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Abstract Thymocytes must complete an elaborate
developmental program in the thymus to ultimately gen-
erate T cells that express functional but neither harmful nor
useless TCRs. Each developmental step coincides with
dynamic relocation of the thymocytes between anatomi-
cally discrete thymic microenvironments, suggesting that
thymocytes’ migration is tightly regulated by their devel-
opmental status. Chemokines produced by thymic stromal
cells and chemokine receptors on the thymocytes play an
indispensable role in guiding developing thymocytes into
the different microenvironments. In addition to long-range
migration, chemokines increase the thymocytes’ motility,
enhancing their interaction with stromal cells. During the
past several years, much progress has been made to
determine the various signals that guide thymocytes on
their journey within the thymus. In this review, we sum-
marize the progress in identifying chemokines and other
chemoattractant signals that direct intrathymic migration.
Furthermore, we discuss the recent advances of two-photon
microscopy in determining dynamic motility and interac-
tion behavior of thymocytes within distinct compartments
to provide a better understanding of the relationship
between thymocyte motility and development.
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Introduction

Unlike most other hematopoietic lineage cells that develop
in the bone marrow, T lymphocytes develop in the thymus.
Thus, a critical role of the thymus is to provide an envi-
ronment to develop and select mature thymocytes that
contain reactivity to a variety of foreign antigens but not to
self-antigens. For example, off T cells undergo random
rearrangement of their T cell receptor (TCR) « and f chain
genes as they develop in the thymus, resulting in a potential
repertoire of more than 10'C antigen specificities [1].
Among those cells, the thymus must foster the develop-
ment of thymocytes with TCR specificities that provide
immunity against a plethora of foreign pathogens, but at
the same time eliminate thymocytes that express TCRs that
are useless, or that might initiate attack to their own tissues.
Thus, it is not surprising that thymocytes must pass through
multiple checkpoints to ensure that only useful but not
harmful T cells are released into the circulation and
periphery.

The thymus plays a central and unique role in the
adaptive immune system by providing an inductive envi-
ronment to thymocytes during their development. It is
composed of two lobes and within each lobe, histologically
and functionally discrete regions exist. The adult thymus
can be divided into a central medulla and a peripheral
cortex enclosed by an outer capsule [2, 3]. Cells in the
thymus are broadly divided into two categories; cells
derived from hematopoietic stem cells that originate from
the bone marrow, and resident stromal cells that are
derived from non-hematopoietic lineage. Cells from the
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hematopoietic lineage in the thymus include T lympho-
cytes (thymocytes), dendritic cells, and very small
populations of B cells, macrophages, and natural killer
cells. Non-hematopoietic cells in the thymus include epi-
thelial cells that reside either in the medulla or the cortex,
mesenchymal cells, and endothelial cells. Thymic cortex
and medulla are composed of distinct sets of cells from the
hematopoietic and non-hematopoietic lineages. For
instance, the cortex is composed of densely packed
immature thymocytes supported by a network of cortical
thymic epithelial cells (cTECs) and dendritic cells, whereas
the medulla contains relatively fewer and loosely packed
mature thymocytes supported by medullary thymic epi-
thelial cells (mTECs) and dendritic cells. The cortex of the
thymus is supplied by extensive networks of capillaries that
are connected to postcapillary venules and arterioles at the
corticomedullary junction (CMJ) [4].

During their lifetime, thymocytes are in constant
motion. Originally developing in the bone marrow, early
progenitor cells circulate in the blood until they enter the
thymus through blood vessels located at the CMJ. Inside
the thymus, thymocytes transmigrate between anatomically
distinct microenvironments where they are continuously
interacting with resident stromal cells. These interactions
are pivotal to accomplish maturation, proliferation, and
selection of thymocytes. Thus, motility is one of the most
fundamental characteristics of thymocytes. Development
of T lymphocytes in the thymus correlates with their
dynamic relocation between different microenvironments.
Immunofluorescence studies using fixed tissues displayed a
remarkable compartmentalization of thymocytes within the
thymus, depending on their developmental status [2, 5]. For
example, early thymic progenitors (ETPs) enter from the
blood at the CMJ, commit to T cell lineage, and migrate
outwardly towards the sub-capsular zone (SCZ) (Fig. 1a,
b). During this migration, ETPs undergo subsequent
developmental steps in the CD4- CDS8- double-negative
(DN) stage, ultimately reaching the SCZ. The DN cells
advance to the CD4+ CD8+ double-positive (DP) cells as
they are meandering through the cortex (Fig. 1c). The DP
thymocytes undergo a critical developmental checkpoint
called positive selection in the cortex to select the thy-
mocytes that express a functional TCR. Thymocytes that
successfully complete positive selection travel to the
medulla and become CD4+ or CD8+4 single-positive (SP)
thymocytes (Fig. 1d). In the medulla, they undertake yet
another critical developmental task called negative selec-
tion to eliminate thymocytes that are self-reactive (Fig. le).
Finally, mature thymocytes in the medulla egress from the
thymus to the blood stream to migrate to the peripheral
lymphoid organs (Fig. 1f).

The differential localization of thymocytes at different
developmental stages suggests that there is concerted
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regulation of thymocyte migration and motility at each step
of their maturation. Attraction, repulsion, and adhesion are
the major processes underlying migration. Major providers
of attractive (and possibly repulsive) signals in the thymic
microenvironment are the chemokines. Chemokines are a
group of low-molecular-weight, mostly basic, structurally
related molecules that drive migration of cells through
interactions with a subset of seven-transmembrane, G
protein-coupled receptors [6, 7]. Chemokines function as
guidance cues, either as soluble gradients or as anchored
forms on the extracellular matrix [8]. Furthermore, che-
mokines also increase a cell’s intrinsic motility in a non-
directional, random manner [9, 10]. Thymic stromal cells
as well as dendritic cells are rich sources of chemokines
(Table 1). Interestingly, chemokines exhibit differential
expression patterns in the distinct thymic microenviron-
ments, suggesting that they play a role in selectively
recruiting specific thymocyte populations. Thymocytes at
different stages of development express different chemo-
kine receptors allowing them to relocate between distinct
microenvironments that express the corresponding che-
mokines (Table 1) [6].

In addition to chemokines, other less well-studied
guidance molecules in the thymus include Eph kinases,
ephrins, semaphorins, plexins, and neuropilins. Integrins,
on the other hand, are pivotal for adhesion to the extra-
cellular matrix or other surface molecules. Eph kinases are
a large family of receptor tyrosine kinases whose ligands
are the ephrins. They can regulate the cytoskeleton and
have well-described roles in the development of the neural
system (e.g., axon guidance), angiogenesis, bone, and
intestinal and glucose homeostasis (reviewed in [11]). Most
of the family members are expressed in the thymus on
stromal cells as well as on thymocytes [12, 13]. Their roles
in axon guidance and expression in the thymus have led to
hypotheses that Eph kinases and/or ephrins may also play a
role as guidance cues in the thymus. Indeed, interference
with Eph/ephrin signaling with recombinant protein stim-
ulation in thymic organ cultures has shown quite dramatic
effects on T cell development [14-16]. However, it is
unclear exactly what the mechanism is underlying the
effect of the treatments. In addition, mice lacking several
of the Eph kinases or ephrins (EphB6, EphA4, and eph-
rinB2) do not show cell-autonomous disturbances in the T
cell development, although EphB2 is critically required
[15, 17-19]. One possible explanation for the lack of an
obvious phenotype in some of the individual knock-out
mice is the high degree of promiscuity in the interactions
between Eph kinases and ephrins. In addition, because
these molecules transmit signals between stromal cells
and thymocytes in both directions, it is hard to separate
primary from secondary defects in the respective knock-out
animals. For example, EphA4 and EphB2 are essential
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Table 1 List of chemokines and their receptors that are expressed in the thymus

Chemokine Chemokine-expressing cells Receptor  Receptor-expressing cells in the thymus
CCL25 (TECK) Thymic primordium [22] CCR9 Bone marrow-derived T-lineage precursors
and ETPs [11, 23]
¢TECs and mTECs [40, 41] DN3-DN4, DP and a subset of SP thymocytes [45]
Thymic dendritic cells and endothelial cells [42] DP thymocytes and CD62L~ CD69+ SP thymocytes
[40, 43, 46, 137, 138]
CXCL12 c¢TECs [33] ¢cTECs and CXCR4 DNI1 to DN4 thymocytes [33, 37, 139]
(SDF1-2) mTECs [41] DN, DP, and a subset of SP thymocytes [37, 139 ]
Blood venules in the cortex and CMJ [34, 59]
CCL19 mTECs [41, 75, 80], endothelial venules CCR7 DN1 and DN2 thymocytes [41] SP thymocytes
(ELC, MIP3p) in the medulla [41, 80, 121] [41, 75, 80, 81, 137, 139]
CCL21 (SLO) Parathyroid primordium [22] mTECs [41, 75, 121] TCR-stimulated DP thymocytes [75]
CCL17 (TARC) Dendritic cells [140, 141] CCR4 CD3 + CD4 + CD8"" thymocytes [81]

