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SUMMARY

T and B cell compartmentalization is a hallmark of
secondary lymphoid organs and is maintained by
chemokine-expressing stromal cells. How this stro-
mal cell network initially develops and differentiates
into two distinct subsets is poorly known, especially
for the splenic white pulp (WP). Here, we show that
perivascular fibroblast precursors are triggered by
LTa1B2 signals to expand, express CCL19/21, and
then differentiate into two functionally distinct fibro-
blast subsets responsible for B and T cell clustering
and WP compartmentalization. Failure to express
or sense CCL19 leads to impaired T zone develop-
ment, while lack of B cells or LTa1B2 leads to an
earlier and stronger impairment in WP development.
We therefore propose that WP development pro-
ceeds in multiple steps, with LTa1B2* B cells acting
as major inducer cells driving the expansion and
gradual differentiation of perivascular fibroblasts
into T and B zone organizer cells.

INTRODUCTION

Secondary lymphoid organs (SLOs) are critical for mounting
efficient adaptive immune responses. The spleen is the largest
and primordial lymphoid organ, which has coevolved with major
histocompatibility complex (MHC)-based immunity. It acts as fil-
ter for the blood and has two distinct compartments: (1) the red
pulp, comprising myeloid cells and erythrocytes, along with
vascular structures allowing lymphocyte entry and exit, and (2)
the white pulp (WP), representing the actual lymphoid tissue
with B cell-rich follicles and a T cell-rich periarteriolar lymphoid
sheath (PALS) (Cyster, 2005; Neely and Flajnik, 2016). This
lymphoid compartment resembles lymph nodes (LNs) and
Peyer’s patches (PPs) because of the typical T and B zones
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along with the underlying stromal fibroblast networks respon-
sible for this segregation. Fibroblastic reticular cells (FRCs) of
the T zone express CC chemokine ligand 19 (CCL19) and
CCL21, which preferentially attract C-C chemokine receptor
(CCR) 7* T cells and dendritic cells, while stromal cells in the
B cell follicle, including follicular dendritic cells (FDCs) and mar-
ginal reticular cells (MRCs), express CXC chemokine ligand
(CXCL) 138 and attract CXC chemokine receptor (CXCR) 5*
B cells (Cyster, 2005; Randall et al., 2008; Roozendaal and Me-
bius, 2011), thereby establishing the two major compartments.

Combined deficiency in these three chemokines or their re-
ceptors leads to the absence of most LNs and PPs and to very
small and disorganized WP cords, pointing to a critical role of
chemokine-expressing cells, presumably fibroblasts, in organ
development and structure (Luther et al., 2003; Ohl et al.,
2003). Consistent with this notion, ectopic expression of
CCL21 or CXCL13 is sufficient to induce lymphoid tissue-like
structures (Luther et al., 2002).

The process of SLO organogenesis has been defined in detail
for murine LN anlagen, which start developing during embryo-
genesis (Randall et al., 2008; Roozendaal and Mebius, 2011).
Key to this process are not T and B lymphocytes but
LTa1B2"CD4*CD3~ lymphoid tissue inducer (LTi) cells, now
known as type 3 innate lymphoid cells (ILC3), which engage in
a crosstalk with stromal organizer cells (LTo) expressing the
LTB receptor (LTBR). Very recent work suggests that LTPR,
receptor activator of nuclear factor kB (RANK), and the common
downstream signaling molecule nuclear factor kB-inducing
kinase (NIK) need to be triggered initially in lymphatic endothelial
cells for LN anlagen to develop and only later on in blood endo-
thelial and fibroblastic stromal cells for further organ develop-
ment and patterning (Chai et al., 2013; Onder et al., 2017).
LTa1B2 signals are critical to induce the expression of CCL19,
CCL21, and CXCL13 by fibroblastic LTo cells, in addition to
other cytokines and adhesion molecules, thereby leading to
the clustering and accumulation of more ILC3 cells and eventu-
ally lymphocytes that express the corresponding chemokine
receptors CCR7 and CXCR5 (Chai et al., 2013; Randall et al.,
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2008; Roozendaal and Mebius, 2011). Accordingly, Lta-, Ltb-, or
LTbr-deficient mice as well as mice lacking ILC3 because of
absence of the transcriptional regulator RAR-related orphan
receptor (ROR) v or Id2 have severe impairment in LN and PP
development.

The processes and cellular interactions leading to splenic WP
development are only partially understood (Neely and Flajnik,
2016; Randall et al., 2008; Roozendaal and Mebius, 2011). In
mice, the spleen is first detectable around E10, consisting
essentially of red pulp, but the WP structure resembling a
lymphoid organ becomes visible only around birth, when lym-
phocytes start entering the organ and increasingly accumulate
in clusters around central arterioles (Friedberg and Weissman,
1974; Katakai et al., 2008; Vondenhoff et al., 2008). Importantly,
absence of B cells but not ILC3 or T cells is associated with
prominent defects in WP organization of adult mice, including
strongly reduced levels of Cxcl/13 and Ccl21, as well as small
and disorganized WP cords (Ngo et al., 2001; Zhang et al.,
2003). Similar WP defects are observed in adult mice lacking
LT, LTB, or LTBR, suggesting that all major SLOs develop in a
conserved process, with LTa1p2 signals being provided by
hematopoietic inducer cells to LTBR-expressing LTo cells, lead-
ing to chemokine expression that is responsible for lymphocyte
attraction, retention, and finally segregation (Randall et al.,
2008; Tumanov et al., 2003).

Although splenic FDCs continuously depend on LTa1p2 and
TNF-a signals provided by B cells (Cyster, 2005; Tumanov
et al., 2003), the situation is less clear for the development of
splenic T zone FRCs. Injection of LTBR-Fc into d0.5 pups but
not d7 pups led to a major defect in CCL21* podoplanin®
FRCs in the adult spleen (Ngo et al., 2001), reminiscent of B
cell-deficient spleens. As day 4 splenic B cells express surface
LTa1B2, these cells were proposed to be the inducer cells of
splenic WP development during the first week of life, consistent
with LTaB-transgenic B cells being sufficient to rescue WP
development in Lta~’~ mice (Ngo et al., 2001; Vondenhoff
et al., 2008). However, analysis of adult spleens from mice with
B cell-specific Ltb deletion did not fully support this notion
(Tumanov et al., 2002, 2003). In addition, spleens of Rag™'~
mice reconstituted with Lta-deficient lymphocytes developed
well segregated B and T cell-rich zones, including CCL21™" podo-
planin* FRC networks, suggesting that ILC3 may contribute as a
LTa1B2" source to the postnatal development of chemokine-ex-
pressing stromal cells (Kim et al., 2007; Withers et al., 2007). This
model is supported by the observation of ILC3 in the periarterio-
lar region of embryonic and perinatal spleen (Vondenhoff et al.,
2008; Withers et al., 2007) but inconsistent with the grossly
normal WP structure in spleens of adult RORy ™/~ mice (Zhang
et al., 2003). Together, these contradictory data highlight the
need for a reevaluation of the critical LTa1B2 source in this pro-
cess, including a more detailed analysis of neonatal rather than
adult spleen cells and tissues.

