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Abstract

Over the past decade, it has become clear that T cell immune responses in both murine and human
neonates are very heterogeneous, running the gamut from poor or deviant responsiveness to mature,
adult-like inflammatory function. How this variability arises is not well understood but there is now
a great deal of information suggesting that differences in the T cell compartments in neonates vs
adults play important roles. A number of cell types or processes are qualitatively or quantitatively
different in the neonate. These include (a) alternate epigenetic programs at the Th2 cytokine locus,
(b) enhanced homeostatic proliferation, (c) a relative abundance of fetal-origin cells, (d) a greater
representation of recent thymic emigrants, (e) high proportions of potentially self-reactive cells, (f)
a developmental delay in the production of regulatory T cells, and (g) cells bearing TCR with limited
N region diversity. Different conditions of antigen exposure may lead to different environmental
signals that promote the selective responsiveness of one or more of these populations. Therefore, the
variability of neonatal responses may be a function of the heterogeneous nature of the responding T
cell population. In this review, we will describe these various subpopulations in detail and speculate
as to the manner in which they could contribute to the heterogeneity of neonatal immune responses.
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INTRODUCTION

Neonates are particularly susceptible to infections and diseases which only mildly affect adults.
While the absence of specific immune memory almost certainly contributes, immaturity in the
neonatal CD4+ cell compartment may play a central role in this sensitivity. Neonatal responses
in both humans and mice are often deficient in the proinflammatory Th1 arm of immunity and
are of poor protective value. Typically in mice (reviewed in [1-3]) and sometimes in humans
[4-T7], this is also characterized by the predominance of Th2 anti-inflammatory responses. In
spite of this default deficiency in Thl function, it has become clear that neonates are competent
to develop mature Thl inflammatory immune responses under the right conditions of antigenic
exposure (reviewed in [8]). The picture that has emerged is that neonatal Th responses are
heterogeneous, ranging from highly Th2 skewed to balanced Th1/Th2 function. This variability
of responsiveness could be of evolutionary value since newborns must combat many newly
encountered pathogens while simultaneously developing tolerance for the first time in life to
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a variety of peripheral self and common environmental antigens. However, how this flexibility
of responsiveness arises is not well understood. The challenge lies in identifying the basis for
this phenomenon - i.e., why do poor responses occur most of the time and what are the
mechanisms underlying the production of mature protective responses? There is a great deal
of emerging information on the importance of the APC compartment in modulating T cell
responses in neonates. An excellent review of this field has recently been published [9]. Here,
we will focus on the characteristics of neonatal T cells which may contribute to the variability
of the response.

In the past several decades, we have witnessed a huge expansion in our understanding of the
cellular properties of neonatal CD4+ cells. One of the unique characteristics of the newborn
peripheral T cell compartment is its extreme heterogeneity, compared with adults. Both older
and newly emerging data indicate that there are quantitative and qualitative differences in the
compositions of the CD4+ T cell compartments in neonates and adults. In many cases, these
differences could be predicted to have important functional consequences. Thus, we propose
that the variability of newborn immune responses derives, at least in part, from this
heterogeneity. Under different conditions of antigen exposure, the dominant responding
subpopulation may shift, producing the wide range of observed responses. In this review, we
will summarize the currently described, major differences in the compositions of the neonatal
and adult T cell compartments and discuss the potential impact of these subsets on neonatal
immunity.

EPIGENETIC MODIFICATIONS AS A POTENTIAL STRATEGY FOR
REGULATING T HELPER CELL RESPONSES DURING ONTOGENY

The Th2 cytokine locus contains the tandomly arranged 115, 1113, and 114 genes. In naive adult
CDA4+ cells, this locus exists in a transcriptionally silent state characterized by condensed
chromatin and locus-wide methylation of CpG residues. Activation under Th2-polarizing
conditions leads to extensive epigenetic modifications, including the appearance of DNase |
hypersensitivity sites [10-13], histone modifications [14,15], and extensive DNA
demethylation [11,12,16,17]. These modifications, together with the expression of specific
transcription factors, are thought to be essential for the high level transcription of Th2 cytokine
genes [18-21].

