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Heterogeneity of stromal cells in the human splenic white pulp.
Fibroblastic reticulum cells, follicular dendritic cells and a third
superficial stromal cell type

Birte S. Steiniger," Verena Summary
Wilhelmi," Anja Seiler," Katrin

1 ) ., At least three phenotypically and morphologically distinguishable types of
Lampp and Vitus Stachniss

branched stromal cells are revealed in the human splenic white pulp by
nstitute of Anatomy and Cell Biology, and

*Histology Laboratory, Cliics of Dentistry, subtractive immunohistological double-staining. CD271 is expressed in

fibroblastic reticulum cells of T-cell zones and in follicular dendritic cells
of follicles. In addition, there is a third CD271~ and CD271"~ stromal
cell population surrounding T-cell zones and follicles. At the surface of
follicles the third population consists of individually variable partially
overlapping shells of stromal cells exhibiting CD90 (Thy-1), MAdCAM-1,
CD105 (endoglin), CD141 (thrombomodulin) and smooth muscle a-actin
(SMA) with expression of CD90 characterizing the broadest shell and
SMA the smallest. In addition, CXCL12, CXCL13 and CCL21 are also
present in third-population stromal cells and/or along fibres. Not only
CD27" and switched B lymphocytes, but also scattered IgD™™ B lympho-
cytes and variable numbers of CD4" T lymphocytes often occur close to
the third stromal cell population or one of its subpopulations at the sur-
face of the follicles. In contrast to human lymph nodes, neither podopla-
nin nor RANKL (CD254) were detected in adult human splenic white
pulp stromal cells. The superficial stromal cells of the human splenic
white pulp belong to a widespread cell type, which is also found at the
surface of red pulp arterioles surrounded by a mixed T-cell/B-cell popula-
tion. Superficial white pulp stromal cells differ from fibroblastic reticulum
cells and follicular dendritic cells not only in humans, but apparently also
in mice and perhaps in rats. However, the phenotype of white pulp
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. sheaths (PALSs), which surround central arteries, while B
Introduction o . .

lymphocytes prevail in round accumulations termed folli-

In human and rodent spleens T or B lymphocytes inhabit cles. The stromal cells providing the scaffold for migrat-
different compartments of the white pulp.'> T lympho- ing T lymphocytes in the PALS are named fibroblastic
cytes are concentrated in elongated periarterial lymphatic reticulum cells (FRCs), whereas the follicles are supported

Abbreviations: ABC, avidin-biotin complex; AP, alkaline phosphatase; DAB, diaminobenzidine; FRC, fibroblastic reticulum cell;
FDC, follicular dendritic cell; GC, germinal centre; iMZ, inner marginal zone; mAb, monoclonal antibody; MAdCAM-1, mucosal
addressin cell adhesion molecule-1; MRC, marginal reticulum cell; MZ, marginal zone; NBT/BCIP, nitro blue tetrazolium/
bromo-chloro indolylphosphate; NGFR, nerve growth factor receptor; oMZ, outer marginal zone; PALS, periarterial lymphatic
sheath; RANKL, receptor activator of NF-kB ligand; SMA, smooth muscle o-actin
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by follicular dendritic cells (FDCs). The shape and pheno-
type of both stromal cell types is different.*® In rodents
and humans the PALS and the follicles can be divided
into sub-compartments. Hence, in rats the outer PALS is
a migration area for B cells recirculating to or from the
follicles and for plasmablasts.”® In mice and rats both
PALS and follicles are delimited from the splenic red pulp
by the marginal zone (MZ), which is most prominent in
rats. In both rodent species this compartment is regarded
as a separate part of the white pulp. It houses a special
type of more or less sessile polyreactive B cells, which can
be phenotypically differentiated from follicular B cells.” !
In rodents and humans MZ B cells express surface IgM
but only reduced amounts of IgD.'* Whether MZ B cells
represent memory B cells or not is still debated in
rodents.” '* Tt is very likely that human MZ B cells con-
sist of a heterogeneous B-cell population.'”> The MZ is
also inhabited by special macrophage populations in mice
and rats.'* !¢

In contrast to mice and rats, the splenic MZ is difficult
to localize in humans. Up to now, the human MZ
has been associated with a superficial accumulation of
CD27" IgM* IgD™~ B cells in and around follicles. The
human MZ cannot be recognized as a separate compart-
ment, because in contrast to mice and rats humans do
not exhibit a marginal sinus or marginal metallophilic
macrophages, which delimit the MZ from the follicles
or the PALS.!”2° Hence, in humans the CD27" MZ B
cells partially intermingle with the small recirculating
CD27” IgM* IgD" B cells of the follicular mantle zone.
The human MZ has a complex structure, because the
superficial follicular area is subdivided into an inner mar-
ginal zone (iMZ) and an outer marginal zone (oMZ).192°
The inner part of the follicle including the iMZ is scaf-
folded by FDCs.*"** The iMZ therefore belongs to the
follicle proper, i.e. it is more appropriately described as
an outer part of the mantle zone occupied by
CD27" IgM* IgD*'~ large B cells. In contrast, the stromal
cells of the oMZ, which express smooth muscle o-actin
(SMA), mucosal addressin cell adhesion molecule-1
(MAdCAM-1) or CD141, are continuous with the stromal
cells of the superficial PALS."® 2 Part of the oMZ stromal
cells is often accompanied by a crescent-shaped arrange-
ment of CD4" T cells. The oMZ is also inhabited by
CD27" B cells, but the staining intensity of these cells is
less than in the iMZ and they are more widely spaced.
In addition, scattered IgD™* B cells also occur in the
oMZ."®2° Hence, the superficial regions of human splenic
follicles exhibit a complex and species-specific cell
arrangement which is morphologically and phenotypically
different from that in mice or rats.

Precisely defining the human MZ equivalent is of
importance, because MZ B cells have been shown to ful-
fil decisive functions for combating bacteria carrying
polysaccharide capsules.”> In addition, MZ B cells are
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regarded as pre-activated cells that are easily stimulated
to differentiate into IgM-secreting plasma cells.'>***
Human MZ B cells therefore function in T-cell-indepen-
dent immune reactions, but may also be recruited into T-
cell-dependent antibody production involving somatic hy-
permutation and immunoglobulin isotype switching.'*?*’
It is still controversial, whether human MZ B cells repre-
sent a unique B-cell lineage with an a priori pre-diversi-
fied repertoire existing independent of germinal centre
formation****** or whether they are a special population
of post-germinal centre cells.”® Several recent reviews>
suppose that both opinions are correct, but that at least a
subpopulation of human MZ B cells has a propensity to
react like cells of the innate immune system due to
immediate differentiation after co-stimulation by Toll-like
receptors.

A large proportion of human MZ B cells express the
CD27 surface molecule belonging to the tumour necrosis
factor-receptor family. In human blood, CD27" B cells
represent 15-20% of all circulating B cells.”’ Hence,
human MZ B cells most probably recirculate, a behav-
iour that has long been rejected for rodent MZ B cells.*”
However, recent’ and previous®® findings in mice and
rats indicate that MZ B cells are at least able to migrate
to splenic follicles after appropriate stimulation or that
they even permanently shuttle to and from the folli-
cles.”?