In contrast to embryonic LN and PP anlagen, the stromal orga-
nizer cells of the neonatal WP have been poorly characterized in
mice, in part because of the lacking expression of typical FDC
and FRC markers, such as CD35, podoplanin (gp38), and BP-3
on neonatal WP (Balogh et al., 2001; Bekiaris et al., 2007; Qin
et al., 2007). Vascular cell adhesion molecule-1 (VCAM-1)*

stromal cells clustering with ILC3 were observed starting around
E16.5 (Vondenhoff et al., 2008; Withers et al., 2007), but the func-
tion of this interaction has remained unclear. Recently, fate
mapping using mesenchymal-specific reporter lines on the basis
of the transcription factors Nkx2-5 and Islet-1 have suggested
that all splenic fibroblast subsets derive from a common embry-
onic precursor (Castagnaro et al., 2013). At E18.5, these cells
showed features reminiscent of LTo activity, including Ltbr and
Cxcl13 expression. However, we lack a good understanding of
the splenic LTo involved in the early postnatal phase when the
lymphoid aspect of the spleen develops.

The aims of this study were to obtain a detailed understanding
of postnatal splenic WP organogenesis and compartmentaliza-
tion, to identify and track the chemokine-expressing LTo cell
types through development and specialization, and to shed
more light on the LTa1p2-expressing lymphoid tissue inducer
cells responsible for LTo activation and differentiation. Evidence
is provided for several distinct LTa1B2-induced stages of LTo
cell and WP development that allow to propose a much more
refined model of how the body’s largest lymphoid organ
develops.

RESULTS

CCR7, but Not CXCRS5, Is Important for Early Steps in WP
Development

Histological analysis of lymphocytes in murine spleen sections at
various time points after birth shows four distinct developmental
stages, as based on the spatial organization of T and B lympho-
cytes (Figure 1A). On postnatal day (d) 0.5, only a few B cells are
found scattered around central arterioles (stage 1), while on d2.5,
an increasing number of B cells cluster around these vessels in
the presence of very few T cells (stage 2). On d5.5, T cells
have accumulated close to the central arteriole, and the B cells
are displaced outward into a ring-like structure but not yet form-
ing clearly segregated zones (stage 3). The fourth stage starts
around d8.5, when a larger T cell area has developed in the cen-
tral WP, with B cells being clustered in clearly segregated and
increasingly polarized follicles that form the outer WP region.
After d8.5, the WP area continues to grow until it reaches close
to adult size at 3—4 weeks of age (Figure 1A).

As adult mice with combined deficiency in CXCR5 and CCR7
lack organized splenic WP areas (Ohl et al., 2003), the role of
these two receptors in neonatal WP development was investi-
gated. T lymphocytes isolated from d5.5 spleen expressed
CCRY7, while B cells expressed both CCR7 and CXCR5 (Fig-
ure 1B). The functionality of these chemokine receptors was
confirmed in migration assays, with lymphocytes from d5 spleen
migrating efficiently toward CCL19, CCL21, and CXCL13
(Figure 1C).

To investigate whether neonatal lymphocytes depend on
CCR7 and/or CXCR5 for entry and positioning within the
neonatal spleen, T and B cell distribution was assessed in d5.5
spleens of Ccr7’~ and Cxcr5/~ mice. In the absence of
CCRY7, T cells were rare, with the WP consisting mainly of B cells
localized around the central arteriole (Figure 1D), consistent with
reduced absolute T cell numbers (Figure 1E), as reported previ-
ously (Ueno et al., 2002, 2004). At 3.5 weeks of age, T and B
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Figure 1. CCR7, but Not CXCRS5, Is Critical for White Pulp Colonization by T Lymphocytes

(A) Immunofluorescence staining on wild-type (WT) murine spleen sections at different stages of development (d, days after birth) for CD3* T cells and B220*
B cells. Arrowheads indicate the central arteriole (CA). n = 4 per time point.

(B) Flow cytometric analysis of CCR7 and CXCR5 chemokine receptor expression on CD4* and CD8" T lymphocytes and CD19* B lymphocytes from d5.5 spleen
of WT mice (in gray shading, isotype-matched control antibody), representative of five independent experiments.

(C) Three hour transwell chemotaxis assay of splenocytes from d5.5 WT neonates toward 0.2 pg/mL CCL19, 1 pg/mL CCL21, 1 pg/mL CXCL13, or medium alone
(-), representing one of two independent experiments.

(D) Immunofluorescence staining for T and B cells on spleen sections of Ccr7”~ mice at d5.5 and 3.5 weeks.

(E) Cell numbers of CD4* and CD8* T cells as well as CD19* B cells in the spleen of d6.5 Ccr7/~ (n = 5) compared with Ccr7*'~ (n = 4) neonates. Similar results
were obtained with plt/plt animals.

(F) Immunofluorescence staining for T and B cells on spleen sections of Cxcr5™ mice at d5.5 and 3.5 weeks.

(G) Lymphocyte numbers in spleen of d5.5 Cxcr5~/~ (n = 5) neonates compared with Cxcr5*/~ (n = 7) littermates. Data are representative of three independent
experiments.

Histological data shown in (D) and (F) are representative of several WP areas in two or three mice per group. Scale bars represent 50 um.

numbers were not altered in d5.5 Cxcr5’~ versus Cxcr5~

mice (Figure 1G). As expected (Ansel et al., 2000; Forster et al.,
1996), B cell follicles failed to polarize in spleens of 3.5-week-
old Cxcr5~/~ mice (Figure 1F). In conclusion, CCR7 but not
CXCR5 has an essential organizer role during early WP
development.

zones had formed in Ccr7~/~ spleens, but the T zone size
remained small, with many T cells found in the RP (Figure 1D)
(Forster et al., 1999). In the absence of CXCR5, T and B zones
appeared normal in d5.5 spleens, suggesting that the initial WP
development occurs in a CXCR5-independent manner (Fig-
ure 1F). Consistent with this observation, splenic B and T cell
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Figure 2. CCL19 Is Important for T Cell Homing into the Neonatal Spleen but Not LNs

(A) Flow cytometric analysis of thymocyte populations of d5.5 Ccl19**, Ccl19*~, and Ccl197" littermates: double negative (DN) (CD4~ CD8"), double positive
(DP) (CD4* CD8"), CD4 single positive (SP) (CD4* CD8 "), and CD8 SP (CD4~ CD8"). Data are representative of two independent experiments. Similar results were
obtained with d3.5 animals.