Total murine neonatal CD4+ lymph node cells rapidly produce copious amounts of the Th2
cytokines IL-4 and IL-13 [22—24], something that only occurs in adults following extensive
epigenetic modifications at the Th2 locus. Thus, we reasoned that the Th2 cytokine locus in
neonates may have already undergone at least some of those modifications favorable for high
level expression of Th2 cytokine genes. To test this, we examined CpG methylation in several
important areas of the Th2 cytokine locus, including the conserved non-coding sequence 1
(CNS-1), an enhancer and coordinate regulator of Th2 cytokine production [25]. Indeed, total
neonatal CD4+ cells showed extensive hypomethylation in this key regulatory region [24].
Since the total neonatal lymph node population contains naive cells as well as some cells which
have undergone homeostatic proliferation (see below), it was possible that this
hypomethylation arose during division of the latter cells. However, this state did not require
prior cell division since a high frequency (36%) of the CpG dinucleotides were unmethylated
in the CNS-1 region of naive (CD44°) neonatal CD4+ lymph node cells, compared to 3% for
naive adult cells. Importantly, low DNA methylation at CNS-1 in adults has been linked with
high IL-4 expression [16]. By analogy, in an environment favorable for the expression of the
appropriate transcription factors, relative hypomethylation at CNS-1 may predispose murine
neonates to the early and high level production of Th2 cytokines. Indeed, the epigenetic state
of the naive cells may allow them to acquire Th2 function more rapidly than adult cells. In
response to polyclonal stimulation, naive neonatal cells developed robust IL-4 production
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within 48 hours of stimulation whereas none was produced by adult cells at this time point
(Fig. 1) [26]. Interestingly, this phenomenon could be traced back to the neonatal thymus since
CD4 single positive thymocytes also showed relative hypomethylation at CNS-1 [24]. Thus,
the propensity of murine neonates for Th2 cytokine production could be largely due to
developmental-specific epigenetic patterns that are established during thymic maturation.

Recent work from Vercelli and colleagues [5] suggests that there are also developmental
specific epigenetic patterns in human neonatal cells that may favor the Th2 anti-inflammatory
pathway. In cord blood CD4+ cells, the Th2 locus is remodeled even when cells are polarized
to the Th1 lineage. The remodeling includes both DNase I hypersensitivity and CpG
demethylation. Perhaps not surprisingly, cord blood Th1 cells retained the ability to produce
the Th2 cytokine IL-13, albeit at reduced levels. Thus, cord blood CD4+ cells have a relatively
permissive chromatin configuration at the Th2 locus, even in Thl polarized cells, and this
“openness” is associated with the ongoing capacity to produce Th2 cytokines at low levels.

While epigenetic events clearly favorable for Th2 gene expression occur in neonates, the
opposite may apply to the Thl cytokine gene yIFN. Holt and colleagues [27] described
hypermethylation of the yIFN promoter in cord blood naive CD4+ cells. While the precise
mechanisms of regulation of yIFN gene expression remain to be elucidated, these findings
imply that the yYIFN gene may be relatively inaccessible in neonatal life.

Together, these observations indicate that both human and murine neonates may use epigenetic
strategies to favor the development and maintenance of Th2 function while simultaneously
dampening Th1 responses in early life. Therefore, selective chromatin modifications may be
at least one of the causes underlying the tendency toward a Th2 bias in neonatal responses.

HOMEOSTATIC PROLIFERATION IN EARLY LIFE

In the mouse, T cell numbers are reduced several logs in neonates compared with adult mice.
As a result, neonates are considered to be lymphopenic. It is well established that T cells
introduced into a lymphopenic adult environment undergo spontaneous or homeostatic
proliferation (reviewed in [28,29]. Therefore, it might be expected that neonates would support
the proliferation of adoptively transferred T cells. Indeed, this has been shown to be the case
for adult CD4+ cells [30] as well as CD8+ cells [31] —i.e., both populations proliferate, in the
absence of exogenous antigen, upon transfer to normal neonatal mice. Importantly, a portion
of the endogenous neonatal T cells also undergo this proliferation in situ, as shown by in
vivo BrDU labeling experiments [32]. Short-term labeling revealed at least 10x more cells in
both the murine neonatal CD4+ and CD8+ populations to be in cycle, compared with their
adult counterparts [32]. These results were corroborated by Min et al. [30] using TREC
analyses. In humans, this has been examined by staining for the expression of a nuclear antigen,
Ki67, indicative of cell cycling. Both CD4 and CD8 cells directly isolated from cord blood
showed substantially greater expression of Ki67 than the comparable cell populations from
adult PBMC [33].

