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Abstract

De novo generation of T cells depends on continual colonization of the thymus by bone marrow-derived progenitors. Thymus
seeding progenitors (TSPs) constitute a heterogeneous population comprising multipotent and lineage-restricted cell types.
Entry into the thymic microenvironment is tightly controlled and recent quantitative studies have revealed that the adult
murine thymus only contains approximately 160 niches to accommodate TSPs. Of these niches only about 6% are open for
seeding on average at steady-state. Here, I review the state of understanding of colonization of the adult murine thymus with
a particular focus on past and current controversies in the field. Improving thymus colonization and/or maintaining intact
TSP niches during the course of pre-conditioning regimens are likely to be critical for efficient T-cell regeneration after

hematopoietic stem cell transplantation.
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Introduction

T cells are generated from bone marrow (BM)-derived
progenitor cells. Whereas most hematopoietic cells com-
plete development in bone marrow, T-cell progenitors
undergo lineage commitment, selection as well as matura-
tion in the thymus. These processes occur at phenotypically
defined developmental stages. The most immature popula-
tion of thymocytes are termed early T-lineage progenitors
(ETPs) (Allman et al. 2003). They are negative for CDS8,
express low levels of CD4, and are otherwise character-
ized as CD117"CD44"CD25~. ETPs give rise to double-
negative (negative for the co-receptors CD4 and CDS)
two (DN2; CD117MCD44"CD25%) cells, at which stage
T-lineage commitment is completed and somatic recom-
bination of T-cell receptor (TCR) genes begins. The DN3
stage (CD44!9-CD25%) is characterized by the pre-TCR
checkpoint, followed by generation of double-positive (DP)
cells, which are positive for CD4 and CDS8 and comprise the
largest population of thymocytes. At the DP stage, TCRa
genes are rearranged, commitment to the CD4 and CD8 T
lineages occurs combined with positive selection and the
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beginning of negative selection. The latter is completed in
single-positive cells, which mature and ultimately egress
from the thymus to contribute to the peripheral T-cell pool.

Under physiologic conditions, intrathymic T-cell devel-
opment depends on continual colonization of the thymus
by BM-derived progenitors (Donskoy and Goldschneider
1992). In hematopoietic stem cell transplantation (HSCT),
entry of donor-derived progenitors may constitute a major
limitation for de novo generation of naive T cells (Chaudhry
et al. 2016; Zlotoff et al. 2011). Thus, conditioning therapies
should be designed to limit injury to the recipient’s thymus.
In addition, strategies to improve T-lineage regeneration
through co-transplantation of in vitro-differentiated progeni-
tors must take into account the thymus homing potential of
such donor cells.

Here, I review the current understanding of physiologic
colonization of the adult mouse thymus with a particular
focus on the nature of thymus seeding progenitors (TSPs),
their mode of thymus entry and, finally, quantitative aspects
of thymus seeding.

Who?

The type of BM-derived progenitor cells colonizing the
thymus has been a matter of intense debate. Some of the
fundamental arguments of this debate can be recapitulated

@ Springer


http://orcid.org/0000-0001-7873-7334
http://crossmark.crossref.org/dialog/?doi=10.1007/s00005-017-0503-5&domain=pdf

82

Archivum Immunologiae et Therapiae Experimentalis (2018) 66:81-88

in two seminal review articles (Kawamoto and Katsura 2009;
Schlenner and Rodewald 2010). With the characterization
of a common lymphoid progenitor (CLP) population almost
exclusively carrying lymphoid lineage potential in vivo, it
appeared obvious that these progenitors should constitute the
physiologic T lineage progenitor in the adult (Kondo et al.
1997). Such a scenario would best fit to a model of progres-
sive lineage restriction throughout the hematopoietic devel-
opmental tree. However, certain in vitro differentiation sys-
tems supported a different path of lineage commitment with
the presence of bipotent myeloid/B lineage and myeloid/T
lineage progenitors but the distinct lack of bipotent B/T line-
age progenitors (Lu et al. 2002). Additional questions con-
cerning the role of CLPs constituting the physiologic T-cell
progenitors were raised in a paper showing that Ikaros-defi-
cient mice were able to generate T cells despite a complete
absence of CLPs (Allman et al. 2003). Phenotypic similari-
ties between BM-derived multipotent progenitors (MPPs)
and intrathymic ETPs, most notably the absence of surface
expression of interleukin (IL)-7R on both populations fur-
ther supported a model suggesting that MPPs rather than
CLPs were the physiologic TSPs. Thus, phenotypic similar-
ity does not constitute a reliable criterion to establish pre-
and intrathymic precursor—progeny relationships.

