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Peyer’s patch organogenesis is intact yet formation of B
lymphocyte follicles is defective in peripheral lymphoid organs of
mice deficient for tumor necrosis factor and its 55-kDa receptor
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ABSTRACT Targeted inactivation of genes in the tumor
necrosis factor (TNF)/lymphotoxin (LT) ligand and receptor
system has recently revealed essential roles for these mole-
cules in lymphoid tissue development and organization. Lym-
photoxin-af (LTap)/lymphotoxin-B receptor (LTB-R) sig-
naling is critical for the organogenesis of lymph nodes and
Peyer’s patches and for the structural compartmentalization
of the splenic white pulp into distinct B and T cell areas and
marginal zones. Moreover, an essential role has been dem-
onstrated for TNF/p55 tumor necrosis factor receptor
(pS5TNF-R) signaling in the formation of splenic B lympho-
cyte follicles, follicular dendritic cell networks, and germinal
centers. In contrast to a previously described essential role for
the p55TNF-R in Peyer’s patch organogenesis, we show in this
report that Peyer’s patches are present in both TNF and
p5STNF-R knockout mice, demonstrating that these mole-
cules are not essential for the organogenesis of this lymphoid
organ. Furthermore, we show that in the absence of TNF/
pSSTNEF-R signaling, lymphocytes segregate normally into T
and B cell areas and a normal content and localization of
dendritic cells is observed in both lymph nodes and Peyer’s
patches. However, although B cells are found to home nor-
mally within Peyer’s patches and in the outer cortex area of
lymph nodes, organized follicular structures and follicular
dendritic cell networks fail to form. These results show that in
contrast to LTaf signaling, TNF signaling through the
p55TNF-R is not essential for lymphoid organogenesis but
rather for interactions that determine the cellular and struc-
tural organization of B cell follicles in all secondary lymphoid
tissues.

In addition to their well-characterized proinflammatory activ-
ities (1, 2), tumor necrosis factor (TNF) and lymphotoxin-«
(LTa) have also emerged as key mediators of immune re-
sponses, by delivering critical signals for cellular trafficking,
differentiation, proliferation, and death. Both cytokines exist
in soluble homotrimeric forms, which signal through two
distinct cell surface receptors designated the p55 and p75 TNF
receptors (TNF-R) (3). In addition to its soluble form, TNF
exists also as a transmembrane protein that cooperates with
the same receptors to transduce biological signals (4). LTa may
also accumulate on the cellular membrane when complexed in
heterotrimeric forms with lymphotoxin-8 (LTp), another
TNF-like type II transmembrane protein (5). LTa,B trimers
may still engage the TNF receptors, while LTy, trimers
signal exclusively through the lymphotoxin-B receptor
(LTB-R) (6).
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Gene targeting in the LT/TNF and TNF-R loci has recently
demonstrated critical roles for either cytokine in the develop-
ment and organization of peripheral lymphoid tissue. LT«
knockout mice lack lymph nodes and Peyer’s patches and show
a severely disturbed splenic white pulp architecture with the
absence of distinct B and T cell areas, germinal centers, and
follicular dendritic cell (FDC) networks (7, 8). Exposure of
mice to a soluble LTB-R-immunoglobulin fusion protein led to
the disruption of lymph node and Peyer’s patch development,
indicating that the organogenetic activities of LT« are medi-
ated by heteromeric lymphotoxin-af (LTaB) complexes (9),
most probably by signaling through the LTB-R. Further sup-
port for a critical role of surface LTaf ligand in normal
lymphoid organ development was provided by the demonstra-
tion of anatomic abnormalities in spleens and Peyer’s patches
of transgenic mice expressing at a postnatal stage a soluble
LTB-R-Fc fusion protein (10). In addition to these activities,
it has recently been postulated that LT« could selectively
engage the p55 tumor necrosis factor receptor (pSSTNF-R) to
signal organogenesis of Peyer’s patches, since no such tissue
could be detected in pSSTNF-R knockout mice (11). Notably,
exposure of mice to a soluble pS5TNF-R-Fc fusion protein did
not interfere with Peyer’s patch organogenesis, although it
could disrupt splenic MAdCAM-1 expression (9). Further-
more, in TNF knockout mice lymphoid organogenesis remains
intact (12), yet, as in pSSTNF-R knockout mice (13), follicular
architecture of the spleen is impaired, suggesting that TNF-
mediated p55TNF-R signaling does not mediate lymphoid
organogenesis, but rather that this specific ligand-receptor pair
is crucially involved in the structural organization of lymphoid
tissue.

