zeta-
chain-associated tyrosine protein kinase of 70 kD.

expression of the coinhibitory receptor cytotoxic T-lymphocyte-associated protein 4 (CTLA-
4) [17,18]. Mice specifically lacking the inhibitory receptor CTLA-4 in Treg cells succumb to
fatal autoimmune disease, indicating that CTLA-4 plays a major role in suppressive function
[19]. It has been proposed that CTLA-4 on Treg cell surfaces acts through capture of the costi-
mulatory ligands CD80 and CD86 on antigen-presenting cells, thereby curtailing full activa-
tion of conventional T cells [20].

MicroRNAs (miRNAs) play a critical role in immune homeostasis and tolerance. Global
loss of miRNAs results in defective development of tTreg cells [21]. However, no individual
miRNA has been demonstrated to control intrathymic generation of Treg cells. miRNA miR-
181a is the most prominently expressed miRNA in double-positive (DP) thymocytes, and it
has been shown in vitro that miR-181a serves as a rheostat for TCR signals in T cells and thy-
mocytes through targeting a combination of tyrosine and dual-specificity phosphatases,
including protein tyrosine phosphatase, nonreceptor type (Ptpn) 11, Ptpn22, and dual specific-
ity phosphatase 6 (Dusp6) [22-24]. Deletion of miR-181a/b-1 in mice resulted in an almost
complete failure in development of invariant natural killer T (iNKT) cells and Mucosal-Associ-
ated Invariant T (MAIT) cells [25-27] due to a defect in thymic agonist selection [26,28]. Fur-
thermore, loss of miR-181a/b-1 caused altered selection of conventional T cells in a TCR
transgenic model with a shift towards positive selection [29]. However, counterintuitively,
miR-181a/b-1""" mice display increased resistance to experimental autoimmunity, which has
not been fully explained [29].

Here, we tested the hypothesis that miR-181a/b-1 controlled intrathymic development of
Treg cells. De novo production of miR-181a/b-17'" tTreg cells was impaired because of altered
sensitivity to TCR signals during selection. Generation of Treg cells in the absence of miR-
181a/b-1 resulted in elevated expression of CTLA-4, which penetrated into the periphery
despite the fact that peripheral WT Treg cells express very low amounts of miR-181a. As a con-
sequence, miR-181a/b-17"" Treg cells had an increased suppressive capacity.

Results
miR-181a/b-1 controls intrathymic Treg-cell development

First, we tested the hypothesis that miR-181a/b-1 might play a role during Treg-cell develop-
ment. Using a recombination activating gene 1-green fluorescent protein (Ragl SFPy knock-in
allele to discriminate between nascent and mature thymus-resident or recirculating Treg cells,
we found that frequencies and absolute numbers of de novo generated Ragl“**-positive Treg
cells were reduced by 2- to 3-fold in miR-181a/b-1"" mice when compared to control (ctrl),
indicating that expression of miR-181a/b-1 is required for normal Treg-cell development in
the thymus (Fig 1A). Competitive bone marrow (BM) chimeras with 1:1 mixtures of donor
cells from wild-type (WT) and miR-181a/b-1"'" mice revealed a disadvantage in Treg-cell gen-
eration, but not more immature double-negative and DP as well as CD4SP populations, from
thymocytes of miR-181a/b-1"" origin, indicating that miR-181a/b-1 controls Treg-cell forma-
tion in a cell-intrinsic manner (Fig 1B and S1A Fig). In order to test how miR-181a/b-1 influ-
enced developmental progression towards Foxp3"CD25" Treg cells, we analyzed inducible
Ragl (InduRagl) miR-181a/b-1""" mice, in which a wave of T-cell development can be
induced by transient initiation of Ragl gene expression through a tamoxifen-inducible Cre
recombinase (Cre) [30]. At day 7 after Ragl induction, only a few CD4SP thymocytes were
generated, precluding robust analysis of Treg cell development (S1B and S1C Fig). However,
we noted reduced frequencies of postselection DP thymocytes as well as postselection CD4SP
thymocytes at this time point in miR-181a/b-1""" mice when compared to ctrls (S1D Fig).
These data support the notion that selection processes are altered in the absence of miR-181a/
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Fig 1. miR-181a/b-1 control intrathymic development of Treg cells. (A) Representative plots, frequencies, and absolute numbers of
TCRB*CD4 " RagGFP" Treg cells in miR-181-sufficient and deficient mice. Data from 5 independent experiments; each data point represents one
mouse. (B) Competitive BM chimeras. BM cells from miR-181a/b-1*'~ (het) or miR-181a/b-1""~ (KO) mice (both CD45.2) were mixed in a 1:1 ratio
with competitor WT BM cells (CD45.1/2) and injected into lethally irradiated WT recipients (CD45.1). Chimeras were analyzed 12 weeks later for the
generation of TCRB"CD4"Foxp3™ cells in the thymus. Plots are representative of 2 independent experiments with n = 8 for each genotype. Graph shows
ratio of TCRB"CD4"Foxp3™ cells within test versus competitor populations. Each data point represents an individual mouse. (C) Frequencies of tTreg
cells (TCRB*CD4"CD25*Foxp3*) and their precs TCRB*CD4*CD25 Foxp3* (Ia) and TCRB*CD4*CD25Foxp3~ (Ib) on d 14 and 28 after initial
induction of Ragl expression in InduRag1 mice sufficient and deficient for miR-181a/b-1. Depicted data are from 2 independent experiments, with

n = 1-4 for each genotype and time point analyzed. Below, quantification of the experiment presented in (C). (D) Molecular age of miR-181a/b-1 Treg
cells and their precs assessed using Ragl®** reporter mice. Representative plot and gating strategy (left) and quantification (right). Data from 2
independent experiments, n = 34 for each genotype. Statistical analysis was performed using unpaired Student’s ¢ test (A, B), multiple ¢ test (C), and
two-way ANOVA (D, p-values for effect of genotype, **p = 0.0021, ***p = 0.0002 and ****p < 0.001). Numerical values are available in S1 Data. BM,
bone marrow; CD, cluster of differentiation; d, day; Foxp3, forkhead box protein P3; GFP, green fluorescent protein; hCD2, human CD 2; InduRagl,
inducible recombination-activating gene 1; KO, knockout; miR-181, microRNA-181; prec, precursor; Ragl, recombination-activating gene 1; TCR, T-
cell receptor; Treg cell, regulatory T cell; tTreg cell, thymic Treg cell; WT, wild type.

https://doi.org/10.1371/journal.pbio.2006716.g001

b-1. At day 14 and day 28, frequencies of Treg cells within CD4SP thymocytes were lower in
miR-181a/b-1""" mice when compared to ctrls (Fig 1C). Consistent with findings at steady
state, these data indicate that Treg-cell formation is less efficient in the absence of miR-181a/b-
1. Next, we analyzed miR-181a/b-1-dependent formation of Foxp3~CD25" (prec 1b) or
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Foxp3*CD25™ (prec 1a) Treg-cell precursors in the InduRagl model. At day 14 after induction,
both intermediates were present at somewhat similar frequencies in miR-181a/b-1""" mice
when compared to ctrl, whereas at day 28, we observed reduced frequencies of Foxp3"CD25~
precursors and an accumulation of Foxp3~ CD25" precursors, suggesting that precursor gener-
ation is not restricted by a developmental block (Fig 1C). Taken together, these data indicate
that in the absence of miR-181a/b-1, Treg cells are formed with slower kinetics rather than
being subject to a defined developmental block. Treg-cell development in the thymus follows a
somewhat different course in the absence of a full CD4SP compartment [10]. To account for
such differences, we complemented the analysis of InduRagl mice by taking advantage of the
RagI®* knock-in allele described above to temporally separate Treg-cell development at steady
state. Green fluorescent protein (GFP™) cells were arbitrarily gated into 5 populations based on
different GFP levels, with loss of GFP expression indicating increasing amounts of time since
cessation of Rag gene expression, which occurs in DP thymocytes. Frequencies of precursor 1b
were elevated in GFP™ cells from miR-181a/b-1""~ mice when compared to ctrls. In contrast,
generation of precursor 1a as well as Treg cells was delayed in miR-181a/b-1""" mice when
compared to ctrls (Fig 1D), which is consistent with data obtained in the InduRagl model. We
conclude that loss of miR-181a/b-1 results in an overall delay of Treg-cell formation, which is
likely to be initiated prior to the emergence of defined Treg-cell precursors and cannot be com-
pensated for by increased frequencies of Foxp3 CD25" precursors.

TCR signal strength determines miR-181a/b-1-dependent Treg-cell
development

In order to test whether TCR signal strength differed in thymocytes from miR-181a/b-17""

mice, we assessed expression of Nuclear hormone receptor NUR/77 (Nur77) as a surrogate
marker. Of note, miR-181a/b-1"" DP cells expressed lower levels of Nur77 prior to stimula-
tion when compared to ctrls (Fig 2A). Furthermore, ex vivo stimulation of miR-181a/b-17/~
DP cells failed to induce WT levels of Nur77, together suggesting that miR-181a/b-1""~ DP
cells received weaker TCR signals and failed to respond to TCR triggering with the same sensi-
tivity as their WT counterparts (Fig 2A). In order to test whether TCR signaling was impaired
prior to Treg-cell generation, we assessed surface expression of CD5, which correlates with
TCR signal strength, on thymocyte subsets [31]. At steady state, total DP thymocytes, the
majority of which have not undergone selection, displayed similar levels of surface CD5 in the
presence and absence of miR-181a/b-1 (Fig 2B). However, CD4SP thymocytes from miR-
181a/b-1""" mice displayed lower surface levels when compared to ctrls. tTreg cells from either
genotype expressed similar levels of Nur77 transcripts (Fig 2C), together indicating that miR-
181-a/b-1 limits TCR signal strength prior to the emergence of Treg cells.

Next, we took advantage of a system mimicking increased TCR signal strength during
Treg-cell development via inducible nuclear translocation of the Nur77 family member Nr4a2
[32]. BM chimeric mice were generated to carry miR-181a/b-1-deficient or miR-181a/b-1-
sufficient ovalbumin-specific MHC class II-restricted alpha beta (OT-II) TCR transgenic cells
expressing inducible Nr4a2. Transduction with ctrl virus resulted in generation of low fre-
quencies of Treg cells from miR-181a/b-1-sufficient mice, and even fewer Treg cells emerged
from miR-181a/b-1""~ donor BM cells (Fig 2D). Upon activation of Nr4a2, frequencies of Treg
cells generated from miR-181a*'~ donors were slightly, albeit not significantly, reduced, sug-
gesting that activation of Nr4a2 promotes a shift towards clonal deletion. In contrast, in the
absence of miR-181a/b-1, Treg-cell development was rescued upon activation of Nr4a2, sup-
porting the hypothesis that limited TCR signal strength accounts for defective Treg-cell differ-
entiation in miR-181a/b-1""~ mice. To corroborate these data, we analyzed chimeric mice
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Fig 2. TCR signal strength determines miR-181a/b-1-dependent Treg-cell development. (A) Expression of Nur77 in DP thymocytes in the absence
of miR-181a/b-1. Unstimulated or stimulated (3 h, 37 °C, aCD3/CD28 2.5 ug/ml) thymocytes from miR-181a/b-1 het and KO mice were stained for
intracellular Nur77. Plots are representative of 2 independent experiments with # = 3-4 for each genotype. Graphs show frequencies of Nur77-positive
cells for indicated conditions in CD4"CD8o." DP thymocytes. (B) Reduced CD5 expression in the absence of miR-181a/b-1 mirrors impaired TCR
signaling. Data from 2 independent experiments with n = 8-9 per group. (C) RNA flow-cytometry analysis of the expression of Nr4al (encoding
Nur77) by TCRB"CD4 " Foxp3* tTreg cells. Numbers indicate average MFI + SD. Data from 2 independent experiments with n = 2-3 per experiment.
(D) Overexpression of Nr4a2 (Nur77 family) rescues development of Treg cells deficient for miR-181a/b-1. LSK cells from OT-II x miR-181a/b-1"~ or
OT-II x miR-181a/b-1"""mice were sorted and transduced with a retrovirus expressing a chimeric Nr4a2 molecule in which the Nr4a2 LBD is replaced
by that of a mutant human estrogen receptor-o. (Nr4a2-ALBD-ERT?2) or ctrl retrovirus. Cells were injected into lethally irradiated WT recipients, and 7
weeks later, expression of Nr4a2 was induced via tamox administration for 5 consecutive days before analysis. Plots depict frequencies of Treg cells
generated from precursor cells transduced with ctrl vector (upper panels) and from precursors transduced with vector carrying inducible Nr4a2 (lower
panels). Graphs show summary of the results from 2 independent experiments, with # = 3 for each genotype and condition. (E) Less efficient clonal
deletion and Treg-cell formation in the absence of miR-181a/b-1. OT-II x RIPmOVA chimeras were generated after lethal irradiation of RIPmOVA
recipient mice (ctrl: WT/W'T; transgenic: tg/WT) and injection of OT-II x miR-181a/b-1"/~ or OT-II x miR-181a/b-1""~ BM cells. Mice were analyzed
after 8 weeks. Plots depict frequencies of Vo2*VB5* OV A-specific donor cells in ctrl and tg recipients, which express OVA during negative selection.
Graphs show summary of this analysis (upper panel) and absolute numbers as well as frequencies of Vo2*VB5"Foxp3" Treg cells generated in the
presence or absence of miR-181a/b-1 (lower panels). Data are representative of 2 independent experiments with n = 6-9 for each recipient/donor
combination. Statistical analysis was performed using unpaired Student’s ¢ test (A, C, D). Numerical values are available in S1 Data. BM, bone marrow;
CD, cluster of differentiation; ctrl, control; DP, double positive; ERT2, tamoxifen-inducible estrogen receptor 2; Foxp3, forkhead box protein P3; LBD,
ligand-binding domain; LSK, lineage-negative, stem cell antigen-1-positive, Kit-positive; MFI, mean fluorescence intensity; miR-181, microRNA-181;
Nr4al, Nuclear receptor subfamily 4 group A member 1; Nur77, Nuclear hormone receptor NUR/77 encoded by Nr4al; OT-II, ovalbumin-specific
MHC class II-restricted alpha beta TCR; OV, chicken ovalbumin; prec, precursor; RIPmOVA, rat insulin-promoter—driven membrane-bound
chicken ovalbumin; SP, single positive; tamox, Tamoxifen; TCR, T-cell receptor; tg, transgenic; Treg cell, regulatory T cell; WT, wild type.

https://doi.org/10.1371/journal.pbio.2006716.9002
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generated using OT-II TCR transgenic miR-181a/b-1-sufficient (OT-II-ctrl) or deficient
(OT-1I-knockout [KO]) donor cells transferred into RIPmOV A recipients. RIPmOV A mice
express the cognate antigen for the OT-II TCR in the thymus, resulting in clonal deletion of
OT-II TCR transgenic cells as well as generation of low numbers of Treg cells. OT-II-
KO>RIPmOVA chimeras showed lower levels of clonal deletion and generated considerably
lower numbers of Treg cells when compared to OT-II-ctr]>RIPmOVA chimeras (Fig 2E).
OT-II-ctrl>WT as well as OT-II-KO>WT chimeras failed to generate sizeable numbers of
OT-II Treg cells and showed no signs of clonal deletion of OT-II thymocytes. We conclude
that impaired generation of Treg cells in miR-181a/b-1-deficient mice is due to restricted TCR
signal strength during thymic selection.

Homeostatic expansion generates normal Treg-cell numbers in the
periphery of miR-181a/b-1""" mice

To address potential consequences of impaired tTreg-cell development in the absence of miR-
181a/b-1, we next determined frequencies of Treg cells in the periphery. We did not observe
any differences in frequencies and absolute numbers of peripheral Treg cells in spleens from
miR-181a/b-1""" mice compared to ctrls (Fig 3A). Consistently, frequencies of recirculating or
thymus-resident (Ragl“*"-negative) Treg cells in the thymus were largely unaffected in the
absence of miR-181a/b-1, but we observed reduced frequencies of Ragl“**-positive recent thy-
mic emigrants (RTEs) among peripheral Treg cells (S2A and S2B Fig). Equilibration of Treg-
cell numbers in the periphery can occur through homeostatic expansion of tTreg cells or pref-
erential peripheral induction from naive T cells. Spleens of miR-181a/b-1-sufficient and defi-
cient mice contained comparable frequencies of RTEs (TCRB"Ragl-GFP™) cells, which are
enriched in peripheral Treg cell precursors (S2B Fig) [33]. Furthermore, CD4"CD25~ RTEs
from miR-181a/b-1""" mice did not produce more iTreg cells upon transfer into lymphopenic
interleukin-7 receptor o gene (II7r)”'~ hosts when compared to ctrls, suggesting that Treg-cell
induction is not the primary mechanism to equilibrate peripheral Treg-cell numbers in miR-
181a/b-1""" mice (S2C Fig). Chimeric mice generated with 1:1 mixtures of miR-181a/b-17'~
and WT BM showed that miR-181a/b-1""" Treg cells had a competitive disadvantage in the
periphery when WT Treg cells were present, indicating that niche availability permits homeo-
static expansion of tTreg cells in miR-181a/b-1""" mice (Fig 3B). This conclusion was sup-
ported by Helios staining and TCR repertoire analysis. Elevated Helios expression has been
associated with Treg-cell activation and proliferation [34]. Comparison of tTreg cells from
miR-181a/b-1-sufficient and deficient mice showed low and similar expression of Helios
between genotypes (Fig 3C). Staining in peripheral lymphoid organs (spleen, subcutaneous
lymph node (scLN), and mesenteric lymph node [mLN]) revealed elevated numbers of Helios™
Treg cells in miR-181a/b-1""" mice, indicating that in these mice, more Treg cells are in an
activated/proliferative state (Fig 3C).