Physiologic T-lineage progenitors must fulfill three cri-
teria that can be experimentally addressed: (1) they must
possess T-lineage developmental potential; (2) they must be
able to enter the thymus; and (3) they must have the capacity
to leave BM and, therefore, be found in circulation.

T-lineage potential has been identified for a number of
progenitor populations, including hematopoietic stem cells
(HSCs), MPPs and their various subpopulations as well as
more restricted progenitors, such as CLPs or even T-lineage-
restricted progenitors.

A variety of in vitro assays can be employed to test
T-lineage potential, such as fetal thymic organ cultures or
co-cultures with BM stromal cells expressing delta-like
Notch ligands (Schmitt and Zuniga-Pflucker 2002). In vivo,
T-lineage potential can be assessed through direct intra-
thymic injection of candidate progenitors (Goldschneider
et al. 1986). Whereas it is comparatively easy to determine
T-lineage potential as such, it remains difficult to quantita-
tively assess T-lineage potential compared to the potential
of a progenitor to enter alternative fates. This is mostly due
to the fact that true clonal assays for multilineage poten-
tial comprising the T lineage remain a challenge due to the
strong inductive character of Notch signals required to pro-
mote T-lineage fate. Conversely, it has been shown that even
CLPs, which are strictly lymphoid-restricted in vivo, can
give rise to myeloid cells in vitro under appropriate condi-
tions (Lyszkiewicz et al. 2015; Serwold et al. 2009). In the
thymus, only ablation of Notch signals allows for adoption
of alternative lineage fates, such as intrathymic B cell and
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dendritic cell (DC) development (Feyerabend et al. 2009).
In turn, in a somewhat artificial experimental approach it
could be demonstrated that even committed DC progenitors
could be, albeit very inefficiently, reprogrammed into the T
lineage upon direct intrathymic transfer (Lyszkiewicz et al.
2015). Thus, the concept of T-lineage potential alone is not
sufficient for progenitor cells to qualify as T-cell precursors.

Migration to the thymus is generally tested upon adminis-
tration of BM-derived candidate progenitors into the blood-
stream. However, the outcome here also depends to a large
degree on experimental conditions. Transfer into non-manip-
ulated mice constitutes the gold-standard, but such recipients
are largely refractory to thymus seeding and, therefore, pre-
clude easy quantitative analysis. However, pre-conditioning
or use of mutant mice can significantly alter the result of
such experiments. For instance, HSCs can directly colonize
the thymus of irradiated animals, but not that of non-irradi-
ated mice (Schwarz et al. 2007). IL-7R-deficient, P-selectin
glycoprotein (PSGL)-1-deficient, and CCR7/CCR9 double-
deficient mice have proven to be particularly receptive for
BM-derived progenitors (Prockop and Petrie 2004; Rossi
et al. 2005; Zietara et al. 2015). Notably, though, use of
these mice as recipients has generated conflicting results
with regard to cellular feedback mechanisms governing thy-
mus colonization. The second factor to be taken account
when analyzing thymus colonization is the time point of
analysis. Short-term assays prevent potential misinterpre-
tation of results obtained by progenitor cells recolonizing
BM and undergoing differentiation there prior to entering
thymus. However, such assays frequently detect cell num-
bers much larger than the number of cells actually capable
of seeding the thymus at any given time (Mori et al. 2001;
Scimone et al. 2006). In contrast, analysis after prolonged
periods of time only detects true T-lineage progenitors but
cannot ultimately exclude a detour via BM. Recently, it has
been attempted to circumvent this conundrum by combining
short-term transfers with prolonged differentiation in vitro,
to exclusively capture progenitors that have both the capacity
of thymus colonization and T-lineage potential (Saran et al.
2010; Zhang et al. 2014).

