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Abstract

Recent thymic emigrants (RTESs) are those peripheral T cells that have most recently completed
thymic development and egress. Over the past decade, significant advances have been made in
understanding the cell-extrinsic and -intrinsic requirements for RTE maturation to mature naive
(MN) T cells and in detailing the functional differences that characterize these two T cell
populations. Much of this work has suggested that RTEs are hypo-functional versions of more
mature T cells. However, recent evidence has indicated that rather than being defective T cells,
RTEs are exquisitely adapted to their cellular niche. In this review, we argue that RTEs are not
flawed mature T cells but are adapted to fill an underpopulated T cell compartment, while
maintaining self tolerance and possessing the capacity to mount robust immune responses.

Introduction

T cell development occurs in the thymus via a number of discrete steps to generate CD4*
and CD8™* T cells that are self-tolerant yet capable of recognizing foreign peptide antigen in
the context of self-MHC molecules (reviewed in 1). For many years, T cell maturation was
thought to be complete once T cells egress from the thymus and populate the secondary
lymphoid organs (2). This notion changed in 2004 with the generation of the Rag2p-GFP
transgenic (Tg) mouse (3), which allows for the unambiguous identification and retrieval of
live RTEs from non-manipulated mice (4). This model does not require surgical intervention
(as does intrathymic FITC injection) or PCR-mediated identification (as does TREC-
analysis), which had previously limited the types of experiments that could be performed on
RTEs (5). Using this model, RTEs were found to have a surface marker phenotype distinct
from that of their more mature T cell counterparts. Compared to mature T cells, RTEs are T
cell receptor (TCR)N, CD281oW, |L-7Ra!oW, Qa2!oW, and CD24M (4, 6). RTEs have also been
identified and characterized in humans (see Box 1 and references 7-11 for the similarities
and differences between RTEs in mouse and man). The identification of RTEs as a
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peripheral T cell subset with a unique surface marker profile raised profound questions
about the factors that trigger RTE maturation.

Box 1
RTEs in mouse and man

CD4* RTEs can be identified in humans as CD31*PTK7* peripheral T cells. Recent work
has also suggested that human CD4* RTEs selectively express complement receptor (CR)
1 and CR2. To date, no reliable marker for CD8* RTEs in humans has been described. On
a functional level, mouse and human CD4* RTEs are similar in that they proliferate less
and produce less IFN-y, TNF-a, and IL-2 than their mature T cell counterparts. Human
CD4* RTEs also produce more IL-8 than mature T cells do. Differences in the methods
used to identify and characterize RTES must be kept in mind when comparing
experimental data between mouse and man. Murine RTEs identified by intrathymic FITC
injection or from Rag2p-GFP Tg mice have resided in the lymphoid periphery ~24 hours
and <3 weeks, respectively. By contrast, human RTEs identified on the basis of PTK7,
CR1/CR2, or TRECs have been in the lymphoid periphery for many months. In the
neonate, human RTEs enter a less T cell lymphopenic environment than in murine
neonates. Some evidence suggests that the adult human naive T cell compartment may be
maintained less by entry of newly generated RTEs and more by homeostatic proliferation
of peripheral T cells.

Requirements for the RTE-to-MN transition

Despite extensive search, the triggers of and requirements for RTE-to-MN maturation have
remained frustratingly elusive. RTEs mature to become MN T cells progressively over the
course of 2 — 3 weeks, largely as a bulk population, rather than enduring selective outgrowth
and survival of a small subset of already phenotypically mature RTEs (12). Significant work
has shown that the signals known to drive intrathymic maturation and T cell homeostasis do
not trigger RTE maturation. The list of molecules that are not required for RTE-to-MN
maturation includes self-MHC molecules, the costimulatory molecules CD80 and CD86,
and the cytokines and chemokines IL-7, CCL19, and CCL21 (13, 14). On the positive side,
exit from the thymus, access to the secondary lymphoid organs, and an intact dendritic cell
compartment are all required for RTE maturation (12). Recent work has shown that the lipid
mediator sphingosine 1-phosphate (S1P), a chemoattractant that helps regulate T cell
trafficking, also regulates mitochondrial metabolism and cell survival (15). Knowing that
RTE maturation requires their exit from the blood into the secondary lymphoid organs
(thereby moving down an S1P gradient) raises the possibility that changes in mitochondrial
metabolism may impact RTE maturation. The unexpected connection between metabolism
and RTE maturation is underscored by recent work (16), described more fully below.