We predicted that limited de novo generation and increased peripheral expansion resulted
in reduced TCR diversity in peripheral Treg cells in the absence of miR-181a/b-1. Compari-
son of numbers of unique CDR3 sequences as well as calculation of effective number of spe-
cies as a measure for repertoire diversity showed that TCR diversity in peripheral Treg cells
from miR-181a/b-1"'" mice was significantly reduced (Fig 3D and S3A Fig). In contrast, in
the thymus, Treg cells from miR-181a/b-1""~ mice displayed comparable TCR diversity as
their ctrl counterparts (Fig 3E and S3A Fig). Thus, these data indicate that, as a consequence
of less efficient generation, fewer clones egress from the thymus to be available for peripheral
expansion.
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Fig 3. Homeostatic expansion generates normal Treg-cell numbers in the periphery of miR-181a/b-17~ mice. (A) Frequencies and absolute
numbers of splenic Treg cells in Foxp3"“P? reporter mice crossed to miR-181a/b-1 KO mice. Plots are representative of 6 independent experiments.
Graph shows summary of all experiments, in which each data point represents one mouse. (B) Competitive BM chimeras. BM cells isolated from miR-
181a/b-1"'~ (het) or miR-181a/b-17"~ (KO) mice (both CD45.2) were mixed in 1:1 ratio with competitor BM cells, WT (CD45.1/2), and injected into
lethally irradiated WT recipients (CD45.1). Chimeras were analyzed 12 weeks after injection for the generation of TCRB"CD4 "Foxp3™ cells in the spl.
Plots are representative of 2 independent experiments with n = 8 for each genotype. Graph shows ratio of TCRB"CD4"Foxp3* cells within tested to
competitive populations. Each data point represents an individual mouse. (C) Higher frequencies of Helios-positive cells in peripheral lymphoid organs
of miR-181a/b-17" mice. Representative histograms and plots from 2 independent experiments (1 = 6-9 for each genotype) are depicted. Numbers
indicated average MFI or frequencies of positive cells, +SD. Statistical analysis was performed using unpaired Student’s ¢ test. (D,E) High-throughput
sequencing of TCRo. (CDR3 fragment of Va8-Co. chain) in splenic Treg (D) and tTreg (E) cells sorted from miR- 181a/b-1"~ or miR-181a/b-1""" mice.
Left graph shows number of all unique CDR3 sequences (CDR3). Right graphs show ENS calculated for each sample. Depicted are 4 independent
sequencing experiments; samples from the same experiment are paired. Statistical analysis was performed using paired Student’s ¢ test. Numerical
values are available in S1 Data. BM, bone marrow; CD, cluster of differentiation; comp., competitor; ENS, effective number of species; Foxp3, forkhead
box protein P3; hCD2, human CD2; KO, knockout; MFI, mean fluorescence intensity; miR-181, microRNA-181; mLN, mesenteric lymph node; scLN,
subcutaneous lymph node; spl, spleen; TCR, T-cell receptor; th, thymus; Treg cell, regulatory T cell; tTreg cell, thymic Treg cell; WT, wild type.

https://doi.org/10.1371/journal.pbio.2006716.g003

Inefficient intrathymic generation of Treg cells results in a post-
transcriptional increase in CTLA-4 expression

Next, we assessed whether impaired generation in the thymus altered the phenotype of Treg
cells in the absence of miR-181a/b-1. Expression of miR-181a progressively decreases after thy-
mocytes exit the DP stage, with CD4"SP thymocytes and thymic Treg cells expressing 2-fold
and 15-fold lower levels, respectively (Fig 4A). In the periphery, expression of miR-181a was
further reduced to 30-fold and 75-fold lower levels for CD4" conventional T cells (Tconv) and
Treg cells, respectively, when compared to DP thymocytes. Peripheral miR-181a/b-17'" Treg
cells showed a virtually identical global gene expression profile to their ctrl counterparts.
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Fig 4. Inefficient intrathymic generation of Treg cells results in post-transcriptional increase in CTLA-4
expression. (A) qRT-PCR analysis of miR-181a expression in sorted thymic populations (left graph) and splenic
populations (right graph). Data from 2 independent experiments, with n = 6-7 (pool) for each genotype and one
experiment for tTreg cells and CD4" Tconv cells, n = 7 (pool). Expression of miR-181a was normalized to the
expression of housekeeping small RNA, snoR412. Linearized ACy values are displayed on the graph. Transcriptional
analysis of splenic Treg (B) and tTreg (C) cells. Heat map of signature genes (absolute expression) in miR-181a/b-1*'~
or miR-181a/b-1""" Treg cells. Columns on the heat map represent 2 individual samples from pooled thymi of 5-7
animals for each genotype. (D) Flow-cytometry analysis of CTLA-4 expression in tTreg and peripheral Treg cells.
Representative histograms of 2 independent experiments (# = 6-9 for each genotype) are depicted. Numbers indicate
average MFI + SD. Numerical values are available in S1 Data. CD, cluster of differentiation; CTLA-4, cytotoxic T-
lymphocyte-associated protein 4; Dapl1, death-associated protein-like 1; DP, double positive; Egr, early growth
response gene; Eomes, eomesodermin; Foxp3, forkhead box protein P3; Gata, GATA-binding factor; Gpr83, G-
protein-coupled receptor 83; II2ra, interleukin-2 receptor alpha; I12rb, interleukin-2 receptor beta; I110ra, interleukin-
10 receptor alpha; Tkzf, Ikaros zinc finger; Irf4, interferon regulatory factor 4; Itgae, integrin alpha E; Kirgl, killer cell
lectin-like receptor subfamily G member 1; Lef, lymphoid enhancer-binding factor 1; Lrrc32, leucine-rich repeat
containing 32; Maf, musculoaponeurotic fibrosarcoma oncogene homolog; MFI, mean fluorescence intensity; miR-
181, microRNA-181; mLN, mesenteric lymph node; NfatcI, nuclear factor of activated T cells c1; NrpI, neuropilin 1;
Nr4a, Nuclear receptor subfamily 4 group A; qRT-PCR, quantitative reverse-transcription PCR; Rel, homolog to the
oncogen protein of the reticuloendotheliosis virus strain; Rgs16, regulator of G protein signaling 16; Satbl1, special AT-
rich sequence-binding protein-1; scLN, supraclavicular lymph node; snoR412, small nucleolar RNA 412; Socs2,
suppressor of cytokine signaling 2; spl, spleen; Tconv, conventional T; Tgfb1, transforming growth factor beta 1; th,
thymus; Tigit, T-cell immunoreceptor with Ig and ITIM domains; Tnfrsf4, tumor necrosis factor receptor superfamily
member 4; Treg cell, T regulatory cell; tTreg cell, thymic Treg cell; Xbp1I, X-box binding protein 1.

https://doi.org/10.1371/journal.pbio.2006716.9004
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Notably, this was also the case for key Treg-cell signature genes (Fig 4B). Comparison of tran-
scriptomes of thymic miR-181a/b-1""" Treg cells with their WT counterparts also revealed no
significant differences both globally as well as with regard to Treg-cell signature genes (Fig
4C). Given that miRNAs may also act on a post-transcriptional level, we next assessed expres-
sion levels of Treg-cell signature receptors and transcription factors. Peripheral and tTreg cells
from miR-181a/b-1""" mice showed similar expression levels of most surface receptors and
transcription factors analyzed as WT ctrls (S4A, S4B and S4C Fig). Notably, we detected
strongly increased levels of total CTLA-4 protein in both peripheral and tTreg cells from miR-
181a/b-1""" mice when compared to ctrls (Fig 4D). Although the coding sequence of Ctla4
mRNA contains putative miR-181 binding sites, direct modulation of CTLA-4 expression by
miR-181 could not be observed in luciferase assays (S5A and S5B Fig).

We conclude from these data that thymic generation in the absence of miR-181a/b-1 results
in post-transcriptionally controlled up-regulation of CTLA-4 protein in Treg cells while other
Treg-cell signature genes remain unaffected. Loss of miR-181a expression in WT peripheral
Treg cells suggests that elevated expression of CTLA-4 in these cells is imprinted during
development.

Elevated levels of CTLA-4 in the absence of miR-181a/b-1 are maintained
via increased rates of translation

In order to understand the underlying mechanisms of how elevated levels of CTLA-4 protein
are maintained in peripheral miR-181a/b-17"" Treg cells, we analyzed its intracellular distribu-
tion using confocal microscopy. We confirmed elevated expression of CTLA-4 protein in the
absence of miR-181a/b-1 (Fig 5A). Next, we determined intracellular localization of CTLA-4
by costaining for Ras-related in brain protein 11 (Rab11, marking recycling endosomes), lyso-
some-associated membrane protein 2 (LAMP2, late endosomes), early endosome antigen 1
(EEAL, early endosomes), and cis-Golgi matrix protein 130 (GM130, Golgi). We detected no
differences in the extent of colocalization of CTLA-4 with early endosomes and the Golgi appa-
ratus in Treg cells from miR-181a/b-1""~ mice compared to ctrls (Fig 5B). However, we noted
reduced colocalization of CTLA-4 with recycling endosomes but a marked increase in colocali-
zation with late endosomes in miR-181a/b-1""" Treg cells when compared to ctrls (Fig 5C).

In order to assess whether aberrant localization of CTLA-4 in miR-181a/b-1""" Treg cells
affected protein degradation, we stimulated Treg cells in the absence or presence of the transla-
tion inhibitor cycloheximide. Inhibition of translation for 2 h reduced CTLA-4 protein to sim-
ilar levels in miR-181a/b-1"'"" Treg cells and ctrls (Fig 5D). Given the higher protein levels
when translation is active, these data imply that degradation rates of CTLA-4 are higher in the
absence of miR-181a/b-1, which is consistent with its preferential localization in late endo-
somes rather than recycling endosomes. Furthermore, these data predict that if protein degra-
dation is intact, elevated levels of CTLA-4 protein arise as a result of increased rates of protein
translation. To test this prediction, we assessed accumulation of CTLA-4 protein in Treg cells
in the presence of bafilomycin, an inhibitor of lysosomal protein degradation, in vitro. Over
the course of 3 hours, miR-181a/b-1"'"" Treg cells accumulated significantly more CTLA-4 pro-
tein when compared to their WT counterparts (Fig 5E). Together, these data indicate that ele-
vated levels of CTLA-4 in peripheral Treg cells in the absence of miR-181a/b-1 are due to
increased rates of translation. Increased protein translation in the absence of altered mRNA
levels may be induced by loss of miRNAs other than miR-181a/b-1. To test this possibility, we
performed small RNA sequencing (small RNAseq) of miR-181a/b-1-sufficient and deficient
peripheral Treg cells. Consistent with the overall small changes in the transcriptome, we iden-
tified 4 miRNAs (miR-15b, miR-150, miR-342, and lethal (let)-7g) that were moderately
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Fig 5. Elevated levels of CTLA-4 in the absence of miR-181a/b-1 are cell-intrinsically maintained via increased
rates of translation. (A) Immunofluorescence staining of Treg cells from miR-181a/b-1*'~ or miR-181a/b-1""~ mice
with antibodies against Foxp3 and CTLA-4. Right panel, quantification of integrated density for CTLA-4 fluorescence
normalized to the area of each individual cell. Data are representative of 3 independent experiments with n = 3 for
each genotype (pooled). Data were analyzed using Image] software. DAPI, nuclear staining. Scale bar, 2 um. (B)
Immunofluorescence staining of CD4" T cells from miR-181a/b-1"/~ or miR-181a/b-1""" mice with antibodies against
murine CTLA-4, EEA1 (upper panel) and GM130 (lower panel). Data are representative of 3 independent experiments
with = 3 (pool). Right panels show colocalization scatter plots. (C) Immunofluorescence staining of CD4™T cells
from miR-181a/b-1*"~ or miR-181a/b-1""~ mice with antibodies against murine CTLA-4, Rab11 (upper panel) and
LAMP2 (lower panel). Data are representative of 3 independent experiments with # = 3 (pool). Right panels show
colocalization scatter plots. Data were analyzed using Image] software. DAPI, nuclear staining. Scale bar, 2 um. (D)
Enhanced degradation of CTLA-4 in the absence of miR-181a/b-1. CD4" T cells isolated from spls and subcutaneous
LN of miR-181a/b-1*"~ or miR-181a/b-1""" mice were stimulated for 2 h with «CD3/aCD28 antibodies. In order to
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monitor protein degradation, CHX was added and incubated with cells for an additional 3 h. Each dot represents an
individual cell from 10-12 randomly chosen fields of view. Quantification of integrated density for CTLA-4
fluorescence per cell was quantified using Image] software. (E) CD4*CD25"-enriched T cells were incubated in the
presence of an inhibitor of lysosomal degradation, bafilomycin, for indicated time points. Accumulation of CTLA-4
was detected using FACS, and fold increase of MFI was calculated using time point 0 as reference. Data from 3
independent experiments, # = 3. (F) Cell-intrinsic up-regulation of CTLA-4 in the absence of miR-181a/b-1. Mixed
BM chimeras were generated by mixing BM cells from miR-181a/b-1"/~ (CD45.1) and miR-181a/b-1""~ (CD45.2) mice
in a 1:1 ratio and injecting them into lethally irradiated WT recipients (CD45.1/2). Chimeras were analyzed 8 weeks
after reconstitution for CTLA-4 expression in TCRB*CD4"Foxp3™ cells from the Thy, spl, and LNs. Plots are
representative of 2 independent experiments with 7 = 9 per experiment. Each set of paired data points represents an
individual mouse. (G) RNA flow-cytometry analysis of the expression of Nr4al by TCRB*CD4*Foxp3* Treg cells from
pooled spl and LNs. Numbers indicate average MFI + SD. Data from 2 independent experiments with n = 2-3 per
experiment. Statistical analysis was performed using unpaired Student’s ¢ test (A), two-way ANOVA (E, p-values for
effect of genotype, **p = 0.0021) and paired Student’s ¢ test (F, p-values for effect of each genotype, **p = 0.0021,

***p =0.0002, and ****p < 0.0001). Numerical values are available in S1 Data. AU, arbitrary unit; BM, bone marrow;
CD, cluster of differentiation; CHX, cycloheximide; CTLA-4, cytotoxic T-lymphocyte-associated protein 4; EEA1,
early endosome antigen 1; FACS, fluorescence-activated cell scan; Foxp3, forkhead box protein P3; GM130, cis-Golgi
matrix protein 130; LAMP2, lysosome-associated membrane protein 2; LN, lymph node; MFI, mean fluorescence
intensity; miR-181, microRNA-181; Nr4a, Nuclear receptor subfamily 4 group A; Rab11, Ras-related in brain protein
11; spl, spleen; TCR, T-cell receptor; Thy, thymus; Treg cell, regulatory T cell; WT, wild type.

https://doi.org/10.1371/journal.pbio.2006716.9005

down-regulated in Treg cells from miR-181a/b-1"" mice (S5C and S5D Fig). However, in sil-
ico analysis of Ctla4 mRNA using Targetscan7 and RNA22 provided no evidence for the exis-
tence of either canonical or noncanonical binding sites for any of these miRNAs, suggesting
that elevated protein levels of CTLA-4 are not caused by reduced miRNA expression. Next, we
assessed whether peripheral expansion contributed to sustained expression of CTLA-4 in
peripheral Treg cells. To this end, we generated mixed BM chimeras and analyzed CTLA-4 lev-
els on miR-181a/b-17"" and WT Treg cells isolated from the same mice. CTLA-4 levels were
consistently higher in miR-181a/b-1-deficient Treg cells despite competition by their WT
counterparts, indicating that CTLA-4 levels are regulated cell-intrinsically and do not depend
on peripheral expansion (Fig 5F). Finally, we tested whether alterations in tonic TCR signaling
might result in elevated expression of CTLA-4. Freshly isolated peripheral Treg cells from
miR-181a/b-1"" and WT mice expressed comparable levels of Nr4al mRNA, suggesting that
tonic signaling through the TCR is similar (Fig 5G). Taken together, these findings further
support the hypothesis that miR-181a/b-1-dependent ctrl of CTLA-4 expression is elicited in
the thymus and subsequently sustained in the periphery.

Treg cells from miR-181a/b-1""~ mice display increased suppressive
capacity

In order to test the functional consequences of elevated levels of CTLA-4 in miR-181a/b-17"~
Treg cells, we assessed their suppressive capacity. First, loss of miR-181a/b-1 resulted in
reduced levels of tumor necrosis factor (TNF)a, IL-4, and IL-2 by conventional CD4" T cells
(Fig 6A). In contrast, expression of IL-17 and IL-10 remained unaffected. Whereas levels of
TNFa were also reduced in miR-181a/b-1""" Treg cells, we did not observe additional signifi-
cant miR-181a/b-1-dependent alterations in cytokine production by Treg cells or CD8" T
cells (Fig 6A and S6A Fig). Such alterations in cytokine profiles might be due to cell-intrinsic
effects or due to modulation of Treg-cell suppressive capacity. Therefore, we next assessed in
vivo suppressive capacity of Treg cells by transfer of congenically marked 1:1 mixtures of miR-
181a/b-1-sufficient or miR-181a/b-1-deficient Treg cells (CD45.2) and conventional T cells
(CD45.1) into Ragl ™'~ recipients. Suppression of lymphopenia-driven expansion of Tconv
cells is dependent on CTLA-4 [35]. At 14 days after transfer, homeostatic expansion of Tconv
cells was assessed. We observed lower frequencies of Tconv cells (CD45.1) in spleens of mice
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Fig 6. Treg cells from miR-181a/b-1"'~ mice display increased suppressive capacity. (A) Production of cytokines by
splenic CD4" T cells and Treg cells after stimulation with PMA/ionomycin. Graphs represent quantification of the data
from 3 independent experiments, n = 4-5 for each genotype. (B) In vivo suppression of homeostatic proliferation in
lymphopenic Rag ™'~ mice by miR-181a/b*~ and miR-181a/b™~ Treg cells. Depicted is expansion of Tconv in the
absence (no Treg cells) and presence of miR-181a/b-1*'~ or miR-181a/b-17'~ Treg cells 14 days after coinjection of T
cells. (C) Quantification and absolute numbers of recovered Tconv cells and Treg cells. Data are representative of 2
independent experiments, with n = 7-8 (recipient mice). Statistical analysis was performed using unpaired Student’s ¢
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test. Numerical values are available in S1 Data. CD, cluster of differentiation; IFN-v, interferon gamma; IL, interleukin;
miR-181, microRNA-181; PMA, phorbol 12-myristate 13-acetate; pos., positive; Tconv, conventional T; TCR, T-cell
receptor; TNF, tumor necrosis factor; Treg cell, regulatory T cell.

https://doi.org/10.1371/journal.pbio.2006716.9006

co-transferred with miR-181a/b-1""" Treg cells when compared to those co-transferred with
miR-181-a/b-1-sufficient Treg cells (Fig 6B). This reduction in frequency was reflected by
lower absolute numbers of Tconv cells recovered in the presence of miR-181a/b-1""" Treg
cells, whereas absolute numbers of Treg cells recovered were similar in both conditions (Fig
6C). Together, these data indicate that in the absence of miR-181a/b-1, Treg cells have a stron-
ger capacity to suppress lymphopenia-driven expansion of Tconv cells in vivo. Of note, we did
not observe significant alterations in suppressive capacity of miR-181a/b-1""" Treg cells in
vitro (S6B Fig). Taken together, our data indicate that miR-181a/b-1 controls intrathymic Treg
cell development in a TCR-dependent manner. Impaired Treg-cell development in the absence
of miR-181a/b-1 is associated with post-transcriptional up-regulation of CTLA-4, which pene-
trates into the periphery and results in increased suppressive capacity. Low levels of miR-181a
in peripheral WT Treg cells suggest that the effects of loss of miR-181a/b-1 are imprinted dur-
ing intrathymic development.