CCL22 (MDC) A subset of mTECs, outer walls of Hassall’s

corpuscles [80, 81]

CD62L " CD69+ SP thymocytes [137]
CD4 + CD8"" and DP thymocytes [80]

The synonyms for the chemokine are shown in parentheses

CCL CC-chemokine ligand, CCR CC-chemokine receptor, CXCR CXC-chemokine receptor, CXCL CXC-chemokine ligand, SDF stromal-cell-
derived factor, TECK thymus-expressed chemokine, ELC Epstein—Barr virus-induced molecule 1 ligand chemokine, MIP3f macrophage
inflammatory protein 3f3, SLC secondary lymphoid-tissue chemokine, MDC macrophage-derived chemokine, TARC thymus and activation-
regulated chemokine, CMJ cortico-medullary junction, ¢TECs cortical thymic epithelial cells, mTECs medullary thymic epithelial cells, DN
double negative, DP double positive, SP single positive, TCR T-cell receptor

regulators of stromal cell development in the thymus [15,
20]. In their absence, the overall architecture of the thymus
and the morphology of TECs are abnormal. However, the
development of wild-type thymocytes on EphA4~"~ or
EphB2 ™'~ thymus stroma is also defective because the
stromal cells are unable to direct proper T cell differenti-
ation. Finally, recent data suggest that ephrinB2 expression
on neural crest-derived thymic mesenchymal cell is
important for the migration of the thymus into the thoracic
cavity during embryonic development [17]. In its absence,
the thymus is retained in the cervical region. Quite inter-
estingly, T cell development is unperturbed in this case.
Semaphorins, initially identified as repulsive axon
guidance signals that direct neuronal axons to the right
direction [21], have been implicated in thymocyte migra-
tion. Semaphorins are membrane-bound or secreted
proteins that contain a conserved extracellular N-terminal
“Sema” domain [22, 23]. They bind to at least two families
of receptors, plexins and neuropilins (NPs). The plexins are
large transmembrane glycoproteins that function as recep-
tors for semaphorins directly or indirectly by binding to
NPs, another group of transmembrane glycoprotein recep-
tors that interact with semaphorins. Although their
participation in the development of the nervous system
(e.g., in axon guidance) is well known, what role sem-
aphorins play in the immune system is incompletely
understood [23-25]. Semaphorins expressed on immune
cells are called “immune semaphorins” and are involved in

regulating immune cell migration and T cell-APC inter-
actions, thereby leading to mounting proper immune
responses in the periphery [22, 23]. Likewise, some sem-
aphorins and their receptors are expressed in the thymus
and contribute to thymic development. For instance,
secreted class IIT semaphorins, Sema 3A, 3B, 3C, and 3D,
interact with NP-1 [22, 26]. In the human thymus, NP-1 is
expressed at low levels on all CD4 and CD8 subsets and at
high levels on microenvironment cells including TECs and
DCs [26, 27]. Sema3A, a natural ligand for NP-1, is
expressed in human cortical and medullary TECs as well as
all subsets of thymocytes at high levels and regulates
human thymocyte adhesion onto TEC layers [26, 27].
However, thymocyte development in NP-1-deficient mice
is normal, suggesting NP-1/Sema 3A interaction can be
replaced by other molecules [26]. Interestingly, Sema3E/
Plexin D1 play an important role in proper positioning of
positively selected thymocytes by regulating chemotactic
responses. We will discuss this in more detail below.
Integrins are transmembrane heterodimers composed of
one « and one f subunit. They serve as adhesion molecules
and receptors for mechanical stimulation and bind to
extracellular matrix proteins or cell-surface molecules [28].
Integrins are very important for immobilization of cells on
two-dimensional surfaces, especially under shear stress
conditions [29]. For example, they are essential for the
extravasation of the various blood cells into the tissues.
However, firm adhesion appears to play little role for the
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Fig. 1 Overview of thymocyte migration. a The thymus settling
progenitors (TSPs) enter the parenchyma of the organ near the
cortico-medullary junction (CMJ) and differentiate into early thymic
progenitors (ETPs), CD4- CDS8- double-negative (DN)1 and DN2 not
far away from the entry site. b DN3 thymocytes migrate to the sub-
capsular zone (SCZ) attracted mainly by CXCL12 and CCL25, the
ligands for CXCR4 and CCRY, respectively. Near the SCZ, thymo-
cytes undergo f-selection and the cells that successfully pass this
checkpoint proliferate extensively to give rise to CD4+ CD8+ dou-
ble-positive (DP) thymocytes. ¢ DP thymocytes migrate within the

motility in three-dimensional matrix (e.g., the thymus
parenchyma) outside the blood vessels, as the thymocytes
are in constant motion [30]. Nevertheless, some initial data
suggested that integrins might play a role during the T cell
development. For example, transgenic expression of an
inhibitor of integrin function in the thymus led to a partial
block in the DN-DP transition and increased production of
CDS8™ T cells at the expense of CD4™ T cells [31]. How-
ever, none of the various integrin or their cell surface
receptor (vascular cell adhesion moleculel (VCAM-1) and
intracellular adhesion molecule 1 (ICAM-1)) knock-outs
have demonstrated a remarkable thymus phenotype [32—
43]. A possible exception could be the process of negative
selection (see below) that might involve cell-cell interac-
tions reminiscent of the immunological synapse in which
integrins («Lf2) and their ligands (ICAM-1) are known to
play important roles.
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cortex in search for the rare selecting peptide-MHC molecules
presented on the cortical thymic epithelial cells (cTECs). d Cells that
successfully undergo the positive selection checkpoint up-regulate the
chemokine receptor CCR7 and migrate to the medulla. e In the
medulla, most of the auto-reactive cells undergo negative selection,
while the rest of the SP thymocytes undergo maturation. f The mature
self-tolerant SP thymocytes emigrate into the circulation at the large
blood vessels at the CMJ. The most important receptors that guide the
migration of thymocytes are depicted, as well as markers of different
developmental stages and important stromal cell types

The studies of cellular localization using fixed tissues
have provided a snapshot view of migration patterns of
different populations of thymocytes as well as compart-
mentalization of epithelial cells within the thymus.
Furthermore, it also provided critical information about
expression patterns of chemokines in discrete thymic
microenvironments. However, dynamics of thymocyte
motility, migration, and interaction with residential cells
within or between each microenvironment cannot be
determined using this method. To visualize thymocyte
motility and interaction within the intact thymic environ-
ment, immunologists have successfully adopted two-
photon microscopy. In this review, we will summarize
previous findings about thymocyte migration using fixed
tissues, which were fundamental to formulate the current
thymocyte migration model, and discuss recent advances in
studying thymocyte motility, migration, and interaction
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using two-photon microscopy. Finally, we will provide
discussions on what questions need to be further addressed
to better understand the relationship between thymocyte
motility and development.

Seeding of the thymus at the prevascular stage

Since the thymus does not contain self-renewing stem cells,
a steady supply of progenitor cells originating from the
bone marrow is inevitably required for continuous thy-
mopoiesis [44—49]. Although some of the early progenitor
cells in the bone marrow and blood display a potential to
differentiate into thymocytes, the identity of thymus set-
tling progenitor cells (TSPs) is not clear [50, 51].
Nevertheless, the most immature progenitor cells in the
thymus with a potential to develop to thymocytes have
been identified as the early thymic progenitors (ETPs) [51].
The bona fide ETPs are defined as the c-Kit" IL-7Ro"&"°
subset within the most immature DN subpopulation DN1
(CD25-CD44+) as only this subset contains a measurable
T lineage differentiation potential [48, 52].