In humans, splenectomy or gut pathologies lead to
elimination or to a dramatic decrease in blood CD27" B
cells and B memory cells.’*>® It is supposed that the
loss of MZ B cells and of one of the largest phagocytic
compartments of the body predisposes humans to
overwhelming sepsis after splenectomy.”® An additional
interpretation of the phenomenon is that splenectomy
removes the decisive recirculation compartment, which
maintains MZ B-cell vitality and function. MZ B-cell sur-
vival may depend on bacterial or viral components that
are directly extracted from the blood, because the human
spleen most likely has an entirely open microcirculation.*’
This means, that capillaries of the human splenic red
pulp do not join the venous sinuses, but pour their blood
into the loose connective tissue of the splenic cords
through open ends. This is especially evident in the peri-
follicular zone where erythrocytes, neutrophils and mono-
cytes accumulate in spaces without endothelial lining
superficial to the CD27" MZ B cells."'®*' The human
perifollicular zone is most likely perfused by special cir-
cumfollicular arterioles, which continue into an open
perifollicular network of sheathed and non-sheathed cap-
illaries. Capillary sheaths form a human-specific B-cell
compartment at the follicular surface and in the entire
splenic red pulp.” It is well documented in humans and
animals that at least erythrocytes finally enter the splenic
sinuses from the surrounding connective tissue through

openings between the sinus endothelial cells.***
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Our present investigation is intended to more precisely
define the stromal cells of the splenic superficial T- and
B-cell zones in humans with emphasis on perifollicular
stromal cells adjacent to CD27" B cells. The two most
crucial antigens detected are CD271 and MAdCAM-I1.
CD271 designates the low-affinity nerve growth factor
receptor (NGFR, p75), which has been described to be
present in neural crest-derived cells and mesenchymal
stem cells in the bone marrow, in the dental pulp and in
other locations in humans and mice.** The function of
CD271 in these cells is not clear. It has been speculated
that CD271 is involved in inhibiting their differentia-
tion.*> There have been several reports that reagents
detecting NGFR p75 react with human FDCs.**™** MAd-
CAM-1 is expressed in mouse spleens.*” It serves as an
endothelial adhesion molecule mediating entry of lym-
phocytes into the gut wall and into other mucosa-associ-
ated lymphoid tissues in adult mice.’*”!

We demonstrate a third population of stromal cells
superficial to FRCs and FDCs. These cells are also present
in red pulp periarteriolar lymphocyte sheaths, which rep-
resent neither T-cell nor B-cell regions.

Materials and methods

Specimens

All single-staining experiments were performed in paraffin
sections of the spleen of a 22-year-old male who had died
of an extra-abdominal trauma. The distribution of CD271
was tested in five additional spleen specimens of patients

Table 1. Antibodies used

with splenic trauma. Most of the double-staining reac-
tions shown in Table 2 were performed in three to five
different individuals aged 17-73 years. If necessary, cryo-
sections of the spleen of a 17-year-old male with extra-
abdominal trauma were used. Selected problems were also
investigated in cryosections of three additional individuals
aged 15-51 years.

The specimens were obtained by cooperation with mem-
bers of the Clinics for Visceral, Thoracic and Vascular Sur-
gery and of the Institute of Pathology of Marburg
University Hospital between 1994 and 2000. The regula-
tions for patients’ consent valid at that time were followed.

Pretreatment of sections

Paraffin sections were dewaxed and treated with glucose
oxidase (Sigma, St Louis, MO; No. G-6641 at 100 U/ml
in PBS, pH 7-2, containing 20 mm B-p-glucose and 2 mm
NaN3) for 1 hr at 37° to remove endogenous peroxidase
activity. The standard antigen retrieval was autoclaving in
citrate buffer pH 6-0. The polyclonal anti-CCL21 reagent
was applied after autoclaving at pH 8:0 with 1 mm
EDTA/H,O as published.”> Monoclonal antibody (mAb)
TM1009 (anti-CD141) could be used without antigen
retrieval. The mAbs AS02 (anti-CD90), 10A6 (anti-MAd-
CAM-1), 18H5 (anti-podoplanin), 4D5aE5E6 (anti-po-
doplanin), polyclonal anti-receptor activator of nuclear
factor-xB ligand (RANKL) and anti-CD105 gave optimal
staining only in cryosections. These sections were fixed in
100% isopropanol for 10 min at 4° before glucose oxidase
treatment and staining.

Specificity (human) Reagent name Distributor (Germany) Product no. Type of section
Podoplanin 4D5aE5E6 Reliatech, Braunschweig 101-M41 Cryo + paraffin
Podoplanin 18H5 Reliatech, Braunschweig 101-M40 Only cryo

RANKL (CD254) Polyclonal Peprotech, Hamburg 500-P133 Only cryo

RANKL (CD254) 2.1_3C12-2D11 Peprotech, Hamburg 500-M46 Cryo, weak in paraffin
CD105 Polyclonal Reliatech, Braunschweig 102-PA60 Only cryo

CD20 L26 DAKO, Hamburg MO0755 Cryo + paraffin

CD3 Polyclonal DAKO, Hamburg A 0452 Cryo + paraffin

CD4 4B12 DAKO, Hamburg M 7310 Cryo + paraffin

CD90 AS02 Dianova, Hamburg Dia 100 Only cryo

Smooth muscle a-actin Asm-1 Progen, Heidelberg 61001 Cryo + paraffin
MAdCAM-1 10A6 M. Briskin Reference 51 Only cryo

CD271 EP1039Y Abcam/Epitomics ab 52987 (Abcam), 1812-1 (Epitomics) Cryo and paraffin
CXCL13 Polyclonal Peprotech, Hamburg 500-P141 Cryo + paraffin
CCL21 Polyclonal Peprotech, Hamburg 500-P109 Paraffin, cryo not tested
IgD Polyclonal DAKO, Hamburg A0093 Cryo + paraffin

IgM Polyclonal DAKO, Hamburg A425 Cryo + paraffin

CD27 137B4 Quartett, Berlin 30410901 Cryo + paraffin
CD141 TM1009 DAKO, Hamburg Mo0617 Cryo + paraffin
Antigen unknown CNA.42 DAKO, Hamburg M7157 Cryo + paraffin
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Single staining

The antibodies (Table 1) were diluted as indicated for the
first antigen in Table 2 using PBS/1% BSA/0-1% NaNj
containing 0-003 mg/ml avidin. They were applied over-
night at 4°. Then the sections were incubated with
the biotinylated secondary anti-mouse or anti-rabbit anti-
body of the Vectastain Elite Kit for Peroxidase (Vector
Laboratories, Burlingame, CA; No. BA-9200, via Alexis,
Griinberg, Germany) for 30 min at room temperature as
recommended by the supplier with a final concentration
of 0-02 mg/ml biotin in the solution. The mAb CNA.42
was detected with a biotinylated anti-mouse IgM (Vector
Laboratories No. BA-2020). Subsequently, the avidin-bio-

Table 2. Double staining combinations tested

Human splenic white pulp stroma

tinylated peroxidase complex was prepared according to
the instructions and also applied for 30 min at room
temperature. Peroxidase activity was finally visualized in
brown colour by a diaminobenzidine reaction. With the
exception of the controls the sections were counterstained
with Mayer’s haemalum if necessary, dehydrated and cov-
erslipped in Eukitt. A negative control using the Vecta-
stain kit without a primary antibody was included in
each experiment.