The spontaneous proliferation in both human and murine neonates occurs in the absence of
overt immunization. Therefore, the question that arises is, “what drives this proliferation?”. In
human newborns, cytokines may be a primary stimulus eliciting proliferation. Common vy-
chain cytokines, notably IL-7 for CD4+ and IL-15 for CD8+ cells, drive the division of cord
blood naive cells, in the absence of any other stimulus [33—-40]. For IL-7, this is associated
with the higher levels of expression of IL-7Ra on cord blood naive phenotype (CD4+CD45RA
+) cells relative to that on naive adult CD4+ cells [37,41]. It is not known whether endogenous
neonatal cells in the mouse undergo similar y-chain cytokine-induced proliferation. However,
for adult cells adoptively transferred to neonates, CD4+ cell proliferation may be IL-7
independent [30] whereas CD8+ cells appear to be dependent on IL-7 signals [31]. For

Curr Immunol Rev. Author manuscript; available in PMC 2009 January 2.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Adkins

Page 4

endogenous murine neonatal CD4+ cells, one intriguing idea is that the intestinal flora may
provide the stimulus for antigen-driven proliferation. This is, in part, supported by the
observation that germ-free mice remained “locked into” a Th2 bias into adulthood [42] —i.e.,
perhaps antigenic stimulation from commensal bacteria is contributing to homeostatic
proliferation and maturation of the peripheral T cell pool. Thus far, however, attempts in our
laboratory to directly demonstrate Th responses to the endogenous commensal flora have been
unsuccessful. Altogether, it appears that cytokines as well as unidentified antigenic-specific
signals may be important in promoting homeostatic proliferation in neonates.

The next question that arises is, “are there any functional consequences of this proliferation?”.
In human newborns, cells cultured in common y-chain cytokines change functionally and the
extent of the change may be dependent on the period of exposure to IL-7. Hassan and Reen
[35] reported that cord CD4+CD45RA+ cells (naive phenotype) cultured in IL-7 for < 1 week
maintained their naive CD45RA+ phenotype but acquired the ability to proliferate as well as
adult CD45RA+ cells. They did not, however, acquire Th1/Th2 effector function. On the other
hand, Fukui et al. [36] described that naive cord blood CD4+CD45RA+ cells cultured for 1-
2 weeks in IL-7 acquired the capacity to secrete both Th1 and Th2 cytokines. In mice, it appears
that cells acquire effector function in vivo during the process of homeostatic proliferation.
Using the marker CD44, we separated neonatal CD4+ cells into those which had undergone
proliferation (CD44P"9t) from those considered naive (CD44!°W). The CD44P"ight sybset of
CD4+ neonatal cells rapidly produced both y-IFN and IL-4 (Fig. 1). Therefore, homeostatic
proliferation in murine neonates leads to the acquisition of rapid Th1/Th2 effector function.

It is important to point out that most of the cells in the neonate are not undergoing division.
The process is restricted to < 10% of the cells in either the CD4+ or CD8+ population [32,
33]. Nonetheless, this process provides a means for rapidly expanding the pool of T cells present
in early life. In addition, in the absence of specific memory, these naturally arising primed T
cells may provide rapid effector responses of mixed Th1/Th2 type. The antigenic specificities
of the homeostatically expanded cells have not been identified. Nonetheless, it is possible that
protective Th1/Th2 responses may arise when cross-reacting exogenous antigens are
recognized by this population. Thus, part of the flexibility of neonatal immunity may rely on
the fine antigen specificities of the homeostatically expanded population.