The survival of RTEs is clearly required for their maturation and appears to be carefully
regulated. On a molecular level, the zinc finger protein Zpf335 (17), inhibitor of NF-xB
kinase 2 (18), and the transcriptional repressor NF-xB activating protein or NKAP (19) have
been shown to be required for RTE survival during maturation. CD4-cre NKAP cKO mice
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have a severe defect in the number of naive peripheral T cells, and NKAP-deficient RTES
are both phenotypically and functionally immature. In the absence of NKAP (20) or the
NKAP-associated protein histone deacetylase 3 (21), RTEs have increased surface
deposition of natural IgM and the complement components C3, C4 and C1q, indicating that
RTEs are likely targeted for elimination by the classical complement pathway. Taken
together, these data indicate that the ability to inhibit complement deposition is crucial to the
survival of newly egressed T cells, and given that survival and maturation are intertwined,
factors that regulate elimination by complement also impact RTE maturation (Figure 1).

RTEs display diminished mature T cell functions

CD4* RTEs are characterized by reduced activation-induced upregulation of the high-
affinity 1L-2 receptor (CD25) and diminished proliferative capacity (4). Compared to mature
CD4* T cells, RTEs produce less IL-2, IFN-y, TNF-a, and IL-4 when stimulated under
nonpolarizing THO conditions (22, 23). Figure 2 summarizes the different fates that RTEs
and mature T cells adopt. Additionally, RTEs produce less IFN-y and IL-17 when stimulated
in Tyl and TH17 polarizing conditions, respectively (23). However, CD4* RTEs are not
universally defective in cytokine production, as RTEs produce more 1L-4, IL-5, and IL-13
than mature T cells when stimulated under T2 polarizing conditions. In line with these in
vitro results, activated CD4* RTEs produce more IL-4 and mediate enhanced allergic airway
inflammation /n vivo (23). Recent work has shown that CD4* RTEs (defined as the initial
wave of T cells egressing from the thymus of mice post-myeloablation) fail to produce IFN-
v, IL-10, and TNF-a, despite being recruited to the site of granulomatous inflammation
during chronic visceral leishmaniasis (24). In spite of this defect in effector cytokine
production, CD4* RTEs can still provide protection against parasites when transferred into
subsequently infected lymphopenic Rag2~/~ recipients.

CD8* RTEs show similarly diminished effector functions. Under non-inflammatory
conditions, chicken ovalbumin (OVA)-specific CD8" T cells produce less IFN-y and IL-2
compared to mature T cells during a primary challenge with Act-mOVA splenocytes (25)
and in response to pancreatic OVA (26). Even after exposure to a more inflammatory
stimulus (Listeria monocytogenes), CD8* RTEs produce less IFN-y, TNF-a, and I1L-2 (22,
25, 27) on a per cell basis, despite being skewed toward short lived effectors (27). This
diminished cytokine profile is maintained into the memory time point (28). However, CD8*
RTEs are not globally defective in terms of effector function, as priming in an inflammatory
milieu (in the presence of IL-1p, IL-18, and/or I1L-33) induces similar CD8* RTE- and
mature T cell-generated responses (26).

One prevailing interpretation of these compiled data on CD4* and CD8* RTEs is that RTEs
are functionally immature and are simply defective versions of their more mature
counterparts. However, recent evidence has prompted us to reassess this interpretation and to
foster the emergence of a new paradigm that views RTESs not as defective, but as uniquely
attuned to their environment.
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RTEs are adapted to maintain immune tolerance

As newly minted T cells egress from the thymus and begin to circulate through the
secondary lymphoid organs, they encounter a wide range of self- and commensal-derived
antigens to which they have not been tolerized. These antigens include self-peptides not
efficiently presented in the thymus (29), food antigens (30), and antigens derived from
commensal microorganisms (31). Failure to become tolerized to these newly encountered
antigens is the precipitating event in food allergies and autoimmune diseases such as Type |
Diabetes and Crohn’s Disease. In line with the idea that newly generated T cells are exposed
to a self antigen-rich environment, it has been shown that PD-17/~ RTEs entering a
lymphopenic environment cause severe autoimmunity, whereas wild-type RTEs do not (32).
Thus, PD-1 expression appears to be critical for dampening this otherwise autoimmune-
prone population (Figure 1). The observation that RTEs have longer TCR CDR3 lengths
than their more mature T cell counterparts is relevant in this regard (13), given that
maturation-associated TCR CDR3 shortening is also correlated with central tolerance (33).

