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(C'We do not grow absolutely, chron-

ologically. We grow sometimes
in one dimension, and not in another;
unevenly. We grow partially. We are rela-
tive. We are mature in one realm, childish
in another. The past, present and future
mingle and pull us backward, forward,
or fix us in the present. We are made up
of layers, cells, constellations.”—Anais
Nin
It has long been recognized that the
developing immune system exhibits
certain peculiarities when compared to
the adult immune system. Nonetheless,
many still regard the fetal immune sys-
tem as simply being an immature ver-
sion of the adult immune system. Here
we discuss historical evidence as well as
recent findings, which suggest that the
human immune system may develop in
distinct layers with specific functions at
different stages of development.

A Brief Historical Perspective
on the Development
of Lymphocytes in Mammals

Over two decades ago, a model was pro-
posed by Leonore and Leonard Herzenberg
which suggested that the immune system
in mammals did not arise in a linear fash-
ion from immaturity to maturity, as is
often believed, but rather in distinct lay-
ers which could perform unique functions
at different stages of development.! This
model was supported by a series of observa-
tions, made first in avian species®® and later

410 that revealed the existence

in the mouse,
of unique waves of lymphocyte production

during fetal and neonatal development.
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In the early 1980s, Nicole Le Dourain
and colleagues demonstrated in a quail/
chick chimeric model that the avian thy-
mus is seeded by three distinct waves of
thymocytes, temporally defined during
the course of fetal development.*® The
final wave occurred around hatching time
and was observed to almost completely
replace the earlier waves of precursors.
However, despite the elegant demonstra-
tion that distinct layers of thymopoiesis
can be observed in this model, the func-
tional significance of these observations
remained largely unknown.

The invention of multiparameter flow
cytometry facilitated additional examina-
tion of the phenotype and function of dis-
tinct lymphocyte populations that arose
during development.'"'* By comparing
surface marker expression, two distinct
B cell populations (termed B-1 and B-2
lymphocytes) could be identified based on
the expression of CD5 (originally named
Ly-1).12 CD5" B cells, which later became
known as B-1 cells, predominated during
neonatal life in mice and were primarily
localized to the peritoneum.*®" Using
adoptive transfer experiments, it was dem-
onstrated that injection of mature B-1 B
cells into congenic recipients led to repop-
ulation of the B-1 B cell compartment but
not to “conventional” CD5-B cells (B-2
B cells)’ Reciprocally, transfer of adult
bone marrow resulted in the generation
of B-2 B cells but very few B-1 B cells
These observations raised the hypothesis
that the immune system was stratified
into layers with successive populations of
distinct hematopoietic stem cells (HSC),
each giving rise to distinct lymphocyte
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populations at varying stages of develop-
ment."" Decades later, it was conclusively
shown that a specific B-1 progenitor cell
existed primarily during fetal develop-
ment and was replaced by B-2 progenitor
cells after birth, a finding that provided
strong evidence in support of the “layered
immune system” hypothesis.”

As the early work on B-1 and B-2 lin-
eages of B cells was being reported, work
from the laboratories of James Allison
and Irving Weissman provided equally
compelling evidence supporting the exis-
tence of a layered immune system in the
mouse with respect to T-cell develop-
ment.?'? Again using multiparameter flow
cytometry, it became apparent that the
first wave of thymocytes that developed in
the fetal mouse thymus was considerably
different from that which appeared later
during adult life.’ Thus, the initial wave
of thymocytes was almost entirely com-
posed of cells with a y/8 T-cell receptor
(TCR) whereas later waves of thymocytes
expressed a/f TCR instead. The first
wave of /8 T cells also bore a very specific
v/& TCR (Vy3/V3l1), permitting ready
identification with Vy3/V31 TCR anti-
bodies.® These cells emerged during the
initial wave of thymopoiesis and were then
almost entirely replaced by a second wave
of cells bearing a more diverse array of /8
TCRs.?? In the days leading up to birth,
the v/8 T cells in the fetal thymus are
gradually replaced by o/ T cells, which
then predominate throughout adulthood.
Following the initial characterization of
Vy3/V31 T cells, it was shown definitively
that fetal but not adult HSC could give
rise to this population of T cells, again
providing evidence for a layered model of
T-cell development, akin to that seen for
B-1 and B-2 B cells."?