THE NEONATAL T CELL COMPARTMENT: THE FETAL CONNECTION

During murine ontogeny, the fetal thymus is first seeded by a wave of hematopoietic precursors,
most likely from the fetal liver, between embryonic days 12-14 [43-45]. These precursors
proliferate and differentiate throughout the rest of fetal life. Near birth, ~ 19-21 days of
gestation in inbred mice, there is a second major colonization by hematopoietic cells [43,46].
These two precursor entries are referred to as the fetal and adult waves, respectively. Following
their entry, the adult precursors also proliferate and differentiate and are thought to eventually
completely replace cells from the fetal wave.

There is now a wealth of data that the process of thymopoiesis is not identical in fetal and adult
life. One stunning difference is the period of time over which T cell maturation occurs. In the
postnatal thymus, it is estimated to take about fourteen days to differentiate into double positive
(DP) cells [47]. In contrast, the first fetal precursors arrive in the thymus at 12-13 gestational
days (E12-13) and the first DP thymocytes emerge by E16, a total span of only 3-4 days
[48]. In addition to more rapid maturation, there are some differentiation programs that appear
to be restricted to the fetal thymus. Perhaps the best known example of such fetal specific
programs is the production of Vy3-bearing T cells. In an elegant series of experiments, Havran
and Allison [49,50] showed that these cells arise early in the fetal thymus (day 14 of gestation)
but are no longer detectable at birth. They further showed that VVy3+ cells in the adult arise
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from the fetal thymus and that even the newborn thymus can no longer make V§3+ cells. More
recently, genetic manipulated mice have revealed differential requirements for selected gene
products in fetal vs adult life. One of these mutant strains showed a selective impairment in
fetal thymopoiesis. In mice deficient in the transcription factor Ikaros, the thymus was devoid
of thymocytes throughout gestation and for the first days after birth. Thymocytes were first
detected in the postnatal thymus between 3-5 days post birth and expanded to reach nearly
normal numbers in adults [51]. However, in all of the other strains described thus far, the major
impairment is in adult thymopoiesis. The targeted genes include IL-7R [52], a T cell specific
DNA-binding nuclear protein named Tcf-1 [53], signal transducer and activator of transcription
(Stat) 3 [54], and a4 integrin [55]. Mice deficient in any of these genes showed normal or nearly
normal fetal thymopoiesis but, in adulthood, the thymuses became severely atrophic.
Collectively, these results indicate that (a) the factors driving thymopoiesis in fetal and adult
life are not identical and (b) fetal thymopoiesis may be relatively independent of a number of
factors that are required in later life.

The different fetal and adult thymic programs lead to the idea that the mature progeny produced
by the fetal and adult waves of precursors may exhibit distinct functional properties once they
leave the thymus and seed peripheral lymphoid organs. Indeed, there is evidence that cells of
fetal origin may contribute to the variability in neonatal immune responses in both mice and
humans. We [56] compared the antigen-specific responses of fetal-derived and adult-derived
peripheral lymphocytes in chimeric animals in vivo. CD4+ cells of fetal origin produced
copious amounts of both the Th1 cytokine y-IFN and the Th2 cytokine IL-4 in response to
immunization. Interestingly, the relative Th1l and Th2 responses of the fetal-derived cells
fluctuated, depending on the antigen concentration. At low antigen concentrations, responses
were Th2-skewed whereas, at high antigen concentrations, the responses showed a mature,
adult-like Th1: Th2 ratio. In humans, it is clear that Th responses can be generated during fetal
development and the nature of these responses is also quite variable. This is well illustrated
with malaria, in which infection during pregnancy can lead to the transplacental passage of
antigens that induce immune responses in utero. Malarial specific responses of cord blood cells
can be Thl-biased, Th2-biased, or mixed Th1/Th2 [57,58]. Therefore, in both mice and
humans, it seems likely that at least some of the variability of the neonatal response pattern
harkens from the fetal origin of many of the cells.