Double staining

The antibodies were applied as depicted in Table 2. The
first primary antibody was revealed as described above.

First antigen (DAB) Antibody dilution

Second antigen (Fast Blue)

Antibody dilution and comment

SMA 1: 500 MAdCAM-1
SMA 1:50 CD27

SMA 1:500 CD20

SMA 1: 500 CD141
SMA 1:500 CD271
SMA 1:500 CD3

SMA 1:500 CD90
CD105 1: 1000 MAdCAM-1
CD105 1: 1000 SMA
CD105 1:500 CD141
CD105 1 : 3000 CD271
CD90 1 : 3000 MAdCAM-1
CD90 1 : 3000 SMA

CD90 1 : 3000 CD271
CD271 1:500 SMA
CD271 1:400 CCL21
CD271 1:100 CD141
CD271 1:500 MAdCAM-1
CD271 1:500 IgD

CD271 1: 800 IgM

CD271 1:800 CD20
CD271 1:500 CD27
CD141 1: 1500 CD271
CD141 1: 800 MAdCAM-1
CXCL13 1 : 10000 CD271
CD20 1: 400 CD271
CD3 1: 400 CD271
CD3 1:500 CD20

CD4 1:200 CD271

IgM 1: 1000 CD20

IgM 1 : 1000 IgD

IgD 1: 2500 CD20

IgD 1: 2000 CD271

IgD 1: 2000 SMA
CNA.42 1:40 MAdCAM-1
MAdCAM-1 1:10 CNA.42
MAdCAM-1 1:20 CD271
MAdCAM-1 1:20 CD141
MAdCAM-1 1:10 SMA

: 10, cryosections

: 20, special protocol, tyramide amplification'®
: 800

: 500

: 80

: 200

: 1000, cryosections
: 10, cryosections

: 100, cryosections
: 800, cryosections
: 100, cryosections
: 10, cryosections

: 100, cryosections
: 100, cryosections
: 100

: 1000, special antigen retrieval
: 200

: 10, cryosections

: 800

: 20001 : 4000

: 800

: 50, Fast Blue, then DAB, tyramide amplification
: 80

: 10, cryosections

: 200

: 500

: 500

: 800

: 100

: 800

: 200

: 800

: 100

: 100

: 10, cryosections

: 20, cryosections

: 200, cryosections
: 500, cryosections

o e e e b e e e i e e e e e e e e e e e e e e e e e e e e e e e e

: 100, cryosections
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After washing, the sections were then covered with the
second primary antibody overnight, which was revealed
by blue coloration using either the Vectastain Elite Kit for
alkaline phosphatase with biotinylated anti-mouse or
anti-rabbit immunoglobulin (Vector Laboratories, No.
AK-5000, via Alexis, Griinberg, Germany) or the ultravi-
sion LP kit (Thermo Scientific, Schwerte, Germany, No.
TL-060-AL) according to the manufacturer’s instructions.
The presence of alkaline phosphatase was shown by a
standard reaction using Fast Blue in AS-MX phosphate
buffer containing 0-24 mg/ml levamisole. For cryosec-
tions the concentration of levamisole was increased to
6 mg/ml. Double-stained specimens were coverslipped
with Mowiol (polyvinyl alcohol). MAACAM-1 was
double-stained versus CD27 in cryosections using the
nitroblue tetrazolium/bromochloro-indolylphosphate pro-
cedure published previously for visualization of CD3 and
CD27 in paraffin sections."’

Results

Stromal cells associated with T-cell regions

CD271 proved decisive for differentiating stromal cells in
the human splenic white pulp, both in paraffin sections
and in cryosections.”> It was strongly expressed in FDCs
of follicles and somewhat more weakly in FRCs of the
PALS.** In addition, strong staining for CD271 occurred
in certain adventitial stromal cells and in capillary sheaths
of the red pulp (Fig. la). In addition, diffusely arranged

branched stromal cells of the red pulp were more
weakly stained. A CD271" area was observed between the
CD271" FRCs of the PALS and the red pulp stromal cells
and also between the CD271"" FDCs of the follicles and
the red pulp (Fig. 1a).

Subtractive double-staining for CD271 and SMA
revealed that the SMA" branched cells in the red pulp
cords described in previous publications™'® were all
CD271"~ (Fig. 1b). At the surface of the PALS, however,
SMA and CD271 exhibited a more or less complementary
staining pattern. The CD271 areas were filled with a net-
work of SMA" stromal cells (Fig. 1b). It was clearly visible,
that these cells continued into the CD271" areas at the
surface of the follicles (Fig. 1c). In larger T-cell zones the
FRCs in the inner PALS tended to be SMA"™ and were
more loosely arranged than the stromal cells at the surface
of the PALS. However, there was a strong interindividual
variation in the intensity of SMA expression in FRCs. In
contrast, FRCs of the inner PALS were uniformly
CD271" in all individuals investigated. Interestingly,
double staining for CD271 and CD141 showed that both
the CD271" FRCs in the inner PALS and the superficial
CD271" stromal cells were uniformly CD141". The
CD141" stromal cells also continued at the surface of the
follicles (Fig. 1d). The distribution of CD271 in combina-
tion with SMA and CDI141 therefore showed that there
were at least two types of stromal cells in the human PALS,
an inner CD271" type and an outer CD271~ type. In some,
but not in all, specimens the outer CD271" stromal cells
were associated with IgM™ plasmablasts, which were much

Figure 1. (a) Expression of CD271 in the human splenic white pulp. Fibroblastic reticulum cells (FRCs) in a periarterial lymphatic sheath (PALS)
with a central artery and a trabecula (left) and follicular dendritic cells (FDCs) in an elongated secondary follicle (right) are positive. Both regions
of the white pulp are delimited from the red pulp by a CD271 area. The red pulp contains ubiquitous CD271*'~ branched cells in the splenic
cords and CD271"" capillary sheath cells. (b) Sequential double-staining of a PALS for CD271 (brown) and smooth muscle o-actin (SMA) (blue).
SMA" cells are located in the CD271 area at the surface of the PALS. There is no unstained region between the most superficial CD271* FRCs
and the SMA™ cells; some cells appear to be double-positive. Note the periarteriolar SMA* stromal cells around a smaller arterial vessel in the
red pulp (upper left). (c) Double-staining for CD271 (brown) and SMA (blue) in a follicle (left) and a PALS (right). The follicle shows an
unstained area between the CD271" FDCs and the SMA" CD271 superficial stromal cells. This area is not present around the PALS. (d)
Sequential double-staining of a PALS (left) and a follicle (right) for CD271 (brown) and CD141 (blue). CD141" CD271" stromal cells occur both
at the surface of the PALS and of the follicle. Red pulp sinus endothelia are also CD141" CD271". The elongated CD271"" structures in the red
pulp represent capillary sheaths. (e) Sequential double-staining of a follicle (upper left) and a PALS (lower right) for CD271 (brown) and IgM
(blue). In this patient the CD271" region at the surface of the PALS, but not at the surface of the follicle, contains IgM"* plasmablasts. High dilu-
tion of anti-IgM to visualize intracellular IgM only. (f) Double-staining for mucosal addressin cell adhesion molecule-1 (MAdCAM-1) (dark blue)
and CD27 (brown) in a PALS and follicle. CD27"* B cells occur in the outer mantle zone inside the shell of MAACAM-1" superficial stromal cells
(asterisk). The strongly CD27" cells in the follicle interior are plasmablasts and follicular T cells."”” T cells in the PALS are also CD27". (g) Dou-
ble-staining for CD105 (brown) and MAdCAM-1 (blue) in a follicle with a mixed periarterial region or small PALS (upper area). The innermost
superficial stromal cells of the follicle are CD105~ MAdCAM-1". Most stromal cells of the red pulp including capillary sheath cells are CD105".
(h) Single-staining for CD90 in a PALS (left) and a follicle (right). CD90 is present in FRCs and the superficial stromal cells of PALS and folli-
cles. It weakly stains stromal cells of the red pulp and is also present in capillary sheaths. FDCs of mantle zones are CD90", but the FDCs of ger-
minal centres appear unstained. (a—d) 22-year-old male patient with extraabdomial trauma, (e-h) 17-year-old male patient with extraabdominal
trauma. (a—e) paraffin sections, (f-h) cryosections. (a) ABC-DAB single staining with haemalum nuclear counterstain. (b—e, g) ABC-DAB staining
for first primary antibody followed by Ultravision-AP with Fast Blue chromogen for second primary antibody. (f) ABC-AP staining with NBT/
BCIP colour reaction for MAACAM-1 followed by ABC-DAB with tyramide amplification for CD27. (h) ABC-DAB single staining. Scale bars:
(a—g) = 100 um, (h) = 200 um.
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more frequent at the superficial PALS than in the red pulp
stromal cords or at the surface of follicles (Fig. 1e).