Despite compelling evidence support-
ing the existence of a layered immune
system throughout development, work
in this area tapered off following these
initial discoveries and was primarily lim-
ited to studies specializing on B-1 and
B-2 B-cell development. For this reason,
the concept of a layered immune system
has remained largely unknown by many
outside of these specialized fields. In fact,
much of the literature continues to invoke
a linear model for development in which
the early immune system is “immature”
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and, after antigenic exposure at the time
of birth, becomes “mature” (reviewed in
ref. 15). In this sense, “maturity” refers
to antigen experience and the establish-
ment of immunological “memory” (or
the capacity for recall responses) to spe-
cific pathogens encountered throughout
the lifetime of an organism.

Development of the Human Fetal
Adaptive Immune System

Recent work on the development of the
human fetal T-cell compartment suggests
that, as in murine and avian species, the
human adaptive immune system is also
built upon distinct layers of hematopoi-
esis that arise during different stages of
ontogeny.’* These layers are comprised
of T cells with distinct functions specific
to different stages of development, with
fetal T cells promoting tolerance and
adule T cells being more likely to engage
in immunoreactive responses to foreign
antigens instead (Fig. 1). Importantly,
our findings suggest a model that is con-
sistent with observations that the fetal
immune system is compromised in its
capacity to generate sterilizing immu-
nity, yet also incorporates the potential
for the early fetal immune system to play
an active role in establishing tolerance
during development. Thus, the concept
of a layered immune system is consistent
with seemingly incongruent observations
regarding reduced immunological func-
tion during fetal and neonatal life,”"”
and the capacity for tolerance induction
in the developing human fetus.’*2° (Of
note, because we have specifically focused
on the role of the peripheral immune sys-
tem in responding to foreign antigens,
we have neglected to discuss the criti-
cal role that central tolerance through
thymic deletion of reactive T cells plays
during development. Clearly, there is a
large body of evidence demonstrating the
crucial role that thymic selection plays
in promoting tolerance to both self and
foreign antigens throughout all stages of
development. A more detailed discussion
of the potential for overlapping roles of
central and peripheral tolerance as well
as specific functions of each process in
maintaining fetal tolerance will thus be
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reserved for a review in a later issue of
Chimerism.)

As mentioned above, the concept of
“layering” bears particular importance for
understanding how immunological toler-
ance can develop in the fetus. Over 50
years has passed since Billingham, Brent
and Medawar’s seminal work demonstrat-
ing that immunological tolerance could
be achieved to a foreign antigen if it was
administered prior to “maturation” of
the adaptive immune system.?’ Decades
later, clinical evidence obtained in trans-
plant recipients revealed a similar type
of tolerance to non-inherited maternal
alloantigens (NIMA).’" The presump-
tive conclusion drawn from these clinical
findings was that the fetus had some-
how come in contact with maternal cells
during development and that this led to
the acquisition of tolerance, akin to that
seen in experimental tolerance induc-
tion in mice. However, and in contrast
to laboratory mice, an adaptive immune
system develops in many larger mam-
mals (including human beings) at early
stages of fetal development.?>*” Thus, the
appearance of immunological tolerance
cannot be explained by a failure to gener-
ate adaptive immunity to foreign antigen,
as was initially thought in mice.

Several clues emerged early on that led
to the conclusion that the human fetal
immune system might function differ-
ently from that of the adult. First, several
independent laboratories reported that the
human fetal immune system appeared to
be enriched for CD4*CD25" regulatory
T cells (Treg) at early stages of develop-
ment, e.g., as early as the 1*" trimester (as
opposed to after birth in the case of the
laboratory mouse).?**° These cells were
nearly identical to those that had been
previously described in the adult human
with respect to both phenotype and func-
tion. In earlier studies by Max Cooper
and colleagues, this population had been
identified as a group of T cells that may
have become spontanecously activated
within the peripheral lymphoid organs
of the fetus.® This early report came at a
time when CD25 was considered a marker
of recent T-cell activation (and not, as we
now also know it, a marker of Tregs).>*4
However, using this marker in combina-
tion with the transcription factor, Foxp3,
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Figure 1. Model for transition from fetal to adult hematopoiesis. Several potential scenarios could account for the layering of the adaptive immune
sysytem during development. Based on the linear decline in the frequency of Treg cells in umbilical cord blood across the third trimester of develop-
ment, we propose that a shift in HSC identity from fetal to adult occurs at some point during this time. Whether this occurs through (i) the de novo
generation of adult HSC from an upstrean progenitor cell or (ii) from a direct conversion of fetal HSC to adult-type HSC remains unknown. Examples of
different hematopoietic lineages that have been shown to arise during fetal development and after birth are listed below the figure.