Presence in peripheral blood was first described for MPPs
of the lineage negative, Sca-17, c-kit* (LSK) phenotype,
which could be successfully isolated from peripheral blood
in low numbers (Schwarz and Bhandoola 2004). Circulating
LSK cells phenotypically and functionally resembled their
BM counterparts. They displayed phenotypic heterogeneity
in terms of Flt3 expression, suggesting that blood LSK cells
comprised HSCs and MPPs, including lymphoid-primed
LMPPs. In addition, they displayed T-lineage potential
in vivo and colonized the thymus of irradiated hosts. Later,
multiple groups reported the presence of CLPs in periph-
eral blood as well (Saran et al. 2010; Schwarz et al. 2007;
Serwold et al. 2009; Umland et al. 2007). A third T-lineage
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progenitor population termed circulating T-lineage commit-
ted progenitor was isolated from peripheral blood at num-
bers similar to LSK cells (Krueger and von Boehmer 2007).
Unlike other adult progenitors but similar to fetal T-lineage
progenitors, these cells were largely restricted to the T line-
age prior to thymus colonization.

Conflicting data on the nature of TSPs due to variations
in assay conditions prompted a number of groups to devise
more rigorous experiments to define true TSPs. Thus, to
avoid confounding effects of infusing excessive num-
bers of progenitors, selective depletion of candidate pro-
genitors rather than enrichment was employed to generate
donor cell samples (Saran et al. 2010; Serwold et al. 2009).
These assays revealed minimal surface expression charac-
teristics for progenitors, as complete loss of thymus colo-
nization of non-irradiated hosts was observed when donor
populations were depleted of cells expressing CD27 and/or
CD135 (FlIt3). Furthermore, such experiments showed that
TSPs constitute a heterogeneous population comprising at
least both (L)MPPs as well as CLPs (Fig. 1a). Genetic fate
mapping traces the developmental history of a cell with-
out the need of transfer experiments. As ETPs lack surface
expression of IL-7R (CD127) and also express very low
amounts of /I7r mRNA, IL-7R-Cre-mediated fate map-
ping was chosen to test whether ETPs were derived from
IL-7R expressing committed lymphoid cells or directly
derived from IL-7R-negative multipotent cells (Schlenner
et al. 2010). Indeed, the majority of ETPs (75-80%) in such
mice displayed a history of IL-7R expression indicating that
mostly lymphoid-committed progenitors rather than multi-
potent cells constituted physiologic TSPs. Interestingly,
in neonatal mice a small subset of LMPPs was described
expressing high levels of Flt3, CCR9 and a Rag!-driven
GFP reporter gene, which also expressed considerable lev-
els of IL-7R (Luc et al. 2012). These IL-7R™ LMPPs had
transcriptional profiles very similar to CLPs as well as to

Fig. 1 Phenotype and homing A =
of TSPs. a The heterogene- |
ous population of TSPs is CD135 “\ “\
characterized by the shared \
markers CD135 (FIt3) and \)
CD27. Subsets of TSPs com-
prise multipotent progenitors
(MPPs) expressing high levels
of CD117 (c-kit), common
lymphoid progenitors (CLPs)
expressing low levels of CD117
and CD127 (IL-7Ra) and most
likely other cell types as well.

b Surface receptors on TSPs
involved in thymus seeding
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ETPs. Furthermore, the presence of these cells is consistent
with data from IL-7R-Cre fate mapping experiments show-
ing a higher frequency of fate-map positive cells among
LMPPs when compared to HSCs or myeloid committed
cells (Schlenner et al. 2010). However, this model is char-
acterized by a clear dichotomy of peripheral fate-map posi-
tive cells exclusively belonging to the lymphoid lineage and
fate-map negative cells virtually exclusively belonging to the
myeloid lineage. Thus, IL-7R-Cre fate mapping clearly sepa-
rates lymphoid cells from other lineages and indicates that
in vivo IL-7R* LMPPs are bona fide lymphoid progenitors.