RECENT THYMIC EMIGRANTS

In the mouse, the rate of emigration from the thymus during newborn life is similar to that in
adult life [59]. However, the relative proportions of recent thymic emigrants (RTE) would be
expected to be higher due to the small number of resident peripheral T cells in neonates. This
has recently been shown directly in mice transgenic for GFP driven by the RAG-2 promoter
(RAG2p-GFP) [60]. In this model system, RTE retain high levels of GFP for approximately 1
week after their exit from the thymus [61]. In transgenic newborns, > 50% of splenic CD4*
cells are GFPN out to 1 week post birth, demonstrating the large accumulation of RTE in the
periphery in the first week of life [61]. This contrasts with the <25% of CD4+ cells in the adult
spleen that are GFPN, However, the murine neonatal spleen contains few T cells [62]; the major
T cell populations are seen in the lymph nodes which contain mature proportions in 7 day old
neonates [63]. Therefore, we compared the levels of GFPM cells in the lymph nodes of neonates
and adults from this strain of mouse. These studies revealed that RTE were also very abundant
in neonatal lymph nodes; approximately 1/3 of neonatal lymph node cells were CD4+GFPN,
compared with only 10% of adult lymph node cells (Fig. 2). The relative abundance of RTE
in neonates has also been demonstrated in a second experimental setting, using the more
“traditional” approach of examining RTE. In this method, the thymus is injected with FITC
and ~ 1 day later, RTE appear in peripheral tissues as FITC* cells [59]. This approach differs
from the transgenic system in that only RTE that have exited very recently, within the previous
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24 hours, are analyzed. Using this technique, we have found that RTE are nearly 25 fold more
abundant in the lymph nodes of 7 day old, relative to adult, mice (Fig. 2). The disparities in
the fold differences between neonates and adults in the two systems may be related to the time
of analysis. Over a one week period in the RAG-GFP model, dilution of some of the FITC
signal may have occurred specifically in neonates because of their high rate of homeostatic
proliferation [32]. In contrast, in the FITC-injection model, the time period is too short for
significant dilution by proliferation and the relative percentages appear much higher in
neonates than in adults. While we know they are more prevalent in the neonatal mouse, there
is no information at present on the functional properties of murine neonatal RTE.

Analyses of the functional properties of RTE in adult mice may give important insights into
the potential consequences of such a large RTE population in newborns. Unfortunately, there
is not good agreement among reports about the capacities of RTE in adult mice. Fink and
colleagues reported [61] that proliferation and IL-2 production were both diminished in RTE,
relative to resident cells, in adult RAG-GFP transgenic mice. Reduced IL-2 production by RTE
was also observed when genetically marked thymocytes were injected intrathymically [64]. In
this system, RTE in the adult acquired the capacity to secrete mature levels of IL-2 over a 3—
8 day period following exit from the thymus, consistent with a period of post-thymic
maturation. In contrast, using the FITC injection method to examine emigrants < 24 hr after
thymus exit, Bendelac et al. [65] found that RTE in adult animals produced mature levels of
IL-2 but up to 20 fold more IL-4 than did resident CD4* cells. IL-4-production declined over
the next six days, again consistent with a period of post-thymic maturation in the periphery
[61,64]. Swain and colleagues [66] also used the FITC injection method but waited 10 days
before examing FITC+ cells in the periphery. They reported that their adult CD4+ RTE secreted
mature levels of IL-2 and proliferated as well as resident naive cells. At present, it is difficult
to reconcile these seemingly disparate results into a cohesive picture of the functional capacities
of adult RTE.

In humans, RTE are detected by the presence of T cell receptor excision circles (TREC). Cord
blood cells contain nearly 10 fold higher levels of TREC, relative to adult cells [33,34] and the
TREC are found almost exclusively in the abundant CD45RA+, naive phenotype population
[34]. CD45RA+ cells in cord blood have been extensively described as having reduced

proliferative and cytokine secreting capacities relative to adult resident CD45RA+CD4+ cells.