(B) Lymphocyte numbers in spleens of d5.5 Ccl19*/* (n = 4), Ccl19*~ (n = 11), and Ccl197" (n = 6) littermates. Similar results were obtained with pups aged 3 and
6 days.

(C) Immunofiuorescence staining for T and B cells on spleen sections from d5.5 WT (Cc/79*/*) versus Cc/197~ littermate mice. Two representative examples are
shown. Quantification of B220* B and CD3* T cell areas in several splenic WP sections of d5.5 Cc/79~/~ and WT littermates. n > 2 per genotype. Scale bars
represent 100 pm.

(D and E) Flow cytometric analysis of CD45.1* lymphocytes in spleen (D) and peripheral LNs (E) 5 days after adoptive transfer into d1.5 (triangles) or d0.5 (open
circles) Ccl19**, Ccl19*~, and Ccl197" littermates (all CD45.2*); data were compiled from three (D) or two (E) independent experiments. Triangles and open
circles represent data from individual mice, and bars represent the means.

(F) Relative mRNA expression levels of Cc/19, Ccl21, and Cxcl13 as assessed by real-time RT-PCR from spleens of d5.5 Ccl19*+ (n=5), ¥~ (n=12),and ~/~ (n=9)

littermate mice, respectively.

CCL19 Is Critical for Proper Formation of Splenic T
Zones

It was proposed that the reduced splenic T cell numbers in
neonatal Ccr7”~ mice are secondary to a thymic exit defect
and caused mostly by the absence of CCL19 signaling (Ueno
et al., 2002), but later data from the same group showed rela-
tively normal thymocyte numbers in Ccr7~'~ and plt/plt (Ccl19/
217/7) neonates (Ueno et al., 2004), consistent with our own find-
ings for these two strains (not shown). To gain further insight, we
analyzed neonatal Cc/79~'~ mice. No significant difference was
observed in the size of the various thymocyte subsets in d5.5
Ccl19~~ mice compared with littermates (Figure 2A). Neverthe-

less, CD4* and CD8"* T but not B cell numbers were strongly
reduced in the spleen of d5.5 Ccl/719~'~ mice (Figure 2B), leading
to markedly smaller T zone areas (Figure 2C). In contrast,
lymphocyte numbers in LNs were normal (not shown). The
splenic T cell accumulation defect proved to be thymus indepen-
dent and T cell extrinsic as adoptive transfers of adult wild-type
(WT) lymphocytes into d0.5-1.5 Cc/79~/~ neonates reproduced
the adult Cc/19™'~ spleen phenotype while showing normal
homing to LNs (Figures 2D and 2E). Analysis of d5.5 spleen tran-
script levels confirmed that Cc/79~~ mice lack only Ccl19
expression, with no alterations of Cc/271 and Cxcl13 (Figure 2F).
Together, our results show that CCL19 deficiency causes
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defective T cell accumulation in the nascent WP with the second
CCRY7 ligand, CCL21, not being able to compensate for this
defect.

LTa1B2-Dependent Expression of Homeostatic
Chemokines Occurs in Distinct Waves

To better understand the role of chemokines in WP formation we
assessed the expression pattern of Ccl19, Ccl21, and Cxcl13
transcripts. Cc/19 mRNA expression was strongly induced
around birth and reached the 50-fold higher adult levels by
d8.5 (Figure 3A). In contrast, Ccl/21 transcripts were already high-
ly expressed on d0.5 and dropped almost 10-fold on d2.5, and
this was followed by a steady increase into adulthood. Finally,
Cxcl13 transcripts were high from d0.5 onward and showed
only a small change over time. These results indicate that the
expression and regulation of these three chemokines is surpris-
ingly diverse.

Transcripts of these three chemokines have been reported to
be present both in mesenchymal and vascular cells of embryonic
spleen (Castagnaro et al., 2013; Vondenhoff et al., 2008) and pro-
posed to be LTaf independent, as hardly any LTa1B2-express-
ing cells were found at birth (Vondenhoff et al., 2008). To identify
the time point of LTa1B2-dependent chemokine induction, the
levels of the three chemokines were assessed at various times
in neonatal spleen of Lta ™'~ versus WT mice. Whereas Ccl19
expression was LTo1B2 dependent at all time points, including
d0.5, Ccl21 expression became LTa dependent only by d5.5
and Cxcl/13 by d8.5 (Figure 3A). The LTa-dependent induction
of Ccl19 at atime when no T cells were present in the spleen sug-
gested that B cells or ILC3 were the likely LTa1B2 source. To
investigate the B cell requirement for chemokine expression,
transcripts from neonatal spleens of B cell-deficient mice
(Ber™™) were analyzed (Figure 3A). Strikingly, at all time points
investigated Cc/19 transcripts were reduced to the same extent
as in Lta™'~ spleen. Ccl21 and Cxcl13 expression was similarly
dependent on B cells as on LTa, starting on days 5.5 and 8.5,
respectively. Taken together, these genetic data suggest that
B cells are the critical LTa source during WP development.

IgD* IgM"eh B Cells Are the Major LT« 1B2 Source in
Neonatal Spleen Development

The relative contribution of B cells and ILC3 as LTa.1B2 source in
postnatal WP development is controversial (Ngo et al., 2001;
Tumanov et al., 2003; Vondenhoff et al., 2008; Withers et al.,
2007). As we observed LTa1p2-dependent Ccl19 expression
on d0.5 when no LTa1B2-expressing cells have been detected
in a previous study (Vondenhoff et al., 2008), we reinvestigated
this issue by measuring surface LTa1B2 levels on postnatal sple-
nocytes. At all time points investigated, LTa1p2 expression was
observed mainly on B cells and ILC3 and at later stages also on
T cells (Figures 3B, 3C, S1A, and S1B). B cells express very low
levels of surface LTa1B2 at birth, but this level increases gradu-
ally thereafter (Figures 3B and 3C) (Vondenhoff et al., 2008).
Among the B cell subsets investigated, the highest LTa1p2
expression was found on IgD* IgM"9" cells representing mature
B cells (Figures 3B and S1A). In addition, we observed
40%-50% of ILC3 expressing high LTa1B2 levels, independently
of the time point investigated (Figures 3C and S1B). However,
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LTa1p2" ILC3 are relatively rare cells with LTa1p2* B cells
outnumbering them at all time points investigated, with B cells
being 7, 16, and 180 times more frequent on d0.5, d2.5, and
d5.5, respectively (Figure 3C). Consistent with this finding, Lta
and Ltb transcripts were enriched in IgMM" B cells of d5.5
neonatal spleen, with intermediate levels in IgM'" B cells and
low levels in the less frequent CD19-CD4 CD45" splenocytes
(Figure 3D). To test genetically a role for LTa182* B cells in WP
development, d8.5 spleens of mice with a B cell-specific Ltb
deletion (Cd19-cre x Ltb™™ were investigated. Seventy-five
percent of the floxed Ltb loci were deleted in sorted B cells (Fig-
ure S1C). As a consequence, transcripts of all three chemokines
were reduced by 50%-70%, although Cc/19 and Ccl21 levels
stayed somewhat above those in Ltb~'~ and Lta ™'~ spleens (Fig-
ure 3E), possibly because of the incomplete Ltb deletion in
B cells. In summary, our evidence points to B cells being an
important LTa1B2 source within the postnatal WP cords.