T lymphoid progenitor cells begin to colonize the thymic
primordium generated by the third pharyngeal pouch endo-
derm at gestation week 7 to 8 in humans and at embryonic
day 11.5 in mice, prior to development of vasculature [53,
54]. The chemokines CCL25 and CCL21 are expressed in
the thymic primordium and neighboring parathyroid pri-
mordium and coordinate fetal thymus colonization before its
vascularization [55]. Mice deficient for both of their coun-
terpart receptors, CCR9 and CCR?7, respectively, display
substantial defects in fetal thymus colonization, resulting in
adecrease to only 2% of wild-type (WT) thymocyte numbers
in the E14.5 fetal thymus [55]. In a recent study, the role of
CXCR4 in this process was examined [ 169]. Using mice that
are deficient in either one, two or three of the chemokine
receptors, CCR7, CCR9 and CXCR4, the authors found that
thymopoiesis was most severely impaired in the CCR7/
CCRY/CXCR4 triple-deficient thymic rudiments of E14.5
mice, even more so compared to the CCR7/CCR9 double-
deficient mice. Together, these results indicate that com-
bined chemokine receptor signals on the thymic progenitor
cells in response to CCL25, CCL21 and possibly CXCL12,
are central for fetal thymus colonization at the stage prior to
development of vasculature.

Another molecule that has been suggested to play a role
in the colonization of fetal thymus is EphB2 kinase [57].
What is remarkable about EphB2 is that its expression is
required on both the stromal cell and the TSPs for efficient
colonization to occur. The exact function of this molecule
is unclear at the moment, however, it has been suggested
that EphB2 can regulate chemokine expression and the
deposition of extracellular matrix.

Recruitment of hematopoietic progenitors to the adult
thymus

In the postnatal and adult thymus that contains vasculature,
TSPs enter the thymus from blood via postcapillary ven-
ules, which are located at the CMJ (Fig. la). Thymus
seeding occurs periodically alternating non-receptive and
receptive stages, suggesting there might be feedback sig-
nals from the thymus to regulate recruitment of TSPs [49].
Although the identity of these cells and the thymus-specific
signals that recruit them from the blood are incompletely
understood, recent findings indicate that adhesion and
chemokine signals may play an important role. For
instance, P-selectin is expressed on thymic endothelial cells
and its ligand PSGL-1 is expressed on the progenitor cells
in the bone marrow, blood, and thymus (Fig. 2). Binding of
P-selectin to thymic endothelium via PSGL-1 is required
for efficient recruitment of TSPs, since PSGL-1 deficiency
results in fewer numbers of ETPs [58]. Interestingly,
expression levels of P-selectin together with CCL25 on
thymic endothelial cells correlate with the occupancy of the
intrathymic niche, suggesting they may function as a
feedback loop or thymic gatekeepers [59].

Two recent papers highlight the importance of chemo-
kine signals for thymic settling capacity of hematopoietic
progenitors to the adult thymus [44, 56]. Using CCR7 and
CCR9 double-deficient mice, both papers showed that the
loss of both receptors severely impaired the recruitment of
TSPs, which resulted in a near 100-fold decrease in num-
bers of the ETPs. On the contrary, total thymic cellularity
was not changed in CCR7 and CCRY double-deficient
mice, suggesting that a compensatory mechanism exists.
Indeed, higher proliferation was found in the DN3 (CD44-
CD254) compartment of the CCR7 and CCR9 double-
deficient mice. Moreover, the thymic environment of

ETP ‘

Thymus parenchyma

Endothelial cells
CCL19/21

Blood vessel at CMJ

Fig. 2 Factors that regulate recruitment of hematopoietic progenitors
to the thymus. The thymus settling progenitors (TSP) use CCR9Y,
CCR?7, and PSGL1 to recognize CCL25, CCL19/21, and P-selectin
(P-sel) on the large blood vessels at the cortico-medullary junction
and efficiently enter the thymic parenchyma
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CCR7 and CCR9 double-deficient mice also supported the
enhanced expansion of DN3 and DP thymocytes.

Based on the current paradigm of tissue homing, a role
for integrins can be expected in the migration of BM
progenitors to the thymus. Indeed, antibody-blocking
experiments have suggested that o4 1, o2 [lymphocyte
function-associated antigen 1 (LFA-1)] as well as another
adhesion molecule, CD44, might play a role in thymic
homing [60, 61]. However, more thorough investigation of
the subject is warranted, because none of the respective
knock-out mice (c4-integrin~'~, aL-integrin ™", f1-inte-
grin™'~, f2-integrin~'~, CD44~'7) have been described to
have a defect in T cell development in the thymus [32-35,
37-39, 62].

Outward migration of the DN cells; from the CMJ
to the sub-capsular zone

Once recruited from the blood to the thymus, ETPs remain
at the CMIJ for an average of 10 days and undergo 1,000-
fold expansion to become DN cells [2, 63]. The retention,
expansion, and release signals at the CMJ are largely
unknown. However, the c-Kit ligand, IL-7, and Hedgehog
signals have been suggested to participate in proliferation
and differentiation of the DNI1 cells [2, 64]. In addition,
Notch ligand signal specifies T-lineage commitment [65—
69]. Once DNI cells start to increase expression of the
RAG genes and CD25, they differentiate to the DN2 stage.
The DN2 cells undergo their maturation as they migrate
outwardly from the inner cortex to the outer cortex, finally
reaching the sub-capsular zone (SCZ) as DN3 thymocytes
(Fig. 1b). The f-selection, a critical checkpoint that screens
for the productive rearrangement of the TCRf chain and
assembly with the pre-TCRo chain, begins at the DN3
stage of thymocyte development. A functional pre-TCR
complex generates survival, proliferation, and differentia-
tion signals to ensure successful transition to the DN4
stage. Thymocytes that successfully rearrange their TCRf
differentiate to the DN4 then to the DP stage in the SCZ.

CXCL12, the ligand for CXCR4, is expressed on scat-
tered cTECs [70], blood venules in the cortex and SCZ
[71], and may guide the DN cells to migrate across the
cortex to reach the SCZ (Fig. 1b). However, the role of
CXCR4 in early thymocyte development has been con-
troversial. Earlier studies using conventional CXCR4
knock-out (KO) mice revealed the role of CXCR4 in car-
diac development, fetal cerebella development, B
lymphopoiesis, and myelopoiesis, resulting in embryonic
lethality [72, 73]. However, these studies showed that T
lymphopoiesis was normal at E17.5-18.5 in CXCR4 KO
embryos. Fetal thymic organ culture (FTOC) or engraft-
ment of the fetal thymus under the kidney capsule of
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TCRua-deficient mice revealed that maturation to SP thy-
mocytes and emigration to the periphery were normal in
the absence of CXCR4. In contrast, other groups reported
impaired thymopoiesis including substantial decrease in
DP thymocyte numbers at E17.5 and 18.5 in CXCR4-
deficient embryos [74, 170]. The discrepancy between the
results of the aforementioned studies is difficult to explain
at present. Moreover, CXCR4-deficient thymic precursors
showed a substantial disadvantage over WT counterparts in
reconstituting irradiated adult recipients [70, 74-76]. For
example, competitive reconstitution experiments using
CXCR4-deficient fetal liver cells together with WT bone
marrow cells showed severe disadvantage of CXCR4-
deficient precursor cells to repopulate DN1, DN2, DP, and
mature CD4 SP compartments [74]. In hematopoietic chi-
meras where CXCR4 is conditionally deleted using Lck-
Cre mouse line that express Cre recombinase at DN1 stage
under control of the proximal Lck promoter, CXCR4-
deficient cells were arrested at the DN1 stage and accu-
mulated at the CMJ due to their failure to migrate away
from the CMJ [70]. This result indicates that CXCR4 sig-
nals at the DN1 are critical for initiating the outward
migration at the CMJ and subsequent differentiation under
competing conditions [70]. A recent study demonstrated
that deleting CXCR4 at the DN2 and DN3 stage using a
Cre recombinase under the control of the Lck promoter
(that is distinct from the one used in the previous study)
leads to marked inhibition in the transition from the DN3 to
DN4 stage as well as from the DN4 to the DP stage,
resulting in thymic atrophy, accumulation of DN3 cells,
and reduced numbers of DP cells [71]. Furthermore,
CXCR4-deficient CD25+ DN cells (DN2 and DN3 cells)
accumulated in the lower inner cortex area rather than at
the SCZ where WT counterparts were recruited, suggesting
that CXCR4 is involved in polarized migration of the DN2
and DN3 cells to the SCZ [71, 170]. Intriguingly, CXCR4
also facilitates f-selection by providing optimal pre-TCR-
induced proliferation and survival signals, suggesting a role
of CXCR4 as pre-TCR co-stimulator.