it was possible to conclusively show that
these fetal CD4*CD25"¢" cells were, in
fact, Tregs.”*¢ The relative frequency of
Tregs in the mid-gestation human fetus
was found to be substantially greater than
that observed in newborns or in adults.*
Analysis of the relative frequencies of
Tregs within the CD4* T-cell compart-
ment over the course of fetal development
demonstrated a linear decrease in this
population spanning the third trimester
of development and reaching adult levels
near birth.¥

Another surprising result was that,
after depletion of the fetal Treg population
from total fetal lymph node or splenocyte
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preparations, the remaining T cells prolif-
erated readily and produced the inflam-
matory cytokine, IFNvy.*® While this
observation was made in vitro, it corrobo-
rated observations made in vivo in the
rare inherited disorder, immunodysregu-
lation, polyendocrinopathy, enteropathy,
X-linked syndrome (IPEX).*** IPEX
results from mutations in the gene encod-
ing the transcription factor, Foxp3, which
is critical for Treg development and func-
tion.”® In severe cases, fetal demise can
result from a massive multi-organ autoim-
mune response that originates prior to 30
gestational weeks of fetal development.’
Thus, in the absence of the appropriate
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development of Tregs in utero, the fetal
immune system is fully competent to initi-
ate inflammatory responses that can prove
fatal to the developing fetus.

Tolerance to Maternal
Alloantigens in the Human Fetus

Rather than attempt to define potential
autoantigens that the fetal Treg may rec-
ognize, we instead chose to investigate how
fetal immunity to NIMA might relate to
the apparent tolerogenic properties that are
observed in transplantation settings.?* We
chose NIMA because of the potential for
larger numbers of cells that could respond
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to a given alloantigen when compared
with individual autoantigens.” Our find-
ings suggested a potential model for how
tolerance could be achieved to antigens
perceived by the fetal immune system
in utero.”> We and others showed that
human fetal lymphoid tissues, and some
non-lymphoid tissues, contained small
but detectable levels of maternal cells.?*4
Fetal immunity to NIMA was found to be
reduced compared to fetal T-cell responses
to allogeneic cells from unrelated donors.
Depletion of fetal Treg from total fetal
lymph node cultures resulted in a signifi-
cant increase in fetal T-cell responses to
NIMA, suggesting that fetal Tregs are
capable of suppressing fetal anti-maternal
T-cell responses. Finally, we found that
activation of “naive” fetal CD4* T cells
with allogeneic cells resulted in a large
fraction of the fetal T cells adopting a Treg
fate, as revealed by upregulation of Foxp3
and acquisition of suppressor function.
The generation of fetal Treg from naive
CD4" T cells was dependent upon TGFf3
signaling and TGFB family members
were found to be enriched in fetal lym-
phoid tissues compared to adults. Thus, it
appears that the fetal lymphoid tissues are
specialized to promote Treg cell differen-
tiation through the production of TGFp,
implying that the fetal immune system is
prone to tolerance.

Our initial results clearly suggested
that a propensity towards immune toler-
ance could be operational in the develop-
ing human fetus. However, there were
still several aspects of the fetal immune
response that remained unexplained.
First, the frequency of fetal T cells that
responded to antigen presenting cells
from a single allogeneic donor was far
greater than that observed in parallel cul-
tures of adult cells. Additionally, many
non-responding fetal T cells appeared to
die during the short culture periods in
vitro (i.e., within 3-5 days). Finally, fetal
Tregs were found to be highly sensitive
to IL-2 and proliferated extensively in
vitro in the absence of TCR stimulation,
usually a strict requirement for conven-
tional “adult” Tregs (20 and unpublished
observations).

To explore these observations fur-
ther, we performed a global gene expres-
sion analysis of fetal and adult T-cell
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subpopulations. This analysis demon-
strated that there is a substantially differ-
ent gene expression program in fetal and
adult T cells that are otherwise pheno-
typically identical.'® In addition, a large
number of the genes that were found to
be differentially expressed by fetal and
adult naive T cells were also differen-
tially expressed by fetal and adult Tregs,
suggesting a specific fetal and adult gene
signature that is shared by different lym-
phocyte populations. In all, it appeared
from this analysis that fetal and adult T
cells could represent distinct cell lineages
(see model in Fig. 1).

Given the earlier work in mice and
birds from the Herzenbergs, Le Dourain,
and Weissman, we decided to test for
the presence of a “layered immune sys-
tem” in humans. To do so, enriched
populations of human fetal and adult Lin-
CD34*CD38*" hematopoietic stem and
progenitor cells (HSPCs) were injected
into the irradiated Thy/Liv implants in
SCID-hu mice, a model which had pre-
viously been shown to support multilin-
eage human hematopoiesis. Our findings
confirmed our initial hypothesis that fetal
and adult HSC were capable of generat-
ing mature lymphocytes that, while phe-
notypically similar, exhibited striking
differences in gene expression and func-
tional attributes. Importantly, we found
that CD3*CD4* “single positive” thy-
mocytes derived from fetal HSPC were
predisposed to generating Tregs both
during thymic maturation and following
activation by alloantigens in vitro. Thus,
we could recapitulate the in vitro obser-
vations made concerning fetal and adult
peripheral naive CD4* T cells.'