The available data in humans would suggest that neonatal RTE are functionally compromised.
However, it is important to point out that it is not clear how neonatal RTE would compare with
adult RTE. l.e., in humans, the “deficient” responses of neonatal RTE have been compared to
total, resident naive CD4+ cells from adults. A direct comparison between neonatal and adult
RTE is possible only in experimental animal models at present. However, because of the
discordance in results on adult RTE from different laboratories, it is difficult to predict how
neonatal and adult RTE will compare in the different experimental settings outlined above. We
also do not know whether the processes of post-thymic maturation are similar or different —
this could potentially be affected by the gross differences in homeostatic proliferation at
different stages in ontogeny. A true understanding of the impact of RTE on early life immune
function will only be achieved when we understand how RTE themselves and post-thymic
maturation compare in neonates and adults.

DEVELOPMENTAL DELAY IN CENTRAL DELETION

It was initially shown nearly 20 years ago that certain VB-bearing cells deleted in adult mice
were readily detected both in the thymus and spleen of neonatal mice [67,68]. Cells bearing
forbidden VP began to decline in the thymus on day 4 of life and were no longer detectable by
day 10 [67]. Therefore, the process of central deletion apparently requires several days post
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birth to become fully mature. The basis for this developmental delay is uncertain but is unlikely
to be due to limiting levels of Aire since abundant expression of this autoimmune regulator
gene was detected in the fetal thymus as early as E16 [69]. While a delay in deletion has been
clearly shown in mice, leakage of self-reactive T cells to the periphery during fetal life in
humans has also been postulated [70].

What are the consequences of such potentially autoreactive cells? Under normal (i.e., non-
diseased or otherwise manipulated) circumstances, they may have little effect since self-
tolerance seems to be preserved through peripheral clonal anergy [71]. However, under certain
conditions, these cells can apparently become activated. Three experimental settings support
this idea. First, Kojima and Prehn [72] originally showed that the incidence of autoimmunity
is increased following neonatal thymectomy. In that subset of mice that did develop
autoimmunity, the T cell compartment was enriched in cells bearing forbidden Vp [68] - i.e.,
these cells are produced in the neonatal period but are then maintained and later naturally
expanded in adult life. Second, it was found that treatment of neonatal thymectomized mice
with high doses of IL-2 abrogated the in vitro anergy of the forbidden Vf-bearing cells. This
reversal of anergy in vitro was associated with the development of autoimmune manifestations
in vivo [73]. Lastly and more recently, using an elegant double transgenic system, Gallegos
and Bevan [74] showed that cells expressing the forbidden V[ were detectable in peripheral
tissues for weeks post birth. These cells were rapidly expanded following immunization,
leading to the rapid development of autoimmune disease in the majority of animals. Therefore,
cells bearing forbidden Vp are probably quiescent most of the time. However, specific
immunization, exogenous IL-2, and other unknown agents can elicit functionally robust
responses from these cells.

The reason(s) for the developmental delay in central tolerance induction are not well
understood. However, it could be speculated that, early in life, it may be dangerous to delete
any TCR specificities. I.e., neonates encounter many new antigens for which they have no
specific memory. When these new “antigens” are pathogenic infectious agents, the lack of
memory may become life-threatening. Therefore, to mount efficient primary responses to
newly encountered microbes, it may be important to have as many specificities as possible in
peripheral tissues. The normal non-responsiveness of the cells could potentially be reversed in
the presence of high level “danger signals” generated by, e.g., microbial compounds. The
recruitment of forbidden VB-bearing cells to these responses, together with the Th1-promoting
properties of microbial products, may contribute to the times when neonatal Thl responses
appear to be mature and fully protective.