Another chemokine that coordinates directed migration
at the DN3 stage is CCL25 (TECK), the ligand of CCRY.
There are conflicting data about the expression of CCL25,
but most likely it can be found in both cortical and med-
ullary TECs as well as medullary dendritic cells [77-79].
Expression of CCR9 is highly regulated at multiple stages
in thymocytes, suggesting a specific role of CCL25-medi-
ated migration in the development of thymocytes. For
example, expression of CCR9 begins at the DN3 stage and
dramatically increases following pre-TCR stimulation or
after the DN4 to DP transition, and then decreases at the
mature CD4 SP thymocyte stage [80, 81]. Interestingly,
CCRO-deficient DN3 cells failed to accumulate at the SCZ
and displayed scattered distribution pattern [82]. However,
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thymic development in the absence of CCR9 was found to
be normal, suggesting aberrant localization of CCRO-
deficient DN3 thymocytes did not compromise thymic
development. Developmental defects of CCR9 deficiency
were only revealed either under competing or overexpres-
sion conditions. For instance, CCR9- deficient thymocytes
were out-competed by WT thymocytes at multiple stages
of T cell development. Overexpression of CCR9 at the
DN3 stage using CCRO9- transgenic mice resulted in a
substantial reduction in DP thymocyte numbers, indicating
that perturbed migration at the early stages of thymocyte
development inhibited optimal differentiation [83].

Thymocytes that successfully undergo f-selection at the
DN3 stage down-regulate CD25 expression and increase
expression of CD4 and CDS8 co-receptors to become DP
thymocytes. In contrast to the outward directional migra-
tion of the DN thymocytes, DP thymocytes relocate away
from the SCZ and randomly migrate throughout the cortex
(Fig. 1c). The cues that turn off the retention signal at the
SCZ and promote random migration in the cortex are not
known.

Thymic crosstalk between thymocytes and stromal cells
in the cortex

Thymocytes constantly interact with thymic epithelial cells
in the cortex and medulla and this interaction is required to
complete their development. In parallel, cortical and
medullary epithelial cells also require the presence of
thymocytes for their differentiation [84-86]. Thymocytes
from human CD3e¢ transgene homozygous mice are
blocked at a very early stage of development with only
2-3% of thymocytes progressing to the DN1 stage. Inter-
estingly, the thymus from these mice is abnormal. For
instance, it is 1% of normal thymus size and its architecture
is completely disorganized. Further characterization
revealed that their epithelial cells are arrested at an
immature stage, unable to differentiate to mature cortical
epithelial cells [86]. In contrast, the thymus from Ragl ™/~
or Rag2™/~ mice, in which thymocyte development is
arrested at the DN3 stage, contains ¢cTECs and histologi-
cally normal cortex, but their medulla is small [84-86].
These results suggest that the differentiation of thymocytes
from the DN1 to the DN3 stage controls the maturation of
c¢TECs and formation of cortex in the thymus.

Migration of DP thymocytes within the cortex
Within the cortex, DP thymocytes must undergo a devel-

opmental task called positive selection. They rearrange
their TCRa gene locus to generate TCRo chain that pairs

with TCRf chain and finally form a mature TCR. DP
thymocytes with the newly formed TCR search for a
peptide-MHC (pMHC) complex on the cortical epithelial
cells, which can interact with their TCR with moderate
affinity and avidity. This TCR-pMHC interaction provides
signals required for further differentiation of DP thymo-
cytes into mature SP thymocytes. Small numbers of cells
are positively selected and differentiate into CD4 or CDS8
SP thymocytes. Failure of such interaction results in death
by neglect of DP thymocytes. Following positive selection,
mature CD4 or CD8 SP thymocytes increase expression of
chemokine receptors such as CCR7, which allows them to
migrate from the cortex to medulla, where the ligands of
CCR7 are expressed (Fig. 1d).

Studying thymocyte motility in the cortex
using two-photon microscopy

Historically, localization of thymocytes during their
development has been studied in static settings using
methods such as immunohistochemistry or immunofluo-
rescence in fixed tissue sections. Advances in two-photon
laser-scanning microscopic imaging have made it possible
to visualize dynamic migration and interaction of thymo-
cytes in fetal or reaggregate thymic organ cultures (FTOC
or RTOC), thymic slices, and explanted thymi [87-91].
Two-photon microscopy has proven to be a powerful tool
to investigate spatial and temporal migratory behaviors of
thymocytes in real time in organ cultures or intact tissues.
Some of the initial experiments using two-photon micros-
copy described the patterns of thymocyte motility during
positive selection [92]. In these studies, RTOC were gen-
erated with thymocytes bearing a fixed TCR co-cultured
with a mixture of thymic stromal cells, which were com-
posed of unlabeled MHC-deficient stromal cells mixed
with fluorescently labeled MHC-sufficient WT thymic
stromal cells. Strikingly, thymocytes were highly motile,
actively crawling on the surface of stromal cells with range
of mean velocities from 6 to 15 um/min. Under the con-
ditions that support positive selection, MHC recognition
increases the duration of the thymocyte-stromal cell
interaction in both stable and dynamic interactions.
Although this study shed light on thymocyte motility in a
three-dimensional organ culture, the lack of normal organ
architecture makes it difficult to study the long-range
migration of thymocytes between distinct regions of the
thymus at different developmental stages and to determine
motility within a native microenvironment.

To elucidate motility and long-range migration of thy-
mocytes inside of the intact cortex, experiments to
visualize thymocyte motility within intact thymic lobes
using two-photon microscopy were performed [93]. Partial

@ Springer



670

1. Dzhagalov, H. Phee

bone marrow chimeras were generated, in which only 1%
of total thymocytes were fluorescently labeled to facilitate
tracking of individual cells. From this study, cortical DP
thymocytes before positive selection showed random walk
migration with relatively low motility rates between 3 and
8 um/min. Surprisingly, there was also a small number of
thymocytes that exhibit fast and directed migration to the
medulla with motility rates of 10 pm/min or greater. The
appearance of this population was correlated with positive
selection, implying that these thymocytes may represent
positively selected cells that are on their way to the
medulla. Expression of CCR7 is increased following
positive selection and ligands of CCR7 are expressed
preferentially in the medulla, suggesting that post-positive
selection thymocytes are selectively recruited to the
medulla via CCR7 [94]. Thus, authors of this paper con-
cluded that positive selection leads to a rapid directional
migration pattern, increased proportion of fast and direc-
tionally migrating cells as well as increase in overall
migration rate, which was not observed in the earlier
studies using RTOC.

The ability to visualize thymocyte movement in a three-
dimensional microenvironment using two-photon micros-
copy opened many avenues to address important questions
regarding thymocyte migration and signaling within nor-
mal tissue environment during development. For example,
to determine the effect of calcium signals on thymocyte
motility during positive selection, Bhakta et al. monitored
the motility of calcium indicator-labeled thymocytes in a
thymic slice using two-photon microscopy [1]. The thymic
slice technique offers several advantages over RTOC or
FTOC. Unlike RTOC or FTOC that require many hours to
form a three-dimensional structure, thymic slice prepara-
tion enables the acute introduction of labeled thymocytes
of known subsets into intact thymic environment. In
addition, the native architecture of the medulla and the
cortex is preserved and residential cells in these areas are
conserved, thus generating an ideal model system to study
thymic development and the long-range migration that
accompanies it. Using this system, the authors of this paper
found that naive thymocytes are motile at low intracellular
calcium concentrations with a mean motility rate of
3.5 um/min, but become immotile with sustained calcium
concentration oscillations during positive selection. Fur-
ther, they showed that an increase in intracellular calcium
concentration is necessary and sufficient to arrest thymo-
cyte motility. From these results, the authors speculated
that sustained calcium flux during positive selection pro-
longs the interaction with pMHC-bearing stromal cells and
may facilitate gene transcription.

The cortical thymic stromal cells contain not only epi-
thelial cells but also dendritic cells (DCs). DCs in the cortex
may provide a functionally distinct microenvironment
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within the cortex. The interaction between thymocytes and
DC:s in the cortex during positive selection has been studied
using two-photon microscopy [95]. This study revealed that
dendritic cells localize near blood capillaries and CCL21
positive areas in the cortex. CCL21, one of the ligands of
CCRY7, is expressed at high levels in the medulla and low
levels in the cortex. This unique vasculature-associated
cortical microenvironment attracts DCs and thymocytes
that are receiving positive selection signals in a CCR7-
dependent manner. For instance, CCR7 transgenic thymo-
cytes exhibited increased frequency and duration of the DC-
thymocyte association with a slightly decreased average
migration speed. CCR7-deficient thymocytes with a TCR
transgene showed decreased interaction with DCs and
increased motility. These results demonstrate that a specific
microenvironment that contains chemokines can affect
interaction of thymocytes with residential cells as well as
their motility.