As described previously,'® MAdCAM-1" stromal cells
also occurred in association with the PALS of human
spleens. The distribution of MAdACAM-1 resembled that
of SMA as it was more intensely expressed in stromal
cells of the superficial PALS (Fig. 1f). The most intense
expression of MAACAM-1 occurred in stromal cells of
the CD271" region. Similar to SMA, the intensity of
MAdCAM-1 staining in FRCs was individually variable.
MAdCAM-1 or SMA single-positive FRCs were not
detected.

CD105 and CD90 were also found in stromal cells of
the white pulp. Anti-CD105 stained FRCs and the stromal
cells at the surface of the PALS and the follicles, but no
FDCs. It was also present in the majority of red pulp
stromal cells. Hence, CD105 expression could not be used
to delimit the white pulp from the red pulp (Fig. 1g). In
contrast, CD90 was only weakly detected in red pulp stro-
mal cells. It represented the most widespread stromal cell
antigen of the white pulp, because it occurred in FRCs as
well as in FDCs (Fig. 1h).

A polyclonal reagent detecting CCL21 also reacted
with FRCs, certain superficial stromal cells of the PALS
and a shell of branched cells and/or fibres at the
follicular surface, as described elsewhere.”” Using mAb
79018 against CXCL12 in cryosections, a similar pattern
of stromal cell and/or fibre reactivity was revealed
(Fig. 2a). Interestingly, strong staining for CXCL13 was
associated not only with stromal cells at the surface of
the PALS and follicles, but also with smooth muscle
cells and with stromal cells and/or adjacent fibres sur-

rounding red pulp arterioles and arterial vessels with
mixed T-cell/B-cell sheaths (Fig. 2b,c).>> Whether the
superficial CXCL13" stromal cells and/or fibres of the
white pulp were identical to those structures strongly
staining for SMA and/or CCL21 and/or CXCL12 at the
follicular surface, was not investigated in detail. In
cryosections, where intracellular CXCL13 is not pre-
served due to the short fixation time with isopropanol,
CXCL13 was primarily detected at the surface of fibres
in the superficial PALS and surrounding the follicles.
In addition, single long fibre-like CXCL13" strands of
extracellular material were present inside follicles.
CXCL13 was also associated with extracellular structures
in the walls of arterial vessels.

Although podoplanin expression has been described as
a hallmark of mouse splenic and lymph node FRCs,»>
neither of two monoclonal reagents against human
podoplanin (Table 1) reacted with stromal cells in human
spleen paraffin sections or in cryosections. The only
structures detected were endothelia in lymphatic vessels
accompanying larger arteries and veins (Fig. 2d). Interest-
ingly, the findings in ‘normal’ spleens differed from those
in human lymph nodes, where podoplanin occurred in
FRCs and other branched stromal cells (not shown).
CD254 (RANKL), which is present in mouse marginal
reticular cells (MRCs),*** was also not detected in human
spleens using a monoclonal and a polyclonal antibody
(Table 1) in paraffin sections and cryosections. Again,
CD254 was demonstrated in human lymph nodes, where
it occurred in branched stromal cells beneath the subcap-
sular sinus, around follicles and in cells lining the medul-
lary sinuses (Fig. 2e).

Figure 2. (a) Distribution of CXCL12 in the human splenic white pulp. Cells and/or fibres surrounding periarterial lymphatic sheath (PALS) and follicles
are positive. (b) Distribution of CXCL13 in the human splenic white pulp. A small mixed periarterial region or a PALS (left) with a follicle (right) are sur-
rounded by CXCL13" stromal cells and/or fibres. Follicular dendritic cells (FDCs) in the mantle zone of the follicle are weakly positive. Smooth muscle cells
and adventitial stromal cells or fibres surrounding an arteriole (left) are also stained. (c) Double-staining for CXCL13 (brown) and CD271 (blue) in a small
periarterial region or PALS (left) and a secondary follicle (right). The FDCs in the germinal centre are strongly CXCL13", whereas FDCs in the mantle zone
and cells and/or fibres at the surface of the periarterial region and the follicle stain more weakly. Adventitial stromal cells or fibres and smooth muscle cells
of arterial walls are also CXCL13". (d) Distribution of podoplanin in the adult human splenic white pulp. Podoplanin is only visualized in endothelia of a
lymphatic vessel network accompanyingalarge artery. Fibroblastic reticulum cells (FRCs) are not stained. Single ABC-DAB staining with monoclonal anti-
body 4D5aE5E6 and haemalum nuclear counterstain. (e) Expression of receptor activator of nuclear factor-kBligand (RANKL) (CD254) in a lymph node
situated at the splenic hilum (most probably a gastric lymph node). RANKL is most strongly expressed in branched stromal cells of the subcapsular sinus
floor and more weakly in stromal cells surrounding two secondary follicles. Single staining for RANKL with polyclonal antibody and haemalum nuclear
counterstain. (f) Control section of a follicle stained for CD271 (brown) with omission of the second primary antibody (mucosal addressin cell adhesion
molecule-1; MAACAM-1), but with Ultravision and AP-reaction. The CD271" region is especially well visible, because of weak background staining for
endogenous AP in perifollicular cells. (g) Double-staining for CD271 (brown) and MAdCAM-1 (blue) in a follicle. The section shows the same follicle as
(f). The CD271" FDCs (brown) and the MAACAM-1" CD271" superficial stromal cells join one another without any unstained area in between. As far as
recognizable after subtractive staining, the two stromal cell types do not overlap at the border of the mantle zone. The round or elongated dark brown struc-
tures are capillary sheaths. (h) Double-staining for SMA (brown) and MAdCAM-1 (blue) at the follicular surface. In this patient the staining for MAd-
CAM-1 is much more widespread than that for SMA. MAdCAM-1 stains many stromal cells located outside the SMA™ shell, but also some stromal cells
located inside. (a, d, f~h) 17-year-old male patient, (b, c) 22-year-old male patient, (¢) 15-year-old male patient. All patients had suffered an extraabdomi-
nal trauma. (b, ¢) Paraffin sections, (a, d-h) cryosections. (a, b, d, e) Single ABC-DAB staining. (¢, g, h) ABC-DAB staining for first primary antibody fol-
lowed by Ultravision-AP with Fast Blue chromogen for second primary antibody. (f) Omission of second primary antibody. Scale bars: a, c-h = 100 pm,
b =50 pm.
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Follicle-associated non-FDC stromal cells In contrast to CD271 and MAdCAM-1, double-staining
for CD271 and SMA revealed an unstained rim of tissue
between the SMA™ superficial stromal cells and the outer-
most CD271" FDCs (Fig. 1c). This was different from the
surface of the adjacent PALS (Fig. 1b,c), where no SMA™
region was present. When SMA and MAdCAM-1 were
stained sequentially at the follicular surface, MAACAM-1"
cells were located both inside and outside the shell of
SMA" stromal cells in most individuals (Fig. 2h). How-
ever, in one specimen staining for SMA almost prevented
subsequent visualization of MAdCAM-1 (Fig. 3a). Using
a reversed staining sequence, no SMA" cells were left after
staining for MAdACAM-1 in all specimens. Hence, MAd-
CAM-1 tended to be more widely expressed in stromal
cells around follicles than SMA. The MAdACAM-1" stro-
mal cells appeared to comprise not only all stromal cells
of the follicular CD271" region, including the innermost
SMA™ CD271  cells, but also a substantial number of the
CD271""" stromal cells at the outermost follicular surface
bordering the red pulp (Fig. 2h).