It has been previously demonstrated that correct formation
of splenic B cell follicles (12, 13) and FDC networks (12-14)
requires TNF-mediated p5S5TNF-R signaling. To assess
whether the requirement of this ligand-receptor interaction is
specific for lymphoid structures in the spleen or whether it
extends to additional secondary lymphoid organs, we have
examined Peyer’s patch and lymph node structure in TNF and
pSSTNF-R knockout mice. Surprisingly, in contrast to a pre-
vious report where Peyer’s patches could not be identified in
pSSTNF-R knockout mice (11), we show here that in both TNF
and pS5TNF-R knockout mice, Peyer’s patches containing
distinct B and T cell areas are present, albeit at reduced
numbers and with a flatter appearance in comparison to
normal controls. In this study, we also show that in lymph
nodes and Peyer’s patches of either TNF or pS5TNF-R knock-
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out mice, B cell follicles and FDC networks fail to form, yet
no defect in the development and localization of dendritic
cells (DC) and B/T cells is observed. Taken together, our
data show that the structural lymphoid abnormalities ob-
served in TNF and p55TNF-R knockout mice are not
associated with defects in lymphoid organogenesis, but
rather that this ligand/receptor pair is required for the
correct formation of follicular structures in all secondary
lymphoid organs.

MATERIALS AND METHODS

Mice. Wild-type, TNFa knockout (12), and pSSTNF-R knock-
out mice (15) were maintained on a mixed 129Sv X C57BL/6
genetic background in the animal facilities of the Hellenic Pasteur
Institute under specific pathogen-free conditions.

Antibodies. Primary antibodies used for immunohistology in-
cluded a peroxidase-conjugated goat-polyclonal antibody to mu-
rine IgM (Sigma), rat anti-mouse monoclonal antibodies: anti-
CD45R/B220 (clone RA3-6B2, PharMingen), anti-IgD (South-
ern Biotechnology Associates), anti-FDC [clones FDC-M1; ref.
16 and FDC-M2; provided by Marie Kosco-Vilbois (Geneva
Biomedical Research Institute)], anti-CD3 [clone KT3; ref. 17,
provided by Stephen Cobbold (Sir William Dunn School of
Pathology, Oxford)], and anti-DC [NLDC-145; ref. 18, provided
by Georg Kraal (Department of Cell Biology and Immunology,
Vrije Universiteit, Amsterdam)]. The hamster anti-mouse CD11c
mAb N418 (19) was provided by Ralph Steinman (Laboratory of
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Cellular Physiology and Immunology, The Rockefeller Univer-
sity, New York). Secondary antibodies used were peroxidase-
conjugated goat anti-rat IgG (Southern Biotechnology Associ-
ates) and biotinylated goat anti-hamster IgG (Vector Laborato-
ries).

Immunohistochemistry and Fluorescence-Activated Cell
Sorter (FACS) Analysis. Freshly dissected tissue samples were
embedded in OCT compound (BDH) and were frozen in liquid
nitrogen. Cryostat sections were cut at 6 wm, thaw-mounted on
gelatinized slides, air dried, and stored desiccated at —20°C.
Immediately before use sections were fixed for 10 min in acetone
containing 0.03% H,O to block endogenous peroxidase activity.
Sections were rehydrated in PBS, blocked with 3% goat serum
and 2% mouse serum in PBS containing 0.1% BSA for 30 min,
and incubated with the primary antibodies diluted in PBS/0.1%
BSA for 1 hr at room temperature. Subsequently, sections were
washed in PBS and incubated with either peroxidase-conjugated
goat anti-rat IgG or with biotinylated goat anti-hamster IgG
followed by streptavidin—peroxidase. Bound peroxidase activity
was visualized by incubating sections for 10 min in 0.05% (wt/vol)
3,3-diaminobenzidine (Sigma) in 0.05 M TrissHCI (pH 7.5) con-
taining 0.03% H,0,. Sections were counterstained with hema-
toxylin or methyl green. Photographs were taken using a Nikon
Diaphot 300 microscope. FACS analysis was performed by
standard procedures on a FACStar plus (Becton Dickinson)
using fluorescein isothiocyanate- or phycoerythrin-conjugated
antibodies against CD3, CD4, CD8 (Sigma), or CD45R/B220
(PharMingen).