Role of GIT2 in thymocyte migration and positive
selection

Although thymocyte migration within the cortex is thought
to be important for positive selection and further devel-
opment, whether defects in thymocyte migration indeed
affect positive selection is unclear. Moreover, the molec-
ular mechanisms of regulating chemokine-mediated
chemokinesis as well as chemotaxis of the DP thymocytes
are not well understood. Recently, we described that
impaired motility of DP thymocytes does influence positive
selection in GIT2 ™/~ mice [96]. The GIT family members
are multi-functional proteins characterized by the N-ter-
minal GTPase activating protein (GAP) domain for ADP-
ribosylation factor (Arf) family of small GTP-binding
proteins [97—101]. In thymocytes and peripheral T cells,
GIT2 is the predominantly expressed isoform. GIT1 and
GIT2 display Arf GAP catalytic activity towards Arfl and
Arf6 [102, 103], which influence membrane traffic and
actin remodeling [99].

GIT2 regulates thymocyte motility in response to sev-
eral chemokines. We found that migration to chemokines
such as CXCLI12 and CCL25 by GIT2™'~ DP thymocytes
was increased using a transwell migration assay. Moreover,
GIT2™'~ thymocytes exhibited exaggerated Rac activation
and actin polymerization, and responded more to CXCL12
in a collagen matrix. Intriguingly, analysis of thymic
development in GIT2™'~ mice revealed that the generation
of mature CD4 SP thymocytes in TCR transgenic GIT2 ™/~
mice was severely impaired due to inefficient positive
selection. However, the TCR signaling ability as well as
cell death and apoptosis of GIT2™'~ thymocytes were
normal. We set forth to determine whether GIT2 deficiency
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Blue - WT tracks
Green - GIT2 KO tracks
Red - blood vessels

Fig. 3 Representative migratory tracks of wild-type and GIT27/~
thymocytes in the cortex. Thymi from a partial mixed bone marrow
chimera were explanted and imaged by two-photon microscopy.
Blood vessels are shown in red. Trajectories of individual cells, in
blue (WT thymocytes) and green (GIT2~/~ thymocytes), are shown
as tracks. Note that GIT2™'~ cells display much shorter tracks,
reflecting their slow migration and minimal displacement. GIT2 ™/~
cells are often found in areas around small blood vessels in the cortex
where expression of chemokines is also detected

affects thymocyte motility in vivo using two-photon laser
scanning microscopy to monitor the migratory behavior in
intact thymic lobes. We found that, in contrast to control
DP thymocytes that migrate vigorously in the cortex and
scan the cortical areas, GIT2™'~ thymocytes accumulated
in certain areas of the cortex including adjacent to
CXCL12-positive small blood vessels with decreased
motility (Fig. 3). As a result, the scanning activity of
GIT2™"~ thymocytes was severely compromised. We pro-
posed that the in vivo migratory defect of the GIT2™/~
thymocytes was a steady-state consequence of thymocytes
that were trapped by an exaggerated response to local
chemokine gradients in the cortex. Consequently, the lim-
itation of GIT2™/~ thymocytes to migrate and scan the
cortical area ultimately compromised their ability to
receive proper TCR signals for efficient positive selection.

Migration from the cortex to the medulla

The medulla represents a unique environment for inducing
tolerance and screening against the self-antigens presented
there to prevent autoimmunity. Thus, migration from the
cortex to the medulla is essential for the elimination of at
least some of the self-reactive thymocytes. For example,
mice with defective medulla development (RelB™'~,
TRAF6~'~, NF-kB2~'7), mice that express MHC II only in
the cortical but not in the medullary TECs (K14-MHC II on
MHC 11"~ background), or mice with defects in attracting
positively selected DP thymocytes to medullary chemo-
kines (CCR7~'~ or plt/plt mice) all develop autoimmune
disorders [94, 104-107].

The most important factor guiding the migration of
positively selected TCRof thymocytes into the medulla is

signaling from the chemokine receptor CCR7 (Fig. 4). The
ligands for CCR7 are CCL19 and CCL21. Their expression
is much higher in the medulla than in the cortex and this
gradient is thought to direct the positively selected DP
thymocytes into the medulla [78, 94]. CCR7 expression
starts after the positive selection [94]. A significant pro-
portion of CD69™ TCR ™ DP (post-positive selection) and
the majority of SP thymocytes express CCR7 on their
surface. More MHC I-restricted than MHC Il-restricted DP
cells express CCR7 [108]. This fact can potentially provide
a mechanistic explanation for the kinetic signaling model
for CD4 vs. CD8 lineage commitment [109]. According to
this model, CD4SP cells are selected by a strong and
prolonged interaction with the cTECs, while CD8SP cells
are selected by weaker and shorter signals. Perhaps the
earlier expression of CCR7 on CD8SP-committed pro-
genitors instructs them to up-regulate their speed and
migrate towards the medulla, thus shortening the interac-
tion time with the selecting TECs and decreasing the
intensity of the TCR signal.

The first clues for the participation of chemokine
receptors in the migration across the CMJ came from
experiments showing that this process could be inhibited
by pertussis toxin (PTx) [110]. PTx is a well-known
inhibitor of G-protein coupled receptors (GPCRs) that
signal through Gai. Most chemokine receptors fall in this
category. The critical roles of CCR7 and its ligands in the
migration towards the medulla were uncovered by studying
the phenotype of gain-of-function and loss-of-function
mouse mutant strains. In mice ectopically expressing
CCR7 on the majority of thymocytes, DP cells gained the
ability to cross the CMJ and invaded the medulla [111]. On
the other hand, in CCR7-deficient mice or in plt/plt mice
that lack expression of both ligands of CCR7, SP cells
failed to migrate to the medulla and accumulated in the
cortex [112]. These experiments suggested that CCR7
might be both necessary and sufficient for migration to the
medulla.

Recently, the roles of CCR7 and its ligands for the
cortex-to-medulla migration were examined in real time by
Ritchie-Ehrilch et al. [113]. Using thymic slices overlaid
with purified thymocyte populations, they described three
distinct effects of CCR7. First, CCR7~/~ CD4SP thymo-
cytes were considerably slower than their wild-type (WT)
counterparts, suggesting that CCR7 ligands have a strong
chemokinetic effect. Second, unlike WT cells, CCR77"~
CDA4SP did not display a directional bias towards the
medulla, arguing that CCR7 ligands have a pronounced
chemotactic effect as well. These results were also reca-
pitulated with WT CDA4SP cells treated with PTx,
suggesting that CCR7 is the major chemokine receptor
responsible for the increased speed of CD4SP thymocytes
and their migration towards the medulla. Third, and most
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Fig. 4 Migration from the

positive-selected

pre-selection

cortex to the medulla. Post- DP DP

selection DP thymocytes up-

regulate CCR7 and migrate CCR9 Lo CXCR4SW‘ CCR9 CXCL12
towards the medulla. CCR4 and Cortex CCR4

CCR9 may also participate in : dhesion CCL25
this process. Another critical CCR7 molecule CCL17/22
element for successful crossing °

the CMJ is the expression of an CCL19/21
adhesion molecule that enables medullary
the selected thymocytes to crawl — substrate
on the medullary substrate. The

molecular identity of the

adhesion molecule or medullary Mo

substrate is currently unknown.
Pre-selection DP thymocytes do
not express CCR7 and cannot
migrate on the medullary
substrate. mTEC medullary
thymic epithelial cells, DC
dendritic cells, M¢
macrophages

Medulla

surprisingly, CCR7~~ thymocytes were found in the
medulla in large numbers. At first glance, this finding
appears at odds with previous data that CCR7 is necessary
and sufficient for migration into the medulla [111]. How-
ever, CCR7~’~ mice were shown to harbor a significant,
albeit reduced, number of SP thymocytes in the medulla
[114], implying that CCR7 might not be required for
crossing the CMJ. Treatment with PTx prevented WT
CD4SP from entering the medulla, suggesting that another
chemokine is responsible for the entrance. The identity of
this chemokine is unknown at present.