Emerging work has shown that RTEs are exquisitely sensitive to tolerance induced by
encounter with extrathymically-expressed antigens. Both CD4* and CD8* RTEs are hypo-
proliferators and poor cytokine producers in the context of a pancreas-expressed self-
antigen, rendering them only weakly diabetogenic (26). In an oral tolerance model, CD4*
RTEs (defined as Qa2!°" peripheral T cells) are more likely to become Foxp3* regulatory T
cells (Treg) than their more mature Qa2Mdh counterparts (Figure 2) (34). In the context of
lymphopenia, the propensity of CD4* RTEs to become Foxp3* is modulated by the cytokine
TGF-B (35), that complements their heightened sensitivity to the Foxp3 inducer retinoic
acid (34). In addition to their exaggerated tendency toward Trgg polarization, CD4* RTEs
are also more sensitive to Treg -mediated suppression than are their mature CD4* T cell
counterparts (26).

While the mechanistic basis for the tolerance-prone status of RTEs is still the subject of
much current research, CD4* RTEs appear to be uniquely poised for tolerance at the
epigenetic level. CD4* RTEs exhibit hypermethylation of the //-2 promoter relative to
mature T cells as well as to their thymic precursors. RTEs appear to be capable of rapidly
modulating this promoter methylation state, as they also express high levels of the
demethylating enzyme ten-eleven translocation 1 (36). In addition, CD4* and CD8* RTEs
activated to a tissue-restricted model antigen express greater levels of the anergy-associated
genes DGK-a, DGK-C, and Cbl-b (26). Anergic T cells are known to have reduced rates of
aerobic glycolysis (37), a metabolic pathway strictly required for T cell IFN-y production
(38, 39). With this in mind, we have recently shown that activated CD8* RTEs exhibit
reduced rates of aerobic glycolysis compared to their more mature counterparts. Importantly,
the rate of aerobic glycolysis (and thus IFN-y production) could be rescued by the addition
of exogenous IL-2 (16). These data indicate that metabolism impacts the functional state of
RTEs and may directly contribute to their anergy-prone state (Figure 1). Furthermore, as
S1P regulates mitochondrial metabolism (and RTES must exit the S1P rich blood to mature),
these data highlight the as yet unexplored idea that changes in cellular metabolism might
regulate RTE maturation.
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The distinct tissue trafficking preferences of RTEs may also enhance their tolerance-prone
status. CD8" RTEs preferentially traffic to the small intestine in a CCR9 and a4f7 integrin
dependent manner (Figure 1) (40), raising the possibility that CD8* RTE migration to the
gut may facilitate exposure of newly generated CD8* T cells to food- and commensal-
derived antigens, thereby establishing tolerance (Figure 2). Furthermore, compared to their
more mature T cell counterparts, CD8" RTEs have higher expression of VLA-4 (Figure 1),
which enhances their tissue invasiveness and may further expand the range of antigens to
which they are exposed (27). A subset of CD4* RTEs homes to, and is retained in the liver
(41), another organ known to establish a tolerogenic environment (42). This population is
thought to be prone to autoreactivity, as liver CD4* RTEs induce more severe autoimmunity
when transferred into Rag™" recipients than do RTEs obtained from secondary lymphoid
organs (41). Recent work has shown that stimulated liver RTEs produce IL-10 and exhibit a
regulatory cell surface phenotype (43). Additionally, liver-retained RTEs with enhanced
FasL and Bim expression undergo higher rates of apoptosis, suggesting that the liver might
be a site of their deletional tolerance (Figure 2).

RTEs are well adapted to their distinct cellular niche

The evidence described above paints a picture of the RTE compartment as comprised of
cells that behave as somewhat underperforming mature T cells yet with some traits that
could serve them well in their unique position as newly formed peripheral T cells. Thus,
RTEs exhibit diminished proliferation and cytokine production except when encountering
antigen in an inflammatory milieu. They skew toward short-lived effector T cells, yet can
provide protective immunity during subsequent infections. Activated RTEs have reduced
aerobic glycolysis but are nevertheless capable of providing immune protection. RTESs are
tolerance prone and enjoy enhanced tissue access that may optimize their exposure to
extrathymically expressed antigens.