The following additional results were most relevant
with respect to perifollicular stromal cell phenotype: dou-
ble-staining for SMA and CD141 demonstrated a small
number of CD141" SMA™ stromal cells located at the
inner circumference of the perifollicular SMA™ cells (not
shown). Staining for CD141 after MAdACAM-1 did not
reveal additional cells, whereas the reversed sequence
suggested that the outermost perifollicular MAACAM-1"
stromal cells were either CD141~ or CD141"~ (not
shown). There was also a very small inner follicular layer
of MAdCAM-1" stromal cells, which were CD141~ or
CD1417~ (not shown).

SMA", MAACAM-1" and CD141" branched stromal cells
were not only present within and superficial to the PALS,
but also occupied the follicular surface, as described pre-
viously.'®° Similar to the PALS, an unstained region
occurred between the CD271%~ red pulp stromal cells
and the CD271" FDCs at the surface of follicles (Fig. 2f).
We first tried to further analyse the stromal cells in this
unstained region. Detailed phenotyping of FDCs was not
intended, but it immediately turned out that CD271 was
superior to CNA.42, CD21 and CD35 used so far to visu-
alize these cells.”’ CD271 seemed to be expressed in all
FDCs (in contrast to CNA.42) and did not occur in B
lymphocytes (in contrast to CD21 and CD35). The areas
occupied by SMA*, by MAdCAM-1* and by CD141*
stromal cells were broader around the follicles than
around the PALS. Subtractive double staining for
CD271 and MAdCAM-1 in cryosections revealed that the
CD271" region around follicles contained MAdCAM-1"
stromal cells (Fig. 2f,g). The MAdCAM-1* superficial
stromal cells directly bordered the CD271" FDCs
(Fig. 2g). Double staining in both combinations showed
that there was no unstained region between both cell
types at the follicular surface. The expression of MAd-
CAM-1 and CD271 did not seem to overlap, although
this is difficult to establish in a subtractive system. The
relation of MAdCAM-1" cells to FDCs expressing
CNA.42 needs further investigation, because it could not
be entirely excluded that a small population of double-
positive stromal cells was present at the outer border of
the FDC region in some specimens.

Figure 3. (a) Double-staining for smooth muscle o-actin (SMA) (brown) and mucosal addressin cell adhesion molecule-1 (MAdCAM-1) (blue)
at the follicular surface (left) and a periarterial region or a periarterial lymphatic sheath (PALS) (right) of another patient. The amount of SMA*
stromal cells is individually variable. In this patient most of the circumfollicular stromal cells are SMA*. MAACAM-1 alone is only present in few
scattered cells most of which are located adjacent to the follicle interior. (b) Double-staining for CD271 (blue) and CD27 (brown) in a secondary
follicle. All follicular dendritic cells (FDCs) including those of the germinal centre (GC) are CD271*. The outermost FDCs of the mantle zone
intermingle with the CD27" perifollicular B cells (asterisk). The CD271 " area and the area beyond are occupied by CD27" B cells. (c) Double-
staining for CD271 (brown) and IgD (blue) in a secondary follicle. Most of the IgD" B cells occur in the inner part of the mantle zone adjacent
to the GC. The more superficial B cells in the mantle zone express reduced amounts of IgD. Scattered IgD*" B cells are also present in the
CD271" area and beyond. (d) Double-staining for IgD (brown) and SMA (blue) showing a PALS or a mixed B-cell/T-cell region (left), two folli-
cles and branching arterioles, most likely with mixed lymphocyte sheaths. The outer mantle zone (or iMZ) of the right follicle is occupied by a
large number of B cells with reduced IgD expression. IgD*~ and IgD** B cells B cells are present as scattered more superficial cells in the perifol-
licular area. IgD-expressing B cells also accumulate around branching arterioles in the red pulp. (e) Double-staining for CD4 (brown) and
CD271 (blue) in a follicle. CD4" T-cells are located in the CD271" superficial area and in the centre of the follicle, which may correspond to a
GC. A periarteriolar region with mixed B and T cells is located at the left side of the follicle (asterisk). (f) Double-staining for IgD (brown) and
CD20 (blue) in a PALS (left) and a follicle (right). IgD~ CD20" B cells predominate at the surface of the follicle. The superficial PALS is occu-
pied by a mixture of IgD* and IgD~ CD20" B cells. IgD"~ B cells cannot be recognized due to co-staining for CD20. (g) Double-staining for
IgM (brown) and CD20 (blue) in a secondary follicle with a small part of the GC. The GC and the superficial part of the follicle are primarily
composed of IgM~ CD20" B cells. (h) Double-staining for SMA (brown) and CD20 (blue) in a follicle. SMA™ stromal cells and CD20" B cells
accompany an artery (lower right). These cells continue around the follicle, which displaces the SMA™ cells to the periphery. (a) 51-year-old male
patient, (b, ¢, e) 17-year-old male patient, (d, f~h) 22-year-old male patient. All patients had suffered an extraabdominal trauma. (a) Cryosection,
(b-h) paraffin sections. (b) Ultravision-AP for CD271 followed by ABC-DAB with tyramide amplification for CD27. (¢c-h) ABC-DAB detection
for first primary antibody followed by Ultravision-AP with Fast Blue chromogen for second primary antibody. Scale bars = 100 pm.
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As mentioned above, CD90 was present in the largest
population of white pulp stromal cells including FDCs
(Fig. 1h). However, FDCs in germinal centres as opposed
to those in the mantle zones seemed to be CD90 . When
stained after CD90, SMA did not reveal additional stro-
mal cells in the white pulp, but only in the red pulp. In
the reversed combination many SMA™ CD90" stromal
cells were located at the follicular periphery. After stain-
ing for CD90, MAdCAM-1" perifollicular stromal cells
were not detected outside the CD90" cells, but there was
an inner area with MAdCAM-1* CD90~ or CD90"~
stromal cells (not shown).