Other chemokines that could participate in the cortico-
medullary migration of positively selected DP thymocytes
are CCR9 and CCR4 (Fig. 4). CCRY is expressed on
almost all DP and CD8SP and on semi-mature CD4SP
[115], and its ligand CCL25 can be found in both the cortex
and the medulla [77, 78]. According to one report, although
pre-selection and post-selection DP thymocytes express
similar levels of CCRY, post-selection DP thymocytes
respond to CCL25 more efficiently [116]. CCR4 is
expressed on a small proportion of DPs (most likely post-
positive selection) and on the semi-mature CD4SP [110],
but not on CD8SP. The ligands for CCR4, CCL17, and
CCL22, are expressed mostly in the medulla, especially on
dendritic cells [117, 118]. That makes the ligands for
CCR4 very good candidates to attract positively selected
thymocytes. However, the development of thymocyte is
not perturbed in the absence of CCR4 [119]. Nevertheless,
thorough investigation of the dynamics of thymocyte
migration is needed to determine the role of CCR4 in the
cortico-medullary migration. Both CCL25 and CCR9
knock-out mice have been generated, but neither has shown
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any defect in the generation and localization of SP thy-
mocytes [82, 120, 121]. These data suggest that both CCR9
and CCR4 may play redundant roles in directing migration
across the CMJ. It is possible that these chemokine
receptors play a redundant role with CCR7, or are
responsible for the ability of SP thymocytes to crawl on a
medullary substrate (see below).

Another important factor for the cortex-to-medulla
migration is adhesion to the stromal substrate (Fig. 4).
Although adhesion molecules are indispensable for certain
types of motility, it was recently demonstrated that inte-
grins on leukocytes are not required for migration on three-
dimensional substrates [30]. In support of these data, the
speed of SP thymocytes is often in the range of 15-20 pm/
min—too fast for any kind of adhesion to form and dis-
solve [122]. However, it was recently reported that
medullary substrate is the limiting factor for translocation
from the cortex to the medulla [113]. The authors of this
study reached this conclusion by trying to explain how the
boundary between cortex and medulla forms. The sharp
border suggested that it is unlikely that a diffusible
attractant or repellent is present. They also excluded the
presence of a specialized cellular barrier that prevents entry
into the medulla. Instead, the authors proposed that a
medullary substrate on which only SP thymocytes can
crawl, or a surface-bound medullary repellent for DP thy-
mocytes, determines the boundary. The identity of the
medullary substrate or repellent and the corresponding
receptors on thymocytes remain to be identified.

In addition to chemokines and adhesion molecules,
chemorepellent signals have been suggested as another
contributing factor involved in migration from the cortex to
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the medulla. Recently, it was demonstrated that the
sema3E-plexinD1 signaling axis is important for the proper
localization of CD69+ post-positive selection thymocytes
to the medulla [116]. Expression of plexinD1 was up-reg-
ulated on thymocytes after positive selection, while
sema3E was expressed mostly in the medullary stromal
cells. Although sema3E had little potency to attract or repel
thymocytes, it significantly antagonized the CCR9-medi-
ated migration of the positively selected DP cells towards
CCL25 in vitro. Based on these data, the authors proposed
the following model: CCR9 expression on DP thymocytes
retains them in the cortex in close proximity to sources of
CCL25. Positive selection up-regulates expression of
plexinD1, which diminishes the effect of CCL25 and
allows the cells to respond to CCR7 ligands and migrate to
the medulla. Intriguingly, Sema3E-deficient mice exhibit
disturbed cortical and medullary organization due to the
lack of clear delineation between DP and SP thymocyte
localization at the corresponding regions. In addition, in
contrast to localization of WT CD69+ thymocytes in the
medulla or adjacent to the CMJ, Sema3E~~ CD69+ thy-
mocytes were found outside of the medulla, suggesting that
Sema3E plays a critical role in migration of positively
selected or activated thymocytes. Similarly, CD69+ thy-
mocytes from plexin D17/~ fetal liver-transplanted mice
were also found outside of medulla and SP thymocytes
formed ectopic medulla under the thymic capsule. This
study demonstrated that Sema3E/plexinDI1 interaction
plays an important role in directing migration of maturing
thymocytes by modulating chemotactic responses and
provided a glimpse into the previously unappreciated roles
of semaphorins and their receptors in the immune system.

Migration in the medulla

Once in the medulla, thymocytes have two major tasks to
accomplish—thorough screening against auto-antigens to
ensure that only self-tolerant cells will enter the circulation,
and further maturation of thymocytes that bear TCRs
potentially reactive with pathogens. How thymocytes pre-
pare themselves to exit into the bloodstream is still
incompletely understood, but the major events include
tuning down the responsiveness of the TCR and regulating
the expression of chemokine receptors and adhesion mol-
ecules to facilitate their egress and to guide them to the
appropriate location outside the thymus [123]. The removal
of the potentially auto-reactive thymocytes is known as
negative selection and is thought to proceed mainly in the
medulla. The thymic medulla provides a specialized envi-
ronment for production, delivery, and presentation of
numerous tissue-restricted self-antigens. There are at least
five distinct pathways through which antigens are presented

to the SP thymocytes [124]: (1) constitutive production of
ubiquitously expressed and thymus-specific proteins and
their presentation through the classical MHC I and MHC 11
pathways; (2) non-classical sampling of intracellular pro-
teins through autophagy [125]; (3) delivery of blood-borne
antigens to the medullary DCs [126-128]; (4) import of
extrathymic antigens by circulating DCs [129]; (5) pro-
miscuous gene expression (pGE) of tissue-restricted
antigens (TRAs) by mTECs [130]. The last mechanism has
received a lot of attention recently following the discovery
of the transcriptional factor Autolmmune REgulator
(AIRE) and the autoimmune disease occurring in patients
with AIRE mutations or AIRE-deficient mice [131-133].
AIRE is expressed by a subset of mature mTECs and drives
the stochastic expression of genes considered to be strictly
restricted to peripheral tissues. The only known function of
these proteins in mTECs is to be presented on MHC
molecules for the purposes of negative selection. The
molecular details of this pathway are still poorly under-
stood, although some fascinating details of how AIRE
might work are starting to emerge [134].

Recently, compelling evidence was obtained that con-
ventional TCRaf thymocytes spend only 4-5 d in the
medulla [135]. This short stay further complicates the task
for the SP thymocytes to search for the rare, promiscu-
ously expressed peripheral tissue antigens regulated by
AIRE [136]. Nevertheless, the process of negative selec-
tion is remarkably efficient. Apparently, the scanning
mechanism employed by SP thymocytes is sufficiently
rapid and complete that essentially each of them encoun-
ters the full collection of TRAs. That raises the questions:
What is the strategy that thymocytes employ to become
“acquainted” with the rare self-antigens and what are the
guidance cues from the medullary environment that allow
them to do so?

The guidance cues for thymocytes in the medulla are
most likely the same that attract them to that site. However,
no systematic studies have been conducted to test the role
of different chemokines and their receptors in regulating
thymocyte motility and development in the medulla. Based
on expression data of chemokine receptors, we can spec-
ulate that semi-mature CD4SP thymocytes will be attracted
to CCR4 and CCRY ligands; CD8SP will be attracted to
CCRY ligands; almost all medullary thymocytes will be
attracted to CCR7 ligands; and only the most mature SP
thymocytes will be attracted to S1P (see below). However,
to build a complete picture of the chemokine-dependent
motility in the medulla, the exact distribution of the che-
mokines in the medulla needs to be determined. Our only
glimpse into this problem comes from the study by Ritchie-
Ehrilch et al. [113], which reported that CCR7~'~ CD4SP
migrate more slowly than WT, suggesting that CCR7
ligands contribute to the motility of medullary thymocytes.
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It will be informative to determine what roles CCR4 and
CCR9 play in SP thymocyte motility in the medulla.

Determining thymocyte motility in the medulla using
two-photon microscopy

The in vivo migration pattern of the medullary thymocytes
has been described only recently [122, 137]. The major
obstacle to observe the migratory behavior of cells in the
medulla is that the medulla is typically located inside of the
thymus covered by a thick layer of cortex, and is often
beyond the range of two-photon microscopy. To circum-
vent this problem, the thymus needs to be sliced to expose
the medulla for direct imaging of SP thymocytes [1, 113,
122]. Using this approach, we recently characterized the
behavior of the cells in the medulla and found that TCR
transgenic thymocytes that are not subject to negative
selection move rapidly inside the medulla (Fig. 5). Their
average speeds can exceed 15 pm/min, which makes them
the fastest of any cell type in a 3D environment. Another
striking difference compared to the cortical DP thymocytes
is that the medullary thymocytes seem to be restricted to a
certain region instead of following a random walk pattern
of motility [93, 113].