LTBR* Desmin* Fibroblasts Act as Chemokine-
Expressing Organizer Cells

To determine the chemokine-expressing cell types, we frac-
tionated the neonatal spleen into hematopoietic versus stromal
cells. Transcripts for all three chemokines were enriched 10- to
5,000-fold in the stromal cell fraction (Figure 4A), similar to
adult spleen (Link et al., 2007). Next, neonatal spleen suspen-
sions were analyzed by flow cytometry for LTBR* stromal cells.
Among CD45 cells, only around 3.5% of d10 splenocytes
expressed surface LTBR (Figure 4B), mostly because of the
presence of many Ter119* erythroblasts. Similar to adult
spleen (Fasnacht et al., 2014), LTBR™ cells could be subdivided
into CD31~ non-vascular cells and CD31" vascular cells (Fig-
ure 4B). Similar data were obtained for d5.5 and d2.5 spleens
(Figures S2A and S2B), but given the higher cell numbers in
d10 spleen, this time point was chosen to sort various cell pop-
ulations suspected to be chemokine sources. LTBR* CD31~
cells were the most abundant source of Ccl719, Ccl21, and
Cxcl13 mRNA with at least 30-fold higher expression than in
LTBR* endothelial cells, other CD45~ cells, or pooled CD45*
cells (Figure 4C). Further phenotypic analysis of both LTBR"
stromal cell fractions revealed that the CD31~ stromal cells
in d5.5-d6.5 spleen expressed platelet-derived growth factor
receptor (PDGFR) o, PDGFRB, VCAM-1, intercellular adhesion
molecule-1 (ICAM-1), endoglin, CD44, and intracellular desmin
(Figure 4D; Table S1), similar to d2.5 spleens (Figure S2C).
Only a very small subset of CD31™~ stromal cells express podo-
planin, while no BP-3 was detectable at that stage (Figure 4D),
suggesting that these cells were of mesenchymal nature but
not yet fully matured relative to their adult counterparts (Link
et al., 2007).

Some of the identified stromal markers were then used to
define the localization and organization of these stromal cells
(Figure 4E). Histological analysis confirmed that reticular podo-
planin and BP3 staining was observed only from day 8 onward
(Figure S3A) (Balogh et al., 2001; Bekiaris et al., 2007; Qin
et al., 2007). However, podoplanin was frequently expressed
by vessels displaying many characteristics of lymphatics
(Lyve1*CD31" Prox1* VEGFR3" Meca32"), including LTB-inde-
pendent CCL21 protein expression. These vessels were frequent
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Figure 3. Chemokine Expression in the Developing WP Shows a Sequential Dependence on Lymphotoxin that Is Provided Mainly by Mature
B Cells during Postnatal WP Development

Real-time PCR analysis for the expression of Ccl19, Ccl21, and Cxcl13 in total spleen at different time points after birth.

(A) Relative transcript levels in spleens of WT versus Lta™" and Ber™~ mice. Data are representative of n = 3 mice/genotype for all time points except day 23.5 and
the day 0.5 Lta~’~ sample (n = 2).

(B) Flow cytometry analysis of surface LTa1B2 expression on splenic CD19* IgM™S" IgD* B cells of WT neonates at the indicated days after birth, using LTBR-Fc
(white shading) versus LTBR-Fc preblocked with a LTB-neutralizing antibody (gray shading) to highlight the LTa1p2-specific signal.

(C) Frequency and number of LTa.1B2-expressing CD19" B cells and CD45* CD4* CD3~ or TCRB~ CD19™ cells (ILC3) in the spleen of neonatal and adult WT mice.
Data in (B) and (C) are representative of n > 4 samples per time point.

(D) Real-time PCRto assess Lta and Ltb transcript levels in sorted B cells (IgM"" versus IgM'®” CD19*CD45*) and CD19~ CD4 ™ cells from a pool of d2.5 WT spleens.
(E) Real-time PCR to assess chemokine expression in spleens of d8 Ltb™" (WT, n = 4), Cd19-Cre* Ltb™" (B-Ltb™", n = 17), Ltb™" (n = 3), and Lta™~ (n = 2) mice
displayed as percent of average WT level.

See also Figure S1.

in dO-d5 spleen and often found at the edge of developing WP
cords but rare and ensheathed in trabeculae of adult spleen (Fig-
ures S3B-S3F), confirming past reports on adult spleen
(reviewed in Shimizu et al., 2009).

Known markers for LN mesenchyme identification, such as
ICAM-1, VCAM-1, and mucosal vascular addressin cell adhesion
molecule-1 (MAdCAM-1), were not very specific for splenic
mesenchymal cells. VCAM-1 expression was found all over the
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Figure 4. LTBR-Expressing Mesenchymal Cells Are the Major Chemokine Source in Nascent WP Cords

(A) Real-time PCR analysis for the expression of Cc/19, Ccl21, and Cxcl/13 on either unfractionated spleen (total) or from suspendable (hematopoietic) or non-
suspendable (stromal) spleen fractions from d5.5 WT mice (n = 3). Similar results were obtained for d2.5 spleen fractions.

(B-D) Single-cell suspensions from d10.5 (B and C) and d6.5 (D) spleens digested by collagenase and stained with surface markers while excluding dead cells
(7AAD™). (B) Flow cytometric gating strategy to identify two subsets of LTBR* CD45~ stromal cells: CD31 reticular cells and CD31" vascular cells. (C) RT-gPCR
for Ccl19, Ccl21, and Cxcl13 mRNA levels in the indicated three CD45~ and one CD45* splenocyte population. (D) Flow cytometry histograms showing the
expression of additional markers (black line) on the surface of CD31™ reticular and CD31* vascular cells (gray shading, no primary antibody control). n > 2.
(E-G) Immunofluorescence staining of splenic sections with the markers and at the days after birth indicated. (E) d5.5 spleen with arrowheads pointing out
desmin* mesenchymal cells localized within the nascent WP and their expression of other stromal cell markers (SMA, LTBR, VCAM-1, but not CD31 that marks

(legend continued on next page)
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d5 spleen, on both reticular cells and vessels; ICAM-1 stained
most WP cells, including lymphocytes, and MAdCAM-1 was
found only in the outer WP, including on vessels (Figures 4D and
4E; data not shown) (Vondenhoff et al., 2008). Among the other
mesenchymal markers, desmin staining appeared to highlight
best the sites of nascent WP cords where B220* B cells clustered
and laminin* fibers were apparent (Figures 4E, 4F, S3A, S4A, and
S4B). In day 5 spleen, desmin* cells formed a reticular network
around the a-smooth muscle actin («SMA)* central arteriole and
covering the whole B cell area, with a denser reticular network
encircling the B cell clusters (Figures 4F and S4A). Desmin® cells
expressed LTBR in addition to VCAM-1 and PDGFRS (Figures 4D
and 4E). The presence of various mesenchymal markers along
with their fibroblastic morphology and association with laminin fi-
bers indicated that these LTBR™" cells are fibroblasts.