Consecutive staining for CD105 and MAdCAM-1 also
revealed that the stromal cells surrounding follicles had
an inner layer of cells differing in phenotype. The inner-
most stromal cells around follicles were MAJCAM-
1" CD105~, whereas the outer cells were CDI105"
(Fig. 1g). MAdCAM-1" CD105~ stromal cells did not
occur in the PALS, because all stromal cells were at least
weakly positive for both antigens. Similar to MAdCAM-1,
CD141 was also more strongly expressed in the inner
perifollicular layer, when stained after CD105. Whether
the innermost perifollicular cells were CDI105  or
CD105"~ could not be determined.

Hence, not only the stromal cells at the superficial
PALS but also those surrounding follicles are phenotypi-
cally heterogeneous with more heterogeneity occurring in
perifollicular stromal cells. CD90 (Fig. 1h), SMA, CCL21,
CXCL12 (Fig. 2a), CXCL13 (Fig. 2b,c), CD105, MAd-
CAM-1 and CD141 appeared to be expressed in or asso-
ciated with stromal cells of the follicular surface. It can,
however, not be excluded that part of the chemokine
staining pattern was also due to chemokines adsorbed to
fibres close to cells. The vast majority of the positive cells
were different from FDCs expressing CNA.42 or CD271.
It can therefore be deduced that at least three different
non-FDC stromal cell layers are present around follicles,
namely an outermost layer expressing CD90 and/or MAd-
CAM-1, an intermediate layer positive for all antigens
investigated except CD271 and an inner layer positive for
MAdCAM-1 and/or for CD141, but negative for SMA,
CD105, CD271 and most likely also negative for CD90
(Table 3).

Follicle-associated non-FDC stromal cells, B cells and
CD4" T cells

In previous publications we showed by double-staining
that most CD27" cells at the follicular periphery are B
cells.'”*® We now stained CD271 versus CD27 (Fig. 3b),
SMA versus CD27 (not shown) as well as MAdCAM-1
versus CD27 (Fig. 1f) and demonstrated that the CD271~
region and adjacent areas at the follicular surface are
associated with CD27" B cells. The innermost CD27" B
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cells were, however, located between the CD271" FDCs in
a region corresponding to the mantle zone (Fig. 3b). This
was also shown by double-staining for MAdCAM-1 ver-
sus CD27, which left an inner rim of CD27" B cells not
accompanied by MAACAM-1" stromal cells (Fig. 1f). This
area most likely corresponds to the iMZ (more precisely:
to the outer mantle zone), which was not defined with
respect to MAACAM-1 in previous publications.'®*® The
findings clearly demonstrate that CD27" B cells are
located in different stromal compartments and cannot be
used to delineate an MZ equivalent in human spleens. In
addition, CD27" B cells were also present in an area
superficial to the CD271" ring where CD271"" stromal
cells and sheathed capillaries occurred (Fig. 3b). Corre-
sponding to the results obtained for CD27, IgD*'~ B cells
occurred at the surface of the CD271" FDC network in
the mantle zone (Fig. 3¢) or inside the superficial shell of
SMA" stromal cells (Fig. 3d). Reduced IgD expression
has been described for human MZ B cells.

Apart from IgD"~ and IgD™" B cells (see below) CD3"
T cells and CD4" T cells were also found in the CD271~
region (Fig. 3e). Taken together, our findings indicate
that all perifollicular MAACAM-1" stromal cells are asso-
ciated with densely arranged CD27" B cells and fewer
scattered IgD*™" B cells.

Switched and non-switched B cells at the surface of
the PALS and in the outer marginal zone of follicles

Double-staining for IgD and CD20 revealed that a sub-
stantial number of IgD* and of IgD~ CD20" or IgD*'~
CD20" B cells formed a band at the surface of the PALS,
which continued into the oMZ of the follicles (Fig. 3f).
In contrast to the iMZ, where most B cells had a low
expression of IgD (Fig. 3¢,d), the oMZ contained a mix-
ture of two B-cell types, namely a major number of
CD20" B cells with low or absent IgD expression and a
minor number of IgDJrJr B cells, which were most likely
CD20" (Fig. 3c,d). Sequential double staining for IgM
versus CD20 and IgM versus IgD (not shown) addition-
ally demonstrated that the B cells in the mantle zone of
the follicles comprised a high number of IgM" cells, while
at the outermost follicular surface and at the surface of
the PALS substantial numbers of IgM~ CD20" B cells
were present (Fig. 3g). This phenomenon had been previ-
ously recognized by detection of co-expression.'” Hence,
the surface of the follicles as well as the superficial PALS
are not only characterized by special stromal cells, but
they also seem to be especially attractive for switched B
cells, although larger numbers of IgM" cells also occur.
Scattered B cells appeared to be more strongly stained for
IgD than the recirculating B cells in the mantle zone of
the follicles. Hence, it cannot be excluded that the super-
ficial IgD"™" B cells form a separate cell population.
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Table 3. Phenotype of non-follicular dendritic cell stromal cells in superficial areas of human splenic follicles'

Area CD271 CD90 MAdCAM-1 CD141 CD105 SMA

Most superficial +/— (similar to red pulp) + + +/— or — + +/— or — (similar to red pulp)
Intermediate - + + + + +

Innermost - +/— or — + +/— or — - -

'Synopsis of subtractive double-staining experiments.

Stromal cells and lymphocytes associated with the
arterial tree

At the surface of red pulp arterioles CD271" stromal cells
formed a dense ring of elongated adventitial cells directly
adjacent to the smooth muscle layer. The cells were
arranged in a longitudinal as well as a circular orienta-
tion. Similar to the white pulp, expression of SMA and
MAdCAM-1 occurred in branched CD271  cells sur-
rounding these elongated CD271" cells (Fig. 1b). Interest-
ingly, even larger red pulp arterioles were accompanied
by accumulations of B and T cells. Both types of lympho-
cytes were either completely mixed or B cells were slightly
predominant (Fig. 3c,e;h). Larger arteries were, however,
often covered by a PALS. Trabecular arteries did not pos-
sess lymphocyte sheaths. Follicles were either associated
with a PALS, or with arterial vessels surrounded by a
mixture of B cells and T cells in a meshwork of SMA*®
and MAdCAM-1" stromal cells (Fig. 3d,g,h). Strong SMA
and MAdCAM-1 expression always occurred in branched
periarterial stromal cells at the entrance of such vessels
into the follicles and faintly SMA* and/or MAdCAM-1*
stromal cells further accompanied the arteries for some
distance into the follicle interior until the vessel was
finally embedded in B cells. The surroundings of the arte-
rial vessels within follicles could, however, not be investi-
gated throughout their entire course. In addition, it was
not evident in non-serial sections, which generation of
arteries entered the follicles. It is clear that one and the
same arterial vessel may run inside a follicle and inside a
PALS.>> However, because follicles tended to be located
near the branching points of arteries (Figs 1f and 3c,d,h),
B- and T-cell zones may also be supplied by different
generations of arterial vessels. The findings show, that
there is a ubiquitous extrafollicular periarteriolar com-
partment in human spleens that is supported by CD271"
stromal cells expressing SMA and MAdCAM-1 containing
a mixed population of B and T cells.