Interestingly, two-photon microscopy studies in the OT
I/RIPmOva double transgenic system revealed that auto-
reactive CD8SP thymocytes behave in a markedly different
way than self-tolerant cells. OT I TCR transgenic thymo-
cytes recognize a peptide derived from ovalbumin and
RIPmOva transgenic mice express ovalbumin in the thymic
medulla [122]. As a result, auto-reactive OT I thymocytes
are efficiently deleted in an AIRE-dependent manner in the

i Auto-reactive

SP thymocyte
Self-tolerant .

SP thymocyte
i
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Fig. 5 Distinct migration patterns of self-tolerant and auto-reactive
SP thymocytes within the medulla. Self-tolerant SP thymocytes
migrate at high speeds making numerous contacts with the resident
stromal cells. In contrast, auto-reactive SP thymocytes move slowly
in confinement zones making slightly prolonged contacts with DCs.
mTEC medullary thymic epithelial cells, DC dendritic cells, M¢
macrophages
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double-transgenic mice [138]. Visualization of migratory
behaviors of auto-reactive OT I cells using two-photon
microscopy showed that OT I cells moved significantly
slower in the presence of RIPmOva (Fig. 5). Moreover, the
auto-reactive OT I thymocytes migrated in much smaller
confinement zones (~20-30 pm) compared to non-auto-
reactive cells. The cells stayed in their zones for a long
period of time and only rarely entered or left the zone. One
attractive hypothesis is that the zone is defined by the
presence of a RIPmOva expressing mTEC that has “spil-
led” ovalbumin onto neighboring cells. Then the whole
group of cells acts as an antigen-presenting zone for
ovalbumin-specific thymocytes.

Quite interestingly, polyclonal medullary thymocytes
can be divided into two groups based on their speeds. The
majority of the wild-type cells are fast and slightly con-
fined, resembling OT I in the absence of their negative
selecting ligand [122]. CD8SP cells seem to be a little bit
faster than CD4SP. FoxP3-expressing Tregs are indistin-
guishable from the conventional CD4SP cells in motility
parameters. However, a population of ~20-30% of all
medullary thymocytes migrates similar to the auto-reactive
OT I cells (i.e., in a slow and more confined manner). Since
both CD4SP and CD8SP thymocytes are present among
these slow cells, it is unlikely that CD4/CD8 lineage dif-
ferences dictate the appearance of this population. It is
more likely that these cells are undergoing negative
selection and are slowing down because of interactions
with their cognate self-antigens in the confinement zones.

The composition of the confinement zones for negative
selection is unknown. However, their size (~20-30 um) is
consistent with the size of a large cell (e.g., mTEC or DC),
so it is possible that the auto-reactive cells crawl on the
surface of an antigen-presenting cell and interact with it
constantly. However, the OT I thymocytes in a RIPmOva
host do not predominantly interact with a single DC, but
instead engage in serial contacts with multiple DCs [122].
How the auto-reactive cells interact with mTECs, espe-
cially the AIRE-expressing subset, is unknown. Overall,
the interaction pattern of OT I cells in RIPmOva host
suggests that the auto-reactive thymocytes can integrate
multiple stimuli by engaging in serial interactions with
antigen-presenting cells before they commit to death.

Thymic egress

The last migratory event that thymocytes complete is egress
from the thymus. It has been known for a long time that
~1% of all thymocytes are exported every day into the
circulation (~ 10° in mice [139], 107-108 depending on the
age in humans [140]), however, the molecular details of
thymic egress emerged only recently. Two pharmacological
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agents played a crucial role in the study of the thymic
egress. The first clue about the nature of the signaling
pathway that leads to thymic egress came from studies
utilizing PTx [141, 142]. Thymic egress was blocked when
PTx was expressed in thymocytes, implying that a chemo-
kine-induced signaling pathway plays an important role in
the process [142].

The identity of the chemokine receptor that mediates
thymic egress remained a mystery for many years. The
breakthrough came when the small molecule FTY720,
identified in a screen for immunosuppressive drugs, was
shown to inhibit the exit of thymocytes into circulation
[143]. The effect of FTY720 is via the sphingosine-1-
phosphate receptor 1 (S1P1), revealing that S1P1 and its
ligand S1P are critical for thymic egress [144, 145]. The
receptor is expressed on the most mature SP thymocytes.
Genetic manipulations of the enzymes that convert S1P to
its active form (S1P kinases) and the enzymes that degrade
it (SIP lyases) confirmed the proposed central role of this
chemokine/receptor pair for thymic egress [146, 147]. In
addition, overexpression of S1P1 on DP thymocytes caused
them to exit the thymus, verifying that S1P1 expression is
sufficient for thymic emigration [148]. The following
model was proposed based on these data (Fig. 6): thymo-
cytes follow an S1P gradient that is established by the
balance of its production and degradation. The S1P lyase is
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Fig. 6 Egress from the thymus. Mature SP thymocytes express
CD62L and the chemokine receptor S1P, that are transcriptionally
regulated by KLF2. They are attracted to S1P produced by pericytes
and blood cells and transmigrate across the endothelial layer to enter
the circulation. Cytoskeleton remodeling molecules such as Coronin
1A and mDial as well as small GTPase interacting molecules such as
RapL and Mstl are essential for the transmigration

very active in the parenchyma of the organ, maintaining
S1P at a low concentration. In the bloodstream, there is an
abundance of S1P that is produced mainly by hematopoi-
etic cells. However, this model still could not explain bone
marrow chimera experiments, which showed that the
smaller pool of S1P produced by radiation-resistant stromal
cells is more important for the egress from the thymus than
the larger pool of S1P produced by hematopoietic cells.
This conundrum was solved recently by Zachariah and
Cyster, who showed that the blood vessel-ensheathing
pericytes are a critical source of SIP and thymic egress is
completely dependent upon the production of S1P by these
cells (Fig. 6) [148].

One of the important regulators of S1P1 is CD69, better
known as a marker for T cell activation. Although the
details are still being investigated, it appears that CD69 and
S1P1 mutually antagonize the expression of each other on
the surface of T cells [149]. In the thymus, CD69 is
expressed on the semi-mature SP thymocytes that do not
express S1P1. The further maturation of these cells is
associated with loss of CD69 and gain of S1P1 expression
that renders them competent to exit the thymus. In agree-
ment with this view, CD69-deficient SP thymocytes stay in
the thymus for a slightly shorter time than WT [148],
perhaps due to premature expression of S1P1 on these cells
in the absence of CD69.

As previously mentioned, the average time thymocytes
spend in the medulla before they emigrate is 4-5 days [135].
The duration of this stay most likely depends on the factors
that control the expression of the components of the SIP1
signaling pathway. So far, the only confirmed direct regu-
lator of S1P1 expression is the transcription factor Kruppel
Lung Factor 2 (KLF2) [150]. KLF2 appears to be a critical
coordinator of the thymocyte maturation and exit because it
also regulates the expression of other adhesion molecules
such as CD62L and f7-integrin that are important for the
migration into the secondary lymphoid organs and other
peripheral tissues. Similarly to S1P1 deficiency, the ablation
of KLF2 resulted in almost complete loss of mature T cells
in the periphery, while SP thymocytes accumulated in the
thymus. KLF2 itself seems to be under the control of
FOXOI1 transcription factor because the KLF2 mRNA level
was decreased in cells deficient for FOXO1 [151]. However,
whether this regulation is direct is unknown. Most likely,
phosphatidylinositol-3-kinase (PI3K) is involved further
upstream in this pathway, as constitutive activation of PI3K
affects the egress of thymocytes from the thymus and down-
regulates KLF2 expression [152].

Additional mechanisms for thymic egress that might be
operational under certain circumstances have been proposed.
For example, emigration of thymocytes in the neonatal
period might be dependent on CCR7 as demonstrated using
FTOC, although this chemokine receptor is clearly
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dispensable for egress from the adult thymus [153]. Arole for
chemorepulsion as a mechanism mediating intravasation has
also been proposed. Specifically, the CXCR4-CXCL12 axis
has been singled out by in vitro experiments in which
CXCR4-expressing thymocytes were found to move away
from the thymus in a CXCL12-dependent manner [154]. In
addition, antagonizing CXCL12 in neonatal mice led to an
accumulation of CD4SP in the thymus. Another pathway
controlled by the transcription factor FoxJ1 has been pro-
posed to regulate thymic egress [155]. Overexpression of
FoxJ1 inhibited emigration of mature thymocytes, although
they still express functional S1P1. The molecular details of
this pathway remain unknown.