NATURAL REGULATORY T CELLS (TREG) IN EARLY LIFE

Thymectomy of 3 day old neonatal mice leads to the increased incidence of autoimmune disease
with target organs such as the ovaries, thyroid gland, and intestine [72]. These autoimmune
syndromes are prevented by the early transfer into neonates of adult natural regulatory cells,
or CD4+25+ cells [75]. One straightforward interpretation of these results is that murine
neonates have not yet developed sufficient numbers of functional Treg to suppress the
development of autoimmune function. Indeed, early reports [75] suggested that CD4+25+ cells
were only significantly exported to the periphery after the third day of postnatal life. Several
groups subsequently analyzed neonates for the expression of the protein scurfin (encoded by
the Foxp3 gene), a specific marker for regulatory activity [76]. They reported a delay during
ontogeny in the appearance of FoxP3-expressing CD4 single positive thymocytes. Mature
frequencies of these cells did not become apparent by flow cytometric analyses until > 6 days
post birth [77,78]. However, Bandeira and colleagues [79] reported that CD4+25+ cells from
the thymus or spleen of newborns contained readily detectable FoxP3 mRNA, albeit at a level
2-3 times lower than that expressed by adults. Moreover, the FoxP3-expressing cells appeared
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to be capable of mature function since CD4+25+ cells from adult mice that had been
thymectomized as neonates were able to suppress the development of autoimmune gastritis in
vivo. These latter results suggest that there may be at least some functionally mature Treg
already present in the periphery of 3 day old animals. This idea is supported by the observation
that only a minority of neonatally thymectomized mice develop autoimmune disease [72] —
i.e., the Treg present on day 3 of life may have acted to suppress autoimmunity in the unaffected
mice. A synthesis of these data leads to the idea that fully functional natural Treg are present
in the periphery of neonatal mice but their numbers are not yet fully mature. The appearance
of functional Treg during early ontogeny appears to be shared by mice and humans. There is
substantial evidence that CD4+CD25+FoxP3-expressing cells appear in the early second
trimester of human pregnancy and these cells have potent suppressive activity in vitro [80—
82].

The presence of functional Treg in neonates suggests that this cellular compartment could have
major impact on the variability of neonatal T cell responses. For example, conditions favoring
Treg suppression of Th1 responses could lead to the default Th2 bias. Such a state may occur
in neonatal transplantation tolerance. Field and colleagues [83] reported that Treg activity
capable of suppressing alloreactive Thl-associated CTL responses developed in animals
neonatally tolerized to alloantigens. On the other hand, conditions favoring Treg
downregulation of Th2 responses may promote mature, adult-level Th1 responses. In support
of these ideas, endogenous neonatal CD25+ Treg appear to be able to downregulate both
neonatal Thl and Th2 responses in the mouse (Fig. 3).

A DEVELOPMENTAL DELAY IN TDT EXPRESSION

In the mouse, TdT is poorly detected in fetal hematopoietic organs and is not fully expressed
in developing thymocytes until 3-5 days after birth [84—86]. As a consequence, TCR chains
formed during fetal and early postnatal life lack significant N region addition in the CDR3
region [87,88]. In humans, N region addition is also limited in early gestation (out to 16 weeks)
[89,90] but may be at mature levels by birth [91,92].

The conservation of limited N region addition during ontogeny in both mice and humans
suggests this phenomenon has important biological consequences. In mice, the potential
importance of N region diversity has been extensively examined in genetically manipulated
adult animals lacking TdT. Although Th1/Th2 activity was not analyzed, an impressive array
of functional assays were compared in TdT-deficient and wild-type adult mice by Mathis and
colleagues [93]. They found that responses to immunization or infection appeared to be normal
in TdT-deficient mice - i.e., the absence of N regions did not compromise either the quality or
the quantity of the immune response. Gavin and Bevan [94] looked at the fine specificity of
the TdT-deficient CD8+ TCR repertoire by examining clones from individual mice immunized
with a single H-2DP-restricted peptide. Although affinity did not seem to be grossly affected,
each individual clone showed peptide promiscuity —i.e., the TdT-deficient clones cross-reacted
with many more different peptides than wild-type clones. Together, these results suggest that
the promiscuous nature of TCR reactivity in normal neonates may allow the small number of
peripheral T cells to more effectively mount responses following immunization and infection.
This is particularly important in early life because of the lack of specific memory in the
newborn. However, this interpretation would seem at odds with more recent reports describing
a reduced incidence of autoimmune disease in several strains of autoimmune prone mice bred
to the TdT-deficient background [95-97]. The authors speculate that the neonatal repertoire
may be deficient in autoreactive cells with high enough affinities to induce disease. Thus, the
responsiveness of N region-deficient neonatal T cells may depend on the context in which
antigen is encountered. In the case of a self-antigen, the TdT-deficient repertoire may be limited
in autoreactive specificities or may have insufficient affinity to become pathogenic, in the
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absence of some adjuvant effect. However, in the presence of strong proinflammatory signals,
as with immunization or infection, the affinity and promiscuous reactivity of the neonatal TCR
may be sufficiently high to mount mature-like responses. Overall, the lack of N region diversity
in the neonatal repertoire could be viewed as both protective against the development of
autoimmune disease as well as protective against foreign invasion.