The biological significance of the heterogeneity of TSPs
remains elusive. However, it has been demonstrated that
MPPs and CLPs generate T-lineage progeny with different
kinetics and it has been suggested that colonization of the
adult thymus occurs in waves (Foss et al. 2001; Saran et al.
2010). Thus, heterogeneity of TSPs might account for con-
tinuous de novo production of T cells despite discontinuous
thymus colonization.

How?

To colonize the thymus, TSPs must leave the bloodstream
through the vascular endothelium. The port of entry for
TSPs is most likely located at the cortico-medullary junction
(Lind et al. 2001). The basic mechanism of progenitor tran-
sit through the endothelium is very similar to that of other
immune cells leaving the circulation into peripheral tissues
or lymph nodes and involves the adhesion molecule CD44,
selectins, integrins, and chemokine receptors (Fig. 1b).
CD44 has been implicated in thymus colonization
already shortly after its identification as a marker of early
thymocytes (Graham et al. 2007; Wu et al. 1993). In short-
term homing assays, a multistep adhesion cascade for thy-
mus colonization was characterized. P-selectin—PSGL-1
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interactions form the first step of adhesion of blood borne
progenitors to the thymic vascular endothelium (Rossi
et al. 2005; Scimone et al. 2006). Requirement of this
interaction for efficient thymus seeding was shown in long-
term and short-term assays as well as in parabiotic mice.
Of note, loss of this interaction did not fully abrogate thy-
mus colonization.

As a second step of progenitor homing to the thymus
at steady state, integrins are activated through chemokine
receptor signals and the requirement for such interactions
was demonstrated by inhibition of chemokine receptor
signal-transducing Go; proteins by pertussis toxin (Sci-
mone et al. 2006). Blocking of CCL25 or loss of CCR9
resulted in a partial block of thymus homing and reduced
numbers of ETPs suggesting that the CCL25/CCR9 axis
plays a critical role in thymus colonization (Scimone et al.
2006; Svensson et al. 2008; Uehara et al. 2002). In con-
trast, blocking of CXCL12/CXCR4 had no such effect
(Scimone et al. 2006).

At present, it remains unclear whether direct migra-
tion along chemokine gradients plays a dominant role in
chemokine receptor function during thymus colonization. It
has been reported that pre-treatment of progenitor cells with
CCL25 was able to promote recruitment into the irradiated
thymus, suggesting that chemokine-directed migration is not
the sole function of chemokine receptor signaling during
thymus colonization (Zhang et al. 2014).

Finally, blocking of a4p1/VCAM-1 and aLf2/ICAM-1
interactions resulted in a partial loss of homing capacity to
the thymus (Scimone et al. 2006).