Discussion

Here, we demonstrated that intrathymic generation of Treg cells depends on miR-181a/b-1 via
establishing signaling thresholds to adequately respond to strong TCR signals. In the absence
of miR-181a/b-1, de novo generation of Treg cells was attenuated and resulted in Treg cells
expressing elevated levels of CTLA-4. Homeostatic expansion resulted in a completely filled
peripheral Treg-cell compartment while CTLA-4 levels remained elevated via a post-transcrip-
tional mechanism, resulting in Treg cells with increased suppressive capacity.

Treg cells develop from CD4SP thymocytes through two possible intermediates,
Foxp3 CD25" and Foxp3"CD25™ [8,11]. It has been suggested that generation of these precur-
sors occurs through a TCR-dependent step, whereas further maturation into mature
Foxp3"CD25" Treg cells is dependent on the cytokines IL-2 and IL-15 [8,10,11]. Analysis of
InduRagl mice as well as a Ragl ™ virtual timer indicated that miR-181a/b-1 predominantly
affects formation of Foxp3"CD25™ precursors, whereas Foxp3~CD25" are more frequent in
miR-181a/b-1-deficient mice. Nevertheless, these precursors cannot compensate for the par-
tial loss of Foxp3"CD25 precursors, suggesting that the major route of Treg-cell development
is through the latter. Indeed, it has been shown that in WT mice, only approximately 20% of
CD4"Foxp3~CD25" cells ultimately give rise to Treg cells [8,10]. Treg-cell development via
Foxp3"CD25" intermediates predominantly occurs in double transgenic mouse lines express-
ing a transgenic TCR plus its cognate antigen [9]. Furthermore, these cells express higher levels
of a Nur77°*® reporter than either Foxp3"CD25™ precursors or mature Treg cells [10]. Thus, it
has been suggested that Foxp3"CD25" intermediates arise at the extreme end of the TCR affin-
ity spectrum and might increase in frequency by an influx of cells otherwise targeted for clonal
deletion. Accordingly, reduction in MHCII levels on thymic epithelial cells in a monoclonal
system diverted thymocytes from clonal deletion into the Treg cell lineage [16]. TCR repertoire
analyses and autoreactivity suggest that TCR signal strength required for tTreg-cell generation
overlaps both with that of positively selected thymocytes as well as that of cells normally under-
going clonal deletion [3,13,14]. Rescue experiments performed in this study agree with both
non-mutually exclusive models. Fewer donor-derived miR-181a/b-1""~ OT-II Treg cells devel-
oped in RIPmOV A antigen transgenic mice compared to WT OT-II Treg cells. Concomi-
tantly, clonal deletion of miR-181a/b-1""~ OT-II cells was also impaired in RIPmOVA mice,
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suggesting that in this particular paired TCR-antigen model, TCR signal strength is reduced
through loss of miR-181a/b-1 to limit both Treg-cell formation and clonal deletion. Con-
versely, induced expression of Nr4a2 promoted Treg-cell production in the absence of miR-
181a/b-1 but resulted in somewhat limited production of Treg cells in the presence of miR-
181a/b-1, suggesting that in the latter case, clonal deletion might be favored over Treg-cell
development.

Intrathymic development of Treg cells depends on CD28-mediated costimulatory signals
[36]. Thus, it might be possible that elevated expression of CTLA-4 by Treg cells in the thymus
contributes to impaired development. Costimulation via CD28 is required for efficient genera-
tion of Foxp3~CD25" Treg-cell precursors but less so during later Treg-cell development, sug-
gesting that CD28 signaling protects thymocytes from clonal deletion [36-39]. Loss of CD28
signaling does not result in export of autoreactive cells into the periphery, indicating that it
does not simply act as an amplifier of TCR signal strength [39]. Consistently, loss of CD28-me-
diated costimulation and loss of miR-181a/b-1 generate phenotypically distinct developmental
defects, also supporting the notion that elevated levels of CTLA-4 in miR-181a/b-1""" Treg
cells are a consequence rather than cause of inefficient generation of Treg cells in these mice.

Consequences of altered TCR signal strength in the thymus have been previously analyzed
in mice carrying hypomorphic mutations of key signal mediators, such as zeta-chain-associ-
ated kinase of 70 kD (Zap-70), or reduced numbers of immunoreceptor tyrosine-based activa-
tion motifs (ITAMs) within CD3{ molecules [40-42]. Collectively, these studies showed that
alterations in TCR signal affected positive and negative selection as well as Treg-cell formation,
albeit in a manner that is not easily predictable. Thus, these data indicate that the quantitative
relationship between proximal TCR signaling and effcient thymic selection needs to be tightly
balanced. Furthermore, mutations characterized in these studies equally affect T-cell activation
and tonic signaling in the periphery, precluding analysis of developmental consequences of
altered T'CR signaling exclusively occurring in the thymus.

In contrast, expression levels of miR-181a/b-1 in peripheral Treg cells are very low and
should therefore allow WT-like levels of tonic TCR signaling. Notably, peripheral TCR signal-
ing controls Treg-cell homeostasis and helps to maintain functional Treg cells [43,44]. For
instance, in the absence of peripheral TCR expression, levels of CTLA-4 protein are reduced,
and suppressive capacity is compromised [44].

Our data suggest that alterations in thymic selection caused by the absence of miR-181a/b-1
have long-term impact and are translated to increased suppressive activity of peripheral Treg
cells. We therefore propose that the developmental legacy of TCR signal strength during ago-
nist selection determines Treg-cell function in the periphery. Thus, altered TCR thresholds
during selection might affect a Treg cell’s responsiveness to tonic signaling. Similar observa-
tions have previously been reported for both CD4 and CD8 Tconv cells [45,46]. The avidity of
positively selecting self-peptides and thus strength of the TCR signal during selection deter-
mines the outcome of a T-cell immune response even of T cells recognizing the same foreign
antigen with an identical avidity [45]. In contrast to Treg cells, differential reactivity to self-
peptide by CD8 Tconv cells was accompanied by clear differences in gene expression profiles
[46]. Although in Tconv cells, the capacity for tonic signaling in the periphery contributes to
distinct responsiveness to pathogens, thymically predetermined levels of the feedback regula-
tor of TCR signaling CD5 are likely to help control tonic signals [45]. Thus, the quality of pro-
tective T-cell responses as well as Treg-cell mediated suppression appear to be preset during
thymic selection.

How TCR signal strength during thymic agonist selection confers long-term changes in
CTLA-4 protein expression remains unclear. Our study supports a model in which expression
of CTLA-4 is cell-intrinsically sustained in the periphery through a post-transcriptional
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mechanism controlling its translation rate. Translational control can be exerted at multiple dif-
ferent levels, including changes in mRNA composition through alternative splicing and miR-
NAs as well as RNA binding proteins. Given the lack of umambiguous evidence for one of
these mechanisms being predominant, our data suggest that multiple factors may act in con-
cert to control CTLA-4 protein. Tight control of CTLA-4 expression is likely to be paramount
for tuning suppressive capacity of Treg cells.

Our study establishes miR-181a/b-1 as a central regulator of agonist-selected T cells. Ear-
lier studies showed that miR-181a/b-1 is critical for the development of innate-like T cells
expressing semi-invariant TCRs, such as iNKT cells and MAIT cells (but not their y§TCR-
expressing counterparts) [25,26,47]. Here, we demonstrated that the role of miR-181a/b-1 can
be extended to highly diverse polyclonal T-cell populations. This finding was not anticipated
because it might be expected that a shift in integrated signal strength might be compensated
for by a shift in the repertoire. Such compensation might partly explain why the effect of miR-
181a/b-1 deletion on Treg cells is somewhat milder when compared to other agonist selected T
cells. Finally, based on the dramatic down-regulation of miR-181a after the DP stage, our
study implies that the lineage fate decision to become a Treg cell manifests itself early during
selection.

Materials and methods
Ethics statement

All experiments were performed in accordance with German law on care and use of laboratory
animals or with the institutional and ethical guidelines of the University of Edinburgh and
have been approved by the Niedersachsisches Landesamt fiir Verbraucherschutz und Lebens-
mittelsicherheit (LAVES) (33.12-42502-04-08-1480; 11/0533; 12/0869; 13/1224; 15/1846), the
Regierungsprisidium Darmstadt (V54-19¢20/15-FU/1119; FU/1155; FU/1159; FU/1178) or
under a project license granted by the UK Home Office (PPL60_4510 procedure 19b 5),
respectively. Animals were killed by CO, inhalation, in some cases followed by cervical
dislocation.

Mice

MiR-181a/b-1""" and miR-181a/b-1"'" mice (B6.Mirc14™"'4"X") were generated as described
in [26] and bred at the Hannover Medical School and Goethe University, Frankfurt, Germany.
OT-II mice (B6.Cg—Tg(TcraTcrb)425Cb“/I) were purchased from The Jackson Laboratory,
crossed with miR-181a/b-1""~ and miR-181a/b-1*'"~ mice, and bred at the Hannover Medical
School. RIPmOV A mice (C57BL/6-Tg(Ins2-TFRC/ OVA)?oWehi/Wehipy (oo purchased from
The Jackson Laboratory and crossed with B6 CD45.1. F1 mice (RIPmOVA CD45.1/2) were
bred at the Hannover Medical School. C57BL/6] mice (CD45.2), B6.SIL—Ptprc“Pepcb/ Boy]
mice (termed “B6 CD45.1” throughout this manuscript), and IL-7Ro-deficient mice
(B6.129S7-117r™ ™/} were purchased from Charles River or The Jackson Laboratory or bred
at the animal facility of Hannover Medical School. (C57BL/6] x B6 CD45.1) F1 mice (CD45.1/
CD45.2 heterozygous) and IL-7Ro.”’~ CD45.1 mice were bred at the animal facility of Hanno-
ver Medical School. InduRaglﬂ/ fl x Rosa26-CreERT?2 mice (termed InduRagl here) were
obtained by crossing InduRag1™? mice with Rosa26-CreERT2 mice (kindly provided by Prof.
Anton Berns, The Netherlands Cancer Institute, Amsterdam, The Netherlands) and bred at
the Helmholtz Centre for Infection Research [30]. These mice were crossed to miR-181a/b-
17~ (InduRagl x miR-181a/b-1""") and miR-181a/b-1""~ (InduRagl x miR-181a/b-1*"") mice
bred and maintained at the Helmholtz Centre for Infection Research in Braunschweig.
Foxp3"“P? x Ragl “** mice were obtained by crossing Foxp3"“"? mice [48] with Ragl "
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mice [49] (kindly provided by Nobuo Sakaguchi, Kumamoto, Japan). These mice were crossed
to miR-181a/b-1""" and miR-181a/b-1*'" mice and bred at the Helmholtz Centre for Infection
Research in Braunschweig. Ragl™~ mice and B6 CD45.1 mice used in the in vivo suppression
assay were bred and maintained at the University of Edinburgh. All mice were used between
7-12 weeks of age and were maintained under specific-pathogen-free conditions.

In vivo induction of Treg-cell development

Treg-cell development was induced in 6- to 8-week-old InduRagl x miR-181a/b-1""" and
InduRagl x miR-181a/b-1*""~ mice by oral administration of tamoxifen (Ratiopharm, Ulm,
Germany) in corn oil (Sigma Aldrich, St. Louis, MO, USA), 0.6 mg/400 pl/mouse every 4 days.
To ensure proper tamoxifen solubility, in the first step, it was dissolved in 100% ethanol pre-
warmed to 55 °C and later in prewarmed corn oil. Before each oral administration, the mixture
was always prewarmed to 37 °C.

Competitive BM chimeras

B6 CD45.1" recipient mice were lethally irradiated (9 Gy). Donor BM from both WT (CD45.1/
2*) and miR-181a/b-1*'~ or miR-181a/b-1""~ (CD45.2*) mice mixed at a 1:1 ratio was injected
into the lateral tail vein within 24 h postirradiation (a total of 4 x 10° cells/mouse). Mice were
provided with antibiotic-containing water and were housed in sterile microisolator cages.
Analysis of BM chimeras was performed 8-12 weeks after transplantation.

Overexpression of Nr4a2 in BM chimeras

BM cells were isolated from the tibia and femur of age-matched (7-10 weeks) OT-II x miR-
181a’~ and OT-II x miR-181a*'~ mice. First, lineage-negative (lin") cells were enriched by
incubation with the cocktail of purified rat-anti-mouse antibodies (CD19 [1D3], CD11b [M1/
70], Gr-1 [RB6-8C5], NK1.1 [PK136], Ter-119, CD4 [RM4.4], and CD8o. [53-6.7]; all from
eBioscience, Thermo Fisher Scientific, Waltham, MA, USA) followed by incubation with
sheep-anti-rat dynabeads (Dynal; Invitrogen, Carlsbad, CA, USA) and magnetic separation.
Cells were stained with a phycoerythrin (PE)-Cy7-conjugated cocktail of lin antibodies (CD19
[6D5], CD11b [M1/70], Gr-1 [RB6-8C5], NK1.1 [PK136], Ter-119, CD4 [GK1.5], and CD8a
[53-6.7]; all from eBioscience) and Sca-1 (E13-161.7) PacificBlue, c-kit (CD117) allophyco-
cyanin (APC), and sorted as lin"Sca-1"c-kit" to 98% purity. Cells were cultured overnight at a
density of 5 x 10* cells/100 wl (on 96-well plate) with mouse IL-6 (20 ng/ml), mouse IL-7 (25
ng/ml), mouse Flt-3L (25 ng/ml), and mouse SCF (50 ng/ml; all obtained from PeproTech,
Rocky Hill, NJ, USA), in DMEM containing 10% FBS. Next day, cells were infected by centri-
fugation at 700 g for 45 min at 32 °C on retronectin-coated plates (50 ug/ml, 4 °C overnight)
loaded (3x 100 pl/well, 2,000 g, 20 min at 32 °C) with Nr4a2-ALBD-ERT2-expressing retrovi-
rus or ctrl retrovirus (both carrying Thyl.1 tag detectable by flow ctometry) in the presence of
polybrene (8 ug/ml) and the abovementioned cytokines. Fresh medium was supplemented
after 24 h. After 48 h, cells were collected, and transduction efficacy (frequency of Thyl.1*
cells) was determined. Routinely, it was approximately 60%, and thus cells were later sorted to
100% of Thyl.1". B6 CD45.2"Thy1.2" recipient mice were lethally irradiated (9 Gy). Sorted
cells were intravenously injected (1 x 10°/recipient). Mice were provided with antibiotic-con-
taining water and were housed in sterile microisolator cages.

Six weeks after injection, mice were orally administered 0.6 mg/400 ul of tamoxifen (Ratio-
pharm) dissolved in corn oil (Sigma Aldrich) per recipient mouse for 5 consecutive days.
Tamoxifen preparation was performed as for induction of Treg-cell development in InduRagl
mice. Twelve hours after the final administration, mice were analyzed.
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Intracellular staining of Nur77 in thymocytes

Thymocytes isolated from miR-181a*~ and miR-181a™'~ mice were left untreated or were
stimulated for 3 h at 37 "C in the presence of plate-bound aCD3 (17A2, 2.5 pg/ml) and soluble
0oCD28 (37.51, 2.5 ug/ml). Next, cells were stained for surface CD4 and CD8a. and intracellular
Nur77 with intracellular staining buffer set (eBioscience).

RIPMmOVA x OT-II BM chimeras

BM cells were isolated from the tibia and femur of age-matched (7-10 weeks) OT-II x miR-
181a/b-1""" and OT-II x miR-181a/b-1""~ mice. Red blood cells were lysed, and cells were
counted and injected (5 x 10°/recipient) into the lateral tail vein of lethally (2 x 4.5 Gy) irradi-
ated RIPmOVA (CD45.1/2") recipient mice. Mice were provided with antibiotic-containing
water and were housed in sterile microisolator cages. Analysis of BM chimeras was performed
8-12 weeks after transplantation.