These findings offer a revised version
of how fetal tolerance can be achieved
in human beings. In this new model, we
believe that fetal HSC produce lympho-
cytes that are predisposed to generating
tolerance. In conjunction with elevated
levels of TGFB family members in fetal
lymphoid tissues, such T-cell matura-
tion promotes an environment that is
designed to instill a tolerogenic program
for all cells activated in the fetal periph-
ery. Additionally, and through a mecha-
nism that remains undefined, fetal T
cells appear to be highly susceptible to
activation.'*** Accordingly, a fetal T cell
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enters the fetal peripheral tissues ready
to respond to antigens and to differenti-
ate into Tregs. In this manner, the initial
wave of fetal T cells provides a peripheral
Treg repertoire that is specialized to sup-
press immunity towards the vast array of
antigens (both self and non-self) present
in the fetal periphery. This adds an addi-
tional layer of immunological tolerance to
that achieved by central tolerance in the
thymus, which is responsible for delet-
ing autoreactive T-cell clones as well as
generating Tregs specific for thymically
expressed (presumably self) antigens.
These Tregs would then be situated in
the peripheral tissues ready to suppress
any autoreactive T-cell clones that might
escape thymic deletion as additional
waves of mature lymphocytes enter the

periphery.

Mixed Chimerism
and Immunological Tolerance

In retrospect, when revisiting the work of
Medawar on induced immunological tol-
erance in mice, it is important to appreci-
ate the fact that this work finds its roots in
earlier observations made by Ray Owen
in Freemartin cattle twins.* Thus, Owen
initially noted that evidence of substantial
mixed chimerism could be observed in the
circulating blood of fraternal (non-identi-
cal) cattle twins, suggesting the develop-
ment of lasting immunological tolerance
to foreign antigens in this setting. Later,
Medawar would experimentally prove
that
arise in cattle when he failed at devising

immunological tolerance could
a strategy to determine whether cattle
twins were fraternal or identical through
transplantation of skin grafts between
siblings.® Though this work would be
much less heralded than the later dem-
onstrations in murine models,” the early
work in cattle may be more reflective of
what happens in human beings. Like
humans, cattle develop a peripheral adap-
tive immune system during fetal develop-
ment.“ Thus, acquired tolerance to blood
cells trafficking between genetically dis-
tinct cattle twins may not necessarily
arise from a failure to generate an adaptive
immune response. In subsequent studies,
it was noted that skin grafts transplanted
between heterozygotic cattle twins were
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not always tolerated, although they
tended to be better accepted than those
from unrelated donors.”” Given our cur-
rent understanding of the fetal immune
response, it would be interesting to revisit
these observations and determine the role
of the peripheral adaptive immune sys-
tem in the development of tolerance in
Freemartin cattle.

As was discussed previously, it is
becoming increasingly recognized that
mixed chimerism is a common occur-
rence in nature.*® During pregnancy, there
is evidence that cells with multilineage
potential passage between the mother and
fetus and can engraft a broad array of tis-
sues in each individual, persisting long
after birth.®4! Thus, it is interesting
to consider whether the existence of chi-
merism in human pregnancy may reflect
an active process, rather than an acci-
dental event that results from a less than
perfect barrier between the mother and
fetus. Interestingly, there are situations
that have been observed in nature, where
cells with multilineage potential traffic
between genetically disparate organisms
in the same species and establish mixed
chimerism >

This process, called stem cell parasit-
ism, is commonplace in colonial tunicates
(Botryllus schlosseri) >>> This species of
tunicate has evolved an immunological
process by which to perceive stem cell
parasitism and to discriminate between
self and non-self antigens through a
mechanism that has been compared to
human allorecognition.”*> Thus, the
study of colonial tunicate allorecognition
provides some clues about the most primi-
tive immunological recognition system
described in nature, a system that appears
solely designed to discriminate self and
non-self in the setting of mixed chime-
rism. In this context, it is interesting to
speculate how the existence of stem cell
parasitism may have influenced the devel-
opment of the immune system. In fact, it
has been suggested that the immune sys-
tem may have first evolved to perceive stem
cell parasitism in colonial organisms.’
Understanding the mechanisms underly-
ing immunological recognition of stem
cell parasitism in primitive colonial organ-
isms might provide some insight into the
regulation of chimerism in human beings
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and other viviparous mammals, and the
nature of the immune response to chime-
ric cells.