CONCLUDING REMARKS

Subsets of cells or physiological processes are either differently represented or uniquely present
in the neonate. As a result, different combinations of cell types may be activated under different
conditions, leading to the wide range of responses observed (Table 1). Conservation of T cell
heterogeneity between mouse and man adds strength to the idea that this heterogeneity is critical
in defining neonatal T cell responses. As development ensues, this heterogeneity becomes more
restricted and, by young adulthood, the T cell compartment is much more homogeneous. Thus,
as with development of the entire organism, the T lymphoid lineage appears to have extreme
flexibility in early life and then gradually acquire a more limited and uniform potential.
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Fig. 1. Neonatal CD4+ cells that have undergone homeostatic proliferation rapidly produce both
Thl and Th2 cytokines
Lymph node cells from 7 day old BALB/c mice were stained with anti-CD4 and anti-CD44
and sorted into CD4+CD44N and CD4+CD44!° populations. The sorted cells were stimulated
with anti-CD3 and anti-CD28 for the indicated times, supernatants were collected, and the
amounts of IFNy and IL-4 were measured by specific ELISA. Each symbol represents an
independent experiment.
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Fig. 2. Comparison of RTE in neonatal and adult lymph nodes using two different experimental
systems

(A) Lymph node cells were prepared from 7 day old and adult RAG2p-GFP mice and stained
with anti-CD4. (B) Six day old and adult C57BL/6 mice were injected intrathymically with 20
ug (in 20 pl) of fluorescein isothiocyanate per thymic lobe. Sixteen hr later, lymph node cells
were prepared and stained with anti-CD4.

Curr Immunol Rev. Author manuscript; available in PMC 2009 January 2.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Adkins

IFNy (ng/ml)

O XY 0
,bﬁ\ Q ,OQ

Page 16

800 30 1

10

600 - -%;

D 20
400 | =

b

=

0 0

2,0 \\00 @ O
‘3
v

o NG
9 0-
NS
Y

Fig. 3. Endogenous natural Treg in neonates are competent to downregulate both Th1l and Th2
responses by neonatal CD4+ cells

CD4+ lymph nodes from 7 day neonatal BALB/c mice were treated with anti-CD25 plus
complement or with complement alone (control cells). Both the control and the specifically
treated cells were then incubated with anti-CD3 plus anti-CD28 for 48 hr and the cytokine
content of the supernatants was tested in specific ELISA.
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Table 1

Potential Impact of Populations/Processes Either Differentially Represented in or Unigue to the Neonate

Cell Subset/Process |

Potential Consequences

Developmental specific epigenetic patterns atf
the Th2 and Th1 locus

Rapid development of robust Th2 function (mouse); persistence of low level Th2 function in Thl
cells (human); typically reduced Th1 responses (human)

1 homeostatically proliferating cells

Natural memory population; both Th1 and Th2 rapid effector activity; may provide mature levels
of protection against cross-reactive exogenous antigens (human, mouse)

1 fetal origin cells

Robust cytokine production; variable Th1/Th2 ratios, depending on antigen concentration (mouse)
or unknown conditions (human)

1 RTE

Variable IL-2, IL-4 production and proliferation

1 cells with forbidden TCR

May contribute to early life autoimmunity but also to responses against cross-reacting infectious
agents

| Treq activity/numbers

May modulate the development of either Th1 or Th2 function

1 TCR with no N region

Promiscuous reactivity, beneficial in infections; Low affinity or reduced reactivity to self-antigens,
protective against autoimmunity
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