Discussion

Our study investigates the microanatomy of adult human
spleens with special emphasis on white pulp stromal cells
and B lymphocytes. We demonstrate, that the phenotype
of human splenic white pulp stromal cells is highly spe-
cies-specific and differs from that in mice or rats.
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The most fundamental differences concern the pheno-
type of FRCs and stromal cells at the surface of white
pulp T-cell zones and follicles. The present publication
shows additional phenotypic complexity of stromal cells,
especially at the outermost follicular surface previously
termed the oMZ."” ' We clearly demonstrate that there
are at least three types of stromal cells in the splenic
white pulp, namely CD271" FRCs, CD271" FDCs and an
additional stromal cell type located at the surface of PALS
and follicles that resembles FRCs, but is negative or only
minimally positive for CD271.

We apply a subtractive immunohistological double-
staining method. This method is based on the fact that
cells stained with the first primary antibody are covered
with a polymerized colour precipitate, which prevents
access of the second primary reagent. Hence, only cells
which are left unstained in the first step are revealed in a
different colour when the second primary antibody is
detected. The method is adjusted to avoid colour mixing
as far as possible. Some information about double-posi-
tive cells may, however, be gained by reversing the
sequence of primary antibodies. If the staining pattern of
each antigen is known, it is highly likely that both anti-
gens are co-expressed if no single-positive cells appear in
both combinations. However, direct demonstration of
co-expression is not possible with the method used. In
addition, single-positive cells may be missed in areas of
dense staining for the first antigen.

It needs to be considered that adult human splenic folli-
cles normally occur as non-polarized quiescent secondary
follicles.”' Our investigation only applies to such follicles.
We do not know how the distribution of stromal antigens
is altered during immune reactions. Most likely B-cell
reactions leading to polarization of splenic follicles will
induce more widespread expression of several of the anti-
gens investigated. The inter-individual differences found
in our study may mirror the immune state of each
patient. In addition, local factors may be involved. Hence,
the molecules expressed in splenic stromal cells may be
different from that in lymph nodes, especially from that
in nodes draining the skin, because surface-draining
lymph nodes are more directly exposed to antigens. In
addition, the cause for removal is different in both
organs, as most of the spleens investigated in our study
came from healthy victims of accidents, while lymph
nodes are preferentially removed for diagnosis in case of
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pathological enlargement or cancer. Assessing stromal cell
phenotype in pathological organs or in the immunologi-
cally more active spleens of children was not within the
scope of our investigation, but needs to be performed.

Previous investigations have revealed that the superfi-
cial region of human splenic follicles is much more com-
plex than found in mice or rats."'® ! The broad MZ that
surrounds the PALS and the follicles on all sides in
rats"'® and to some extent also in mice, is a species-spe-
cific phenomenon more or less absent in humans.

If the nomenclature of splenic white pulp regions estab-
lished in mice and rats needs to be retained for humans
(which is not very practical) and if the presence of CD27"
B cells is used to locate the MZ, then an iMZ and an
oMZ have to be defined at the surface of human splenic
follicles.'">*® If, however, staining for FDC antigens is
combined with detection of CD27" B cells, then the iMZ
appears as an outer part of the follicular mantle zone
occupied by CD27" B cells.”' Hence, it is impossible to
define an outer border of the mantle zone in adult human
spleens by staining for any type of B cells. Our present
results indicate that the best way of defining regions in
adult human splenic follicles is to detect stromal cells. In
our hands, MAdACAM-1 and CD271 are presently the
most comprehensive antigens to distinguish superficial
stromal cells (MAdCAM-1%) from FDCs (CD271%) in fol-
licles. The MAACAM-1" region does, however, not corre-
spond to a rat or mouse MZ as mentioned above. Besides
absence of a marginal sinus and marginal metallophilic
macrophages, the MAJCAM-1* area also does not
contain all follicle-associated CD27" B cells. Finally, CD27"
B cells are more or less absent in the region superficial to
the human PALS."”* Our immunohistological findings
concerning the special structure of the MZ equivalent in
humans have been confirmed by others'>**°>° and
correspond to previous publications.”” >’

We now show, that the oMZ of human splenic folli-
cles contains stromal cells of a special phenotype, which
are arranged as concentric shells of cells exhibiting slight
phenotypical differences. These cells either lack CD271
or exhibit only low expression. Molecules occurring in
these special cells and beyond are SMA, MAdCAM-1,
CD141 (thrombomodulin), CD105 (endoglin), CD90
(Thy-1), CCL21, CXCL12 and CXCL13. It has also been
described, that cytokeratins 8 and 18 are present in
human perifollicular stromal cells.'"®**®" At least three
different stromal shells associated with CD27" B cells are
distinguishable around secondary follicles of most adult
individuals (Table 3). CD90 and MAdCAM-1 are the
most widespread antigens in perifollicular stromal shells,
while CD105, CD141 and SMA occur in fewer cells. The
width of the shells differs among individuals. It is likely
that stromal antigen expression depends on the activity
of the associated follicle. The phenotypical differences of
stromal cells most likely depend on the diffusion
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range of mediators produced within the follicles. How-
ever, stromal cells of the oMZ themselves also produce
chemokines such as CXCL13 or/and CCL21 in amounts
sufficient for immunohistological detection. This fact
may cause the presence of IgD™" B cells in the entire
superficial white pulp and of CD4" T cells in a perifol-
licular position.

The phenotypical heterogeneity of the superficial stro-
mal cells of T- and B-cell regions in human spleens
makes it difficult to find a better comprehensive name for
their location than ‘superficial white pulp’. Naming the
area is further complicated by the fact that the superficial
stromal cells are phenotypically related to, but not identi-
cal to, the FRCs of the PALS and that they also occur
independent of a PALS or follicle. The following
hypothetical model of vessels and stromal cells unifies
all observations reported in our present and previous
studies. Human splenic arterial vessels are covered by
a layer of SMA"™ MAdCAM-1* CD271” stromal cells,
which is permanently passed and maintained by T and B
lymphocytes. These stromal cells are pushed to the
periphery of the white pulp when T-cell zones with
CD271" FRCs and follicles with CD271" FDCs develop.
Hence, a continuous band of stromal cells is present,
which either directly covers the vessels or is dislocated by
a PALS or a follicle. This band again approaches the arte-
rial vessel, in areas lacking such specializations as nicely
visualized by several double-staining combinations
(Figs 1b and 3h). The stromal cell layer covering arterial
vessels might be attractive both for B and T lymphocytes,
because it expresses CCL21 and CXCLI3. In contrast to
rodents, humans do not exhibit a continuous PALS sur-
rounding larger arterial vessels, but the T-cell regions are
of limited length. The predominant periarterial ‘sheath’ is
a small arrangement consisting of T cells and B cells
(B.S. Steiniger, unpublished data), which is displaced
from the vessel surface by PALSs and follicles. If the
immigration kinetics of recirculating lymphocytes into
the human spleen correspond to those of mice and
rats,”®> B and T cells can be assumed to enter the white
pulp by ‘retrograde’ migration along small arterial vessels
until they finally segregate into PALS and into follicles
around larger arteries. The small vessels might correspond
to the ‘MZ-bridging channels’ known from rats and
mice.*>** Hence, mixed lymphocyte populations have to
be expected around all arterioles in the red pulp. In
humans it is highly likely, that immigrating lymphocytes
do not need to pass any endothelial cells, because most
red pulp capillaries are not connected to sinuses and have
open ends.”!