In d5.5 spleen, aSMA expression labeled only desmin™ fibro-
blasts of the inner WP, in addition to its strong expression on
desmin* smooth muscle cells wrapping around the CD31* cen-
tral arteriole (Figures 4E and 4F). Therefore, WP cords were
investigated at different time points using «SMA and desmin
as markers (Figures 4F and S4B). On d0.5, few desmin® reticular
cells were observed adjacent to aSMA* smooth muscle cells
enwrapping the central arteriole, with the first scattered B cells
being grouped around it. On d2.5, a small x*SMA™ desmin™ retic-
ular cell network had formed around the central arteriole and
throughout the growing B cell cluster. From d5.5 onward, two
types of WP reticular cells could be distinguished: an outer ring
of desmin* aSMA™ cells colocalizing with B cells, and an inner
zone of desmin® aSMA* cells colocalizing with T cells (Figure 4F).
CD4*3~ ILC3 localized similarly as B cells, close to the central
arteriole on d0.5 and in the outer WP on d5.5, but always within
the desmin™ reticular network (Figure 4G). In conclusion, our data
demonstrate that the organization into T and B zones in the post-
natal WP is accompanied by distinct stromal fibroblast networks
in each zone, distinguishable by desmin and «SMA expression.

CCL19cre-Expressing Fibroblasts Act as Precursors of
Both B and T Zone Fibroblasts

To further substantiate the existence of two fibroblast subsets in
d5 WP cords, we performed in situ hybridization for lymphoid tis-
sue chemokines in combination with antibody staining for des-
min and SMA (Figure 5A). Cc/19 and Cc/21 mRNA co-localized
with desmin™ «SMA?* fibroblasts of the inner WP, while Cxcl/13
mRNA was produced by a thin rim of desmin* «SMA™ fibroblasts
of the outer WP. The co-staining revealed a third outermost WP
stromal cell layer expressing high levels of desmin but no detect-
able Cxcl/13 mRNA. As MAdCAM-1 expression is very prominent
in that zone, these latter fibroblasts may participate in MZ devel-
opment (Zindl et al., 2009). A similar functional segregation into T
and B zone stroma was observed in d5 spleen by antibody label-
ing of CCL19, CCL21, and CXCL13 protein with CCL19 protein

colocalizing with desmin* cells of the T cell zone and CXCL13
protein predominantly with desmin*aSMA™ cells of the B cell
zone (Figure 5B). High CCL21 protein expression was enriched
in the inner WP, but lower levels were also apparent in the outer
WP. In addition, CCL21 protein was also seen on lymphatic
vessels (Figures 5B and S3B).

Having previously observed high levels of Ccl27 and Cxcl13
transcripts in d0.5 spleen and the strong induction of Ccl/19
mRNA between d0.5 and d2.5, we wished to identify the chemo-
kine-expressing cells at these earlier times, by both antibody
staining and fate mapping using Ccl/19-cre crossed to Rosa26-
eyfo™" reporter mice. In d0.5 spleen, only single reticular
EYFP* cells were visible next to central arterioles, consistent
with very little CCL19 protein being detectable (Figure 5C). On
d2.5, the EYFP* reticular network was strongly enlarged around
the central arteriole, with many cells expressing CCL19 protein
and correlating in time with first T cells localizing to the inner
WP zone. In d5.5 spleen, the EYFP* reticular cell network
comprised the zones occupied by both T and B cells. The
CCL19 protein staining colocalized with reticular EYFP™ cells of
the inner but not outer WP, suggesting that CCL19 expression
is low or has been downregulated in EYFP* cells of the outer
WP or their precursors (Figure 5C). On d5.5, almost all reticular
EYFP* cells expressed CCL21 protein, while CXCL13 protein co-
localized only with the outer rim of EYFP* cells. These findings
indicate functional specialization among WP fibroblasts, with
all of them being derived from cells having expressed at one
point Ccl19 transcripts. In contrast to CCL19, expression of
CCL21 and CXCL13 protein was already detected in d0.5
spleens. CCL21 protein is present at high levels on lymphatic
vessels, often outside the developing WP cords, with their fre-
quency decreasing between d0.5 and d5.5 correlating with the
drop in Ccl21 transcripts (Figures 3A, 5C, and S3B). Within the
developing WP, CCL21 expression was visible on d0.5 only on
central arteriole-associated perivascular cells, with reticular
CCL21 staining starting from d2.5 onward on EYFP* cells. In
contrast, in d0.5 spleens, CXCL13 protein labeled only central
arteriole-associated perivascular cells, which were EYFP™
CD34~ desmin™ (Figure 5C; not shown). This perivascular stain-
ing persisted up to d5.5, but in addition CXCL13 protein became
visible on EYFP* reticulum of the outer WP. Together, our data
demonstrate that LTBR*CD31™ cells identified by flow cytometry
as major chemokine source can be mapped histologically to
desmin® fibroblast networks that organize WP cords, with a
functional specialization detectable around d5.5.

Mice Deficient in B Cells or LT Fail to Trigger the
Growth and Differentiation of the Early B and T Zone
Stromal Cell Networks

Next, we asked what cells and signals are required for develop-
ment of aSMA™ T zone fibroblasts expressing CCL19/21, and

the CA). Data are representative of three independent experiments (E and F). (F) «SMA and desmin staining identifying the sites of early lymphocyte clustering and
showing the gradual development of the splenic WP stroma, along with its differentiation into «SMA* desmin* T zone and «SMA~ desmin* B zone fibroblasts.
White rectangles indicate the area of higher resolution shown on the right (F and G). Arrowheads indicate desmin* «SMA* stromal cells in the inner WP, proximal
to the «SMA* smooth muscle layer around the CA. (G) ILC3 (CD3~ CD4") are indicated by white arrowheads and colocalize also with desmin™ WP fibroblasts.
White rectangles indicate the area of higher resolution on the right. Scale bars represent 25 um (E) and 50 um (F and G).