p55 ko

FiG.1. Defective follicular organization in Peyer’s patches of TNF and pS5TNF-R knockout mice. Inmunocytochemical analysis was performed
on cryostat sections of Peyer’s patches from TNF and pS5TNF-R knockout and wild-type control mice. Bound antibodies were visualized with
diaminobenzidine and sections were counterstained with hematoxylin or methyl green. Peyer’s patches from wild-type mice stained with an antibody
to IgM are found to contain organized B cell follicles (F) with visible germinal centers (GC). Large numbers of B cells are present in Peyer’s patches
from TNF or pS5TNF-R-deficient mice but they fail to form organized follicular structures and no germinal centers can be observed. Staining with
the FDC-M2 mAD reveals the presence of FDC networks within follicles in Peyer’s patches from wild-type but not TNF or pSSTNF-R-deficient
mice. T cells stained here with an anti-CD3 mAb are found to form distinct T cell-rich areas. DC stained with the N418 anti-CD11c mAb are observed
in the subepithelial region of Peyer’s patches from both TNF and pSSTNF-R knockout mice. F, B cell follicles; GC, germinal centers; I, interfollicular

regions; E, epithelium; L, lumen. (X25; X125 for N418 staining).
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F1G. 2. Normal B cell homing, yet impaired formation of organized follicles in lymph nodes of mice lacking either TNF or the p5S5TNF-R.
Cryostat sections of inguinal lymph nodes from wild-type, TNF knockout, and pSSTNF-R knockout mice were analyzed by immunoperoxidase
staining, developed with diaminobenzidine, and counterstained with hematoxylin. Staining with antibody to IgM shows a normal localization of
B cells in the outer cortex of lymph nodes from TNF or pSSTNF-R knockout mice (arrowheads); however, in contrast to wild-type mice, they are
not organized into follicles but form a thin layer covering the cortex area. A similar distribution of B cells was observed by staining with anti-B220
or anti-IgD antibodies (not shown). FDC networks identified here with the FDC-M2 mAb are observed to form within follicles in wild-type but
not in TNF- or p55-deficient lymph nodes. Additional staining with FDC-M1 failed to detect any FDC networks in lymph nodes from TNF or p55
knockout mice (not shown). In contrast, T cells visualized here with anti-CD3 mAb and N418+ DC (arrows) appear to develop normally in lymph
nodes from these mice. Similar results were observed in mesenteric lymph nodes. F, B cell follicles; T, T cell-rich areas. (X20; X100 for N418

staining).

RESULTS AND DISCUSSION

The cellular content and the structural organization of pe-
ripheral lymphoid organs was investigated in mice deficient for
either TNF or the pS5TNF-R. FACS analysis of CD4* and
CD8" T cell subsets in thymus, spleen, and lymph nodes from
TNF knockout mice showed no significant changes in com-
parison to wild-type controls (not shown). Similar results have
been reported for mice carrying a targeted inactivation of the
PS5TNF-R gene (15, 20). Moreover, a normal content of
B220* B cells was observed in spleens and lymph nodes of TNF
knockout mice. Thus, expression of TNF and the pSSTNF-R
should not be essential for the development of B and T
lymphocytes. In addition, normal lymphocyte counts could be
measured in peripheral blood of TNF knockout mice as

assessed by flow cytometry using antibodies to CD3, CD4,
CDS8, and B220 (not shown) indicating that lymphocyte hom-
ing to peripheral lymphoid organs is not affected.

We have previously reported that Peyer’s patch organogen-
esis is not disrupted in TNF knockout mice (12). Macroscopic
and low power microscopic examination of the intestine of
pSSTNF-R knockout mice also revealed the presence of
Peyer’s patches. In either TNF or pS5TNF-R knockout mice
Peyer’s patches are usually small and flat in appearance and
their number is reduced to an average of 2-4 per mouse,
compared with an average of 6—8 patches found in wild-type
controls (n = 8-12 mice for each group). To assess the
structural integrity of Peyer’s patches forming in TNF and
pS5TNF-R knockout mice we have performed immunocyto-
chemical analysis using antibodies specific for B cells, T cells,
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DC, and FDC. Staining with anti-IgM (Fig. 1), anti-CD45R/
B220, and anti-IgD antibodies (not shown) revealed a com-
plete lack of organized B lymphocyte follicles in both mutant
mouse strains, yet large numbers of B cells were found to home
within the patch area suggesting that B cell homing remains
unaffected. Furthermore, a complete absence of organized
FDC networks could be demonstrated by staining with the
FDC-specific mAbs FDC-M2 (Fig. 1) and FDC-M1 (not
shown). CD3* T cell rich areas clearly segregate from B cell
areas (Fig. 1) and contain DC that stain with the N418 and the
NLDC-145 mAbs (not shown). In addition, similar to wild-type
mice, N418* DC (Fig. 1), which do not stain with NLDC-145
(not shown) and CD4* T cells (not shown), were found in the
subepithelial regions of the Peyer’s patches from TNF and
pSSTNF-R knockout mice. These results demonstrate that
although TNF and the pS5TNF-R are not essential for the
organogenesis of Peyer’s patches, they play a dominant role in
the formation of structured B cell follicles and FDC networks
in this tissue. Our findings are in contrast to a previous report
on pSSTNF-R knockout mice (11) in which only a single patch
of lymphoid tissue could be identified in the intestine of 6 of
18 animals examined, and the absence of organized follicles,
germinal centers, and dome areas from this tissue was inter-
preted as defective Peyer’s patch organogenesis, suggesting a
critical role for the pS5TNF-R in this phenomenon. Peyer’s
patches in mice develop postnatally and are known to reach
their fully developed size and appearance only after stimula-
tion by gut antigens that initiate a chronic germinal center
reaction (21, 22) within a structurally dominating follicular B
cell compartment. This and previous reports on TNF/TNF-R
knockout mice (12-14) have clearly demonstrated an essential
role for TNF and the p5S5TNF-R in the formation of B cell
follicles and germinal centers. The apparent anatomic abnor-
malities of Peyer’s patches in TNF and p55TNF-R knockout
mice may therefore be explained by the inability of these
Peyer’s patches to develop structured B cell follicles and
germinal centers and to undergo an expansion in their B cell
compartment. Moreover, subepithelial domes of Peyer’s
patches are characterized by the presence of a network of
N418*/NLDC-145~ DC, which are thought to be important
for the uptake, processing, and presentation of luminal anti-
gens to adjacently positioned CD4* T cells (23). Typical
subepithelial dome areas are not clearly forming in Peyer’s
patches from TNF and p55TNF-R-deficient mice, again most
probably due to the impaired follicular architecture. However,
the presence of N418* DC (Fig. 1) and CD4* T cells (not
shown) in the subepithelial area of these Peyer’s patches
suggests that its functional role is maintained.