Flow cytometry and cell sorting

Monoclonal antibodies specific for CD4 (RM4.4, GK1.5), CD8a. (53-6.7), CD25 (PC61.5,
eBio7D4 for sort), CD24 (M1/69), CD27 (LG.3A10), CD28 (37.51), CD103 (M290), CD122
(TM-B1), CD127 (A7R34), Gr-1 (RB6-8C5), erythroid cell marker (Ter-119), CD19 (1D3,
6D5), CD11b (M1/70), CD45.1 (A20), CD45.2 (104), CD117 (c-kit) (2B8, ACK2), Sca-1 (E13-
161.7), NK1.1 (PK136), CD11c (N418), TCRP (H57-597), Foxp3 (MF23, FJK-16s), human
CD2 (RPA-2.10), Qa2 (1-1-2), Nur77 (12.14), VB5.1/5.2 TCR (MR9-4), Vo2 TCR (B20.1),
CTLA-4 (UC10-4B9, UC10-4F10-11), Helios (22F6), TGF-BR (RI/ALK-5), GITR (DTA-1),
PLZF (Mags.21F7), Gata3 (TWAJ), Egr2 (erongr2), Irf4 (3E4), c-Rel (IRELAHS5), and KLRG1
(2F1) were used as biotin, PacificBlue, fluorescein isothiocyanate (FITC), Alexa Fluor 488, PE,
peridinin chlorophyll protein-Cy5.5 (PerCP-Cy5.5), PE-Cy7, APC, APC-Cy7, APC-eFluor780,
Brilliant Violet 421, eFluor450, and Alexa Fluor 647 conjugates. Antibodies were purified from
hybridoma supernatants using standard procedures or were purchased from eBioscience, BD
Biosciences (San Jose, CA, USA), BioLegend (San Diego, CA, USA), or R&D Systems (Minne-
apolis, MN, USA). For intracellular stainings, an intracellular staining buffer set and a Foxp3/
transcription factor staining buffer set (both eBioscience) were used according to the manufac-
turer’s protocol. RNA flow cytometry was performed using the PrimeFlow system (Thermo
Fisher Scientific). Cells were stained with Nr4al-AF647. Samples were acquired on LSRII (BD
Biosciences) cytometers and sorted on a FACS Aria IT (BD Biosciences). Data were analyzed
with Flow]Jo software, v.9.4.9 (Tree Star, Ashland, OR, USA). For analysis, dead cells and debris
were excluded by gating of forward and side scatter. Sorted cells were of 98% or higher purity,
as determined by reanalysis.

In vivo Treg-cell induction assay

RTEs depleted of Treg cells were sorted as Ragl“*"*CD4*CD8c."CD25™ from the spleens of
Foxp3"“"? x Ragl “"® x miR-181a/b-1""" and Foxp3"“"? x Rag1“"* x miR-181a/b-1"'"" mice.

5 x 10° cells were injected into the lateral tail vein of lymphopenic IL-7Ro.~ (CD45.1) recipi-
ents. Spleens, peripheral lymph nodes (pLNs: inguinal, brachial, axiliary, and cervical), and
mLN were analyzed for the induction of Foxp3 within donor population (CD45.2) 28 days later.

In vitro suppression assay

Splenic antigen-presenting cells (CD45.1") were purified using sheep-anti-rat magnetic beads
and depletion of CD19, CD3, NK1.1, and Gr-1-positive cells as described above. Cells were
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plated on a U-bottom-shaped 96-well plate coated with oCD3 antibody (17A2, 10 pg/ml) at 4
°C, overnight, at the density 1 x 10* cells/100 ul/well. Next, they were loaded with OVA3,3_330
peptide (2 pg/ml; AnaSpec, Fremont, CA, USA) for 45 min at 37 "C and washed 3 times to
remove unbound peptide. Naive, CD4" OT-II cells (CD45.1/2") were purified using a CD4"T
cell negative depletion kit (Invitrogen). Cells were further labeled with 1 uM CFSE (Molecular
Probes, Eugene, OR, USA) for 10 min at 37 °C and washed twice. They were added to peptide-
loaded antigen-presenting cells at a density of 1 x 10° cells/well (antigen-presenting cell/OT-II
ratio 1:10). Treg cells (CD45.2") were sorted as CD4"CD25" cells from spleens of miR-181a/b-
1"~ and miR-181a/b-1""" mice (purity always >98%), and their graded concentrations were
added to antigen-presenting cell/OT-II cocultures in the presence of murine IL-2 (100 U/ml,
PeproTech). Assay was analyzed after 48-60 h by flow cytometry.

In vivo suppression assay

To analyze the function of Treg cells in vivo, sorted populations of naive CD45.1* (1 x 10° to
4 x 10° cells) together with CD45.2" miR-181a/b-1""~ or miR-181a/b-1""" Treg cells were
injected intravenously into Ragl ™'~ recipients and analyzed after 14 days.

TCR sequencing

Total RNA was isolated using the RNeasy Mini Kit (Qiagen, Hilden, Germany) from 1 x 10
sorted thymic CD3*CD4"CD25" miR-181a/b-1""~ or miR-181a/b-17"" Treg cells and 4 x 10°
sorted splenic CD3*CD4*CD25" miR-181a/b-1"'~ or miR-181a/b-1""" Treg cells. Purity was
above 98% as determined by reanalysis. Four independent sorts were performed (pooled 4-5
mice/genotype), and so were 2 independent sequencing experiments. cDNA templates were
synthesized using SuperScript II reverse transcriptase (Invitrogen) according to the manufac-
turer’s recommendation. To generate template libraries of rearranged TCR CDR3 regions
from Treg-cell cDNA for the Genome Sequencer FLX system (454 sequencing; Roche, Basel,
Switzerland), we used primers spanning the variable region between constant Co. and V ele-
ments of the Vo8 family (comprising TRAV12-1*01, TRAV12-1%03, TRAV12-1*04, TRAV12-
105, TRAV12D-2%01, TRAV12D-2*02, TRAV12D-2*03, TRAV12D-2*04, TRAV12D-2*05,
TRAV12D-3*01, TRAV12D-3*02, and TRAV12D-3*03) [50]. Forward and reverse primers
contained at their 5" ends the universal adapter sequences and a multiplex identifier (MID),
respectively. Amplicons were purified by agarose gel electrophoresis and QIAquick Gel Extrac-
tion Kit (Qiagen) and quantified by Quant-iT dsDNA HS Assay Kit (Invitrogen). Single PCR
amplicon molecules were immobilized onto DNA capture beads within an oil-water emulsion
to enable clonal amplification in a second PCR process with universal primers. The emulsion
was then disrupted, and isolated beads were loaded onto PicoTiterPlates. Sequencing reactions
were performed by ultradeep 454 pyrosequencing on the Genome Sequencer FLX system
(Roche). Productive rearrangements and CDR3o. regions were defined by comparing nucleo-
tide sequences to the reference sequences from IMGT, the international InMunoGeneTics
information system (http://www.imgt.org) [51]. Rearrangements were analyzed and CDR3a.
regions were defined using IMGT/HighV-QUEST [52].

Confocal microscopy

CD4" T cells were purified from spleens and pLN of miR-181a/b-1"'~ and miR-181a/b-1"""
mice using CD4" T-cell negative isolation kit (Dynal, Invitrogen). Next, cells were plated on
glass coverslips (Assistent, 0.13-0.16 mm, Thermo Fisher Scientific) coated with poly-L-lysine
(Sigma Aldrich) or Histogrip (Invitrogen) for 2 h at 37 °C. In some experiments, glass cover-
slips were additionally coated with CD3 antibody (10 pg/ml, 17A2) and 0:CD28 antibody
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(10 pg/ml, 37.51). After 2 h, cells were fixed in 3% (v/v) electron-microscopy-grade PFA (Elec-
tron Microscopy Sciences). CTLA-4, Foxp3, LAMP2, EEA1, GM130, and Rab11 were stained
using indirect immunofluorescence. The following primary antibodies were used: purified o-
mouse CTLA-4 (UC10-4F10-11, BD Biosciences) labeled with DyLight650 antibody labeling
kit (Pierce, Thermo Fisher Scientific) according to the manufacturer’s protocol, Alexa-
Fluor488-labeled rat-o-mouse Foxp3 (MF23, BD Biosciences), purified rat-o-mouse LAMP2
(Hybridoma Bank), a-mouse EEA-1 (14/EEA1, BD Biosciences), o-mouse GM130 (35/
GM130, BD Biosciences), and o-mouse Rab11 (D4F5, Cell Signaling, Danvers, MA). The fol-
lowing secondary antibodies were used, all conjugated to AlexaFluor488 (all Molecular
Probes): mouse-o-rat, rat-o-mouse, and goat-a-rabbit. Nuclear staining was performed using
DAPI (Molecular Probes). Coverslips were mounted on glass slides using aqueous mounting
medium (DakoCytomation, Glostrup, Denmark). Samples were analyzed by confocal fluores-
cent microscopy using a Leica SP5 inverted microscope (Leica Microsystems, Wetzlar, Ger-
many). During imaging, a single focal plane was monitored in x-y-z scanning mode using
63x/1.4-0.6 NA oil HCX PL APO lambda blue DIC oil objective, UV laser (405 nm), argon
laser (488 nm), diode-pumped solid-state (DPSS) laser (561 nm), and helium-neon (HeNe)
laser (633 nm) at a scanner frequency of 400 Hz, line averaging 4. In order to avoid fluores-
cence overlap, sequential scans were performed. Images were analyzed using LAS AF Lite
(Leica Microsystems) and Image] software. Quantification of fluorescence intensity and image
analysis was performed using Image] software.

Inhibition of lysosomal degradation in Treg cells

CD4"CD25" Treg cells were enriched from spleens and LNs of miR-181a/b-1"'~ or miR-181a/
b-1""" mice using a MACS isolation kit (Miltenyi Biotec, Bergisch Gladbach, Germany). Cells
were incubated in the absence or presence of 50 nM bafilomycin (InvivoGen, San Diego, CA,
USA) and collected after 30, 60, 120, and 180 min. Samples were stained with aCD4, aCD25,
and ohCD2 (Foxp3) antibodies and intracellularly for CTLA-4. For intracellular stainings, the
Foxp3/transcription factor staining buffer set (eBioscience) was used according to the manu-
facturer’s protocol. Samples were acquired on LSRII (BD Biosciences). Data were analyzed
with Flow]Jo software, v.9.4.9 (Tree Star). For analysis, dead cells and debris were excluded via
staining with Zombie Aqua reagent (BioLegend) prior to fixation and permabilization of cells.

Microarrays

RNA isolation, cDNA preparation, and DNA microarray analysis of gene expression were per-
formed at the Microarray Genechip Facility of the University of Tiibingen (MFT Services).
Fluorescent images of hybridized microarrays (MOE-430 version 2.0; Affymetrix, Santa Clara,
CA, USA) were obtained using an Affymetrix Genechip Scanner. Microarray data were ana-
lyzed using BioConductor Suite 2.1 software. All samples were repeated two times with indi-
vidually sorted cells and averaged.

Small RNAseq

Treg cells (1 x 10°) sorted from 3 pooled WT and miR-181a/b-17'~ thymi were stored in RNA-
protect Cell Reagent (Qiagen). Small RN Aseq was performed by Admera Health (South Plain-
field, NJ, USA) using the SMARTer smRNA-Seq Kit (Takara, Kusatsu, Japan). Adapters were
trimmed with Flexbar 3.4, and rRNA was removed using Bowtie 2. The remaining reads were
aligned using STAR aligner and counted using HTSeq. Differential expression analysis was
performed in R using the DESeq2 package. Three biological replicates per genotype were
analyzed.
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Luciferase assay

Part of the CTLA-4 coding sequence (CTLA-4"", 294 bp) and a version devoid of the putative
miR-181a binding site (CTLA-4%, 271 bp) were synthesized by GeneArt (Regensburg, Ger-
many) and cloned into PsiCheck2.0 Vector (Promega, Madison, WI, USA). 3T3 cells overex-
pressing murine miR-181a or ctrl cells were established by retroviral transduction and sorted
to 100% purity (GFP reporter). Viral particles were produced in HEK293T cells by co-transfec-
tion with pCLEco (coexpressing MLV gag, pol, and env) and the plasmids MDH1-PGK-
GFP_2.0 (Addgene plasmid #11375) or MDH1-miR-181a-1-PGK-GFP (Addgene plasmid
#11376), which were gifts from Chang-Zheng Chen [53]. 3T3 cells were cultured in complete
DMEM (Life Technologies, Carlsbad, CA, USA) (10% FCS, 100 U PenStrep, 1 mM Na-pyru-
vate, 25 ug/mL Geneticin [Life Technologies]). 250,000 cells were electroporated with 0.1 ug
of PsiCheck2.0 (250 V, 950 pF, Biorad Gene Pulser II) and cultured for 24 h on 6-well

plates. Dual-Luciferase Reporter (DLR) assays (Promega) were conducted according to the
manufacturer’s instructions. Luciferase activity was measured using Lumat LB 9507 machine
(Berthold).

qRT-PCR

RNA was prepared using the miRNeasy Kit according to the manufacturer’s instructions (Qia-
gen). RT reaction was performed using TagMan MicroRNA Reverse Transcription Kit
(Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, USA) and miRNA-specific
primers according to the manufacturer’s protocol. Quantitative RT-PCR analysis of miRNA
expression was carried out using the following Taqman probes: hsa-miR-181a, TM: 000480;
mmu-miR-15b, TM: 000390; mmu-miR-150-5p, TM: 000473; mmu-miR-342, TM: 002260;
mmu-let-7g-5p, TM: 002282 (Applied Biosystems). Fold differences were calculated using the
AC, method normalized to snoRNA412 as housekeeping miRNA gene (Applied Biosystems,
TM: 001243).

Statistical analyses

All analyses were performed using GraphPad Prism software. Data are represented as

mean * SD. Statistical analyses of significance were performed using unpaired or paired Stu-
dent’s t test, multiple ¢ test, or two-way ANOVA with Bonferroni post ¢ test or Sidak’s multiple
comparison test.

Supporting information

S1 Fig. Early development of Treg cells in the absence of miR-181a/b-1. (A) Competitive
BM chimeras. BM cells from miR-181a/b-1"" (het) or miR-181a/b-17"~ (KO) (both CD45.2)
were mixed in a 1:1 ratio with competitor WT BM cells (CD45.1/2) and injected into lethally
irradiated WT recipients (CD45.1). Chimeras were analyzed 12 weeks later for the generation
of CD4"CD8a” (DN), CD4"CD80." (DP), and CD4"CD8c” (CD47SP) cells in the thymus.
Plots are representative of 2 independent experiments with n = 8 for each genotype. Graph
shows ratio of cells within test versus competitor populations. Each data point represents an
individual mouse. (B) FACS analysis of thymi from InduRagl mice sufficient and deficient
for miR-181a/b-1, 7 days after induction of Ragl expression. (C) Frequencies of tTreg cells
(TCRB"CD4"CD25"Foxp3™), their precursors TCRB"CD4"CD25 Foxp3* (Ia), and
TCRB"CD4"CD25 Foxp3~ (Ib) on day 7 after initial induction of Ragl expression in
InduRagl mice sufficient and deficient for miR-181a/b-1. (D) FACS analysis of CD4 T-cell
selection, 7 days after Ragl induction in InduRagl mice. Depicted data are from 2
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independent experiments, with n = 1-4 for each genotype and time point analyzed. Numerical
values are available in S1 Data. BM, bone marrow; CD, cluster of differentiation; DN, double
negative; DP, double positive; FACS, fluorescence-activated cell scan; Foxp3, forkhead

box protein P3; InduRagl, inducible recombination-activating gene 1; KO, knockout; miR-
181, microRNA-181; prec, precursor; Ragl, recombination-activating gene 1; SP, single posi-
tive; Treg cell, regulatory T cell; tTreg cell, thymic Treg cell; WT, wild type.

(JPG)

S2 Fig. miR-181a/b-1 deficiency impairs generation of Treg cells in the thymus and does
not influence their peripheral induction from naive T cells. (A) Plots show gating strategy
to discriminate newly generated tTreg cells (Foxp3"“P** cells positive for Ragl“"") and the
population consisting of peripheral immigrants and thymus-residing mature Treg cells
(Foxp3"“P2*GFpP~ Treg cells). Representative plots of 5 independent experiments are shown.
Right panel, quantification; each data point represents one mouse. (B) Frequencies of RTEs
(RagI®***CD4"CD25") in spleens of miR-181a/b-1*"~ and miR-181a/b-1""" mice, left panel.
Frequencies of Treg-cell RTEs (Ragl “***CD4"Foxp3"“"?") in spleens of miR-181a/b-1""~
and miR-181a/b-1""" mice, right panel. (C) De novo induction of Treg cells is not enhanced in
the absence of miR-181a/b-1. RTEs (Ragl“***CD4*CD25") were sorted from spleens of

Ragl GFP/WT o miR-181a/b-1-sufficient and deficient mice (CD45.1¥/CD45.2* or CD45.2")
and injected into lymphopenic Il7ra”’~ recipients (CD45.1). Generation of Treg cells within
donor cells was analyzed after 28 days. Plots are representative of 2 independent experiments,
n = 3-4. Graphs show frequencies of CD25"Foxp3™ cells generated within donor TCRB*CD4"
cells in spleen, pLNs, and mLNs. Statistical analysis was performed using unpaired Student’s ¢
test. Numerical values are available in S1 Data. CD, cluster of differentiation; Foxp3, forkhead
box protein P3; GFP, green fluorescent protein; hCD2, human CD2; II7r, interleukin-7 recep-
tor alpha; miR-181, microRNA-181; mLN, mesenteric lymph node; pLN, peripheral lymph
node; Ragl, recombination activating gene 1; RTE, recent thymic emigrant; TCR, T-cell recep-
tor; Treg cell, regulatory T cell; tTreg cell, thymic Treg cell.

(JPG)

S3 Fig. Peripheral expansion of miR-181a/b-1-deficient Treg cells compensates for their
impaired development. (A) TCR repertoire of miR-181a/b-1-deficient tTreg (upper graph)
and splenic Treg (lower graph) cells. Va8—Co amplicons were amplified from cDNA of Treg
cells before high-throughput sequencing. Frequencies of individual Vo—~Ca sequences detected
in miR-181a/b-1*"" (black) and miR-181a/b-1""" (red) Treg cells. The copy number of Va-Co
sequences is displayed against the number of individual nucleotide sequences. Data are derived
from 2 independent experiments with samples sorted from n = 4-6 mice (pool). Numerical
values are available in S1 Data. cDNA, complementary DNA; miR-181, microRNA-181; TCR,
T-cell receptor; Treg cell, regulatory T cell; tTreg cell, thymic Treg cell.