The chemokine signaling pathways regulating thymic
egress ultimately converge on the cytoskeletal components
to mediate the reverse transmigration of the mature thy-
mocytes through the blood vessel wall. Several cytoskeletal
proteins are required for this process. Coronin 1A is
mutated in rare patients with severe combined immuno-
deficiency and mutant mice for this protein have a defect in
the thymic egress [156]. The function of Coronin 1A is to
inhibit F-actin branching assembly controlled by the Arp2/
3 complex. Thus, Coronin 1A-deficient cells accumulate
more F-actin. Another actin regulator, mDial, also plays a
role in the emigration of thymocytes as evidenced by the
accumulation of mature thymocytes in the thymus of
mDial ~~ mice [157]. mDial, in contrast to Arp2/3, pro-
motes the formation of unbranched F-actin fibers. Thus, it
is likely that the formation of both branched and unbran-
ched actin filaments is important for the proper
cytoskeleton remodeling during reverse transmigration of
thymocytes. In addition, the actin-bundling protein L-pla-
stin was also recently shown to be involved in the exit from
the thymus [158]. Although the expression of S1P1 was
not affected on CD4SP L-plastin-deficient thymocytes,
their migration towards S1P was severely impaired. As a
consequence, mature thymocytes failed to egress and
accumulated in the L-plastin-deficient thymus.

A potential connection between the chemokine receptors
and cytoskeleton remodeling involves the Ras/Rho family
of small GTPases that are often regulated by chemokines.
RapL, an effector of the small GTPase Rapl, is required for
lymphocyte adhesion and cell polarization triggered by
chemokines. Indeed, RapL-deficient mice have a defect in
egress from the thymus [159]. Another molecule that
associates with RapL, Mstl, is critically required for this
process as well [160]. Although the details of the signaling
pathways triggered by S1P are beginning to be identified, it
is still unclear how the small GTPases and their associated
proteins are regulated by S1P and how their actions are
transmitted to the actin cytoskeleton.

The place where thymocytes exit has been a matter of
debate, but emerging evidence favors the large blood
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vessels at the CMIJ as the primary location of the egress.
While some studies have suggested that lymphatic vessels
might play a role in this process [161], very recent work by
Jason Cyster’s group showed that this is unlikely to be the
case. The authors demonstrated that thymocytes in the act
of egress could be observed using a clever intravascular
labeling technique. Moreover, they showed that the number
of cells exiting from the postcapillary venules at the CMJ
closely matches the thymic output calculated using other
methods [148]. Furthermore, abolishing S1P production by
the lymphatic endothelium had no effect on the rate of the
cells exiting the thymus. While the physiological places for
egress are the large vessels at the CMJ, thymocytes can exit
from other locations as well. For example, DP cells over-
expressing S1P1 accumulate around and intravasate into
the cortical blood vessels.

Although the above data describe a fascinating model
for thymic egress, it is important to remember that real-
time imaging of thymic egress has not been achieved yet.
This is mainly due to the fact that all two-photon imaging
experiments of the thymus have been done on explants. If
blood flow has to be preserved in order for thymocytes to
intravasate, other approaches such as thymus transplanta-
tion under the kidney capsule must be employed.

Concluding remarks

Although much progress has been made studying migration
in the thymus, there are still many challenging questions to
be answered. For example, the identity of TSPs (thymic
settling progenitor cells) is still not clear. According to
previous studies, recruitment of these rare cells required
both chemokine receptors and adhesion molecules. Mice
doubly deficient for both CCR7 and CCRY, or deficient for
PSGL-1, exhibited a dramatic reduction in the number of
ETPs, suggesting that recruitment of TSPs was inhibited.
However, it is also possible that these factors are involved
in survival and proliferation of ETPs. In a similar vein, it is
still unknown what specific signals the thymus uses to
intermittently recruit TSPs from the blood, and among
those signals, which factors function as thymic gatekeepers
to control thymic cellularity.

Although some details of thymocyte migration have
been elucidated, there is still much to be learned to fully
explain the relationship between thymocyte migration and
development. One of the remaining questions is what
factors determine thymocyte migration within the cortex.
For instance, DN thymocytes migrate outwards towards the
SCZ in response to CCL25 and possibly CXCL12, while
DP thymocytes migrate through the cortex in response to,
most likely, the same chemokines. Therefore, there must be
other factors involved in the regulation of the long-range
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thymocyte migration. A recent report demonstrated that
gene expression profiles of stromal cells from spatially
distinct thymic regions (including the medulla, the peri-
medullary cortex and the SCZ) are indeed different [162].
The only exception is the central cortex region that lacks a
unique signature of its own. The authors of this paper
suggest that the medulla, the perimedullary cortex, and the
SCZ provide specialized inductive microenvironments to
developing thymocytes, and the central cortex is likely to
modulate the proximity of progenitors moving between the
perimedullary cortex and the SCZ. The next challenges
will be to identify the exact cell types that thymocytes
interact with at different developmental stages within these
distinct microenvironments and to determine what che-
moattractants, chemorepellents, and adhesion substrates
these cells express.

Once they reach a specific microenvironment rich in
chemokines-decorated stromal cells, the developing thy-
mocytes need to be released from the chemokine signals
and relocate to another microenvironment. The signals that
regulate this release remain unclear. Although studies using
two-photon microscopy made it possible to visualize
dynamic interaction and migration behaviors of thymo-
cytes in the cortex and medulla, there are still many areas
that have not benefited from these methods. For example, it
is noteworthy that the outward migration of DN thymo-
cytes in vivo has not been visualized due to the difficulties
of marking only DN thymocytes in the intact thymus and
their limited numbers. An experiment overlaying sorted
DN thymocytes onto thymic slices has been performed,
however the outward migration of the DN thymocytes has
not been reported [137]. Furthermore, as previously men-
tioned, what attractants guide mature SP thymocytes to
efficiently scan the medullary environment for self-anti-
gens still remains to be determined.

CCR7 has been identified as an essential chemokine
receptor that induces migration of positively selected thy-
mocytes from the cortex to the medulla. However, recent
findings revealed that, although CCR7-deficient thymo-
cytes have not shown a preference to migrate to the
medulla like WT thymocytes, they were able to cross the
CMI and localize to the medulla. These results indicate that
other factors are involved in CMJ transmigration. Adhesion
to a substrate has been proposed to mediate this process,
but the identity of this substrate is unknown at present. In
addition, the roles of CCR4 and CCRY in migration from
the cortex to the medulla have not been investigated.

Since thymic education occurs through interaction
between thymocytes and stromal cells, the molecular
details of this process require further investigation. As
shown in the case of GIT2™'~ thymocytes, defects in thy-
mocyte motility result in inefficient positive selection.
There are many molecular components involved in

thymocyte motility and interaction, and it is possible that
aberrations in these pathways influence thymic positive and
negative selection. The molecular mechanisms that regu-
late SP thymocyte motility and negative selection have not
been identified yet, but it will be interesting to define
whether abnormalities of SP thymocyte motility and
interaction with mTECs will lead to inappropriate negative
selection and autoimmunity. If these factors indeed influ-
ence thymic selection, that would require the selection
models to incorporate parameters of motility in addition to
TCR affinity and identity of the selecting cells.

In conclusion, the intrinsic thymocyte motility and their
responsiveness to guidance signals determine their journey
within the thymus during their maturation. Factors influ-
encing thymocyte motility affect thymic selection and
other important developmental steps. Proper thymocyte
development is fundamental not only for achieving
immunity against pathogens or cancer, it is also crucial for
protection from autoimmunity. Controlling thymocyte
seeding, migration within the thymus, and egress may
benefit the treatment of diseases. For example, patients
suffering from acquired T cell deficiencies (AIDS) or after
stem cell transplantation will benefit from a treatment to
boost TSPs into the thymus to restore a mature T cell
compartment [163-165]. Furthermore, manipulating the
egress of thymocytes or lymphocytes holds promise in
treating autoimmune diseases by preventing new self-
reactive clones from entering the circulation [144, 166—
168]. However, much caution needs to be paid in the
strategy to block migration of autoimmune T cells by using
antibodies targeting integrins or chemokine receptors as
these treatments might disturb thymocyte migration within
the thymus, ultimately affecting positive or negative
selection.
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