Layered Immunity and Fetal
Tolerance: Impact on Fetal
Exposure to Foreign Organisms

One of the most intriguing questions
raised by these findings concerns how and
when the switch between fetal and adult
immune development occurs. The sharp
decline in the frequency of peripheral
Tregs in human cord blood during the
third trimester suggests that the switch
in lymphocyte development is likely to
occur at this time.”” Perhaps the best
evidence for the existence of a switch in
T cell lineages during development comes
from labeling studies performed in fetal
sheep.”™ Sheep, like humans, produce
large numbers of peripheral T cells dur-
ing fetal development. By examining
the incorporation of *H-thymidine into
fetal naive T cells during fetal develop-
ment and shortly after birth, it was shown
that nearly 75% of fetal naive T cells
are replaced by newly formed T cells at
the time immediately following birth in
sheep.” Whether this represents a shift in
T-cell production from fetal to adult lin-
eages remains to be determined. However,
this pattern of T-cell turnover fits nicely
with the layered model for immunological
development. A mechanism to ensure that
fetal T-cell populations (prone to develop-
ing into tolerogenic Tregs) are replaced at
a time when the newborn is first exposed
to potentially harmful pathogens would
likely be required to prevent lethal infec-
tions after birth.

This raises a final intriguing question
concerning the potential for intrauterine
exposure to foreign antigens, including
those on infectious agents, during devel-
opment. The ability of maternal cells to
cross through the placenta into the fetus
is becoming increasingly accepted as a
common occurrence during normal preg-
nancy, as is the establishment of persistent
maternal microchimerism in multiple dis-
tinct tissues well into adulthood. If mater-
nal cells can cross the placenta, it seems
likely that other foreign antigens (includ-
ing infectious agents that are much
smaller than a cell) will cross the placenta
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as well. If this is the case, our current
model predicts that the fetus will gener-
ate Tregs that can specifically shut down
immune responses against these organ-
isms, making infection with them even
more hazardous and potentially lethal.
However, not all pathogens may be equal
in this regard. In some cases, it may be
beneficial to have a mechanism for damp-
ening immunity to infectious organisms.
Viruses like Human Immunodeficiency
Virus (HIV) and Hepatitis C (HCV), for
instance, can establish chronic infections
in humans and it is believed that much
of the damage that is caused by these
viruses results from persistent inflamma-
tion rather than direct cytopathic effects
of the virus itself.?” Thus, immunologi-
cal tolerance to these chronic infections
might actually benefit the host. However,
this situation may not pertain to all fetal
infections. Recent evidence suggests that
fetal exposure to Plasmodium falciporum,
the causative agent of malaria, leads to
increased incidence of adverse effects in
the form of reduced immunological con-
trol of infections occurring after birth.®
An increase in the frequency of Tregs spe-
cific for P. falciparum antigens has been
implicated in these outcomes.® As such,
it will be important to consider the nature
of different infections when developing
strategies for intrauterine vaccinations.

Conclusions and Future
Directions

The potential existence of an alterna-
tive and tolerogenic immune system that
forms during fetal development has impli-
cations that extend far beyond those dis-
cussed in this brief review. Although we
have discussed how tolerance could impact
maternal microchimerism in the fetus and
adult as well as how intrauterine infec-
tions could be impacted by a tolerogenic
immune response, we have not begun to
consider the impact on neonatal immu-
nity and the development of autoimmune
disorders and allergies. Many believe that
fetal and neonatal exposure to foreign
antigens could have significant effects on
the development of these disorders later
in life. Whether this is impacted by dif-
ferences in the contribution of fetal and
adult lymphocyte subsets present at birth
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remains completely unknown. Likewise,

we have only focused on a small subset of

immune cells in the fetus and adult. Given

our findings, coupled with previous find-

ings in other model organisms, it is highly
likely that multiple T-and B-cell subsets
as well as other hematopoietic lineages
(e.g., erythroid and myeloid cells) exhibit
a layered pattern of development (see Fig.

1 for examples). As we still do not know

the mechanisms underlying the shift from
the fetal to adult HSC pool, or the time-
frame in which this occurs, it is possible

that additional “layers” of immune cells

might also exist. We hope that our cur-

rent findings provide a starting point from

which to address these questions and that

an increased understanding of the devel-

opment of the immune system in humans

will lead to novel strategies to develop

therapeutic interventions for a range of

human health concerns.
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