RTEs are also uniquely well-suited to seeding an underpopulated lymphoid periphery, and
are incorporated in preference to co-transferred mature T cells, not into a T cell replete
environment, but into an adult lymphoid periphery rendered T cell lymphopenic by
irradiation or genetic ablation (44). CD8* T cells in an empty peripheral compartment can
undergo lymphopenia-induced proliferation (LIP), resulting in memory conversion and a
loss of TCR diversity (45). Converting all entering RTEs from naive to activated/memory T
cells could prove disastrous in T cell lymphopenic neonates, but most RTEs entering the
periphery of neonatal mice do not undergo LIP. This appears to be a result of IL-7-dependent
innate lymphoid cell (ILC) repression of CD8* RTE LIP, but not proliferation in response to
cognate antigen (46). Thus, ILCs play a key role in maintaining the tolerance-prone naive T
cell status of neonatal CD8* RTEs. In line with this, the enhanced engraftment of RTEs
relative to mature T cells in lymphopenic hosts is likely a result of augmented RTE survival,
rather than increased proliferation (47)

RTE:s filling an empty peripheral T cell compartment must also maintain host protection
despite relatively low TCR diversity at the cell population level that is generally associated
with poor T cell responses due to ‘holes’ in the TCR repertoire (48). RTEs appear to
compensate for this lack of diversity by their enhanced ability to respond to low-affinity
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ligands, thereby broadening the range of antigens they can recognize (27). These low affinity
responses may also play a critical role in establishing heterologous immunity to antigens of
varying affinity at the memory time point (49, 50).

In sum, we propose a reassessment of RTE biology and suggest that, rather than being
‘defective’ mature T cells, RTEs are uniquely adapted to the environment they encounter
upon thymic egress. RTEs efficiently seed a lymphopenic environment without transitioning
to activated/memory T cells. Their trafficking maximizes exposure to extrathymic self- or
commensal-derived antigens, and their tolerance-prone status reduces the risk of
autoimmunity. This tolerance appears to be enforced by way of an enhanced ability to
polarize to a Treq phenotype, a greater sensitivity to deletional tolerance, and greater a
propensity to become anergic. RTES are characterized by hypermethylation of cytokine
promoters that enforces diminished cytokine production but are poised to reverse this
repressed state at the epigenetic level. Furthermore, the dampened pro-inflammatory
cytokine production by RTEs is maintained by reduced aerobic glycolysis, yet reversible in
the context of an inflammatory milieu. RTEs can provide protective immunity upon
reinfection, and are capable of responding to even low affinity antigens, thereby providing
comprehensive protection against the pathogenic universe, even in the face of a T cell
lymphopenic periphery. RTEs, rather than being mature T cell “wannabes”, are ideally
suited for the task at hand, keeping the neonate and lymphoablated adult alive and
immunocompetent.
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Highlights
. The complement system plays an unexpected role in RTE survival
. RTEs selectively home to the gut and liver and this may efficiently expose
them to antigens not expressed in the thymus
. RTEs are more tolerance prone than their more mature counterparts due to

their underlying metabolic state, selective upregulation of anergy-associated
genes, and heightened sensitivity to Treg-mediated suppression

. RTEs are adapted for niche filling in an autoimmune-prone lymphopenic
environment
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Figure 1. The mechanistic underpinnings of the various RTE and mature T cell fates
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Various pathways and molecules influence the fate decisions made by RTEs and MN T cells.
The relative expression of molecules known to influence RTE and MN fate decisions is

indicated by (-) none, (+) low, and (++) high.
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Figure 2. The many fates of antigen-activated RTEs and MN T cells
RTEs and MN T cells can adopt a number of different fates after encountering antigen.

These include effector function (and the production of the cytokines IFN-y, TNF-a, ad
IL-2), tolerance in the small intestine, deletion in the liver, anergy, and polarization to the
Treg lineage. The relative likelihood of RTEs and mature T cells adopting each fate is
correlated with the thickness of the arrow.
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