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Tumor necrosis factor (TNF) and lymphotoxins (LT) belong to
a family of structurally related cytokines (1) that were origi-
nally recognized for their cytotoxic effects on normal or
transformed cells (2–4). The genes for the lymphotoxins a
(LTa) and b (LTb) as well as for TNF are clustered within the
major histocompatibility complex (5–7). Whereas TNF can be
expressed and secreted by a variety of cells including lympho-
cytes, NK cells, and monocytes (1), the lymphotoxins are
mostly produced by activated lymphocytes and NK cells (8).
TNF exists as a homotrimer that interacts with two TNF
receptors, p55 TNFR and p75 TNFR. The lymphotoxins can
be found either as homotrimers or heterotrimers. The LTa
homotrimer lacks a transmembrane domain. The LTa,b2
heterotrimer can be retained at the cell surface because LTb
is a type II transmembrane protein (6). The LTa homotrimer
binds like TNF to the p55 TNF and p75 TNF receptors (6),
whereas the LTa,b2 heterotrimer binds to the LTb receptor (3)
(Fig. 1). The p55 and p75 TNF receptors are expressed in a
variety of tissues including hemopoetic and epithelial cells (9).
LTb expression is found in primary and secondary lymphoid
tissues but is absent in cells of peripheral blood (9).

A number of studies in mice deficient in either TNF or LT
as well as their receptors have now provided persuasive
evidence that these cytokines do not only mediate cytotoxic
effector functions as their names suggest but are, perhaps more
importantly, involved in lymphoid organogenesis (10). The
paper by Alimzhanov et al. (11) in this issue of the Proceedings
makes an important contribution to this field by examining the
role of LTb in the development of secondary lymphoid tissue.

Early studies in TNF-deficient mice showed that TNF was
the key mediator of septic shock induced by lipopolysaccharide
and superantigens but also a key mediator of resistance to
Listeria monocytogenes because p55 TNFR2/2 mice were re-
sistant to endotoxic shock but susceptible to Listeria infection
(12). Apart from their deficiency in effector functions, TNF2/2

mice exhibited also a deficiency in the organization of lym-
phoid tissue in that no primary lymphoid follicles were found
in the spleen, and mature follicular dendritic cells were absent.
Significantly, such mice could not form germinal centers after
antigenic stimulation (13, 14).

Normally lymphoid organs are organized into compart-
ments of T cell zones and B cell follicles. T cell zones are found
in the paracortex of lymphnodes and periarteriolar sheets of
the spleen whereas B cells form either resting primary follicles
or activated secondary follicles—i.e., germinal centers. A third
compartment of B cells exists in the marginal zone of the
spleen (10). Until recently, little was known about the molec-
ular mechanisms responsible for these structural organizations
of lymphocytes around follicular dendritic cells in the case of
primary or secondary follicles and around macrophages and
metallophils in the marginal zone of the spleen. In TNF2/2

mice the marginal zones in the spleen were expanded whereas
follicles and follicular dendritic cells were absent (13). This
may be due to a block of migration of marginal zone B cells,
perhaps caused by the absence of adhesion receptors on the

marginal zone endothelial cells because TNF can induce the
expression of adhesion molecules such as intercellular adhe-
sion molecule 1 (ICAM-1), vascular cell adhesion molecule 1
(VCAM-1), MadCAM-1, and peanut agglutinin d (PNA-d)
(15–18). Indeed in TNF2/2 mice MadCAM-1 could not be
detected in spleenic marginal zones (13). Thus, while T cells
appear to migrate normally from marginal zones in TNF2/2

mice, B cell migration appears to be blocked. The absence of
follicular dendritic cells (FDC) may in fact be caused by the
absence of follicular B cells because generally B cell-deficient
mice lack FDC (19, 20). This is well in line with the observation
that transfer of normal bone marrow cells into TNF2/2 mice
can restore normal lymphoid organ structure (21).

When LTa2/2 mice were analyzed, an even more severe
impairment of lymphoid organ structure was noticed: primary
and secondary follicules were absent and FDC networks were
lacking as in TNF2/2 mice, but in addition lymphnodes and
Peyer’s patches (PP) were absent (22, 23). Theoretically the
more severe phenotype of LTa2/2 mice could be due to either
the absence of the LTa homotrimer or the LTa,b2 heterotri-
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mer that bind to the p55 or p75 TNFR and the LTb receptor,
respectively (Fig. 1). However, because p55 TNFR2/2 (24) and
p75 TNFR2/2 (25) mice develop lymphnodes and PP, it was
more likely that the LTa2/2 phenotype was caused by the
absence of the LTa,b2 heterotrimer binding to the LTb
receptor. Indeed, it was shown in experiments employing a
soluble LTb receptor–Fc fusion protein in pregnant mice that
the genesis of lymphnodes and PPs but not that of mesenteric
lymphnodes was inhibited in the embryos (26). These results
were confirmed and extended in the papers by Alimzhanov et
al. (11) as well as by Koni et al. (27) in LTb2/2 mice.

LTb2/2 mice, like LTa2/2 mice, lacked peripheral lymph-
nodes, PPs, primary and secondary B cell follicles, as well as
FDC. Unlike LTa2/2 mice, however, these mice contained
mesenteric and cervical lymphnodes, suggesting that the LTa
homotrimer may have a special role in lymphoid organogenesis
of the latter structures. A detailed analysis of the spleen in
LTb2/2 mice revealed the absence of MOMA1 metallophilic
macrophages in the spleen and the absence of MadCAM-I. In
lymphnodes T and B cell zones appeared separated yet B cell
follicles and FDC were absent. Here MadCAM-1 expression
was found on what appeared to be flattened high endothelial
venules. There were no abnormalities detected in primary
lymphoid organs even though LTb was shown to be expressed
in the thymus. In lung and liver a marked accumulation of
lymphocytes was detected in perivascular areas consisting
mostly of B cells and CD41 T cells (Table 1). Finally, after
immunization, germinal centers did not form but aggregates of
PNA-binding cells could be detected.

The underlying molecular mechanisms responsible for the
defects in lymphoid organogenesis and formation of germinal
centers are not yet elucidated, but it appears likely that they
involve the regulation of expression of various adhesion mol-
ecules as well as of inflammatory molecules that regulate
migration of B cells as well as organization of FDC networks.

In summary, the TNF-like cytokine family of lymphotoxins
has come a long way from initially being recognized as
mediators of immune effector functions to the realization that
these molecules play essential roles in the normal genesis of
lymphoid organ structures.
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Table 1. