Fetal Spleen Development, the Ride toward Multiple Functions
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ABSTRACT

The aim of this review is to clarify the different steps of fetal and neonatal spleen development that lead to the formation of a functional
adult immune organ. The adult spleen harbors a highly organized architecture directly correlated with its roles in the innate and adaptive
immune system. Before achieving these immune functions, the spleen undergoes two important steps: the acquisition of the hematopoietic
capacities during the fetal period followed by the implant of distinct organ areas during the neonatal phase. It is first a site of hemato-
poiesis, producing cells that will then be segregated into different areas. The spleen primordium appears around embryonic day E11.5 and
is colonized early by several hematopoietic progenitors, via blood circulation. The interactions between the stromal microenvironment
and the hematopoietic progenitors constitute a key step to understand spleen organogenesis. We discuss herein all the data concerning
fetal spleen hematopoiesis characteristics that will provide the main cell subsets involved in its organogenesis. We actually highlight the
relationship between these different hematopoietic compartments, the acquisition of architecture complexity and the gain of organ
functions that take place at the neonatal period. We also report several models of aberrant murine spleen development, which constitute

important tools to study the specificities of the fetal spleen microenvironment.
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INTRODUCTION

The spleen is an asymmetric organ present only in verteb-
rates that filters the blood and participates to the immune
response to pathogens. It is situated on the left side of the
abdomen, on top of the stomach. Due to its functions, the
spleen is largely vascularized and is protected by a capsule
composed of connective tissue. Compared to other secon-
dary immune organs, the spleen possesses a complex archi-
tecture with the establishment of a special area, the MZ that
surrounds the white pulp and separates it from the red pulp.
In this review, we are reporting the last findings on its
embryonic origin and we establish the basis to understand
the parallel between its organogenesis and the establish-
ment of its hematopoietic capacities. This review focuses
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on spleen development in mice. To understand the events
that drive this complex organogenesis, a large description of
the adult spleen composition and architecture is required.

THE ADULT SPLEEN: COMPOSITION AND
ARCHITECTURE

The mammalian adult spleen is compartmentalized into red
and white pulp, two regions that are markedly different by
their constitution and function (reviewed in Mebius and
Kraal 2005). Between these two areas, the marginal zone
(MZ) is important and its anatomical difference constitutes a
place where cells circulate from the bloodstream to the
white pulp area. The establishment of this zone and its in-
tegrity largely depends on the interactions of the different

Received: 27 February, 2007. Accepted: 22 March, 2007.




Functional Development and Embryology 1(1), 78-90 ©2007 Global Science Books

Table 1 Characterization of splenic macrophage subsets.

Macl F4/80 CD163 SIGNR1 MARCO Siglecl MOMA References

MZ Metallophilic Macrophages + - - - - + + reviewed in

MZ Macrophages + - - + + - + Mebius and Kraal 2005;

Red Pulp Macrophages - + + - - - - Taylor et al. 2005

Fetal Spleen Macrophages (E15) + + N.D N.D N.D N.D N.D Bertrand et al. 2006

HSC-derived macrophages cultures on FSS ~ + + N.D N.D N.D N.D N.D Bertrand et al. 2006

N.D: not determined.

Table 2 Knock-out mice presenting defects in adult spleen organization.

Genes deleted Cells affected xi xg l];/lZ MS T/B FDC GC Reference

1d2 hema N.D + d N.D + N.D + Yokota et al. 1999; Berker-Herman et al. 2002

Rory hema N.D N.D + N.D + N.D + Zhang et al. 2003

Lo hema - - - - -/ - N de Togni et al. 1994; Matsumoto ef al. 1996;
Banks et al. 1997; Koni et al. 1997; Alexopoulos
et al. 1998; Liepinsh et al. 2006

Lip hema - - - - 3 N N Alimzhanov ef al. 1997; Koni et al. 1997,
Alexopoulos et al. 1998; Kuprash et al. 1999

Tnf hema N.D N.D + - 3 N - Kérner et al. 1997

Light hema + + + + + + + Scheu ef al. 2002

B cells Lip-/- hema ¥ 2 2 3 3 J ¥ Tumanov et al. 2002

T cells L1p-/- hema + + + + + + +

T/B cells Ltf-/-  hema 3 N N 2 { - -

Ltb / Tnf hema - - - - { - - Kuprash et al. 1999

Lto+/-/Ltp+/-  hema + + Koni et al. 1998

Tnf/Lto/Ltf  hema - - - - - - Kuprash et al. 2002

Light / Lt hema - - - - J J J Scheu et al. 2002

TRANCE-R hema N.D + N N.D + + J Dougall ez al. 1999

Cxcr5 hema N.D N.D N.D + | N.D N.D Ansel et al. 2000; Ohl et al. 2003

Cer7 hema N.D N.D N.D + | N.D N.D Forster et al. 1999; Ohl et al. 2003

Cxcer5 / Cer7 hema N.D N.D N.D + - N.D N.D Ohl et al. 2003

Trance hema/stroma 4 N.D N.D N.D + N.D N.D Kong et al.1999; Kim et al. 2000

Tnfirl stroma N.D - 0 - \) - \2 Neumann et al. 1996; Alcamo et al. 2001

Tnfrl / Rela stroma N.D - N N.D J - - Alcamo et al. 2001

Aly / Aly stroma - - - - -4 - - Miyawaki et al. 1994; Sinkura ef al. 1999

Ltpr stroma - - - - - - { Fiitterer e al. 1998

Nfkb1 stroma + + - + + + + Weih et al. 2003

Nfkb2 stroma + - N.D 3 - -

Relb stroma - - - - - - -

Plt/ Plt stroma N + + N.D N N.D N.D Nakano ef al. 1998; Ato et al. 2004

Cxcll3 stroma ND ND ND 1 { - + Ansel et al. 2000

+: similar to wild-type; -: absent; J: organization partially impaired or smaller in size and/or number; T larger in size; N.D: not determined;
hema: hematopoietic; MZM: marginal zone macrophages; MMM: marginal zone metallophilic macrophages; MZB: marginal zone B cells; MS: MadCAM 1+ sinus lining
cells; T/B: T and B follicle segregation; FDC: follicular dendritic cells: GC: germinal centers.

MZ cell types. The marginal sinus consists of the blood
conduit localized between the follicular zone of the white
pulp and the MZ. New arriving leukocytes or molecules
enter into the follicular and/or MZ thanks to numerous
small arterial branches that terminate in the marginal sinus.
The latter is coated with MadCAM1" sinus lining cells that
allow leukocyte adhesion and diapedesis.

The red pulp is mainly composed of erythrocytes, ma-
crophages (M®) and plasma cells and is largely alimented
by the red pulp venous system (reviewed in Mebius and
Kraal 2005). Red pulp M® play an essential role in iron
metabolism (Table 1). Indeed, they can phagocyte sense-
cent erythrocytes retained in the red pulp. Those erythro-
cytes are then hydrolyzed, and non-toxic iron can be rel-
eased in circulation. Also, red pulp M® can directly bind
circulating hemoglobin, released when erythrocytes are
damaged, through the CD163 receptor (Kristiansen et al.
2001). This subset is also involved in pathogens removal
from the blood.

The adult spleen contains resident myeloid cells, con-
sisting of diverse M® and dendritic cells (DC) subsets.
Amongst splenic M® two other major populations have
been described, harboring different phenotype (Table 1)
and playing different roles (reviewed in Mebius and Kraal
2005). The MZ Metallophilic M® are located in the white
pulp, lining the MZ. Their functions have not yet been tot-
ally elucidated. However, it was shown that they are the
main producers of interferon-a and - after a viral infection
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by herpes simplex strain (Eloranta and Alm 1999). The MZ
M® are located in the MZ, and are specialized in the clear-
ance of pathogens, through a set of membrane receptors
(SIGNR1, MARCO). However, these M® lack the expres-
sion of MHC Class II, necessary for the activation of MZ B
cells (van Rooijen 1990). It has been suggested that MZB
cells are activated via the complement and the opsonization
of pathogen (van Rooijen 1990). The mechanisms underly-
ing this process remain unknown. The MZ also enclosed re-
ticular cells, DC, and MZ B cells (MZB). Splenic mature B
cells can differentiate either into MZB cells or follicular B
cells depending on BCR signal strength (reviewed in Pillai
et al. 2005). MZB cell generation is dependent on Notch2
signaling, while follicular B cells express high levels of
MINT (a Notch signaling inhibitor) (Tanigaki et al. 2002;
Kuroda et al. 2003; Saito et al. 2003). The respective levels
of Id and E proteins are also crucial in this lineage commit-
ment. Indeed MZB cells only express low levels of E2A and
Id3 blocks the differentiation into follicular B (Quong et al.
2004).

The white pulp is mainly lymphoid by its composition
and organization, and operates similarly to other secondary
lymphoid tissues such as lymph nodes (LN), nasal-associ-
ated lymphoid tissues (NALT) or gut-associated lymphoid
tissues (GALT). In all these tissues, B and T cells are or-
ganized into follicles. After a pathogenic challenge DC, B
and T cells interact to build the adaptative immune response.
In the adult spleen, three main subsets of DC have been iso-
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lated on their phenotype: namely, CDllch‘CD4’CD8',
CD11c¢"CD4°CD8, and CD11c¢"CD4CD8" cells (Short-
man and Liu 2002). Another subset of CD11¢°B220" plas-
macytoid-DC can be isolated (Shortman and Liu 2002).
These DC function as antigen-presenting cells, and can be
found predominantly in the MZ and in T-cell area of the
white pulp (reviewed in Mebius and Kraal 2005).
Secondary lymphoid tissue organization results from
dynamic processes maintained throughout life. Many of
these molecules belong to the tumor-necrosis factor (TNF)
family, such as the secreted lymphotoxin-a3 (LTa3), the
membrane-bound LIGHT, the surface LTalB2 complex and
their receptors TNFRI (p55), TNFRII (p75) and LTPR (re-
viewed in Chaplin and Fu 1998; Fu and Chaplin 1999;
Chaplin 2002). The interaction between the LTalB2 com-
plex and its specific receptor LTBR triggers the classical
and alternative nuclear factor-xB (NF-kB) pathways. The
classical pathway activates the inhibitor of the kB kinase
complex. Its downstream components, RelA and NF-«xBI,
enhance the expression of the vascular-cell adhesion mole-
cule 1 (VCAM1) on stromal cells (Dejardin ef al. 2002; Yil-
maz et al. 2003). The alternative pathway, through the NF-
kb inducing kinase (NIK) and its downstream components
(RelB and NF-kB2), leads to the expression of the CXCL12
(SDF-1), CXCL13 (BLC), CCL19 (ELC) and CCL21
(SLC) chemokines by stromal cells (Yin et al. 2001). The
localized expression of CCL12 in the red pulp, CXCLI13 in
the B cell follicles and both CCL19 and CCL21 in the T
cell follicles consitutes the mechanism of splenic lympho-
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cyte segregation (reviewed in Fu and Chaplin 1999; Chaplin
2002; Cyster 2005). Indeed, the mature follicular B cells ex-
press CXCRS until they recognize an antigen and undergo
the affinity selection process by interaction with follicular
dendritic cells in the germinal centers. Once activated, B
cells differentiate into plasma cells, down-regulate CXCRS5
and up-regulate CXCR4 to migrate toward the red pulp, fol-
lowing‘L the CCL12 gradient (Hargreaves et al. 2001).
CCR7" T cells can reach the follicular T cell zone of se-
condary lymphoid tissues, following to the CCL19/CCL21
gradient (Willimann et al. 1998). For an efficient immune
response, activated DC subsets up-regulate CCR7 to be able
to migrate toward the T cell area (Sanchez-Sanchez et al.
2006). Thus, the spleen organization seems highly depen-
dent on chemokine expression. Several knock-out mice for
chemokines or their receptors present alterations of their
spleen architecture as well as specific immune response def-
iciencies (Table 2).

ORIGIN OF THE EMBRYONIC SPLEEN

The embryonic origin of the spleen is not yet clear (re-
viewed in Brendolan et al. 2007). The spleen organogenesis
was first described after histological studies as a mesen-
chymal condensation in the dorsal mesogastrium (Thiel and
Downey 1921). Its early position has been difficult to eval-
uate since no early specific marker was known. The spleen
is an asymmetric organ situated in the posterior part of the
stomach, in close contact with the omentum and the pan-
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Fig. 1 The embryonic origin of the spleen. At E10.5, the SMP is asymetric and its lateral left growth is under the control of the left/right pathway (Heck-
sher-Sorensen et al. 2004). The SMP is a source of numerous growth factors. It expresses Fgf 9, 10, 11 and 13. Fgf 9 and 10 display a gradual expression,
respectively localized in the dorsal and ventral SMP. Fgf9 is thought to promote the outgrowth of the SMP in association with FGFR3 (Hecksher-Sorensen
et al. 2004). The mesenchymal region situated underneath the SMP is called spleno-pancreatic mesenchyme and expands along with the left SMP. The
dorsal mesenchyme outgrowth results in spleen formation but the inductive signals are still unknown. In the SMP ventral region, the Fgfl0 gradient
maintains the pancreatic proliferation and induces its leftward growth (Hecksher-Sorensen et al. 2004). The expression of Bapx1 is found in the SMP,
spleno-pancreatic and surrounding mesenchyme (Hecksher-Sorensen et al. 2004). It was shown that Bapx1 is responsable for the Fgf10 gradient and the
separation of the spleen and pancreas around E11.5 (Hecksher-Sorensen et al. 2004; Asayesh et al. 2006). On top of Bapx1 expression, the genes (TIx1,
Tef21, Pbx1, Wtl, Sox11 and Nkx2.5) involved in the expansion and/or survival of the specific spleen precursors were detected at E10.5-E11.5. Their
hierarchical interactions were deduced from studies (Lettice e al. 1999; Tribioli and Lufkin 1999; Patterson et al. 2000; Koehler et al. 2000; Hecksher-
Sorensen et al. 2004; Brendolan et al. 2005) using the respective deficient mice: TIx1 (Dear et al. 1995; Kanzler and Dear 2001), Tcf21 (Lu et al. 2000),
Pbx1 (DiMartino ez al. 2001), Wtl (Herzer et al. 1999), and Sox11 (Sock et al. 2004). Later in development, the E15 spleen mesenchyme was shown to
express Nkx2.3, an another specific marker (Pabst ez al. 1999). At E11.5, the mesothelial layer of the spleen is formed and will form the adult protective
capsule. This mesothelium express Pbx1 and Wtl but TIx1 suggesting an independent expression of these two genes in this tissue (Brendolan et al. 2005).
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creas. While the pancreas clearly originates from a meso-
dermic induction of the endoderm (Edlund 2002), the
spleen is considered as exclusively mesoderm derived.

The left/right axis in mouse and human is involved in
spleen formation. It has been stated by the laterality defects
like polyspenia and asplenia, respectively observed in left
or right isomerism as well as reversed axes (e.g. situs in-
versis mutation in mice) (Yokoyama et al. 1993; Bartram et
al. 2005). Spleen abnormalities are frequently associated
with other irregular organ disposition that relies on left/
right asymetry (Ivemark 1955) even if rare cases of unique
asplenia were reported (Ferlicot ef al. 1997; Germing et al.
1999; Gilbert et al. 2002; Halbertsma et al. 2005; Hummler
et al. 2005). Studies on the left/right axis have participated
to the characterization of the spleen primordium and its
specific precursors (Green 1967; Patterson et al. 2000;
Hecksher-Sorensen et al. 2004). The hemnneha dominant
mutant (Dh) (Green 1967) and Bapxl mice (Lettice et al.
1999; Akazawa et al. 2000) have been used to analyze the
spleen formation (Hecksher-Sorensen et al. 2004). These
mice clearly showed that spleen and pancreas primordia are
tightly linked. Furthermore, the cardiac, lung and liver dev-
elopment were shown to be independent of the spleno-
pancreatic mesenchyme creation. These two mice have dis-
orders in the splanchnic mesodermal plate (SMP) structure
(Green 1967; Hecksher-Sorensen et al. 2004). The SMP de-
rives from the lateral plate mesoderm and is constituted of
epithelial-like cells. Initially bilateral, the SMP starts to
specify its left side at E9.5 by the expression of Pitx2 and
Barx1 genes (Hecksher-Sorensen et al. 2004). This first
asymmetry is enhanced by the regression of the SMP right
side. At E10.5, the left outgrowth of the SMP is specifically
under the control of the left/right pathway. In parallel, the
mesenchyme underlying the SMP increases and starts to
form a splenic anlagen attached to the pancreas bud. Histo-
logical studies at E10.5 have underlined the link between
the spleno-pancreatic rudiment and the left SMP (Hecksher-
Sorensen ef al. 2004; Fig. 1). The importance of the SMP in
spleen organogenesis is clear since the disruption of its
structure in Dh mutant and Bapxl™ embryos lead to as-
plenia. The SMP represent the rigid tissue layer that guide
the morphogenesis. It is still not clear if SMP signals are
necessary to induce the splenic mesenchyme. On the other
hand, the elevated levels of Fgfl0 in the ventral SMP are
known to activate the pancreatic endodermal bud from the
gut and to initiate its asymmetry (Bhushan et al. 2001).

The spleen fate acquisition is shown by the co-expres-
sion of numerous genes: Tlx1/Hox11(Hecksher-Sorensen et
al. 2004), Nkx2.5 (Hecksher-Sorensen et al. 2004), Wtl
(Hecksher-Sorensen et al. 2004), Tcf21/capsulin (Hecksher-
Sorensen et al. 2004), Bapxl (Hecksher-Sorensen et al.
2004), Barx1 (Hecksher-Sorensen et al. 2004), Sox11 (Li-
oubinski et al. 2003) and Pbx1 (Kim ez al. 2002). A recent
paper using Bapx1™ embryos has highlighted the role of
this gene in the separation of the two tissues (Asayesh et al.
2006). Indeed, the morphological events that separate the
spleen mdlment from the pancreas are not sustained in
Bapx1” embryos, despite the priming of the spleen mesen-
chyme by the expression of the specific Nkx2.5 and Tcf21
genes (Asayesh ef al. 2006; Fig. 1).

The later events of spleen organogenesis were analyzed
from mouse models that exhibit different anomalies of
spleen development at E13.5 though they harbor normal
pancreatic development. While at E10.5, TIx1, Tef21, Pbx1,
and Wtl genes are expressed in both splenic and pancreatic
mesenchyme, only abnormalities of spleen architecture are
observed in their respective deficient E13.5 embryos (Dear
et al. 1995; Herzer et al. 1999; Lu et al. 2000; DiMartino et
al. 2001; Kanzler and Dear 2001).

In order to build a pathway and define a hierarchy be-
tween these transcription factors, their relative expression
was analyzed in the deficient mice (Fig. 1). Tlx1 was the
first gene described as involved in the spleen organogenesis
since its deletion causes an asplenia in the adult. Normal
until E13.5, TIx1”" spleen mesenchyme stops its prolifer-
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ation and decreases until complete spleen disappearance.
This process is cell-autonomous and could not result from a
deficient interaction with the hematopoietic lineage. The ab-
sence of TIx1 expression in Bapx1 and Pbx1 deficient em-
bryos implied that both genes are able to genetically control
TIx1 (Fig.1). It was confirmed that Pbx1 binds to TIx1 pro-
moter and activates its expression in spleen precursors
(Brendolan et al. 2005). Wtl was also absent from Pbx1”
splenic mesenchyme suggesting a putative regulation of
Wtl by Pbx1 (Brendolan er al. 2005). As a consequence of
splenic mesenchyme apoptosis around E13 5, Wtl™ mice
are asplenic (Herzer ef al. 1999). In Wtl” mice, TIx1 ex-
pression was detected by in situ hybridization suggesting
that it is situated upstream in the pathway controlling the
splenic mesenchyme formation (Herzer et al. 1999). How-
ever, data are conflictual concerning Tlx1 and Wtl interac-
tion since in Tlx1”~ embryos, Wtl is absent or present ac-
cording to different studies (Herzer et al. 1999; Koehler et
al. 2000). More data are required to positively prove that
Wtl is directly regulated by TIx1 in the spleen mesenchyme,
and consequently by Pdx1 via its regulation of TIx1. In the
mesothelial layer that surrounds the spleen mesenchyme e,
Wtl expression was observed in normal, Pbx1” and Tlx1
embryos (Brendolan et al. 2005). In this tissue, Pbx1 is nor-
mally expressed while Tlx1 is not. Hence, Wtl expression is
not dependent on Pbx1 nor TIx1 in this tissue. It suggests
that Wtl expression may be generally independent of the
Pdx1-TIx1 axis.

Nkx2.5 is essential for heart morphogenesis, myogene-
sis and function (Lyons ef al. 1995). In Xenopus, Nkx2.5 is
a perfect marker for the presplenic tissue with an expression
on both sides of the embryonic stomach (Patterson et al.
2000). However, in mice, its expression is uniform in E10.5
spleen mesenchyme (Hecksher-Sorensen et al. 2004). Its
importance is not clear since Nkx2.5"~ embryos die around
E9 due to a failure of the heart loopmg morphogenesis. The
pattern of Nkx2.5 expression in Tlx17, Tcf217 and Pbx1™
embryos suggests that Pbx1 and Tef21 are direct regulators
of Nkx2.5 although their expression is not related to Tlx1
(Brendolan et al. 2005)

Asplenic Tcf217" mice die at birth with spe01ﬁc prob-
lems of breathing (Lu ez al. 2000). In Tcf217" embryos, the
E12.5 splenic precursors display a normal expression of the
splenic anlagen markers, Bapxl and TIx1. However, the
splenic primordium of these embryos undergoes apoptotic
cell death around E13.5 (Lu ez al. 2000).

Nkx2.3 is normally expressed in gut and spleen mesen-
chyme of embryonic and adult mice. Nkx2.3”" mice present
severe morphological alterations of both organs with a vary-
ing penetrance that result in an early postnatal lethality in
most homozygous mutants. Asplenic mice represent 20% of
the mutants and the rest possess small spleens with severely
reduced number of lymphoid cells and a lack of ordered tis-
sue architecture (Pabst et al. 1999, 2000). More data are
needed to understand the regulation of these transcription
factors in spleen mesenchyme and to confirm the hypothet-
ical gene cascade.

THE FETAL SPLEEN IS DEDICATED TO
HEMATOPOIESIS

Embryonic development of the spleen also consists in the
colonization of the splenic microenvironment by hemato-
poietic cells. By E12.5, pancreas and spleen are distin-
guishable enough to be individually isolated. Fetal spleen at
E13 represents the earliest stage analyzable for its hemato-
poietic capacities and cell content (Mebius er al. 1997,
Godin et al. 1999; Bertrand et al. 2006).

The fetal spleen hematopoietic progenitors

Long-term reconstitution assays have detected hematopoitic
stem cells in fetal spleen as soon as E13.5 (Godin et al.
1999; Christensen et al. 2004; Bertrand et al. 2006). Hema-
topoitic stem cells from fetal liver and spleen share the same
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Fig. 2 Erythrocytes and leukocytes content in the fetal spleen from E13.5 to E15.5. C57BL/6 fetal spleen from E13.5 to E15.5 embryos were analyzed
by FACS for erythrocytes (Ter119, CD71) and leukocytes (CD45.1, Mac-1). The CD71 marker is highly expressed by early erythroid precursors. Here, we
distinguish four erythroid populations from the immature to mature: proerythroblasts (Terl 19™CD71™), basophilic erythroblasts (Terl19"CD71"), late
basophilic and polychromatophilic erythroblasts (Ter119"CD71™), and orthochromatophilic erythroblasts (Terl119hiCD717°). The Mac-1 marker is ex-
pressed by CD45.1" macrophages. Numbers indicate the percentage of cells comprise in the gate.

phenotype and potential (Christensen et al. 2004; Kiel et al.
2005; Bertrand et al. 2006). In contact with the fetal spleen
environment, the hematopoietic stem cells loose thelr cap-
acity to self -renew, and commit toward F4/80" macro-
phages (Bertrand ez al. 2006). The fetal spleen is a hemato-
poietic organ that is constantly colonized by circulating
HSC (Christensen et al. 2004; Bertrand et al. 2006). The
first erythrocytes, myeloid, B and T/NK progenitors are ob-
served at E13-E13.5 and increase until E16.5 (Metcalf and
Mas 1971; Carlyle and Zuniga-Pflucker 1998; Bertrand et
al. 2006; Fig 2). Indeed, erythrocytes and leukocytes repre-
sent around 32% of the total splenocytes at E13.5 and 92%
at E15.5 (Fig. 2). At this time, the splenic cellularity is
doubling each day.

We have isolated the splenic hematopoietic progenitors
as LinCD4™CD3" cells (Desanti, unpublished observa-
tions). Using RAG2°™" mice, thls populatlon was further
subdivided into RAG2, RAG2"° and RAG2" subsets that
respectively possess a majorlty of myeloid, T/NK and B
cell precursors (Desanti, unpublished observations). These
progenitors probably arise from circulating fetal liver cells
that differentiate herein.
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The lymphoid subsets are detectable at E16.5 in both
fetal liver and spleen. Only few CD19TgM'B cells are det-
ected in the spleen compared to the liver (Desanti, unpub-
lished observations). The lymphoid populations increase
from E17.5 to birth (Velardi and Cooper 1984), probably by
both colonization and in situ differentiation. NK cells from
fetal and neonatal spleen have a restricted Ly49 repertoire
and half of them express the tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL) typical of immature sta-
ges (Koo et al. 1982; Takeda et al. 2005). These cells are
probably not fully functional in vivo since they have re-
duced cytotoxic capacity and reduced cytokine secretion af-
ter in vitro stimulation (Koo ef al. 1982; Takeda et al. 2005).

Establishment and segregation of M® in the
spleen

At E12, M® can be detected by their expression of the
F4/80 antigen in the spleen rudiment (Morris et al. 1991).
These M® colonize the fetal spleen before it actually proves
any hematopoietic potential, supporting the idea that these
first M® are born from the yolk sac, which constitutes the
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first source of mature M® at this stage (Bertrand et al.
2005). The number of F4/80° M® in the spleen remains rel-
atively constant until E15 (Morris et al. 1991; Fig. 2). This
increase in splenic M® correlates with the onset of hemato-
poiesis in the fetal spleen. Indeed, we have shown that the
fetal spleen starts to be colonized by HSCs at E13 (Bertrand
et al. 2006). Using fetal spleen organ cultures, and taking
advantage of fetal spleen stromal cell lines (FSS) that we
generated, we could show that these HSC commit only to-
ward the M® lineage in vitro (Bertrand et al. 2006). We
also showed that the phenotype of splenic M® evolves du-
ring embryogenesis and the neonatal period. Indeed, all
splenic M® are F4/80 Mac1" at E15, but lose Mac1 expres-
sion after birth, thus acquiring the phenotype of adult red
pulp M® (Table 1). We thus suggest that fetal spleen hema-
topoiesis gives rise to the first neonatal red pulp M® from
HSC. During fetal and neonatal life, these M® have been
found associated to nucleated erythrocyte precursors (Ber-
trand et al. 2006), likely indicating that these first splenic
M play a role in erythropoiesis, such as their counterpart
in the fetal liver (Sadahira and Mori 1999). From E13.5 to
E15.5, the percentage of leukocytes displays a 5-fold in-
crease and 80% of them are Mac-1" myeloid cells (Fig. 2).

NEONATAL SPLEEN: A HINGE BETWEEN
HEMATOPOIESIS AND SECONDARY IMMUNE
FUNCTIONS

As described, the fetal spleen has settled the basis of the fu-
ture secondary organ. The fetal organ is highly hematopoi-
etic and this function decrease at the neonatal stage to end
with the structuration of the secondary lymphoid organ. The
neonatal stage is the transition between hematopoiesis and
establishment of efficient immune responses.

Splenic erythropoiesis

Erythropoiesis in mice is developmentally regulated and
takes place in successive organs (rewieved in Godin and
Cumano 2002). Primitive erythropoiesis starts at E7.5 in the
yolk sac. From E12 to birth, the fetal liver is the main site
for definitive erythropoiesis while the bone marrow pro-
duces the blood cells during the neonatal and adult life. A
few studies have shown that fetal and neonatal spleens con-
stitute additional erythropoietic sites. Most of these data
have been obtained from microscopic observations showing
some rare proerythroblasts as soon as E12. At this early
stage, erythrocytes could be yolk sac derived. A kinetic was
established as follow: a clear population of proerythroblasts
is observed at E13 followed by the apparition of basophilic
erythroblasts at E14 and orthochromatophilic erythroblasts
expulsing their nuclei at E15 (Djaldetti et al. 1972; Fig. 2).
To complete these previous observations, we analyzed by
FACS the maturation of splenic erythrocytes from E13.5 to
E15.5 using the erythroid lineage-specific Terl19 marker
and CD71, a marker highly expressed by erythrocyte proge-
nitors (Fig. 22, We observed that the proerythroblast
(Ter119™CD71"), the basophilic erythroblasts (Terl19™
CD71™), late basophilic and polychromatophilic erythro-
blasts (Ter119"CD71™), and the most mature orthochroma-
tophilic erythroblasts (Ter119hiCD717'°) are already present
at E13.5. The early er%[hroid,committed cells (Ter119™
CD71" cells and Ter119"CD71™ cells) are the most repre-
sented at E13.5. However, the proportion of splenic late
erythroid-committed cells (Terl19"CD71™ cells and
Ter119"CD717"° cells) starts to increase as soon as E14.5.
We have also described the presence of erythroblastic
islands where M® are tightly associated with nucleated ery-

Table 3 Deficient mice showing defects in splenic macrophages.

throcytes (Bertrand et al. 2006). From E16 to birth, most
splenic red cell precursors are polychromatophilic erythro-
blasts, some of them already containing ferritin. The same
cell types predominate in one-week newborns, although a
few proerythroblasts were still detected in spleens at birth
(Djaldetti et al. 1972). The spleen and liver contributions
were also observed using colony-forming progenitor cells
(CFCs), colony-forming unit erythrocytic (CFU-E) and
burst forming unit erythrocytic (BFU-E) assays (Wolber et
al. 2002). At later fetal stages (E18), FS and BM displayed a
similar quantifiable contribution to hematopoiesis that ap-
pears weak compared to fetal liver.

Stromal cell lines from newborn spleen particularly sus-
tain the proliferation and differentiation of erythroid proge-
nitors in vitro (Yanai et al. 1989). In the neonatal spleen,
two peaks of erythropoiesis were detected at 2 days and 14-
15 days with numbers of erythrocytic progenitors that are
comparable to those found in the BM. However, splenec-
tomy did not alter CFC or HSC frequencies in the BM res-
tricting the neonatal spleen to a minor alternative hemato-
poietic organ. Livers of splenectomized mice showed a
higher CFC number, which underlines a cooperative con-
tribution of the spleen, BM, and liver to the hematopoietic
homeostasis (Wolber et al. 2002). A specificity of the neo-
natal spleen erythropoeisis concerns the requirement of the
thyroid hormone T3 pathway via the thyroid receptor (TRa)
for the erythrocytic terminal stage of differentiation (An-
gelin-Duclos et al. 2005). Hence, fetal and neonatal splenic
erythropoietic processes are differentially regulated since
fetal environment is known to be a hypothyroid situation.
The action of T3 thyroid hormone pathway on erythroblast
differentiation was demonstrated as a cell autonomous pro-
cess only active in the spleen. The authors favor a difference
of spleen and bone marrow environment action on erythro-
cytic progenitors rather than a difference of progenitors
(Angelin-Duclos et al.2005). At the adult stage, few early
(Lin~ cKit" CD71" GATA1") and late (Lin" cKit" CD71"
GATA1") erythroid progenitors are found in the spleen
(Suzuki et al. 2003). Interestingly, after a phenylhydrazine-
induced hemolytic anemia, the proportion of these progen-
itors increase indicating that the spleen could work as an
extra-medullar erythropoietic site in hemorrage conditions
(Migliaccio et al. 2000; Suzuki ef al. 2003).

Splenic macrophage ontogeny

The spleen starts to be regionalized into red and white pulp
at 5-7 days after birth, concomitantly to the establishment of
the MZ. This coincides with the emergence of two new sub-
sets of M®, known as MZ M® and MZ metallophilic M®
(Table 1). The origin of these two subsets is still unclear in
the mouse. But the divergence between red pulp and MZ
M® could already exist during fetal life. Indeed, studies in
the rat embryo have shown the existence in the fetal spleen
of two different subsets of M® precursors, that appear se-
quentially at E15 and E16-17 and differentiate into red pulp
and MZ MO, respectively (Takeya and Takahashi 1992).
Some data obtained in the mouse also point to a different
origin for red pulp and MZ M®. Indeed, after in vivo eli-
mination of M® (after injection of liposome-entraped di-
chloromethylene diphosphate), red pulp M®, MZ metallo-
philic and MZ M® have different kinetics of splenic repop-
ulation, recovering at 4 days, 8 days and 16 days, respec-
tively (van Rooijen et al. 1989). This could suggest that dif-
ferent differentiation pathways are involved in the genera-
tion of these three subsets. As far as molecular events are
concerned, the generation of these different M® subsets is
critical on the transcription PU. 1 but might require different

Knock-out mouse MZ Metallophilic Macrophages MZ Macrophages Red Pulp Macrophages References
Op / Op (M-CSF) - - + Witmer-Pack et al. 1993
PU.1 - - - McKercher et al. 1996

Lymphotoxins or receptor - -

+ De Togni ef al. 1994; Futterer ef al. 1998
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microenvironmental signals (McKercher et al. 1996; Table
3). Indeed, red pulp M® can differentiate in the absence of
M-CSF, whereas MZ M® cannot, as observed in the op/op
mouse (Witmer-Pack et al. 1993; Table 3). Thus, it was
shown that administration of exogenous MCSF/CSF-1
could restore the populations of MZ and MZ metallophilic
MO in the spleen (Cecchini et al. 1994). These subsets thus
possess different requirements for cytokines during their
ontogeny, suggesting different OI'lgll’lS However, it was
recently shown that the CX3CR1" cKit" Lin® bone marrow
progenitor could differentiate in vivo into all types of sple-
nic M® (Fogg et al. 2006).

Splenic DC ontogeny

DC are major players in the establishment of the immune
function of the spleen, since they initiate T-cell dependant
immunity. So far, splenic DC development has not been
investigated during fetal life. Two groups have described
the establishment of splenic DC starting at day 1 after birth
(Sun et al. 2003; Dakic ef al. 2004). These two groups des-
cribe the same sequence of events: after birth, the major DC
subset comprises CD4'CD8'CD1 Ic" cells, a subset very low
represented in the adult spleen. During the second week of
life, other DC subsets progresswely appear in the spleen, as
CD4CDS" and CD4'CD8” DC populations. The double-
negative subset that constitute the majority of neonatal DC
has been shown to harbor similar properties to the CD8"
DC subset, and could be considered the neonatal precursor
of these cells (Dakic et al. 2004). Nevertheless, this lineage
relationship has not been proven yet, and lineage analyses
remain to be performed.

A previous study has shown that the three CD11¢"™ DC
subsets have a fast turn-over of 1.5-3 days in the spleen
(Kamath et al. 2000). These DC subsets are thus probably
constantly replenished. Bone marrow precursors can dif-
ferentiate into splenic DC, both in vivo and in vitro (re-
viewed in Shortman and Naik 2007). It has been shown that
DC could differentiate from circulating blood monocytes
under inflammatory conditions (Randolph ef al. 1999;
Geissmann et al. 2003). However, under steady state, circu-
lating monocytes can only give rise to mucosal DC but not
to splenic DC. Indeed, when transferred into M®- and DC-
depleted recipients, monocytes replenish intestinal and lung
DC but fail to do so in the spleen (Varol et al. 2007). It was
recently shown that resident splenic DC could be repopu-
lated from a bone marrow precursor that was isolated as
CX3CR1 cKit'Macl". This bipotent precursor for M® and
DC (MDP) can reconstitute the splenic DC of irradiated re-
cipients, under steady-state conditions (Fogg et al. 2006).
This MDP can differentiate into splenic DC when directly
injected in the spleen of DC-depleted recipients, suggesting
that the MDP can progress along the DC differentiation
pathway without going through a monocyte precursor
(Varol et al. 2007), and could directly seed the spleen to
achieve their differentiation.

As all lymphoid organs, the spleen consists of a non-he-
matopoietic cell component, also referred to as the micro-
environment or stroma. In hematopoietic organs (bone mar-
row and thymus), the stroma provides hematopoietic pro-
genitors with differentiation and survival signals. The
spleen, although not hematopoietic during the adult life, can
sustain hematopoiesis during fetal life until the two first
weeks post-birth (Metcalf and Moore 1971). The splenic
stroma has been shown to be involved in the differentiation
and maturation of DC (Ni and O'Neill 1999). More recently,
Zhang and collaborators have shown that neonatal splenic
stromal cells could provide a suitable environment for the
maturation of DC into regulatory DC, which can regulate
the immune response in the spleen (Zhang et al. 2004).
Recently, this group has shown that the same stromal en-
vironment could directly promote the differentiation of
hematopoietic stem cells into regulatory DC, a process that
involves stromal-derived IL-10 (Tang et al. 2006).

84

The lymphocyte subsets

In newborns, small follicles of B and DC cells are already
formed and the T/B segregation starts to take place (Sun et
al. 2003). These lymphoid follicles continue to grow during
the first six weeks of age concomitantly to the splenic M®
setting up. Lymphocyte populations differ between new-
born and adult. These differences lead to a weak and Th2
biased immune response at the neonatal stage (reviewed in
Adkins ef al. 2004). The first thymic emigrants can be det-
ected in the spleen after E17.5 thanks to the Thyl antigen
(Velardi and Cooper 1984). After birth, the number of sple-
nic T cells constantly increases to reach its definitive size at
4th week post birth (Asano ef al. 1996). The mature T pop-
ulations are found in the spleen with a CD4/CD8 ratlo
equlvalent to the adult one (Garcia et al. 2000). The CD4"
CD25°CD3" regulatory T cells, that negatively regulates the
immune responses have been found in the spleen as soon as
the th1rd day post-birth and their percentage is stable from
the 1% week of age (Asano et al. 1996; Dujardin et al. 2004).
The neonatal splenic environment favors the Th2 response
contrary to the LN environment (Adkins ef al. 2000). It has
been suggested that neonatal T progenitors preferentially
acquire a Th2 phenotype whereas the Thl population may
be affected by selective apoptosis (Adkins et al. 2004; Li et
al. 2004). B cells accumulate in the spleen until the 4" it week
of age (Velardi and Cooper 1984). B1 and B2 cells differ for
their origins, phenotypes and functions (Montecino-Rod-
rique et al. 2005). The most frequent subset of the fetal/
neonatal life consists of B1 cells whereas in the adult, most
B cells belong to the B2 subset. When activated via TLRY,
the neonate splenic B1 subset secrete IL-10 that prevent DC
to trigger the Th1 response and favor the Th2 response (Sun
et al. 2005). All B1 cells express the Macl marker and can
be separated into the Bla (CD5") and Bl1b (CD5) cells.
During the first two weeks of age, CD5" Bla cells represent
30 to 40% of the splenic population whereas they account
for less than 5% of the adult spleen (Hayakawa et al. 1983;
Sun et al. 2005). Wen and colleagues have shown that Bl
cells are in contact with follicular dendritic cells and loc-
alize in the white pulp of the spleen from two week-old
mice (Wen ef al. 2005). The limited T cell dependent im-
mune response observed during the neonatal period has
been linked to the absence of germinal center until the sec-
ond week of age (Pihlgren et al. 2003).

THE CONSTRUCTION OF THE SECONDARY
IMMUNE ORGAN

The segregation of red and white pulp as well as the T/B se-
gregation in the white pulp lies in events that could have
started durmg the fetal and neonatal life. During fetal life,
the CD45'CD4'CD3" cell population, named lymphoid tis-
sue inducer cells (LTi) is required to induce the formation of
lymph nodes (LN) and Peyer’s patch (PP) (reviewed in Me-
bius 2003). The organization of secondary lymphoid organs
depends on the expression of the LTalB2 complex by LTi
cells. LTi cells also express adhesion molecules such as
CD44, intracellular adhesion molecule 1 (ICAM1), the a4p7
integrin and the inactive form a4P1 integrin. Thanks to
a4B7 expression, LTi cells interact with blood vessels (sple-
nic, intestinal and mesenteric) that express the mucosal ad-
dressin cell adhesion molecule 1 (MAdCAMI) and colonize
the relative fetal organs (Hashi ef al. 2001). The activation
of the LTBR pathway by the LTalB2 complex triggers the
production of chemokines (CXCL12, CXCL13, CCL19,
CCL21) and adhesion molecules (VCAMI1 and ICAM1) by
stromal cells (Dejardin et al. 2002) (reviewed in Chaplin
and Fu 1998; Fu and Chaplin 1999; Chaplin 2002). Hence,
LTi cells that express CXCR4, CXCRS and CCR7 are at-
tracted by the stromal compartment (reviewed in Cyster
2005). In PP anlagen, CXCR5" LTi cells are activated by
CXCLI13 and transactivate the 1nact1ve a4B1 complex to
allow the interaction with the VCAMI1" stromal cells (Finke
et al. 2002). The LTPR signaling induces a positive feed-
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back loop that enhances the expression of VCAMI and
chemokines by the stromal cells and then, recruits more LTi
cells. This clustering of LTi cells with stromal organizer
cells is followed by the recruitment of the first lymphocytes
to finally give rise to the complex vascularized lymphoid
tissues structure (reviewed in Mebius 2003).

LTi cells can be found in the anlagen of all future sec-
ondary organs. They have been detected in cervical lymph
nodes as soon as E12.5, in E13.5 fetal spleen, in the blood
at E14.5 and in E16.5 mesenteric LN and PP. In contrast,
they are absent from the fetal thymus and liver (Mebius et
al. 1997; Yoshida et al. 1999; Eberl et al. 2004). LTPR"
stromal cells also express MadCAMl VCAMI1 and ICAM1
in E16.5 mesenteric LN and E17.5 intestine (Honda et al.
2001; Cupedo et al. 2004).