See also Figures S2-S4 and Table S1.
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(legend continued on next page)
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aSMA™ B zone fibroblasts expressing CXCL13. As CCL19
expression is important for splenic T zone development, we
investigated if CCL19 deficiency affects WP fibroblast develop-
ment. Despite the absence of T cell clustering in d5.5 WP cords
of Ccl19~~ mice, WP fibroblasts still developed into aSMA*
and aSMA™~ desmin* cells, in ratios similar to control mice
(Figure 6A). Protein staining confirmed the absence of CCL19
signals in Ccl19~/~ spleen, while CCL21 and CXCL13 protein
levels appeared unaltered (Figure 6B), consistent with mRNA
analysis (Figure 2F). The segregation into a CCL21" and a
CXCL13"* zone was also maintained, but CXCL13" fibroblasts
were positioned closer to the central arteriole because of the
absence of T cells (Figure 6B). These data indicate that
CCL19 and T cells are dispensable for the differentiation of
WP fibroblasts into the two fibroblast subsets. In agreement
with this conclusion, deficiency of T cells (Terbd ™ ~) did not alter
the development of the two fibroblast networks in d5.5 spleen
(Figure 6C).

To gain deeper insight into the relative roles of B cells versus
ILC3 as LTa1B2 source in WP stroma development, spleens of
d5.5 Ber '~ and Rorc ™/~ neonates were analyzed. WP regions
of Rorc™~ mice were comparable in size with those of WT
mice, with normal T and B cell zones, and the two types of
WP fibroblast networks (Figures 6C and S5A). In contrast, WP
cords of d5.5 Ber™'~ mice consisted of unusually compact
T cell regions with an underlying desmin* fibroblast network
that did not go beyond the T zone and was therefore very small
(Figures 6C and S5A), resembling d0.5 WP cords of WT mice.
However, most fibroblasts were oSMA* CCL21", with
aSMA~desmin* fibroblasts in the outer WP being reduced
and hardly expressing CXCL13 (Figure 6C; not shown). Next,
we investigated whether the fibroblast phenotype of d5.5
Ltb™~ mice resembles that of Bcr™'~ mice. As expected (Qin
et al., 2007; Vondenhoff et al., 2008; Withers et al., 2007; Zindl
et al., 2009), T and B zones of d5.5 Ltb™'~ spleens were very
small, with a more marked reduction in T cells than B cells (Fig-
ure 6D), reminiscent of d0.5 WT spleens. The reduced T and B
lymphocyte accumulation in Ltb™'~ spleens was not due to
diminished CCR7 and CXCR5 expression levels (Figure S6),
pointing to a reduction in stromal chemokine expression as
the most likely cause. Ltb ™'~ WP cords contained only rudimen-
tary desmin* reticular networks around the central arteriole,
with no obvious shift in the ratio of aSMA™ positive fibroblasts
relative to WT mice (Figures 6E and S5B). As expected, all retic-
ular CCL19 and CCL21 protein staining was absent in d5.5
Ltb™'~ WP cords. However, vessel-associated CCL21 and
CXCL13 were still present (Figures 6F and S3F), thereby
providing an explanation for the LT independence of these tran-
scripts in d0-d5 spleen. In conclusion, our data show that
B cells and LTa1B2 signals play a critical role in CCL19/21
expression and expansion of the desmin™ fibroblast network
in the developing WP.

DISCUSSION

In this study, we find that murine WP development takes place
in at least four discernible stages. During stage 1 (d0.5), fibro-
blastic precursor cells proximal to the central arteriole are trig-
gered to express chemokines upon encounter of LTa1p2-ex-
pressing inducer cells, mainly B cells and ILC3 (Figure S7).
During stage 2 (d2.5), these desmin* and chemokine-express-
ing organizer cells start forming a larger network around the
central arteriole while also clustering with ILC3 and an
increasing number of B cells. During stage 3 (d5.5), the fibro-
blasts differentiate into two subsets expressing distinct chemo-
kines that drive T cell clustering in the inner WP and B cell
clustering in a ring around the T zone. During stage 4 (d8.5), T
zone and B zone fibroblasts differentiate further and adopt
the phenotype of adult T zone FRCs and FDCs, which coincides
with clear T-B segregation and the development of polarized B
cell follicles. Several lines of evidence are provided that the
principal WP inducer cell is a LTa1p2-expressing B cell, while
the organizer cell is a LTPR-expressing fibroblast that is trig-
gered to express homeostatic chemokines, starting around
d0.5 and continuing until adulthood. This B cell-LTo interaction
drives also the expansion and differential chemokine expres-
sion by the two fibroblast subsets, eventually leading to a
compartmentalized mature lymphoid tissue.

Cxcr5~/~Ccr7~'~ mice fail to develop organized splenic WP
cords (Ohl et al., 2003). Here we show that CXCRS5 is not critical
in the early process of lymphocyte clustering in the WP, nor for
the normal T and B cell accumulation, reminiscent of adult
Cxcl13~/~ spleens (Ansel et al., 2000). In line with these findings,
we observed normal surface LTa1B2 expression on d5.5 B cells
from Cxcr5~/~ spleens (unpublished observations), arguing
against a CXCR5-dependent feedback loop at this stage of
WP development. The normal initiation of WP development in
Cxcr5~/~ mice is in sharp contrast to the strong defect in devel-
opment of most LNs and PPs. Of note, in the few LNs developing
in Cxcl13~/~ mice, the early T-B accumulation and segregation
occur normally, including LTa1B2 expression on Cxer5™/~
ILC3, with only the later development of FDCs and polarized fol-
licles being defective (Cupedo et al., 2004; Luther et al., 2003).
We propose that CCR7 on B cells may compensate for CXCR5
deficiency by positioning them next to the central arteriole,
where we observed CCL21 expression and perivascular mesen-
chymal cells that may act as LTa1p2-dependent precursor cells
(Sitnik et al., 2016).

In this study, we identified a limiting role for CCR7 and its
ligand CCL19 in T cell accumulation and the formation of a T
zone characteristic for the third stage (d5.5) of WP development,
with this neonatal defect persisting into adulthood (Link et al.,
2007). The B cell compartment is, however, hardly affected in
neonatal and adult Cc/719~/~ mice (Link et al., 2007), similar to
findings in neonatal Ccr7 '~ mice (Ueno et al., 2002). Contrary

(C) Immunofluorescent antibody staining of T and B cells as well as EYFP* stromal cells in spleen sections of Rosa26-eyfp

Cel19-cre+ mice at indicated time points.