The MAdCAM-1* cells lining the marginal sinus in
mice'**>*" are most likely related to the human superfi-
cial MAACAM-1" white pulp stromal cells. Hence, in
mouse spleens the perisinusoidal MAACAM-1" cells do
not represent endothelia, but stromal cells lining a special
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part of the open circulation. However, the amount of
MAdCAM-1 expressed is vastly different in humans and
mice. Adult rats do not express MAACAM-1 in the spleen
at all.*®® In addition, podoplanin and RANKL (CD254)
are not found in adult human splenic stromal cells by the
immunohistological methods used in the present investi-
gation. This is remarkable because podoplanin has been
described to occur in FRCs and MRCs in mouse lymph
nodes and spleen,’ while RANK-L is only present in
mouse MRCs.*** We confirm the distribution of podopl-
anin and RANKL also for human lymph nodes, but not
for adult human spleens. Hence, the stromal cells we
describe in the present publication are phenotypically dif-
ferent from mouse splenic MRCs. However, in mice and
humans at least three different white pulp stromal cell
types seem to exist. Our previous investigations in rat
spleens' have demonstrated that SMA is expressed in
elongated stromal cells accompanying the marginal sinus.
Hence, a special population of superficial white pulp stro-
mal cells, which is MAdCAM-1~ SMA*, also exists in
rats.

Why MAdCAM-1 is so prominently expressed in nor-
mal adult human spleens is still open to speculation. In
phylogeny, the spleen derives from the gut wall.””®® It
cannot be excluded that CD27" B cells, which are the
most frequent cell type contacting MAACAM-1" perifol-
licular stromal cells in human spleens (or a subpopula-
tion of these cells), recirculate between the spleen and
gut-associated lymphatic tissue. These cells might depend
on MAdCAM-1" stromal cells for their survival and for
the regulation of their activity. Surface IgA™ B cells occur
in the human oMZ,'”* but it is not clear, whether this
feature is unique to the spleen. Especially the expression
of IgA2 might be informative, because this isotype is
primarily found in gut-associated B cells.”® It has been
shown that human transitional B cells home to the gut-
associated lymphatic tissue.”' A report on a case of
human gut-associated B-cell lymphoma indicates that
idiotypically detectable lymphoma B cells can migrate to
the splenic MZ.”?

The ontogeny of lymph nodes and gut-associated lym-
phatic tissues has been clarified to a large extent in
mice,”> 7> although the most primordial signal starting
lymph node development is still unknown. Similar mech-
anisms also work in humans.”® A central role is played by
so-termed lymphoid tissue inducer cells, which represent
an innate lymphoid cell population derived from the
bone marrow. Lymphoid tissue inducer cells stimulate
stromal organizer cells to provide an immature stromal
network in the respective lymphatic organ. In addition,
mouse lymph node and splenic FDCs have been shown
to arise from ubiquitous periarterial or periarteriolar stro-
mal cells.*”” Tt is likely that this is also true for FRCs,
because mesenchymal stem cells occur in almost all
organs.”® How splenic follicles arise, is not entirely clear,
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because in mouse spleens B lymphocytes instead of lym-
phoid tissue inducer cells appear to be important for the
development of the white pulp.””®* In humans an associ-
ation of B cells and arterial vessels is already present in
fetal spleens.®” The first invading lymphocytes in human
fetal spleens are B cells associated with arterioles in vascu-
lar lobules. This phenomenon may be due to expression
of CXCL13 in smooth muscle cells of the small arterial
vessels. In human spleens B lymphocytes are associated
with periarteriolar and periarterial SMA™ stromal cells
long before birth.*’

Double-staining for IgM and CD20 revealed that
CD20" IgM ™ switched B cells primarily occupied the out-
ermost surface of the follicles corresponding to the oMZ.
This finding corresponds to the detection of IgM~ CD27"
B cells in the same location by immunofluorescence."”
Hence, our results demonstrate an interesting heterogene-
ity in the follicular distribution of non-switched and
switched B cells, although both cell types were not totally
separated. At present, two explanations for this phenome-
non come to mind, namely that most IgM* CD27" B
cells have an affinity for the CD271 " type of superficial
stromal cells and/or their diffusible products or that
IgM~ CD27" B cells have an affinity for non-stromal cells
outside the oMZ, for example for neutrophils accumulat-
ing in the perifollicular zone'®*>*"* or vice versa. How-
ever, [gM™ CD20" switched B cells also occurred around
capillary sheaths®” and around the PALS. Further analysis
of switched B cells in the superficial white pulp is pre-
vented by the problem that B-cell surface immunoglobu-
lins other than IgD or IgM cannot be reliably detected by
immunohistology because of interference by the ubiqui-
tously distributed high amounts of interstitial immuno-
globulins. Reports in mice also indicate that IgM" and
IgG1™" B cells tend to localize differently in the vicinity of
contracted germinal centres in the spleen.®* As shown
previously, the superficial PALS and the oMZ are not
totally identical regions, because CD27" B cells can be
demonstrated to accumulate in the iMZ and oMZ by
subtractive double staining, although this is not the case
at the surface of the PALS.'”?" It cannot be excluded that
CD27" B cells are located in a different region, i.e. among
the FRCs deeper inside the PALS, which prevents their
recognition among the CD27" T cells. Alternatively,
switched B cells at the surface of the PALS may be
CD27, while CD27" switched B cells localize to the
follicular surface. The phenotype and distribution of
switched B cells needs to be further investigated in
human spleens using immunofluorescence methods,
which permit a more detailed analysis inside the PALS.

Another peculiarity of the superficial white pulp is the
fact that IgD™" B cells occur at the surface of the PALS
and of the follicles as already published." The special
phenotype of the superficial stromal cells may be influ-
enced by mediators secreted by these IgD'" B cells. In
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contrast, migratory B cells may be attracted by the
CXCL13" stromal cells in this location. The superficial
IgD™ B cells also need to be analysed in more detail. In
several individuals these B cells seemed to be more inten-
sely stained for IgD than mantle zone B cells.

Our investigation shows that certain basic traits of sple-
nic white pulp microanatomy are invariant in humans,
mice and rats. Nevertheless, it needs to be kept in mind
that the species mentioned do not only differ in several
morphological and phenotypical features of splenic micro-
anatomy. There are also fundamental functional discor-
dances among humans and mice, for example in genomic
responses during inflammation.®> Adult human spleens
even contain entire B-cell compartments not present in
mice or rats, namely capillary sheaths composed of special-
ized stromal sheath cells, macrophages and B cells.*”
Regarding these sheaths it is clear that mice and rats are
exceptional vertebrate species. Hence, the stromal cells of
the white pulp may also function in a species-specific way.
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