(JPG)

S4 Fig. Flow-cytometry analysis of miR-181a/b-1-deficient Treg cells. Selected surface and
intracellular proteins expressed by tTreg (A), splenic Treg (B), and LN-resident Treg (C) cells.
Representative histograms and plots from 2 independent experiments (n = 6-9 for each geno-
type) are depicted. Numbers indicate average MFI or frequencies of positive cells, £SD.
Numerical values are available in S1 Data. LN, lymph node; MFI, mean fluorescence intensity;
miR-181, microRNA-181; Treg cell, regulatory T cell; tTreg cell, thymic Treg cell.

(JPG)

§5 Fig. No evidence for post-transcriptional regulation of CTLA-4 by miR-181a/b-1 or
miRNAs down-regulated in miR-181a/b-1-deficient Treg cells. (A) Predicted base-pairing
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of miR-181a with the target sequence in the cds of CTLA-4. The seed sequence in the miRNA
and the complementary sequence in the cds are displayed in bold letters. Number indicates the
position within the CTLA-4 cds. (B) Relative luciferase intensities of CTLA-4 coding sequence
(CTLA-4"") and cds lacking 23 bp of the predicted miR-181a binding site (CTLA-4%") nor-
malized to empty luciferase vector ctrl in 3T3 cells overexpressing miR-181a (miR-181a) or
respective ctrls. Bars represent mean of >20 experiments and SD. (C) Small RNAseq volcano
plot of differentially regulated miRNAs in miR-181a/b-1"~ compared to WT tTreg cells. (D)
qRT-PCR analysis of differentially regulated miRNAs identified in small RNAseq analysis in
sorted tTreg cell (left column) and splenic Treg cell populations (right column). Data from 3
independent experiments, with n = 2-7 (pool) for each genotype. Expression of each miRNA
was normalized to the expression of housekeeping small RNA, snoR412. AACr values are dis-
played on the graph. Numerical values are available in S1 Data. cds, coding sequence; CTLA-4,
cytotoxic T-lymphocyte-associated protein 4; ctrl, control; miRNA, microRNA; miR-181,
microRNA-181; qRT-PCR, quantitative reverse-transcription PCR; RNAseq, RNA sequenc-
ing; snoR412, small nucleolar RNA 412; Treg cell, regulatory T cell; tTreg cell, thymic Treg
cell; WT, wild type.

(JPG)

S6 Fig. miR-181a/b-1-deficient Treg cells are more suppressive in vitro. (A) Production of
cytokines by splenic CD8" T cells after stimulation with PMA/ionomycin. Graphs represent
quantification of the data from 2 independent experiments, n = 4-5 for each genotype. (B) In
vitro suppression assay. Splenic antigen-presenting cells were loaded with OV A3,3_339 peptide
and cocultured with OT-II cells in the presence of graded numbers of sorted Treg cells from
spleens of miR-181a/b-1*"~ and miR-181a/b-1""" mice. Graph shows percent of suppression
calculated as follows: The number of CESE'®™ OT-II cells (dividing) in the absence of Treg
cells (ctrl sample) was set as 100%. Further, numbers of CFSE!*Y OT-II cells that survived in
the presence of Treg cells were transformed to frequencies according to ctrl sample, and this
number was subtracted from 100%, which gave the percent of suppression exhibited by a
given number of Treg cells. Data are representative of 4 independent experiments, with

n =7-8 for Treg cell donor mice. Numerical values are available in S1 Data. CFSE, carboxy-
fluorescein succinimidyl ester; ctrl, control; miR-181, microRNA-181; OT-II, ovalbumin-spe-
cific MHC class II-restricted alpha beta TCR; OVA, chicken ovalbumin; PMA, phorbol
12-myristate 13-acetate; Treg cell, regulatory T cell.

(JPG)

S1 Data. Numerical values for graphical representations of data shown in all figures.
(XLSX)
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Clathrin-mediated endocytosis (CME) is critical for internalisation of molecules across cell
membranes. The FCH domain only 1 (FCHO1) protein is key molecule involved in the early
stages of CME formation. The consequences of mutations in FCHOT in humans were
unknown. We identify ten unrelated patients with variable T and B cell lymphopenia, who are
homozygous for six distinct mutations in FCHOT. We demonstrate that these mutations either
lead to mislocalisation of the protein or prevent its interaction with binding partners. Live-cell
imaging of cells expressing mutant variants of FCHOT1 provide evidence of impaired formation
of clathrin coated pits (CCP). Patient T cells are unresponsive to T cell receptor (TCR)
triggering. Internalisation of the TCR receptor is severely perturbed in FCHO1-deficient Jurkat
T cells but can be rescued by expression of wild-type FCHO1. Thus, we discovered a pre-
viously unrecognised critical role of FCHO1 and CME during T-cell development and function
in humans.
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ukaryotic cells are characterised by a structural and func-

tional compartmentalisation. Biological membrane systems

are critically involved in the establishment and maintenance
of the cellular compartments. The highly dynamic modulation of
membranes is a key feature for their role in a variety of biological
processes, such as endocytosis, secretion, signal transduction or
migration. Clathrin, a central molecular scaffold, plays an
essential role in the re-organisation of cellular membranes and
the transport between compartments. Clathrin-coated vesicles
(CCV), first described as “clathrin-coated pits” (CCP) in mos-
quito oocytes! and later purified from pig brain?, control inter-
nalisation of membrane-associated proteins and protein transport
from the trans-Golgi-network?.

Clathrin-dependent endocytosis (CME) is initiated at the
plasma membrane by the recruitment of adaptors (hetero-
tetrameric AP-2 complex, AP180; clathrin assembly lymphoid
myeloid leukaemia, CALM; and anchor proteins (FCH domain
only 1 and 2, [FCHOLI and 2]; epidermal growth factor receptor
substrate 15, [EPS15]; and intersectin)4=®. These factors are
enriched within PIP2 (phosphatidylinositol 4,5,-biphosphate)-
rich regions of the membrane and trigger the assembly of the
clathrin proteins into clusters’. During maturation, the clathrin-
enriched membrane patches undergo a local curvature and an
invaginated spheric clathrin-coated pit is generated. The con-
nection of this pit to the plasma membrane is detached by
dynamin®.

The molecular details of the formation of a new vesicle are still
not fully understood. In vitro, the presence of clathrin, an adaptor
protein (i.e., AP-1, AP-2) and dynamin are sufficient to form a
vesicle?. However, in vivo, the mechanism is much more com-
plex. It has been shown by live-cell total internal reflection
fluorescence (TIRF) imaging with single-molecule EGFP sensi-
tivity and high-temporal resolution that the formation of a vesicle
can originate from two AP-2 molecules with a clathrin tri-
skeleton®. In contrast, another report suggested that FCHOI1 and
FCHO?2 need to be associated with the membrane prior to AP-2
recruitment to initiate the process®. FCHO1/2 interact and show
similar kinetics at the membrane as the scaffold proteins EPS15
and intersectin, two factors that are important for clathrin-
dependent endocytosis®!?. Upon downregulation of EPS15
expression by small-interfering RNA, FCHO1/2 show a diffuse
pattern of distribution at the cell membrane. This observation
suggests that EPS15 is critical for the specific agglomeration of
FCHOL1/2 on the site of the formation of clathrin-coated vesicles®.

Since the early clinical discoveries of monogenic immune
disorders by Rolf Kostmann!! and Ogden Bruton!2, >400 pri-
mary immunodeficiency diseases have been delineated!3, many of
which have opened unprecedented insights into molecular
mechanisms orchestrating differentiation and function of the
human immune system.

Here, we describe ten human patients with T-cell deficiency
and loss-of-function mutations in FCHOI. Our experiments
demonstrate that the absence of functional FCHO1 results in
perturbed clathrin-mediated endocytosis in several tissues, as well
as dysfunctional internalisation of the TCR. Pharmacological
inhibition of CME during in vitro T-cell development results in
marked delay of T-cell differentiation. In summary, we identify
an essential and non-redundant role for the clathrin adaptor
FCHOL1 in T-cell differentiation and function, linking CME to the
function of the human immune system.

Results

Clinical phenotype and molecular genetics. We collected seven
pedigrees with ten patients presenting with features of T-cell
immunodeficiency (Fig. la and Supplementary Fig. 1). All

patients suffered from severe bacterial, viral or fungal infections
indicative of a primary immunodeficiency disorder. Three
patients (B1, C1, D1) developed B-cell lymphoma prior to allo-
geneic hematopoietic stem cell transplantation, and three patients
(A1, D1, E1) had neurological disease (Table 1). Immunological
parameters were ranging from a moderate decrease in peripheral
CD4* T cells (F2 and G1) to severe combined immunodeficiency
with virtually absent B- and T-cells (Al, Bl, E1). With the
exception of Gl, all patients had hypogammaglobulinemia
(Supplementary Table 1). Thus, the common immunophenotypic
denominator for all these patients was CD41 T-cell deficiency.

In order to identify the underlying genetic defect, we
performed whole-exome sequencing (WES) followed by Sanger
sequencing of candidate genes on patients and family members
(see Online Methods). We have identified six distinct, novel and
segregating homozygous mutations in FCHOI in seven pedigrees
(Fig. 1b and Supplementary Figs. 2 and 3; Table 1 and
Supplementary Table 2). At the DNA level, the mutation in
kindred A results in a nucleotide substitution at the position
¢2036 G>C, in kindred B in a nucleotide substitution at the
position ¢.100 G > C, whereas the mutations of the pedigrees C
and D (not known to be connected by kinship) are insertions
€.2023insG resulting in a frameshift and premature termination
of the protein (Fig. 1b, c¢). The mutations of kindred E (changing
the first nucleotide of intron 8c.489 +1G > A) and kindred F
(contained in the intron 6 splice acceptor site; ¢.195-2 A >C)
affect splicing of pre-mRNA (Fig. 1c and Supplementary Fig. 2).
Effects on FCHOLI transcripts in fibroblasts, peripheral blood
mononuclear cell (PBMC) and EBV-LCL are shown in
Supplementary Figs. 2 and 3. No bands corresponding to wild-
type FCHO1 were detected in these analyses. In kindred G, a
single-nucleotide substitution at position ¢.1948C > T results in a
predicted premature stop codon at amino acid position 650. All
identified patient-associated mutations are summarised in
Supplementary Table 2.

FCHOL1 consists of three main segments organised into two
major domains (Fig. 1c). The N-terminal F-BAR domain (also
known as extended FCH), which is responsible for membrane
binding, is followed by a structurally less organised and
evolutionary poorly conserved segment that binds the adaptor
protein AP-2. The C-terminal part (~270 amino acids) forms a
¢ homology domain (uHD), which directly binds to epidermal
growth factor receptor pathway substrate 15 (EPS15) and EPS15-
like 1 (EPS15L1) also known as EPS15R.

The mutation in kindred A results in an Arg to Pro
substitution at the position 679 in the utHD domain. The crystal
structure of the Danio rerio fHD domain of Fchol has been
resolved together with a fragment of EPS15 allowing for direct
modelling the effect of the amino acid substitution on this
structure (Fig. 1d)!4. Although the patient-associated mutations
are not directly located at the protein-binding trough, replacing
the charged side chain of Arg with a nonpolar and rigid ring of
Pro may result in steric alterations in the pHD subdomain A and
thus affect interaction with its binding partners (Fig. 1d).

The point mutation in kindred B results in an amino acid
substitution in the alpha-helix structure of the F-BAR domain (p.
Ala34Pro). The F-BAR domain of FCHO1 has not been
crystallised. However, the structure of its functional and
structural paralogue FCHO?2 has been resolved, which allows
for modelling of the patient-associated mutation!4. The substitu-
tion of Ala with Pro at position 34 is likely to result in a
disruption of the alpha-helix structure, which in turn may lead to
alterations in the membrane-binding properties of the entire
domain (Fig. le).

In addition to mutations resulting in amino acid substitutions,
we identified three distinct variants resulting in a premature stop
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Fig. 1 Homozygous mutations in the FCHO1 gene segregate with patients’ lymphopenia. a Pedigrees of seven unrelated families show ancestral
segregation of mutations in the FCHOT locus. Generations are assigned by Roman numerals from | to Ill. Index cases are marked with an arrow, small circles
and squares denote spontaneous abortions and crossed symbols deceased individuals. mut, mutation; wt, wild-type. b Sanger sequencing chromatograms
indicating homozygous mutation ¢.2036 G > C in index cases of kindred A, c.100 G > C in kindred B and ¢.2023insG in kindred C and D. Families C and D
are not connected by kinship. A-D, index cases; M' mother; F, father; S, sister; B, brother. Additional kindred analyses are exhibited in Supplementary Figs. 2
and 3. ¢ Schematic representation of FCHO1 protein indicating two main domains and localisation of family-associated mutations. d, @ Computed crystal
structures with indicated point mutations in pHD domain (d) and F-BAR domain (e).

codon. The two identical mutations in the unrelated families C
and D result in a frameshift and premature stop codon at amino
acid position 687 (p.Val675GlyTerl3, referred to as p.Stop687).
Similarly, the mutation associated with kindred G results in a
premature stop codon at amino acid position 650 (p.Stop650). In

both variants virtually the entire ytHD domain is truncated, which
presumably alters interaction with the FCHO1-binding partners.
The point mutation in kindred E affects a splice donor and
thereby results in a shortening of the FCHO1 by 51 amino acid
encoded by exon 8 (Supplementary Fig. 2). Given the localisation
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of these amino acids, it is likely that, in case a protein is stably
expressed, it disrupts the alpha-helix structure of the F-BAR
domain. Finally, the kindred F-associated mutation in the splice
acceptor region gives rise to three possible splice variants, each of
them resulting in a premature stop codon shortly downstream of
exon 6. It prevents correct splicing and by prediction presumably
leads to expression of a very short (~7.1kDa), non-functional
form of FCHO1 (Supplementary Fig. 3b-e).

Effects of patient-associated mutations on FCHO1 function.
Based on CADD and PolyPhen-2 scores, all patient-associated
mutations are deleterious for the FCHOI protein function
(Supplementary Table 2). To test this, we first established a het-
erologous system, where HEK239T cells were transiently trans-
fected with vectors carrying wild-type (wt) or mutated versions of
the FCHOI complementay DNA (cDNA). None of the herein
tested mutations altered protein stability, albeit p.Stop687 resul-
ted in the expression of a shorter protein (Fig. 2a and Supple-
mentary Fig. 4). The encoded proteins were tested for co-
immunoprecipitation with their direct interacting partners EPS15
and its homologue EPS15R. Recovery of the EPS15 and EPS15R
was strongly reduced in both mutants affecting the uHD domain
(c.R679P and p.Stop687). In contrast, the FCHOI mutant
affecting the F-BAR domain (p.A34P) did not alter the interac-
tion with EPS15 and EPS15R (Fig. 2a).

The function of FCHOL1 critically depends not only on its
biochemical interaction with partner proteins but also on the
spatiotemporal organisation of its interactome. Nucleation of
FCHO1-mediated clathrin-coated vesicles (CCV) occurs only at
the plasma membrane®. We, therefore, set out to test whether the
identified FCHOI mutations altered the subcellular location of
the corresponding protein. We employed SK-MEL-2 cells
expressing a RFP-tagged clathrin light chain from one allele of
its endogenous locus!®. In order to circumvent confounding
effects of the endogenously encoded FCHO1 protein, the FCHO1
gene was deleted using CRISPR/Cas9-mediated gene editing.
Transient expression of wt FCHOI1-GFP fusion protein in
knockout (ko) cells showed scattered bright puncta associated
with the plasma membrane as previously reported>!* (Fig. 2b-d
and Supplementary Figs. 5-7). In contrast, expression of the F-
BAR mutated (p.A34P) FCHO1 form resulted in the formation of
large plasma membrane-dissociated agglomerations (Fig. 2b-d
and Supplementary Figs. 5-7).

Further, both pR679P and p.Stop687 uHD mutants failed to
form any punctated structures. These mutants appeared as a
diffuse network, mostly dissociated from the plasma membrane
(Fig. 2b-d and Supplementary Fig. 5). In accordance with the co-
immunoprecipitation results, only wt and p.A34P FCHOI1
colocalized with their partners EPS15 and adaptin (Fig. 2b-c,
and for quantification Fig. 2e). Importantly, all mutants failed to
colocalize with endogenous clathrin (Fig. 2d-e). We chose a
model system with physiological expression levels of FCHOLI.
While this is advantageous in many respects®, it is limited with
respect to poor signal-to-noise ratio. To improve signal
intensities, we additionally transduced SK-MEL-2 cells to stably
over-express RFP-tagged clathrin light chains. As shown in
Supplementary Fig 7, these data confirm that only wild-type
FCHOLI, but none of the mutants, colocalize with clathrin.

Nucleation of CCV is a highly dynamic process. To measure
the dynamics of protein-protein interaction between FCHO1 and
clathrin, we established live-cell imaging models. Here, we
followed wt FCHO1 and both point mutants (p.R679P and
p-A34P). As anticipated, wt GFP-FCHOL initiated the formation
of clathrin-coated pits, whereas both mutants failed to do so
(Fig. 3a—c and Supplementary Movies 1-3). FCHOLI carrying the

puHD-associated p.R679P mutation prevented the formation of
productive pits and thus failed to facilitate the formation of CCV.
Since the sensitivity of the confocal microscope does not allow to
discriminate single molecules, we cannot exclude that small,
abortive pits may have been formed. However, we failed to detect
any aggregation of FCHOL1 carrying this mutation. In striking
contrast, the F-BAR-associated mutation p.A34P resulted in the
formation of fast moving, large aggregates of GFP-FCHO1 fusion
proteins. Moreover, such membrane-dissociated aggregates
tended to merge, leading to the formation of cytoplasmic protein
intrusions (Supplementary Fig. 5). These pits appeared to be
abortive, since they failed to interact with clathrin (Fig. 3a—c).