Expression of CCL19, CCL21, and CXCL13 proteins is shown in combination with EYFP* stroma cells. Arrowheads indicate the perivascular cell layer sur-
rounding the CA; arrows indicate the chemokine-expressing EYFP* reticulum. Data are representative of at least two independent experiments. CA, central

arteriole.
Scale bars in (B) and (C) represent 100 pum.
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to a previous study in which neutralizing goat antibodies were
used to study CCL19 function in neonates (Ueno et al., 2002),
our study of Cc/79™/~ neonates did not reveal a thymic defect,
consistent with the normal thymic medulla of Cc/79~/~ mice (Ko-
zaietal., 2017; Link et al., 2007), leading us to propose that there
is a non-redundant and thymus-independent role for CCL19 in
T cell attraction and/or retention in the neonatal spleen but not
LNs. This is in contrast to adult Cc/79~/~ mice, in which short-
term T cell homing to the spleen was found to be normal (Link
et al., 2007). This neonatal spleen defect cannot be compen-
sated for by the other CCR7 ligand, CCL21, which remains
normally expressed, similar to adult Cc/79~/~ SLOs (Link et al.,
2007). Given that Ccr7~/~ and plt/plt mice have a stronger
splenic T cell accumulation defect than Cc/19~~ mice (data
not shown) (Ueno et al., 2004), one may predict that both
CCL19 and CCL21 have essential roles in forming a properly
sized splenic T zone. Indeed, the recent characterization of
Ccl21~'~ mice shows an increased number of T cells localizing
to the red pulp rather than the T zone (Kozai et al., 2017).

Here we report the quantification, localization, and regulation
of early postnatal CCL19 and CCL21 when major steps in WP
development occur. On d0.5, CCL21 protein was much more
abundant than CCL19 and associated with neonatal lymphatic
vessels, consistent with previous evidence of a vascular source
in embryonic spleen (Castagnaro et al., 2013; Vondenhoff et al.,
2008). We obtained no evidence for a role of these CCL21* ves-
sels in WP development, given that the early clustering of B cells
and ILC3 occurred preferentially in the perivascular niche of the
central arteriole and was associated with reticular desmin* fibro-
blast networks expressing CCL21 and CCL19 protein in a
LTa1p2- and B cell-dependent manner. We believe the LT
dependence of fibroblastic Ccl27 transcripts was not observed
before day 5.5 because of the more abundant lymphatic
CCL21 expression. On the basis of our histological evidence,
we propose that CCL21 expression by mesenchymal cells may
occur around the same time or shortly after CCL19 protein
expression and is a consequence of the colocalization with
LTa1p2-expressing B cells and ILC3.

In contrast to CCL21, CCL19 protein or mRNA expression was
rarely observed in d0.5 spleen, similar to previous E18.5 data
(Castagnaro et al., 2013). Fate mapping using d0.5 Ccl19-cre
mice detected only rare fibroblastic cells next to central arteriole,
but over the next 5 days, a larger Ccl/19-cre* fibroblast network
developed from there, covering the whole WP cord, similar to

adult spleen (Chai et al., 2013; Fasnacht et al., 2014). On day
2.5, CCL19 protein colocalized exclusively with the growing
reticular network of desmin* Ccl19-cre™ cells, thereby confirm-
ing the transgenic Cre expression pattern. Given that these cells
are the only CCL19 source the time point of the early LTa1p32
signals can be mapped to d0.5-2.5, when the condensation of
desmin* Ccl19-cre™ mesenchymal cells starts around the central
arteriole and is accompanied by the co-clustering of B cells and
few ILC3. It is reminiscent of embryonic clusters of ILC3 along
with VCAM-1* stromal cells during LN and PP development
(Randall et al., 2008; Roozendaal and Mebius, 2011) and marks
the start of WP growth. Consistent with this notion, mice defi-
cient in LTP or B cells do not proceed efficiently beyond stage
2 structures, essential for the subsequent induction of T cell
attractants. In line with this finding, Cc/79~~ and Ccr7 '~
spleens show a defect in the subsequent step around d5.5,
when T cell accumulation usually occurs. Therefore, there seems
to be a clear sequence of events with a need for clustering of
LTa1p2" B cells before T cells can be efficiently attracted into
nascent splenic WP cords.

Both B cells and ILC3 have been proposed to act as lymphoid
tissue inducer cell during WP development (Ngo et al., 2001;
Tumanov et al., 2003; Vondenhoff et al., 2008; Withers et al.,
2007). We observed that B cells express functional CXCR5 and
CCRY7 (Neely and Flajnik, 2015), similar to splenic ILC3 (data
not shown) (Kim et al., 2006). B cells showed a gradual increase
in LTa1B2 expression levels during the postnatal phase, with the
highest levels observed in the more mature B cell subsets (Neely
and Flajnik, 2015). This is in contrast to ILC3, which we found to
express high LTa1B2 surface levels already before WP initiation,
consistent with transcriptional data (Kim et al., 2006), but not a
previous protein staining (Vondenhoff et al., 2008). The reason
for this discrepancy in surface LTa1B2 staining is currently
unclear. In contrast to B cells, the role of RORy-dependent
ILC3 appears not to be limiting for early WP development, as
indicated by our analysis of neonatal Rorc™~, Ber™'~, Ltb™/~,
and B-Ltb~'~ mice and consistent with adult spleen data (Cyster,
2005; Tumanov et al., 2003; Zhang et al., 2003). Therefore, we
favor a model in which B cells are the critical LTa1p2-expressing
inducer cell in splenic WP development (Ngo et al., 2001), with
ILC83 contributing in a redundant fashion to early WP develop-
ment around d0.5-2.5, when B cells are still infrequent and low
in surface LTaB expression. The role of LTa1p2" B cells as
inducer cells and critical cytokine sources in WP development

Figure 6. The Chemokine-Expressing WP Fibroblast Network Develops Normally in the Absence of CCL19 but Not in the Absence of LTa 152

Signals or B Cells

Immunofluorescent antibody staining for the indicated markers on spleen sections of d5.5 mice.

(A) Serial sections of Ccl19~/~, Ccl19*/~, and Ccl19*/* littermate control mice. WP organization is shown by T and B lymphocyte as well as stromal cell staining.
White rectangles indicate the area of higher resolution depicted in the lower panel. Histological quantification of d5.5 spleen sections of WT (Cc/19 */*) and
Ccl197~/~ mice depicts the ratio of areas positive for «SMA* desmin™ fibroblasts relative to all desmin* fibroblasts of the WP.

(B) Labeling of CCL19, CCL21, and CXCL13 proteins in WP (outlined by dashed line) of WT and Ccl19~~ mice. Dashed line indicates desmin* WP area (B and F).
(C) Consecutive sections of WT, Tcrbd~~, Rorc™~, or Ber ™'~ mice. Visualization of WP composition as shown in (A).

(D and E) Labeling of consecutive sections on a WT or Ltb™" background for B and T cells (D), as well as the two fibroblast subsets (E), along with the histological
quantification of the area size (D) or the ratio in areas (E) and the lymphocyte counts by flow cytometry (D).

(F) Immunofluorescence staining of chemokines in d5.5 neonates in Lt~ compared with WT littermates along with desmin as fibroblast marker. Arrowheads
highlight the chemokine-expressing perivascular cell layer surrounding the CA; arrows indicate the chemokine-expressing desmin™ fibroblasts.