Deficient B lymphocyte follicle and FDC network formation
could also be demonstrated in mesenteric (not shown) and
peripheral lymph nodes (Fig. 2) of either TNF or pS5TNF-R
knockout mice. However, B cells could readily be observed to
home in the outer cortex area of lymph nodes (Fig. 2),
indicating that the deficiency in B cell follicle formation is not
associated with B cell homing defects. Furthermore, the
absence of TNF or the p55TNF-R did not interfere with
normal segregation of B and T cell areas in the lymph nodes,
as documented by staining with anti-CD3 antibodies (Fig. 2).
In addition, normal patterns of DC could be observed in T cell
areas, as demonstrated by staining with N418 (Fig. 2) and
NLDC-145 antibodies (not shown).

Absence of organized FDC networks in severe combined
immunodeficient (24) or B cell-depleted mice (25) is thought
to be a consequence of the absence of B cells in these systems.
Similarly, the observed impairment of FDC network formation
in lymphoid organs of either TNF or p55TNF-R knockout
mice could be attributed to deficient B cell migration and
homing. However, in this study it is shown that although B cells
localize normally in Peyer’s patches and in the cortex of lymph
nodes of either TNF or p5S5TNF-R knockout mice, B cell
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follicles and FDC networks fail to form, suggesting that the
lack of follicular organization is not due to the absence of
follicular B cells. It is therefore suggested that the primary
defect explaining the lack of follicular organization in all
secondary lymphoid organs from TNF and pS5TNF-R-
deficient mice, lies in a defective migration and/or differen-
tiation of FDC. Further experiments should address the spe-
cific TNF/p55TNF-R-mediated cellular interactions that allow
for the physiological structural organization of B cell follicles
in lymphoid organs.

The lymphoid organogenetic and T/B cell organizational
activities of LTa were recently shown to be mediated by
surface LTaf complexes (9, 10), which are known to signal
through the LTB-R (6, 26). With the available experimental
evidence and the findings reported in this study, the activities
of the LTaB/LTB-R seem to segregate from those of the
TNF/p55TNF-R, in that the latter are not necessary for lymph
node or Peyer’s patch organogenesis nor are they required for
the compartmentalization of T and B cell areas in lymphoid
organs. The localization of the LTB-R on stromal cells in the
red pulp of human fetal spleen (27) and of LT3 complexes on
lymphocytes (26), suggests that stromal-lymphocyte interac-
tions mediated by the LTaB/LTB-R pair may be pivotal in the
initiation of morphogenetic events and architectural position-
ing of T and B cells in lymphoid organs. Once this level of
lymphoid development and organization is reached, TNF/LT«
signaling through the pSSTNF-R should then be essential for
the formation of primary B cell follicles, FDC networks, and
germinal centers.

In conclusion, the reduced number and the apparent struc-
tural abnormalities of the Peyer’s patches in TNF and
pSSTNF-R knockout mice do not reflect a specific organoge-
netic role for this ligand/receptor pair, but they are rather a
consequence of the B cell follicle morphogenetic role played
by these molecules in all secondary lymphoid organs. In
addition, the data presented in this report indicate that these
lymphoid deficiencies may be associated with the observed
impaired formation of FDC networks and not with B cell
homing and trafficking defects.
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