These results illustrate that the identified mutations in FCHOI
constitute loss-of-function alleles: whereas the mutation in the
pHD domain results in loss-of-interaction with its main
interacting partners and partial dissociation from the plasma
membrane, the mutation in the F-BAR domain alters the
subcellular localisation of the FCHOL1 protein. Irrespective of
their nature, all mutations ultimately result in inefficient
nucleation of CCV.

FCHOI1 regulates endocytosis of the T-cell receptor. The
FCHOI mutations identified in our patients predominantly result
in a severe T-cell defect while other cells of the immune system
appear largely unaffected. The key designate of T-cell fate during
ontogeny is the quality and strength of the T-cell receptor (TCR)
signal!®-18. The TCR has no intrinsic catalytic activity. TCR-
dependent signal propagation requires a multi-protein complex
comprises TCR a- and p-chains non-covalently coupled to
immunoreceptor tyrosine-based activation motif (ITAM)-rich
CD3 ¢, y, § and { molecules. Internalisation of the CD3:TCR
complex depends on the formation of CCP!9-24, We hypothe-
sised that FCHO1 may be involved in TCR internalisation during
T-cell activation. To test this, we took advantage of the CD4-
positive human Jurkat T-cell lymphoma line in which we deleted
the endogenous FCHOI gene using CRISPR/Cas9 gene editing.
FCHO1-deficient Jurkat clones were reconstituted with either wt
or mutated FCHO1 using retroviral vectors encoding a bicistronic
FCHOL1 and GFP ¢DNA separated by an internal ribosomal entry
site (IRES). In order to understand the effect of FCHO1 on TCR
internalisation and clustering, we analysed TCR distribution upon
stimulation using confocal microscopy. After 60 min of TCR
triggering by an a-CD3 monoclonal Ab, large intracellular CD3-
positive puncta were formed in wt cells, whereas in FCHO1 ko
clones CD3 molecules remained in diffuse form (Fig. 4a and
Supplementary Fig. 8). Knockout clones reconstituted with wt
FCHO1 formed large CD3-positive puncta, essentially indis-
tinguishable from those in wt cells. In contrast, none of the
FCHOI1 mutants were able to rescue the phenotype and thus
nearly all CD3 molecules remained diffused upon TCR-activation
(Fig. 4a). We also noted plasma membrane invagination and
nucleus segmentation in FCHO1-deficient Jurkat cells. This effect
was not observed in SK-MEL-2 cells (Figs. 2b-d and 4a, and
Supplementary Fig. 5). It is therefore possible, that FCHO1
deficiency has a more general effect on plasma membrane
structure in T cells.

To assess TCR internalisation in a quantitative manner, we
next measured the intracellular accumulation of CD3:TCR
complexes upon anti-CD3-mediated TCR triggering over time
using flow cytometry. Consistent with our confocal microscopy
studies, we noted that FCHOI ko cells accumulated approxi-
mately two-fold less CD3:TCR complexes when compared to wt
cells (Fig. 4b). Finally, as the TCR cross-linking and its
subsequent internalisation are essential for quality and strength
of the triggered signal, we assessed whether FCHO1 directly
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modulated TCR responsiveness. To this end, Jurkat cells sufficient
or deficient for FCHO1 were stimulated with an a-CD3 antibody
and assessed for release of intracellular Ca%t. When compared to
controls, FCHOI1-deficient cells released less Ca?T upon CD3:
TCR triggering (Fig. 4c). Furthermore, only reconstitution with

wt but not mutated forms of FCHOL1 restored normal levels of
Ca?*, directly demonstrating that physiological TCR signalling
depends on FCHOL.

During CME adaptor proteins recognise cargoes at the cell
surface and direct them to the clathrin pits. FCHO1 binds its
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Fig. 2 Patient-associated mutations alter either binding properties or subcellular localisation of the FCHO1 protein. a Whole-cell lysates from
HEK293T cells overexpressing either wt or indicated mutant GFP-FCHO1 fusion proteins were used for immunoprecipitation. Specific bands are indicated
with arrows. Anti-FCHO1 or anti-GFP antibodies were used independently to detect FCHO1-specific bands. Representative data of three independent
experiments are shown. Uncropped blots are shown in Supplementary Fig. 4. b-d FCHO1-deficient SK-MEL-2 cells expressing RFP-tagged clathrin light
chain from endogenous locus (CLTARFP/Wt) were transiently transfected with either wt or mutated GFP-FCHO1 and fixed 24 to 36 h post transfection.
Representative confocal microscopy pictures show that the F-BAR-domain-associated mutation p.A34P alters the subcellular localisation of FCHO1 and
leads to the formation of large aggregates dissociated from the plasma membrane. The uHD domain-associated mutations (p.R679P and p.Stop687)
abolish the interaction of FCHO1 with its interacting partners EPS15, and adaptin. All mutations obliterate interaction with endogenous clathrin. Enlarged
and colour-separated regions corresponding to boxed areas are shown below each main picture. In d arrows indicate presumptive interaction of clathrin
with wild-type FCHOT1 and lack of such interaction for all tested mutants. Scale bar represents 5um for main pictures and 10 um for enlarged regions.
Colour code: b-d GFP-FCHO1, green; DAPI, blue, b EPS15, ¢ adaptin, d clathrin-red. e Quantification of data shown in b to d. Pearson correlation or co-
localisation coefficients of FCHO1 wild-type and all tested mutants with EPS15, adaptin and clathrin. Pooled data of two to three independent experiments
are depicted. Each symbol represents one region of 25 um2. Up to three regions per cells were quantified. Horizontal lines indicate the median, whiskers
indicate the range (min to max). Statistical analysis of significance was performed using one-way ANOVA test followed by Tukey's multiple comparison
test to assess differences between groups. Source data are provided as a Source Data file.
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Fig. 3 Mutations in both ptHD and F-BAR domains of FCHO1 prevent nucleation of clathrin-coated pits (CCP). a The dynamics of FCHO1-medicated
nucleation of CCP in FCHO1-deficient SK-MEL-2 cells expressing RFP-tagged clathrin light chain from endogenous locus (CLTARFP/Wt) transduced with
either wild-type (upper panel), uHD-mutated (p.R679-middle panel) or F-BAR-mutated (p.A34P-bottom panel) GFP-FCHO1 fusion protein. Two
micrometre-wide sections of representative movies are shown. Full movies are available in supplemental materials. In the middle panel, contrast was
reduced and brightness was increased as to show a diffused signal of GFP at the plasma membrane. b Time dependence of the fluorescent intensity of
FCHO1 (green) and endogenous clathrin (red) averaged from nine independent movies. Only the fluorescence of wild-type but not mutant FCHO1
correlates with clathrin. Each channel was normalised to the background and the initial fluorescence was set to 1. Error bars represent SEM of mean
fluorescence intensity, n =9 biologically independent cells from minimum three independent experiments. ¢ Pearson correlation of FCHO1 and clathrin
from individual movies. Pooled data from three independent experiments. Each symbol represents one square region of 25um?2. Up to three regions per
cells were quantified. Horizontal lines indicate the median. Statistical analysis of significance was performed using one-way ANOVA test followed by
Tukey's multiple comparison test to assess differences between groups Source data are provided as a Source Data file.

cargo through its pHD domain?>2%. It has been proposed that
Syp1, the yeast FCHO1 homologue, recognises DxY motifs on its
cargo?®. We hypothesised that human FCHO1 may also recognise
its cargo via DxY motifs, in particular since CD3e and CD3y have
DxY motifs in their cytoplasmic domain (Supplementary Fig. 9a).
While we could confirm interaction of FCHO1 and EPSI15 in
Jurkat cells stably transduced with N’- or C-flag FCHO1 fusion
proteins, we could not observe any direct interaction with either
of the CD3 molecules (Supplementary Fig. 9c—f). Thus, although
CD3 molecules possess the putative sorting motifs recognised by
FCHOI, we could not provide experimental evidence for direct
FCHOL1-CD3 interaction.

In sum, we provide evidence that FCHO1 plays a role in TCR-
dependent T-cell activation. It affects TCR clustering upon

| (2020)11:1031| https://doi.org/10.1038/s41467-020-14809-9 | www.nature.com/naturecommunications

receptor triggering and modulates its internalisation. Finally,
FCHOI1 deficiency results in impaired mobilisation of Ca2™,
directly linking the FCHO1 to TCR-associated signalling.

FCHOLI deficiency does not affect entry of VSV-G pseudotyped
HIV-1. Infection of cells with vesicular stomatitis virus (VSV) is
strongly dependent on CME. CME of VSV particles is initiated
after interaction of the viral glycoprotein (VSV-G) with the cel-
lular LDL (low-density lipoprotein) receptor?”. Entry of VSV or
VSV-G pseudotyped lentiviruses into the cytoplasm occurs after
endosomal acidification, which induces a conformational change
of VSV-G followed by fusion of viral and cellular membranes?S.

To evaluate whether the absence of FCHOL1 in Jurkat T cells
has an impact on CME-dependent virus infection, Jurkat wt and
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Fig. 4 FCHO1 deficiency impairs TCR internalisation. a FCHO1-sufficient and -deficient clones of Jurkat cells were used in the heterologous system, in
which ko clones were left either non-transduced or stably transduced with wt or FCHo1 construct carrying one of the patient-associated mutations, as
indicated. Cells were mock-treated (0") or stimulated with anti-CD3 Ab (60") at 37 °C, fixed and stained for CD3 and DAPI. Representative confocal
microscopy pictures show that only wt FCHO1 facilitates the formation of CD3 puncta upon stimulation. Scale bar 5 um. White arrowheads indicate CD3
puncta. The chart summarises data of three independent experiments in which an average number of CD3 puncta per cell is shown. Each point indicates an
average number of puncta per cell that could be found in one field of view. Statistical analysis of significance was performed using ANOVA test followed by
Sidak’s multiple comparison test to assess differences between groups, whiskers indicate the range (5-95 percentile). b FACS analysis of TCR
internalisation in wt or FCHO1 ko Jurkat clones. Jurkat cells were stained with anti-CD3 Ab in cold and then TCR internalisation was assessed over time at
37 °C in the presence of anti-mouse F(ab'), fragments labelled with Ax647. At indicated time points remaining surface TCRs were stripped, thus
fluorescent signal corresponds to the internalised TCR only. The chart summarises data of one representative experiment out of three, n =3 clones per
genotype. ¢ Intracellular Ca2+ flux upon TCR stimulation. Wt or FCHOT ko Jurkat clones were loaded with Ca2+-sensitive FuraRed and Fluo-4 dyes and
stimulated with anti-CD3 Ab and then Ca2* flux was recorded flow cytometrically over time. a-CD3 and lono indicate time points of respective
stimulations. Data are representative of three independent experiments in which minimum three different clones of each genotype were analysed. d Ca2+
flux of FCHO1-deficient clones upon reconstitution with either wt or indicated mutants of FCHO1. GFP histogram indicates transduction efficiency.
Intracellular Ca2™ flux was assessed as in ¢, representative data of two independent experiments are shown. Two FCHO1-deficient clones were analysed. b,
e Statistical analysis was performed using two-way ANOVA (p-values for the effect of the genotype). Source data are provided as a Source Data file.

FCHOL1 ko clones were challenged with HIV-1 particles, that are ~ which is loaded into target cells, allows for detection of fusion
devoid of their own envelope glycoprotein but had been events by flow cytometry2?-3L. The successful infection of VSV-G
pseudotyped with VSV-G. The interaction of T cells with VSV-  HIV-1 pseudotypes can be quantified by intracellular staining for
G HIV-1 was monitored using two established readouts, i.e., HIV-1 p24 antigen32.

virion fusion and productive HIV-1 infection. The quantitative Jurkat wt and FCHOL1 ko clones were challenged with different
assessment of fusion of virions is based on the incorporation of a  multiplicities of infection of either VSV-G HIV-1AEnv (BlaM-
BlaM-Vpr chimeric fusion protein into VSV-G HIV-1 particles  Vpr) (Fig. 5a and Supplementary Fig. 10a) or VSV-G HIV-1AEnv
and their subsequent delivery into the cytoplasm of T cells as a  (Fig. 5b and Supplementary Fig. 10b). FCHO1-deficient Jurkat T
result of virion fusion. Cleavage of the fluorescent CCF2 dye, clones displayed a susceptibility to VSV-G pseudotyped HIV-1,
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Fig. 5 FCHO1 deficiency does not alter global clathrin-mediated endocytosis. a, b Fusion of VSV-G HIV-1AEnv (BlaM-Vpr) virions (a) or infection by
VSV-G HIV-1AEnv (b) of Jurkat cells. Wt or FCHO1-deficient clones were challenged with increasing volumes of the indicated VSV-G HIV-T1AEnv. Virion
fusion was monitored by flow cytometry as previously reported?9-31 and the percentage of cleaved CCF2*/BlaM-Vpr+ cells is plotted relative to the virus
inoculum. Infection of VSV-G HIV-TAEnv was monitored by intracellular HIV-1 p24 staining two days post challenge and the relative percentage of p24-
positive cells is plotted relative to the virus inoculum32. Arithmetic means and standard errors are shown of results obtained for the indicated number of
clones from either virion fusion (e) or infection (f). ¢ Patient fibroblast or healthy donor fibroblast were subjected to the transferrin uptake assay. Cells
were exposed to fluorescently labelled transferrin for the indicated time at 37 °C and subsequently analysed by FACS. Data are pooled of four independent
assays; error bars represent standard deviation. a-c Statistical analysis was performed using two-way ANOVA (p-values for the effect of the genotype).

Source data are provided as a Source Data file.

monitored by both virion fusion and productive infection, that
was indistinguishable from that of wt clones. As controls of
specificity, fusion of HIV-1 wt, but not of VSV-G HIV-1 AEnv,
was inhibited by the peptidic HIV-1 fusion inhibitor T20
(Supplementary Fig. 11a) and, importantly, infection by VSV-G
HIV-1 AEnv was blocked by the V-ATPase inhibitor bafilomycin
Al, which prevents endosome acidification (Supplementary
Fig. 11b).

Taken together, FCHOL1 deficiency in Jurkat T cells does not
functionally impair CME in the context of VSV-G-mediated
entry and infection of a lentivirus pseudotype.

FCHOLI deficiency does not alter global endocytosis. To further
assess whether FCHOL1 deficiency has a global impact on CME,
we tested transferrin receptor internalisation, a well-recognised
model of a clathrin-dependent process33. To this end, we incu-
bated patient and healthy donor fibroblasts with fluorescently
labelled transferrin in the cold and, following a temperature shift,
its internalisation was monitored over time. Both wild-type and
FCHO1-deficient primary cells were able to internalise transferrin
through the TfR comparably (Fig. 5¢), suggesting that FCHOI
deficiency does not affect general CME endocytosis, but selec-
tively CME endocytosis of certain molecules.

FCHO1 modulates function of primary human T cells. The
paucity of T cells in peripheral blood of most FCHO1-deficient
patients precluded an in-depth investigation of primary lym-
phocytes. However, we were able to test functional consequences
of FCHOL1 deficiency on T cells isolated from the patient of
kindred C. We assessed proliferation of T cells and their capacity
to produce cytokines in response to TCR stimulation. First, we
determined the frequency of T cells in peripheral blood of patient
C1 (Fig. 6a). Although largely reduced in number when com-
pared to her heterozygous siblings, peripheral blood T cells were
abundant enough to perform a functional assay. To this end,
PBMCs were labelled with CFSE and stimulated with a-CD3 and
a-CD28 Abs. Cell proliferation and cytokine production were
assessed after 3 and 5 days. At both time points, CD4 and CD8
T cells of healthy siblings responded vigorously to the stimulation
whereas patient T cells failed to proliferate (Fig. 6b). Similarly,

FCHOLl-deficient T cells produced considerably lower levels of
IL-2 and IEN-y. In contrast, secretion of TNF-a was comparable
to healthy control cells, and IL-4 secretion was only marginally
dependent of FCHOL1 function (Fig. 6¢). Of note, T cells from the
heterozygous mother (and to a lesser extent the father) produced
less cytokines when compared to FCHO1WYWt control T cells. The
reason for this observation remains unclear. While a mild
dominant-negative effect cannot be excluded, there is no in vivo
evidence of T-cell dysfunction in healthy parents. (Fig. 6c).

In summary, FCHOL1 deficiency impairs T-cell development
and responsiveness to TCR stimulation.

Inhibition of CME arrests development of murine T cells
in vitro. Our data highlighted a mechanistic link between
impaired CME and ensuing T-cell deficiency. To further validate
this notion, we employed OP9-DL1 and OP9 co-culture systems
allowing us to study in vitro T-cell differentiation, as well as
differentiation of B cells and myeloid cells?. Purified thymus-
derived, T-cell-committed double-negative (DN) three progeni-
tors were co-cultured with OP9 DL1 cells for 10 days until ~50%
of them co-expressed CD4 and CD8 co-receptors (double-posi-
tive, DP). At day 5 of culture, we exposed the cells to chlorpro-
mazine, a known inhibitor of CME3> (Fig. 7a). In a
concentration-dependent manner, we observed inhibition of
developmental transition between DN3 to DP stage. Whereas >
50% of cells reached the DP stage in the absence of CME inhi-
bition, only 30-35% of chlorpromazine-treated showed progres-
sion to the DP stage. Even though minuscule surface expression
levels of pre-TCR at this stage of thymocyte development pre-
vented any direct measurements of TCR internalisation, it is
known that thymocyte differentiation from DN3 to DP strongly
depends on the quality of pre-TCR signal36-37,

To exclude the general cytotoxic effect of chlorpromazine we
co-cultured bone marrow-derived lineage-Sca-1T7CD117+ (LSK)
cells, the most versatile progenitors, which in similar conditions
develop to nearly all hematopoietic lineages (albeit with different
kinetics), and assessed how chlorpromazine affects development
of various lymphoid and non-lymphoid cells. To this end, LSK
co-cultured on OP9-DL1 cells gave rise to all pre-TCR
independent thymocyte populations in an indistinguishable
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Fig. 6 Patient-associated mutation in FCHO1 gene alters development and activation of T lymphocytes. a Density plots of blood leucocytes (CD45%) of
the index case (upper row) homozygous for a mutation in the FCHOT locus and her siblings carrying the heterozygous mutation (middle and bottom rows).
T helper cells were defined as CD45MCD33-SSCI°CD3TCD4 and cytotoxic T cells were CD45MCD33-5SCI°CD3+CD8*. Numbers adjacent to the gates
indicate percentages. b Histograms of CFSE-labelled T lymphocytes stimulated with anti-CD3 and anti-CD28 Ab for 3 (red line) or 5 (blue line) days.
Unstimulated controls are depicted in grey. ¢ Cytokine production by lymphocytes of patient and family members after anti-CD3 and anti-CD28 stimulation
for the indicated periods of time. IL-2, IFN-y, TNF-a and IL-4 were determined using cytometric bead assays. a-c¢ Data are representative of two
independent experiments, except data of day 3 shown in ¢, which was assessed once. Source data are provided as a Source Data file.

manner irrespective of presence or absence of chlorpromazine
(Fig. 7b). Similarly, presence or absence of chlorpromazine in
LSK and OP9 co-culture did not interfere with development
of neither B220TCD19" B-cell committed progenitors nor
CD11b*Gr-17 neutrophilic granulocytes (Fig. 7c¢, d).