The LTi cells or1g1nate from 1ymph01d—restr1cted fetal
liver progenitors (IL7Ra'a4B7") that migrate via the me-
senteric vessels between E11.5 and E15.5 to colonize the
gut and LN (Yoshida ef al. 1999; Mebius et al. 2001). 1d2
and a specific isoform of the retinoic acid orphan-related
receptor v, called RORyt, are the two transcription factors
that are known to be strictly required for LTi generation
(Yokota et al. 1999 Eberl et al. 2004). Indeed, LTi cells are
absent from Id2”" or RORy” mice (Yokota et al. 1999; Sun
et al. 2000; Eberl et al. 2004). This failure in LTi generation
causes the absence of PP, mesenteric and inguinal LN indi-
cating their absolute requirement to generate these secon-
dary lymphoid tissues. As far as spleen architecture is con-
cerned, the white pulp is not affected by the lack of LTi
since the adult spleen of Id2”" mice present normal folli-
cular B/T segregation, MZ M® and GC repartition (Yokota
et al. 1999). The importance of LTi cells in the splenic or-
ganization is not yet known and we discuss herein some re-
cent data on their hypothetical functions in this develop-
mental process.

Is the early step of the fetal spleen structure LTi-
dependent?

Firstly colonized by myeloid cells, the 13.5 dpc fetal spleen
hosts several hemat0p01etlc progenitors and
CD4'IL7Ra'CD3" LTi cells (Desanti, unpublished obser-
vations). These progenitors are circulating hematopoietic
cells, that probably orlglnates from the fetal liver and reach
the spleen via Flk-1"'MadCAMI1 " endothelial cells (Mebius
et al. 1997; Hashi et al. 2001; Eberl et al. 2004). The pre-
sence of LTi cells in early spleen is probably due to an in
situ differentiation rather than colonization from circulating
LTi cells. However, these two possibilities are not mutually
exclusive. LTi precursors have been isolated from fetal
spleen, as LinCD4™RAG2™ cells and fetal spleen organ
cultures (FSOC) have proved their capacity to sustain the
differentiation and proliferation of Lti cells in situ (Desanti,
unpublished observations).

Histological studies have demonstrated that the early
organization of spleen mainly consists of numerous F4/80"
MO®, erythrocytes and few isolated lymphoid progenitors
scattered throughout the whole organ (Morris et al. 1991;
Bertrand et al. 2006). The first sign of any organization oc-
cur through the accumulation of LTi cells around the central
arterioles (Eberl et al. 2004). This may reflect the first step
of splenocyte segregation. In mesenteric LN and PP, LTi
cells are attracted by CXCL13 expressing stromal cells to
establish the positive feedback loop that result in the sec-
ondary lymphoid organ formation (reviewed in Mebius
2003; Cyster 2005). Since E13.5 fetal spleen contains LTi
cells and lymphoid progenitors, we propose that LTi cell
constitute the first pool of cells that interact with the stroma
to activate this positive feedback loop (Mebius et al. 1997,
Godin et al. 1999; Bertrand et al. 2006). Indeed, LTBR,
CXCL13 and VCAMI transcripts are expressed by E14.5-
E15.5 fetal spleen stroma (Desanti, unpublished observa-
tions). However, these first structural steps may be trig-
gered by an LTBR-independent pathway. Lane and collabo-
rators have recently shown that E15.5 splenic LTi cells are
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highly potent to trigger the expression of CCL21 and
VCAMl on adult splenic lymphoid stromal cells from
LTa” mice (Kim et al. 2007). At E16.5, LTi cell foci en-
larged around the arteriolar cavities and the first splenic B
cells are detected (Spear er al. 1973; Velardi and Cooper
1984; Eberl et al. 2004). Despite the normal spleen archi-
tecture in mice devoid of LTi cells, we suggest that LTi cells
may prime the stroma of the future lymphoid area. It implies
a redundancy in the cells that are able to activate the TNF
family pathways. Besides, B progenitors that develop in the
fetal spleen could upregulate the LTa1B2 complex and par-
ticipate to the feedback loop necessary for the white pulp
construction (Ngo et al. 2001). As hematopoietic cells are
colonizing the spleen, they may be retained to increase the
size of the lymphoid foci that surrounds the growing arte-
riole. Then, the first splenic structural steps are the growing
lymphoid area from the arteriole lumen that pushes back the
myeloid area that represents the future red pulp. We pos-
tulate for an action of LTi cells during these early steps of
organogenesis.

Structuration of the spleen as a secondary
immune organ

The follicular T/B segregation starts between 3 to 7 days
after birth and is maintained throughout life by permanent
molecular cross-talk between splenic B, T and stromal cells.
The molecules involved in the maintenance of the B/T seg-
regation are identical to those implied in the white pulp gen-
eration (LTalp2, LTBR, TNFR, TNFa, CXCL13, CCL19,
CCL21, CCRS5, CCR?7) (reviewed in Tumanov et al. 2003;
McCarthy et al. 2006). Two weeks after birth, the MZ ap-
pears around the B and T follicles and delineate the white
from the red pulp (Takeya and Takahashi 1992). This struc-
ture is maintained throughout life according to similar LTBR
mechanisms probably activated by B cells expressing
LTalB2 (Yu et al. 2002). This induction of chemokine prod-
uction is thought to occur when B cells home to the MZ or
migrate through it to terminate in the white pulp (reviewed
in Mebius and Kraal 2005). The upregulation of CCL19 and
CCL21 are essential for the localization of the MZ M® next
to the endothelial marginal sinus (Ato ef al. 2004).

Several knock-out mice have uncovered the disparities
in the formation of secondary lymphoid tissues (Table 4).
These differences highlight that diverse mechanisms are ac-
tivated to generate the lymphoid tissues. For instance, the
mesenteric and peripheral LN organogenesis are both de-
pendent on LTPR although their stromal phenotypic dif-
ferences have been related to supplemental individual reg-
ulation (Cupedo et al. 2004). Despite the presence of LTi
cells in the white pulp and NALT of normal embryos, these
two lymphoid tissues could be formed independently of LTi
cells (Yokota et al. 1999; Harmsen et al. 2002). NALT for-
matlon is even more confusmg since NALT is present in
RORy™ but absent from Id2”" mice (Fukuyama e al. 2002).
The example of NALT organogenesis highlights the com-
plex interaction of the different pathways involved in lym-
phoid tissue formation. In conclusion, the regulation of the
lymphoid tissue is complex and new pathways should be
discovered to explain peculiarities of each lymphoid tissue.

The splenic whlte pulp is normally segregated into B
and T areas in 1d2”" mice (Yokota ef al. 1999). The hemato-
poietic capacities of the fetal spleen may partially explain
that LTi cells are not required to white pulp but LN and PP
generation. Hence, neonatal spleen already possesses sev-
eral LTalp2-expressing cell types when the architecture into
white pulp and B/T segregation is initiated. Then, the LTi
deficiency is probably complemented by other hematopoi-
etic cells. It was shown that B and T lymphocytes express
the LTalB2 complex and are actively participating to the
maintenance of the white pulp structure (Tumanov et al.
2002). This probable supply is reinforced by a recent study
showing the capacity of neonatal LTi cells to restore the B/T
segregation in LTa” mice (Kim et al. 2007).
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Table 4 Knock-out mice presenting defects in secondary lymphoid tissues.