Data in (A)—(E) are representative of several WPs of spleens from at least two WT and knockout mice of each type. CA, central arteriole. All scale bars represent
100 pm. See also Figures S5 and S6.

Cell Reports 27, 2500-2514, November 28, 2017 2511

OPEN

ACCESS
CellPress




OPEN

ACCESS
CellPress

is reminiscent of the previously described B cell function as
LTa1p2 and TNF-a sources in FDC development and mainte-
nance (Cyster, 2005; Tumanov et al., 2003). Of note, B cells
were also observed to cluster around the central arteriole in
the developing spleen of human fetuses and other vertebrates,
before the arrival of T cells (Namikawa et al., 1986; Neely and
Flajnik, 2016), suggesting that this is a conserved feature of
WP development, possibly with B cells being also the inducer
cells in humans. This raises the intriguing question of why B cells
have developed this role in shaping early WP development. The
spleen is evolutionary older than LNs and PPs and may have
preceded ILC3 development that could have evolved simulta-
neously with the lymph fluid system. Therefore, ILC3 may have
become essential for embryonic LN and PP anlagen formation
but dispensable for the evolutionary older splenic WP develop-
ment, despite their presence within developing WP cords. In
support of this notion, nurse sharks have a spleen but no
lymphatic system or LNs and also start WP development with
B cell clustering around central arteriole (Neely and Flajnik,
2016).

The stromal LTo of the postnatal WP cord, which, upon LTBR
stimulation, expresses CXCR5 and CCR?7 ligands, has so far
not been well defined. In embryonic spleen, Nkx2-5cre” mesen-
chymal cells were shown to express transcripts for Ltbr, Cxcl13,
and Vcam1, and upon transplantation to develop into functional
FRCs and FDCs organizing T and B zones, respectively (Castag-
naro et al., 2013). In fetal human spleen, the organization and
growth of an aSMA* reticular cell network was found to be asso-
ciated with B cell accumulation and WP growth and organization
(Satoh et al., 2009; Steiniger et al., 2007). Our flow cytometric
analysis, cell sorting, and histological analysis of LTBR-express-
ing cells from neonatal spleen identified the chemokine-express-
ing LTo as being a mesenchymal cell type expressing not only
LTBR but also PDGFRa/B, desmin, and Ccl19-cre. In support of
its role as an organizer cell, they expressed almost all CXCR5
and CCRY ligands inside the growing WP, formed a network,
and attracted and organized the hematopoietic cells, including
the inducer cells. Their growth and CCL19/21 expression
appears to be strongly dependent on B cells and LTa132.

Our study identifies the transition from d2.5 to d5.5 as the
period during which WP fibroblasts undergo a differentiation
into two phenotypically and functionally distinct but physically
connected desmin™ fibroblast subsets, with an «SMA*CCL19*
reticular network in the inner WP, often coexpressing CCL21,
and an aSMA~ CXCL13* network in the outer WP. Interestingly,
both WP fibroblast subsets have been fate mapped with Cc/19-
cre in neonatal spleen. Therefore, either these fibroblast subsets
truly originate from a common Cc/19-cre* mesenchymal precur-
sor, with the outer WP fibroblasts later downregulating CCL19
expression, or they share CCL19 expression at distinct times
of differentiation. Our observation that splenic WP cords in
Ber™'~ and Ltb~'~ mice fail to expand the desmin* reticular
network of both B and T zones may support the former hypoth-
esis of a common progenitor dependent on a growth and matu-
ration signal. Interestingly, LTa1p2 was not required for the
induction of two fibroblast subsets on the basis of ¥*SMA expres-
sion but critical for developing CCL19/21* and CXCL13* fibro-
blasts and thereby T and B zone compartmentalization.
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In summary, although many of the general features described
for LN formation appear to be conserved during splenic WP
development, including the continuous crosstalk between he-
matopoietic inducer and stromal organizer cells leading to a
stepwise organ development, the inducer and the organizer
cell types differ, as the earliest events of LN development are
thought to be characterized by embryonic ILC3 interacting first
with LTBR-expressing endothelial cells to initiate the vasculariza-
tion of the nascent organ (Onder et al., 2017) and later on with
LTBR* fibroblasts to induce the compartments before lympho-
cyte entry (Chai et al., 2013; Cupedo et al., 2004). In contrast,
the WP is initiated perinatally within the already existing and
vascularized spleen, with the development of lymphoid compart-
ments critically depending on mature B cells interacting with
LTBR* fibroblastic organizer cells. CXCR5 signals are much
more critical for LN anlagen development, while CCL19/CCR7
signals have a spleen-specific role in early T zone development.
Together, these findings point to distinct differences in the timing
and developmental processes of the various SLOs. An improved
knowledge of the steps occurring during perinatal SLO organo-
genesis should help in our understanding of comparable
processes observed in adults. Destruction followed by recon-
struction of adult WP cords has been described upon spleen
transplantation (Castagnaro et al., 2013) as well as during infec-
tion with certain viruses (Castagnaro et al., 2013; Scandella et al.,
2008), with disorganized lymphoid structures correlating with im-
munodeficiencies. Many autoimmune diseases and cancer
types show the de novo development of local lymphoid
structures, and our findings shed new light onto the roles of fibro-
blastic organizer cells and B cells as inducer cells in triggering
and maintaining these organized lymphoid structures.

EXPERIMENTAL PROCEDURES

Mice

The following mice on a C57BL/6 background were from The Jackson Labo-
ratory: Ccr7~/~, Cxer5~/~, Lta™/~, Ltb~/~, Terbd™'~, Ber™’~ (uMT '~ were
used for real-time PCR and Igh-J’/’ for immunofluorescence experiments),
Cd19-cre, CD45.1*, and WT C57BL/6 (B6) mice. Other mice used included
Ccl197/~ (Link et al., 2007) and Rorc™'~ (Sun et al., 2000). B cell-specific
Ltb~'~ (B-Ltb~'~) mice were created by crossing Cd19-cre with Ltb™" mice,
and the deletion was tested by Southern blot analysis, as described elsewhere
(Tumanov et al., 2002). CCL19 reporter mice were generated by crossing
Ccl19-cre with Rosa26-eyfo™" mice (Chai et al., 2013). All mice were
maintained in pathogen-free conditions and were age and sex matched for
experiments. All mouse experiments were authorized by the Swiss Federal
Veterinary Office and by the University of California, San Francisco (UCSF),
Institutional Animal Care and Use Committee.

Statistical Analysis

Results are reported as mean + SD. Statistical significance for Figure 3A was
determined using an unpaired two-tailed Student’s t test for unequal variance.
In Figure 4, Kruskal-Wallis tests were performed followed by Dunn’s multiple-
comparison tests to determine statistical significance. Significance is indi-
cated as follows: *p < 0.05, **p < 0.01, and ***p < 0.001.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
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