Thus, chlorpromazine, a chemical inhibitor of CME, shows
rather selective effects on the DN3-DP transition of thymocyte
differentiation, known to be particularly vulnerable to distur-
bances of pre-TCR-signalling strength3637. Taken together, these
data indirectly support our concept that T-cell differentiation in
FCHOL deficiency is at least partially dependent on perturbed
TCR internalisation/signalling.

Discussion

Here, we identify autosomal recessive FCHOI1 deficiency as a
human genetic defect associated with combined immunodeficiency
(CID). We show that six different mutations in the FCHOI gene,
either point mutations resulting in amino acid substitutions, pre-
mature stop codons or affecting pre-mRNA splicing are deleterious
for FCHOL function. T-cell deficiency predisposes affected patients
to severe and persistent viral and fungal infections. Hypo-
gammaglobulinemia is seen in all patients, except G1. It remains
currently unclear whether B-cell defects are intrinsic or strictly
dependent on defective T cells.

FCHOL1 deficiency predisposes not only to infections but also
to lymphoma!3. Several patients died secondary to malignancies
before definitive therapy in form of an allogeneic hematopoietic
stem cell transplant could be done. Thus, FCHO1 deficiency
warrants rapid genetic diagnosis and provision of access to
definitive cure.

Our studies have provided insights into the structural and
functional biology of FCHOL. In a structure-guided prediction,
Ma and colleagues!# concluded that a minimum of two aa sub-
stitutions in FCHOL (at positions K877E 4 R879A), located
directly in the peptide-binding groove, are required to abolish
interaction of the domain with its main interacting partner
EPS15. Here, we show that a single substitution at R679P,

spatially distant from the groove, is sufficient to severely alter this
interaction. Although localised opposite of the groove, replace-
ment of the charged side chain of Arg with a nonpolar and rigid
ring of Pro is sufficient to alter the domain function. Three
mutations resulting in a premature stop codon at the beginning of
uHD domain further strengthen their significance for FCHO1
function. Alterations in the F-BAR domain also prove to be
deleterious, yet in a different mode. Substitution of Ala at position
34 with Pro, a known alpha-helix breaker, leads to dissociation of
the FCHO1 homodimers from the plasma membrane and hence
abolishes the function. Although not directly tested, it is plausible
that alternative splicing resulting in loss of 51 aa located within
the F-BAR domain disrupts the protein structure. From a clinical
point of view, the severity of the immunodeficiency, however,
cannot directly be correlated to the type of the FCHOI mutation.

Given the central role of FCHOL1 for the formation of clathrin-
coated pits and endocytosis it is surprising that FCHO1 deficiency
results in T-cell immunodeficiency rather than more global defects
of development. In contrast, Caenorhabditis elegans deficient for
FCHO show body malformation and uncoordinated locomotion3s.
FCHO interacts with AP-2 and induces a conformational change,
leading to AP-2 activation. Mutations in either FCHO or AP-2
result in a strikingly similar phenotype, indicating that the severe
defects seen in FCHO-deficient worms are caused by aberrant
activation of AP-2. In vertebrates, however, the interplay between
AP-2 and FCHO is more complex. Morpholino-mediated knock-
down of Fchol in Danio rerio causes dorsoventral patterning
defects and severe malformation at an early developmental stage,
whereas transcriptional silencing of Fcho2 is associated with noto-
chord and somite malformations8. In zebrafish, AP-2 deficiency
results in a more severe, broader and earlier developmental phe-
notype than combined Fchol/2 deficiency, suggesting that AP-2
function is, at least in part, Fchol/2-independent3. The idea that
the functional relevance of FCHO has changed during evolution is
supported by the observation that a) two FCHO paralogs have
emerged* and b) FCHO may act as receptor-specific adaptors (e.g.,
BMP-mediated signalling in zebrafish) rather than universally
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Fig. 7 Chlorpromazine-induced inhibition of CME arrests development of thymocytes. a Thymi-derived double-negative three progenitors (DN3: CD4
—CD8-CD441+CD25~) were sorted and cultured on OP9-DL1 stroma cells in the presence of Flt-3L, SCF and IL-7. At day 5 of co-culture cells were left untreated
(ctrl) or treated with chlorpromazine (15 uM) to partially inhibit CME (chlorpromazine ICsq for CME was established at 17.4 uM3%). Subsequently, development
of double-positive (DP: CD4TCD81) progenitors was assessed by FACS (left) and quantified (right). b Bone marrow-derived LSK progenitors (lineage™Sca-1
+CD117+) were sorted and cultured on OP9-DL1 stroma cells in the presence of Flt-3L, SCF and IL-7. Analogous to a, at day 8 of culture cells were left untreated
(ctrl) or treated with 15 uM chlorpromazine. Effect of partial CME inhibition on early-thymocyte progenitor development was assessed by FACS. Double-negative
(DN) cells were defined as follows: DN1-CD44+CD25~; DN2-CD44+CD25* and DN3-CD44-CD25. ¢, d Bone marrow-derived LSK progenitors (lineage~Sca
+1=CD117%) were sorted and cultured on OP9 stroma cells in the presence of Flt-3L, SCF and IL-7. At day 8 of culture cells were left untreated (ctrl) or treated
with chlorpromazine (15 uM) to partially inhibit CME. Subsequently, development of € B-cell committed progenitors defined as B220tCD19+ and d granulocytes
(CDNMbiNt-hiGr-1+) was assessed by FACS (left) and quantified (right). a-d Density FACS plots and charts are representative of two independent experiments
where one to four wells were measured at each indicated time point. Number adjacent or within the gates indicate frequency. Each dot on the chart represents
one well. Whiskers indicate the range (min to max). Arrows indicate time points when chlorpromazine was added. Statistical analysis was performed using two-
way ANOVA (p-values for effect of chlorpromazine). Source data are provided as a Source Data file.

important initiators of clathrin-mediated endocytosis®®. This notion  be less pivotal for the clathrin-mediated endocytosis have been
is also supported by the lack of functional consequences of FCHO1 linked to a variety of diseases such as cancer, neuro-psychiatric
deficiency observed on both VSV-G-mediated virus entry and TfR  disorders, metabolic syndromes, but not to inherited defects of the
endocytosis in T cells. Both processes strictly rely on CME27-33, but ~ immune system®. Of note, a large number of FCHO1 and FCHO2
are apparently not affected in FCHOI1-deficient cells. We conclude interacting partners have been identified, yet none of them have
that FCHO1 deficiency does not generally affect cellular processes been linked to the adaptive immune system?2>38:39%:41.42,
that require CME, underscoring a selective role of FCHOL1. The quality of signal transmitted by pre-T-cell receptor (pre-
This concept is further corroborated by a series of other studies TCR) and TCR is essential for T-cell development and homo-
focusing on central elements orchestrating clathrin-mediated eostasis. During T-cell ontogeny, there are three stages in which
endocytosis. Defects in prime molecules such as clathrin, epsin, such signal is critically required for selection, differentiation and
AP-2 and dynamin, result in embryonic lethality in model organ-  commitment of developing thymocytes, respectively (reviewed
isms (reviewed in ref. °). Mutations in proteins that are deemed to  in refs. 43:44),
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The precise localisation of the TCR that is continuously inter-
nalised and recycled back to the plasma membrane is of critical
importance for the quality of signal transduction. The TCR can be
internalised via clathrin-dependent!®-214> or clathrin-independent
mechanisms?®¢, This process may be ligand-dependent or ligand-
independent!920:224447:48 " Even though previous studies have
linked TCR internalisation to a di-leucine sorting motif present in
the CD3yd subunit of the TCR:CD3 complex#*>9, we could not
provide definitive evidence that FCHO1 directly binds to the
CD3y$ sorting motifs. Nevertheless, we have shown that FCHOL1
deficiency results in impaired TCR internalisation. Our data thus
suggest that (a) we were not in the position to prove FCHO1/CD3
interaction using crude biochemical methods or (b) that FCHO1
interacts with other membrane-bound molecules to indirectly
induce TCR internalisation.

In theory, FCHOI1-dependent TCR internalisation can serve
several purposes: (1) activation signals could be amplified via the
scaffolding on early endosomes, (2) activation signals could be
attenuated via lysosomal degradation of the TCR or (3) recircula-
tion of the TCR to immune synapses via recycling endosomes may
modulate TCR-dependent activation signals upon encountering
antigen presenting cells. Integrating signal strengths relies on spa-
tiotemporal organisation of the TCR and associated signalling
molecules. Although the quality of the signal provided by TCR is
essential for the outcome of thymopoiesis, our studies in FCHO1
deficiency do not provide definitive answers on detailed mechan-
isms of FCHO1 in T-cell differentiation. Indirectly, the link between
CME and TCR-signalling is highlighted by our in vitro T-cell dif-
ferentiation studies. In the presence of chlorpromazine, a chemical
inhibitor of CME, we observed a rather specific effect of differ-
entiation blockade at the DN3-DP transition. This step is known to
be highly dependent on TCR-signalling strength36:37.

Very recently, Calzoni et al.>! published a short letter and
reported biallelic mutations in FCHOI1 in four families. The
phenotypes of these patients resembled the phenotype of our
patients, but no functional experiments or proof-of-causality was
provided. Based on experiments in activated T-cell blasts, the
authors concluded that in the absence of FCHO1, CME is globally
affected. In contrast, our data support the concept that FCHO1
does not globally affect CME.

In sum, our studies unravel a previously unrecognised role of
FCHOL1 in orchestrating the T-cell development and function. Our
discovery also exemplifies how systematic studies of patients with
inherited disorders help to uncover genes and pathways that were
previously not associated with the function of the immune system.
FCHOL deficiency thus highlights a critical role of clathrin-mediated
endocytosis for the development and function of human T cells.

Methods

Patients. Patients were referred to the clinical and scientific team of Professor
Christoph Klein for further investigations. Informed consent/assent for the genetic
and immunological studies, as well as their publication was obtained from all legal
representatives and patients. Genetic and functional studies on biosamples from
patients and their relatives were performed under the framework of a scientific
project entitled “Genetic characterisation of congenital bone marrow failure and
immunodeficiency syndromes”. This study was approved in 2011 by the ethics
committee at LMU (438-11) and includes permission to publish the results.

Whole-exome sequencing and variant filtering. For family A we performed
whole-exome sequencing (WES) for patient and father using Agilent V4 + UTR
library preparation and a SOLIiD sequencing platform. WES for the patient from
the family B, the patient from family C, as well as for patient, mother and siblings
(from family D) was performed after Agilent library preparation (V5 + UTR or V6
+ UTR (SY265)) using an IlluminaNextSeq 500 platform. BWA (version 0.7.15)
was used to align short reads to the human reference genome Grch37.p13. Variants
were called and recalibrated according to the best practice pipeline by GATK
(version 3.6). The final variants were then annotated with VEP release 85. A
custom in-house database was used to filter variants to be rare (not reported in
gnomAD or ExAC), as well as severe effects according to the Ensembl guidelines.

Effects of filtered variants on protein were predicted with SIFT>2 and PolyPhen-23.
The remaining variants were compiled and filtered for rare homozygous and
compound heterozygous mutations following a pattern of autosomal recessive
inheritance. Whole-exome sequencing of genomic DNA of kindred F patients was
conducted using Illumina sequencing platforms. Bioinformatics analysis for
detection of rare sequence variants following Mendelian inheritance patterns were
performed as described previously>*

Sanger sequencing. FCHOI Sanger sequencing was performed to confirm WES-
detected variants and their segregation with the clinical phenotype across the
family members. Genomic DNA was PCR-amplified using OneTaq Polymerase
(NEB), specific primers are provided in Supplementary Table 3. Amplicons were
sequenced either in-house or by using the commercial service of Eurofins
Genomics.

Structural analysis of FCHO1 mutants. Crystal structures of FCHO1 domain
were modelled using PyMol software with the mutalyzer wizard>>. Mu homology
domain of Danio rerio with bound Eps15 peptide (5JP2; https://doi.org/10.2210/
pdb5JP2/pdb) and human FCHO2 F-Bar domain (2v0O; https://doi.org/10.2210/
pdb2V0O/pdb) were chosen as template for structure modelling. To calculate effect
of point mutations on the structures, rotamer configurations of the highest prob-
ability were chosen.

Cell lines. The SK-MEL-2 cell line, engineered using zinc finger nucleases (ZNF)
genome editing to stably express RFP under the endogenous human clathrin light
chain A locus (CLTA-RFP), was kindly provided by David G. Drubin, University of
Berkeley!”. The cell line with only one RFP-tagged CLTA locus was used to
minimise putative side effects. Cells were maintained in Dulbecco's modified Eagle
medium (DMEM)/F12 medium (ThermoFisher Scientific) supplemented with 10%
fetal calf serum (FCS) (ThermoFisher Scientific), 100 U/ml of both penicillin and
streptomycin (Gibco). Jurkat cells were purchased from ATCC, USA. They were
maintained in RPMI1640 medium (ThermoFisher Scientific) supplemented with
10% FCS (ThermoFisher Scientific), 100 U/ml of both penicillin and streptomycin
(Gibco) and 2 mM glutamine (Gibco). In all, 100 U/ml of penicillin and strepto-
mycin (Gibco) HEK293T cells and NIH-3T3 cells (both from DSMZ-German
Collection of Microorganisms and Cell Cultures) were maintained in DMEM
(ThermoFisher Scientific) supplemented with 10% FCS (ThermoFisher Scientific),
100 U/ml each of penicillin and streptomycin (Gibco). Patient fibroblasts were
grown in Iscove's Modified Dulbecco's Medium supplemented with 10% FCS.
EBV-LCL were maintained in RPMI with 10% FCS. All cell lines were routinely
tested for mycoplasma and were mycoplasma-negative throughout the study.

Plasmid DNA cloning. Full-length cDNA of the human FCHOI isoform b
(IMAGE 5757146), cloned into the pEGFP-C3 vector with modified MCS (EcoRI/
Sall) was kindly provided by Emmanuel Boucrot (UCL London) and Harvey
McMahon (MRC-LMB, Cambridge, UK)®. Patient mutations were introduced by
site-directed PCR mutagenesis using Q5 site-directed mutagenesis kit (NEB)
according to manufacturer’s instruction with specific primers designed with
NEBase Changer (NEB). Wt and mutated FCHOI cDNAs were cloned as either
GFP fusion proteins or as IRES-containing bicistronic lentiviral pRRL vectors with
or without GFP as a reporter gene, respectively. Full-length cDNA of human
clathrin light chain tagged with mRFP was kindly provided by Klemens Rottner
from Technical University in Braunschweig®®. It was cloned to lentiviral pRRL
vector for production of virus particles. The correctness of the sequences was
routinely monitored by Sanger sequencing.

CRISPR/Cas9 genome editing. The genomic locus of FCHOI (transcript
ENST00000594202.1) was designated for gene disruption by inducing double-
strand breaks in exon 7 (T1: 5-GGACGTTCTCCGCTACGGCG AGG-3’) and
intron 7 (T2: 5'-GTGTCGTGGGCGCCGCCCAG CGG-3'). Genome editing of
SK-MEL-2 and Jurkat cells was done cells using the Alt-R CRISPR-Cas9 tech-
nology (IDT technology, Belgium). Upon coincubation of crRNA and ATTOTM
550 (ATTO-TEC, Germany) fluorescent dye-labelled tracRNA, the RNA duplexes
were electroporated into target cells along with Cas9 nuclease (SG Cell Line 4D-
Nucleofector X Kit and 4D-NucleofectorTM System Lonza, Switzerland). Red
fluorescent protein (RFP)-positive cells were single-sorted using a BD FACSAria
flow sorter (BD Bioscience, USA).

As endogenous expression of FCHO1 is too low for faithful assessment by
western blot, deletion of FCHO1 was confirmed by PCR. The following primer pair
was used for validation: (F: 5'-GTGAGCCTGATGAACCCTGGGTGTG-3', R: 5'-
TGCATGTGGGTGACAGAGTGAGAC-3'). Cells carrying homozygous
mutations are expected to have a long deletion, spanning between exon 7 and
intron 7. A minimum of five clones carrying homozygous mutations resulting in
frameshift were used for subsequent experiments (Supplementary Fig. 12).
Unmodified clones were used as a FCHO1-positive control. To ensure deletion
specificity, the ten most probable off-target sites were tested using direct Sanger
sequencing, showing no signs of unspecific cuts.
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Transient transfection. FCHO1 ko SK-MEL-2 cells and FCHOL1 ko Jurkat cells

were transfected using calcium phosphate transfection kit (Sigma, USA) and 0.1-1
ug of the various lentiviral plasmids carrying either wt or mutant FCHO1 c¢cDNAs.
Cells were typically incubated 24 h to express the constructs before imaging.