Interfering with individual selectin, chemokine receptor,
or integrin interactions was characterized by a partial loss
of homing capacity at best, suggesting that most, if not all,
steps of thymus colonization display molecular redundancy.
Such redundancy has been best characterized for chemokine
receptors involved in thymus seeding. Despite the fact that
CCR7-deficient mice do not display a deficiency in numbers
of ETPs, competitive transfers showed that BM-derived pro-
genitors from these mice also had a partial defect in thymus
colonization (Krueger et al. 2010; Zlotoff et al. 2010). These
findings prompted several laboratories to test whether CCR7
and CCRO together might control thymus colonization com-
pletely. Indeed, compound loss of CCR7 and CCRO resulted
in almost complete absence of ETPs at steady state as well
as a complete block in thymus colonization in a competitive
setting (Krueger et al. 2010; Zlotoff et al. 2010). Surpris-
ingly, total thymus cellularity was virtually normal in CCR7/
CCRY double-deficient mice, showing an almost exclusive
loss of ETPs and DN2 cells with only a moderate reduction
of DN3 cell numbers. The reason for recovery of thymus
size in these mice has not been fully explained, as some
investigators but not others provided evidence for compensa-
tory proliferation at the level of DN3 thymocytes.
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TSPs as well as ETPs, which constitute the earliest phe-
notypically discernable intrathymic population, express the
cytokine receptors FIt3 (CD135) and c-kit (CD117). Pre-
thymic signals through FIt3 are required for expression of
CCRO9 on TSPs (Schwarz et al. 2007). Consistently, FIt3-
deficient progenitors have a competitive disadvantage in
thymus colonization. Once TSPs have entered the thymic
microenvironment, a number of factors contribute to their
maintenance in what can be tentatively described as TSP
niche. Recently, it has been shown that vascular endothelial
cells that depend on cross-talk with thymocytes via lympho-
toxin fB-receptor signaling are critical for thymus coloniza-
tion, possibly by providing a suitable niche for TSPs (Lucas
et al. 2016; Shi et al. 2016). Consistently, these cells express
membrane-bound stem cell factor, the ligand for c-kit, thus
providing signals to ETPs and it is likely that TSPs as their
immediate precursors are receiving such signals as well
(Buono et al. 2016).

How Many?

Quantification of the number of TSPs colonizing the adult
thymus has been hampered by a number of factors. First,
the most immature intrathymic progenitor population, the
ETPs, share phenotypic similarity only with some, but not
other BM-derived progenitors. Thus, upon entry into the
thymic microenvironment, TSPs undergo rapid phenotypic
and presumably also functional changes, which are most
likely to be induced through strong Notch signals (Krueger
et al. 2006; Schwarz et al. 2007). These changes preclude
direct observation of TSPs without manipulation. Second,
failure to directly detect BM-derived progenitors after thy-
mus colonization indicated that very few progenitors are able
to colonize the thymus at any given time. This idea was
supported by transfer experiments followed by microscopic
analysis, which failed to detect more than few individual
cells in microscopic sections (Lind et al. 2001). Further
evidence for low numbers of TSPs was obtained already
multiple decades ago. Estimates on the amount of thymus
colonization were obtained by titration of donor BM into
irradiated hosts and from mixed BM transplantation experi-
ments (Ezine et al. 1984; Kadish and Basch 1976; Wallis
et al. 1975). The latter experiments showed that both thymic
lobes were colonized by unequal mixtures of cells and could
be mathematically analyzed using binomial equations. The
numbers obtained for colonization of the irradiated thymus
were in the range 10-300 progenitors (for review see Scollay
et al. 1986). Major limitations of these early studies were
the use of irradiated recipients and an extended phase of
experimental inaccessibility, because the only marker for
donor cells was the Thyl antigen (CD90), which is only
expressed at beginning of the DN2 stage, i.e. 10-12 days
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after colonization. This black box period precluded faith-
ful separation of true colonization events with intrathymic
proliferation or cell death. To prevent such a scenario, short-
term assays have been developed, looking at thymus coloni-
zation within days or even hours after transfer (Martin et al.
2003; Mori et al. 2001; Scimone et al. 2006). However, there
is evidence that in these assays considerable cell loss occurs
resulting in over-estimation of thymus seeding.

Recently, a novel approach termed multicongenic fate
mapping was employed to re-assess thymus colonization
(Zietara et al. 2015). This approach was based on trans-
fer of defined mixtures of congenically and transgenically
marked donor cells followed by flow cytometric analysis
once donor-derived cells had reached the most numerous
DP stage of development. Late analysis thus guaranteed
restriction to progenitors entering the T lineage and exclud-
ing those that were incapable of seeding TSP niches. Math-
ematical analysis was then based on counting the number
of congenic subsets missing at the time point of analysis,
thus converting cell numbers into simple present/absent
calls and excluding intrathymic proliferation as confound-
ing factor. These experiments revealed that on average ten
TSP niches were available for colonization at steady-state in
wild-type mice (Fig. 2). To assess the number of TSP niches
in a virtually empty thymus, CCR7/CCR9 double-deficient
mice were used as recipients (Zietara et al. 2015). Due to a
near complete failure of endogenous progenitors to colonize
the thymus, these mice almost completely lack ETPs and
most likely TSPs as well (Krueger et al. 2010; Zlotoff et al.
2010). Despite these defects, thymus cellularity is essen-
tially normal as is the surface area of the cortico-medullary