Genes deleted  Cells affected PLN" MLN PP NALT? LTi _ Reference
1d2 hema - - - - - Yokota et al. 1999
Rory / Roryt hema - - - \) - Sun et al. 2000; Kurebayashi et al. 2000; Eberl et al. 2004
Lta hema - A 2 + Banks et al. 1995; Koni ef al. 1997; De Togni ef al. 1994;
Eberl et al. 2004
Ltp hema -4 J -/+ J N.D  Alimzhanov ez al.1997; Koni et al. 1997; Kuprash et al. 1999
C
Tnf hema + + J N N.D  Korner ef al. 1997; Pasparakis et al. 1997
Light hema + + + N.D N.D  Scheu et al. 2002
Ltp/Tnf hema - |2 - N.D N.D  Kuprash e al. 1999
Lto+/-/Ltp+/- hema + + - N.D N.D  Koni et al. 1998
Tnf/Lta hema - - - { N.D  Komer et al. 1997
Light / Ltf hema - <L - N.D N.D  Scheu et al. 2002
TRANCE-R hema - - J 2 N.D  Dougall et al. 1999
Traft hema - - + N.D 2 Naito ez al. 1999; Yoshida et al. 2002
17yo hema - ¥ - 2 2 Adachi et al. 1998; Luther et al. 2003
B
yc hema N N - N.D N.D  Cao et al. 1995; Luther et al. 2003
B,F
Rnfl10/Phc2  hema N.D N.D J N.D N Sato et al. 2006
Cxerd hema - + J N.D + Ansel et al. 2000; Ohl et al. 2003
B,C,F
Cer7 hema + + + N.D + Ohl ez al. 2003
Cxcr5 / Cer7 hema - + >Cxer5” N.D N.D
Ltp / Tnfrl hema/stroma - - - N.D N.D  Koni et al. 1998
Trance hema/stroma - - J 0 J Kong et al. 1999; Kim et al. 2000
1l7ya/ Cxcll13  hema/stroma - - - N.D 2 Luther ef al. 2003
Tnfrl-/- stroma + + S N + Neumann et al. 1996; Pasparakis et al. 1997; Alcamo et al.
2001
Tnfrl / Rela stroma - - - N.D + Alcamo et al. 2001
Aly/Aly stroma - - - N + Miyawaki ef al. 1994
Lipr stroma - - - N.D N.D  Fiitterer et al. 1998
Nik stroma - - - N.D N.D  Yinetal 2001
Nfkb1 stroma J + + + N.D  Weih et al. 2003; Lo et al. 2006
A, B, C,F,PA
Nfkb2 stroma J + - 2 N.D  Weih er al. 2003; Lo et al. 2006
A,B,C,F,PA
Nfkb1 / Nfkb2  stroma - - - N.D N.D Loetal 2006
Traf2 /Traf5  stroma N.D + J N.D N.D  Piao et al. 2007
PlyPlt stroma + + + + + Luther ef al. 2003; Fukuyama et al. 2006
Cxcll3 stroma ¥ + 3 + +
C,F
Cxcll3 /Plt/Plt _stroma { + - + +

D Each kind of peripheral lymph nodes (PLN) cited are listed by their first letter as follow: A: axillary; B: brachial; C: cervical; F: facial; I: Iguinal; P: popliteal; PA:
periaortic; R: renal; S: sacral. The PLN that are not affected by the knock-out are indicated by their corresponding letters.

% NALT organogenesis has been mainly observed in Harmsen ez al. 2002; Fukuyama, Kiyono e al. 2002.

+: similar to wild-type; -: absent; {: smaller in size and/or number; T: larger in size; <L#f”": less than in Lff"; > Cxcr5™": more than in Cxcr5”; N.D: not determined; hema:

hematopoietic; PLN: peripheral lymph nodes, MLN: mesenteric lymph nodes.

Are accessory and LTi cells related?

Recently, it has been described that splenic LTi cells could
evolve into a new CD4"CD3" cell compartment called “ac-
cessory cells”. These cells are found in one week-old new-
borns and express OX40L and CD30L co-stimulatory mole-
cules (Ki et al. 2005). The in vitro acquisition of CD30L
depends on the IL-7/IL-7R signaling while OX40L acqui-
sition depends on TL1A (Kim et al. 2005, 2006). Accessory
cells seem to retain a tissue inducer activity since their in-
jection into LTo”™ mice restore the splenic T/B segregation
(Kim et al. 2007). Accessory cells express the genes of the
TNF family and it was shown that RORyt, LT and LIGHT
mRNA levels are lower than those of their fetal counterpart
(cultured for 5 days with IL7) (Kim et al. 2006). It was
proposed that accessory cells derive from fetal LTi cells
since TL1A was shown to induce the down-regulation of
RORyt, LTB and LIGHT from splenic neonate CD4'CD3"
in vitro (Kim et al. 2006). However, a mice model that al-
lows to track the fetal LTi hematopoietic progeny has sug-
gested that no progeny could be generated from LTi cells
(Eberl et al. 2004). The accessory cells play a role in im-
mune response through expression of OX40 and CD30L.
Located in B cell follicles and GC, they are supposed to
sustain the survival of T-helper 2 cells that are expressing
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0X40 and CD30 (Kim ef al. 2003).
CONCLUSION

The spleen is found in all vertebrates despite variations in
its architecture. In mammals, only slight differences could
be observed like the absence of the marginal sinus in human
(Steiniger et al. 2006). On the contrary, the architecture
could be highly different depending on species, such as the
complete loss of red and white pulp segregation observed in
Urodela amphibians (Tooze and Davies 1967). The red pulp
area is the only structure to be maintained in all species. As
the main filter of blood, the spleen contains all myeloid sub-
types commonly found in circulation. It is a reservoir of
erythrocytes where M® participates to the iron recycling via
erythrophagocytosis. The cleaning capacity of the spleen is
maintained through evolution. The MZ is a specific
acquisition of mammals with a unique organization and
composition that is essential in cases of infection to en-
capsulated bacteria (Kraal 1992). As a secondary lymphoid
organ, the spleen also possesses a dynamic architecture into
primary and secondary follicles. Hence, the spleen is com-
petent to answer to both the innate and adaptative immune
responses. White pulp, germinal centers and adaptive im-
mune functions are not conserved in evolution whereas
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hematopoietic processes are sustained. In mice, hematopoi-
esis is observed from the early fetal stages until the firsts
weeks after birth. In urodela and anouran amphibians, the
Ikaros, Rag and TdT genes are expressed in tadpole and
adult spleen (reviewed in Hansen and Zapata 1998). Simi-
larly, Rag transcripts were detected in adult spleen of sharks
exposing the hematopoictic capacities of this organ as a
quasi-universal characteristic (Bernstein et al. 1994). We
speculate that this organ was gained in the common verteb-
rate ancestor in parallel to the acquisition of the Rag genes
and the events that generate the Ig repertoire diversity. Fur-
thermore, in the abnormal situation of metaplasia, the mam-
mal adult spleen upregulates its hematopoietic capacities
suggesting the maintenance of this function by the stromal
compartment.
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