Lentiviral vector particles production and cell transduction. For production of
vesicular stomatitis virus G glycoprotein (VSV-g)-pseudotyped lentiviral particles
HEK293T cells were transfected using calcium phosphate transfection kit (Sigma,
USA) and 5 pg respective lentiviral vector, 12 ug pcDNA3.GP.4xCTE (which
expresses HIV-1 gag- pol), 5 ug pRSV-Rev and 1.5 pg pMD.G (which encodes
VSV-g) in the presence of 25 uM chloroquine (Sigma, USA). Eight hours after
transfection, medium was exchanged and supernatant containing lentiviral parti-
cles was collected after 24, 48 and 72 h post transfection. Viral titre were deter-
mined on 3T3 cells.

FCHOI1 ko SK-MEL-2 cells and FCHOI1 ko Jurkat cells were transduced with
lentiviral particles through centrifugation at 900 x g for 4 h at 32 °C in the presence
of polybrene (8 ug/ml) (Sigma, USA).

Production of HIV-1 stocks. The HIV-1y;4.5wt plasmid was obtained from
Nathaniel Landau (Alexandria Centre for Life Science, NYU, USA), the HIV-1yy4.
3AEnv plasmid was a kind gift of Oliver T. Fackler (Universititsklinikum Hei-
delberg, Germany) and the BlaM-Vpr plasmid was a gift from Thomas J. Hope
(Northwestern University, Chicago, USA). HIV-1x4.3AEnv and HIV-1x143AEnv
(BlaM-Vpr), both VSV-G pseudotyped, or HIV-1xp4.3wt (BlaM-Vpr) stocks were
produced by PEI co-transfection of HEK293T cells. Forty-eight hours later,
supernatants were collected and filtered through a 0.45 pm Stericup (Millipore).
After sucrose cushion (25% in 1x phosphate-buffered saline (PBS_) purification at
24,000 rpm at 4 °C for 1.5h (Sorvall WX + Ultra series; rotor: SW32, Beckmann
Coulter), virus pellets were resuspended in PBS and stored at —80 °C until use.

Immunoprecipitation and western blot. To test for protein—protein interactions,
FCHO1-deficient cell lines were used. SK-MEL-2 cells overexpressing different
variants of GFP-FCHOL fusion proteins were starved in serum-free medium for 1 h
at 37 °C prior the assay. Jurkat lines were starved for 1h and subsequently sti-
mulated with an a-CD3 antibody (OKT3, 1 mg/ml, BD Biosciences) cross-linked
by a goat a-mouse polyclonal antibody (0.5 mg/ml, Jackson ImmunoResearch) for
2 to 20 min at 37 °C. Stimulation was terminated by addition of ice-cold PBS. Cell
pellets were lysed in RIPA buffer containing phenylmethylsulfonyl fluoride pro-
tease inhibitors for 30 min in cold. Next, the supernatants were collected for further
analysis. GFP-tagged FCHO1 proteins were pulled-down by GFP-Trap magnetic
beads (ChromoTek GmbH) and N’ or C’ Flag-tagged FCHol by anti-Flag M2
Affinity Gel (Sigma). After incubation, beads were collected and washed two times
in RIPA buffer and the pellet was boiled in sample buffer containing SDS for 10
min at 95 °C. Equal amounts of protein were separated by SDS polyacrylamide gel
electrophoresis and blotted onto polyvinylidene difluoride (PVDF) membranes
using the Trans-Blot Turbo Transfer System (Bio-Rad). Membranes were blocked
for 1h at room temperature in 5% non-fat milk before staining. Following primary
antibodies were used: FCHO1-rabbit, polyclonal, PA5-31603, lot Q12081994A,
Thermo Scientific or rabbit, polyclonal, 84740, lot GR214150—4, Abcam;
EPS15-rabbit, clone D3K8R, Cell Signalling; EPS15R-rabbit, clone EP1146Y,
Abcam; adaptin-mouse, clone AP6, Abcam; CD3epsilon-rat, clone OKT3, Ther-
moFisher Scientific; CD3delta-rabbit, polyclonal, ThermoFisher Scientific; CD3
gamma-rabbit, polyclonal, ThermoFisher Scientific; GAPDH-mouse, clone 6C5,
Santa Cruz. All antibodies used are summarised in Supplementary Table 4.

After washing in PBS-T, the PVDF membranes were exposed to horseradish
peroxidase-conjugated secondary anti-mouse (BD), anti-rat (CS), or anti-rabbit
(CST) Ig antibodies for 1 h at room temperature (RT). Western blots were detected
using a chemiluminescent substrate (Pierce Technology) and images were captured
on a Chemidoc XRS Imaging System (Bio-Rad Laboratories). Blots were stripped
between exposures to different antibodies using a Restore Western Blot Stripping
Buffer (Thermo Scientific). Data analysis was performed using Quantity One or
Image Lab software (Bio-Rad Laboratories). Uncropped immunoblots are shown
in Supplementary Figures.

Confocal microscopy analysis of fixed samples. To minimise dominant-negative
effects on CCP dynamics resulting from prolonged overexpression of FCHO1
protein, only FCHO1-deficient SK-MEL-2 cell line transiently transduced with N-
terminally tagged versions of GFP-FCHO1 were used for experiments. Cells with a
low expression of FCHO1 were analysed typically 16 to 20 h post transfection. Cells
were plated on glass coverslips (Karl Hecht, 0.13-0.16 mm thickness, diameter 20
mm) in 24-well tissue culture plates and cultured in complete DMEM/F12 medium
for min 12 h to facilitate attachment. Coverslips were rinsed with PBS and fixed
with 3% formaldehyde (Electron Microscopy Sciences) for 10 min at RT. Next, cells
were washed in PBS and autofluorescence was quenched for 15 min using 50 mM
NH,CI at RT. Coverslips were washed once in PBS and incubated for 30 min at RT
in PBS containing 0.1% (w/v) bovine serum albumin (BSA; Sigma Aldrich), 0.05%
(w/v) saponin (Sigma Aldrich). Further blocking solution was removed and cells
were stained with the following primary antibodies: rabbit-a-Eps15 (clone D3K8R,
Cell Signalling) or mouse-a-Adaptin (AP6, Abcam) at 4 °C, overnight.

Subsequently, cells were washed in PBS containing 0.05% (w/v) saponin (Sigma
Aldrich), three times for 5 min each. The following secondary antibodies coupled
to fluorochromes were used: goat-a-rabbit IgG, AlexaFluor 405 (Invitrogen) and
goat-a-mouse IgG, AlexaFluor 633 (Invitrogen).

WGA (wheat germ agglutinin) staining was performed on transfected cells fixed
with 3% formaldehyde (Electron Microscopy Sciences) for 10 min at RT. After
extensive washing with phenol red free 1xHBSS, WGA conjugated to AlexaFluor
633 (Invitrogen) was added to the cells at concentration 1.25 ug/ml (in phenol red
free 1XxHBSS) and incubated for 5 min.

Some samples were co-stained with 300 nM DAPI (Invitrogen) for 2 min at RT.
Cells were mounted on glass slides using Fluoromount-G (SouthernBiotech) and
dried at RT in darkness for minimum 12 h before imaging. Samples were analysed
by confocal fluorescent microscopy using the Zeiss LSM880 and Zeiss LSM800
inverted microscopes. Images were collected using 63x/1.4 NA or 40x/1.4 NA oil
objectives (Zeiss). Four solid-state 5 and 10 mW laser (405, 488, 561, 640 nm) were
used as light source; scanner frequency was 400 Hz; line-averaging 2. All images
were obtained with GaAsP high-sensitivity detectors. Pearson correlation or co-
localisation coefficient was assessed on 16-bits raw digital files on Zen Blue
software (Zeiss). Representative cells from two to three independent experiments
were chosen for analysis. Two to four 25 um? square regions were selected and
minimum ten cells per condition were analysed. To avoid bias during analysis, only
one fluorescent channel was active while selecting regions.

Live-cell imaging. For live-cell imaging experiments stably transduced SK-MEL-2
cell lines were used. Cells were seeded on p-dish 35 mm, high Glass Bottom (IBIDI,
glass coverslip no.1.5 H, selected quality, 170 um + /— 5 um) in complete DMEM/
F1224h before imaging. Medium was exchanged directly before start of the
experiment. During the experiment dishes were placed into a temperature-
controlled chamber on the microscope stage with 95% air, 5% CO, and 100%
humidity. Live-cell imaging data were acquired using a fully motorised inverted
confocal microscope (Zeiss LSM800) using either 40x/1.4 NA or 63 x /1.4 NA oil
objectives (Zeiss) under control of Definite Focus for Axio Observer Z1 (Zeiss).
Sixteen-bits digital images were obtained with GaAsP high-sensitivity detectors,
confocal module and 488 and 561 nm laser lines and a dual (525/50; 605/70) BP
filters. Cell regions were selected to allow for 500-950 ms-lasting intervals. Time
dependence of the fluorescent intensity of FCHol and endogenous clathrin were
assessed on movies from three independent experiments, using Zen Blue software
(Zeiss). Up to three 25 um? regions per cells were quantified. Both GFP and RFP
channels were normalised to the background and initial fluorescence was set to 1.

Fusion of VSV-G pseudotyped HIV-1 AEnv to Jurkat T cells. The virion fusion
assay was performed in principle as reported?® employing HIV-1 particles carrying
the HIV-1 Vpr protein fused to B-lactamase (BlaM-Vpr). In brief, after fusion of
virus particles to target cells, the incorporated BlaM-Vpr protein is released into the
cytoplasm and is able to cleave the CCF2 dye. This leads to a shift of the dye’s
emission maximum from 520 to 447 nm, which can be detected and quantified by
flow cytometry. Jurkat T cells were plated at a density of 2 x 10° cells per well (96-
well conical plate, Corning, New York, USA). Where indicated, the HIV-1 fusion
inhibitor T20 (50 uM, enfuvirtide, Roche, Rotkreuz, Switzerland) was added 1h
prior to virus challenge. Serial dilutions of VSV-G HIV-1yy4.3AEnv (BlaM-Vpr)
were performed in PBS. 4 h following challenge with either VSV-G HIV-1yp4.3
AEnv (BlaM-Vpr) or HIV-1y14.3 (BlaM-Vpr), Jurkat T cells were washed and
incubated with the CCF2 dye as previously reported3%:31. The following day, cells
were fixed for 90 min with 4% PFA/PBS and analysed by flow cytometry.

Infection of Jurkat T cells with VSV-G HIV-1 AEnv. Jurkat T cells were plated at a
density of 2 x 10° cells per well. T20 (50 uM), the V-ATPase inhibitor bafilomycin Al
(100 nM, Sigma Aldrich, St. Louis, USA) or PBS were added 1 h prior to virus
challenge. Cells were challenged with VSV-G HIV-1y14.3AEnv and 4 h later, 200 pl of
fresh culture medium were added. 48 h later, cells were fixed for 90 min in 4% PFA/
PBS and HIV infection was monitored using an intracellular p24 staining (anti-p24
antibody, clone KC57-FITC, Beckmann Coulter, Brea, USA) in principle as
reported32.

Transferrin uptake. Fibroblasts from healthy donor (HD) and patient (kindred E)
were detached using PBS containing 10 mM EDTA and serum-starved for 30 min
in DMEM at 37 °C. Cells and transferrin conjugated to AlexaFluor 633 (Ther-
moFisher Scientific) were washed in glucose buffer (PBS supplemented with 20
mM Glucose and 1% BSA) and cooled down on ice. 25 ug/ml AlexaFluor 633-
conjugated transferrin were added to cells and incubated on ice for 10 min. Cells
were then transferred to 37 °C for indicated periods of time. Upon indicated time,
surface-bound transferrin was stripped by acid wash (PBS supplemented with 0.1
M glycine and 150 mM NaCl at pH 3) and uptake of fluorescent transferrin was
determined by flow cytometry. Data are pooled from four independent experi-
ments. Error bars indicate mean + SD. Statistical analysis using two-way ANOVA
followed by Sidak’s multiple comparisons test revealed no significant difference in
transferrin uptake between HD and patient fibroblasts.
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Flow cytometry. Blood samples were washed with PBS and stained with the fol-
lowing antibodies for 20 min at RT: a-CD45 BV711 or APC (HI30), a-CD33 PE-
Cy7 (P67.6), a-CD3 PE (HIT3a), a-CD19 FITC (HIB19), a-CD8a APC (RPA-T8),
a-CD4 PE-Cy7 (A161A1) all from Biolegend. All antibodies used are summarised
in Supplementary Table 4. Red blood cells were lysed using 1 x BD FACS Lysing
Solution (BD Biosciences) according to the manufacturer’s instructions. The
samples were acquired using a LSRFortessa (BD Bioscience) cytometer. Data were
analysed using FlowJo Software (TreeStar), v9 and v10. Gating strategy to assess
frequency of blood leucocytes is shown in Supplementary Fig. 13. Virion fusion
and HIV infection of Jurkat T cells were recorded on a BD FACSLyric (BD
Biosciences, Franklin Lakes, USA).

In vitro stimulation of PBMCs. PBMC were isolated from blood samples by
Ficoll-Hypaque (Pharmacia) density gradient centrifugation. Cells were labeled
with 1 uM CFSE (eBioscience) according to the manufacturer’s protocol. They were
resuspended in complete RPMI1640, plated on 96-well flat bottom plates and
stimulated with a-CD3-coupled beads (bio-a-CD3, clone OKT3 (eBioscience)
coupled with a-biotin MACSiBeads (MiltenyiBiotec)) at a ratio 10:1, in the pre-
sence of 1 mg/ml of soluble a-CD28, clone CD28.2 (eBioscience). Proliferative
response was measured after 3 and 5 days. Gating strategy to assess T-cell pro-
liferation is shown in Supplementary Fig. 14. Supernatants (four technical repli-
cates) were tested for the presence of IL-2, IL-4, IFN-y and TNF-a using human
FlowCytomix beads (eBioscience) according to the manufacturer’s instructions.

Assessment of intracellular calcium flux. Up to five different FCHO1-sufficient
or -deficient Jurkat clones were incubated for 1h in Ca?t- and Mg?*-free Dul-
becco’s serum-free medium (Invitrogen) at room temperature at a density of 107
cells/ml. Cells were then loaded with Ca?*-sensitive dyes, either Indo-1 or Fluo-4
(3 uM) and FuraRed (6 uM) for 45 min at 37 °C. Further, cells were rested for
30-45 min at 37 °C. After establishing of a baseline for 30s, cells were stimulated
with a-CD3 antibody (OKT3, 1 mg/ml, BD Biosciences) and goat-a-mouse poly-
clonal antibody (0.5 mg/ml, Jackson ImmunoResearch) to allow cross-linking and
data acquisition was continued for four additional minutes. To ensure cell viability,
1 min before the end of acquisition, 2 ug/ml ionomycin (Sigma) was added as
positive Ca?*-flux control. Gating strategy to assess Ca?* release is shown in
Supplementary Fig. 15.

TCR internalisation assays on Jurkat cell lines. Confocal microscopy: FCHO1-
sufficient or -deficient, or stably transduced (with wt or mutant FCHO1 viruses)
Jurkat FCHO1~/~ cell lines were used to visualise TCR internalisation. Cells were
plated on poly-p-lysine (0.1 mg/ml, Sigma Aldrich) and a-CD3 (clone OKT3, 0.5
mg/ml, eBioscience) coated glass coverslips (Karl Hecht, 0.13-0.16 mm thickness,
diameter 20 mm) in 24-well tissue culture plates and incubated for indicated time
points. Coverslips were rinsed with PBS and cells were fixed in 3% formaldehyde
(Electron Microscopy Sciences) for 10 min at RT. Next, cells were washed in PBS
and autofluorescence was quenched for 15 min at RT using 50 mM NH,CL. Cov-
erslips were washed once in PBS and incubated for 30 min at RT in PBS containing
0.1% (w/v) BSA (Sigma Aldrich), 0.05% (w/v) saponin (Sigma Aldrich). Further,
blocking solution was removed and cells were stained with mouse-a-CD3 (OKT3,
eBioscience) and goat-a-mouse IgG, AlexaFluor 633 (Invitrogen). Samples were co-
stained with 300 nM DAPI (Invitrogen) for 2 min at RT. Cells were mounted on
glass slides using Fluoromount-G (SouthernBiotech) and dried at RT in darkness
for at least 12 h before imaging. Samples were analysed by confocal fluorescent
microscopy using the ZEISS LSM800 inverted microscopes (ZEISS) as described
above. We used Fiji software®’ to quantify the number of CD3 puncta/cell. The
number of puncta/cell was averaged on several random fields of view.

Flow cytometry: FCHO1-sufficient or -deficient Jurkat cells were stained with a-
CD3 Ab (OKT3) in cold and TCR internalisation was assessed over time at 37 °C in
the presence of anti-mouse F(ab’)2 fragments labelled with Ax647. After 2, 5, 15, 45
and 60 min of stimulation the remaining surface TCRs were stripped, thus
fluorescent signal corresponds only to the internalised TCR. Gating strategy to
assess TCR internalisation is shown in Supplementary Fig. 16.

Statistics. Statistical analysis was performed using GraphPadPrism software v.6.
Pearson correlation and colocalization coefficient on selected cell fragments were
assessed on raw files using Zen Blue software (Zeiss). Cell regions or entire cells are
referred to as n unless indicated otherwise. No method of randomisation was used,
and no samples were excluded from analysis. To avoid bias during analysis, cell
regions were selected based on the signal from only one fluorescent channel. No
statistical method was used to predetermine sample size for analyses. Two-way
analysis of variance (ANOVA) or ANOVA analysis followed by Sidak’s multiple
comparison test were used to assess differences between groups. p-values < 0.05
were considered to be statistically significant.

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability

The source data underlying Figs. 2e, 3b, 3c, 4b, 5ac, 6, 7a-d, Supplementary Figs. 1, 5,
10, 11 are provided as a Source Data file. All other data are available from the
corresponding authors upon reasonable request. The identified FCHOI mutations have
been submitted to the ClinVar database with accession numbers SCV001146883,
SCV001146884, SCV001146885, SCV001146886, SCV001146887 and SCV00114688.
According to current regulatory frameworks, exome sequencing data cannot be made
publicly available. For any further questions, the corresponding authors will share
additional data in accordance with regulatory guidelines.
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