Fig.2 Occupation of TSP niches. The adult murine thymus on aver-
age contains ten TSP niches open for seeding out of a total of 160.
Thymus colonization is controlled by cellular feedback through early
T-lineage progenitors (ETPs). M medulla, C cortex, TSPN TSP niche

junction and the levels of expression of key chemokines
and cytokines required for homing. Together, these factors
qualify CCR7/CCRY double-deficient mice as a suitable
model to quantitate TSP niches. Multicongenic fate mapping
revealed the presence of 160 TSP niches in these mice and a
comparable number of open niches in irradiated recipients as
well (Fig. 2). Together, these experiments indicated that the
adult murine thymus contains approximately 160 progenitor
niches, 6% of which can be refilled on average at steady-state
at any given time (Zietara et al. 2015). Interestingly, these
findings were in extremely good accordance with estimates
made 3—4 decades earlier.

Low numbers of TSP niches suggested that thymus colo-
nization is a tightly regulated process. However, the limiting
factors in this process remain largely elusive. It has been
proposed that thymus colonization occurs in a discontinuous
periodic manner. Transfers of progenitors into non-irradiated
recipients of defined age combined with studies of timed
separation of parabiotic mice revealed a 4-week periodicity
with 1 week of thymic receptivity followed by three refrac-
tory weeks (Foss et al. 2001). A more detailed study, albeit
in irradiated recipients, concluded that thymus colonization
occurred within 4 and 24 h after transfer followed by pro-
gressive and ultimately complete refractoriness. TSP niches
are vacated again after 7-14 days (Foss et al. 2002).

To uncover potential molecular mechanisms of control
of thymus colonization, mutant mouse strains were tested
for thymus receptivity. Comparison of Rag-deficient mice,
which are as refractory as wild-type mice, with /I7r-deficient
mice, which are receptive for TSPs, led to the conclusion
that DN3 thymocytes provided negative feedback to the TSP
niche (Prockop and Petrie 2004). In contrast, comparison of
CCR7-deficient (refractory), CCR9-deficient (mildly suscep-
tible) and CCR7/CCRY double-deficient recipients showed
that receptivity correlated best with low numbers of ETPs
and DN2, but not DN3, thymocytes (Zietara et al. 2015).
This study also revealed a periodicity of 9-12 days in thy-
mus colonization of non-manipulated wild-type as well as
CCR7/CCRO9-deficient mice, consistent with the estimated
life-time of ETPs (Krueger et al. 2017; Porritt et al. 2003).
Of note, this study failed to confirm age-dependent 4-week
periodicity of thymus colonization for as yet unknown rea-
sons. Similarly, another study reported a high degree of thy-
mus receptivity in PSGL-1-deficient mice correlating with
reduced numbers of ETPs but not DN3 thymocytes (Rossi
et al. 2005). Furthermore, multicongenic fate mapping had
shown that non-manipulated //7r-deficient mice had only
slightly elevated numbers of free TSP niches compared to
wild-type mice, suggesting that thymic receptivity in these
mice is not exclusively due to availability of TSP niches.
Together these findings suggest that ETPs provide cellular
feedback to thymus colonization, presumably by competing
for TSP niches.
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The molecular mechanisms governing thymic receptivity
remain largely elusive. It has been reported that some mutant
mouse strains with elevated thymus receptivity, including
117r-deficient and PSGL-1-deficient mice, expressed higher
levels of CCL25 and P-selectin, and that P-selectin and
CCL25 levels were subject to periodic alterations (Gos-
sens et al. 2009). Thus, this study suggested that CCL25
and P-selectin might control gated thymus colonization.
However, elevated levels of CCL25 were not detectable in
the thymus of receptive CCR7/CCR9 double-deficient mice
(Zietara et al. 2015). Interestingly, modulation of P-selectin
levels might constitute a means of communication between
thymus and peripheral T-cell numbers via an S1P-dependent
feedback mechanism (Gossens et al. 2009). Thymus recep-
tivity in PSGL-1-deficient mice coincided with a defect in
thymic egress and concomitant peripheral lymphopenia.
Rescue of the lymphopenic state was sufficient to dampen
thymus homing in these mice. Conversely, peripheral T-cell
depletion in wild-type mice promoted thymus receptivity. Of
note, there is no overt paucity in peripheral T cells in CCR7/
CCRO double-deficient mice, although alterations in T-cell
subsets remain to be characterized. Taken together, these
studies suggest that distinct steps of thymus colonization,
such as crossing the endothelial barrier and occupation of
TSP niches, might be governed by independent feedback
mechanisms with distinct functions.

Conclusion

Thymus colonization has been extensively characterized
over the past four decades. Thus, a picture is emerging sug-
gesting that thymus is colonized by a heterogeneous mixture
of TSPs comprising both (L)MPPs and CLPs and possibly
other progenitors as well. However, it remains an open ques-
tion to what extent each individual sub-population eventu-
ally contributes to T-cell output. We have hypothesized that
progenitor heterogeneity ensures continuous output despite
discontinuous thymus colonization (Saran et al. 2010). Fur-
thermore, it is by now well-established that colonization is
a rare event with the adult murine thymus providing only
approximately 160 niches for TSPs, of which the majority
is occupied at any given time point. TSP niche occupation is
a periodic event, although controversies exist with regard to
the time-span of each wave (9-12 days or 4 weeks or both).
Whereas the short-term periodicity is likely to be directly
controlled through competition with ETPs, no plausible
explanation exists yet for gated import at 4-week intervals.

Thymus colonization is critical not only for developing
strategies to improve T-lineage regeneration after HSCT.
Continuous replacement of TSPs is also critical to prevent
malignant transformation of thymocytes. It has been shown
that upon inhibition of thymus colonization for extended
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periods of time, e.g. via transplantation of wild-type thy-
mus into progenitor-deficient hosts, intrathymic progenitors
adopt stem-cell-like characteristics and begin supporting
T-cell development for extended periods of time (Martins
et al. 2012; Peaudecerf et al. 2012). Ultimately, removal of
competition for intrathymic progenitor niches results in for-
mation of leukemia (Martins et al. 2014).

Despite its relevance for T-cell regeneration after HSCT,
thymus colonization in humans remains poorly understood.
A number of candidate human TSP populations as well as
intrathymic ETPs have been characterized. These comprise
CD34"CD45RAMCD7+ multipotent cells of fetal origin as
well as postnatal CD34*CD10*CD7~ lymphoid-restricted
cells (Haddad et al. 2006; Six et al. 2007). Transcriptional
programs of lineage commitment of such progenitors have
been increasingly well characterized (Casero et al. 2015;
Laurenti et al. 2013). However, it remains a central prob-
lem in the study of human thymus colonization that migra-
tion cannot be studied directly in vivo. Humanized mouse
models represent excellent tools to study human immune
system development in vivo (Shultz et al. 2012). How-
ever, thymus colonization in these mice is complicated by
mutations in the Rag and cytokine receptor y chain genes
required to induce murine immunodeficiency. These muta-
tions result in development of a very small, structurally
abnormal thymus, the size of which does not fully recover
during human progenitor cell reconstitution. Nevertheless,
development of improved mouse strains for humanization,
for instance by introducing transgenes for human cytokines
and chemokines to limit requirements of cross-reactivity
between human and mouse receptor-ligand pairs, remains a
promising approach to improve our understanding of human
thymus colonization.
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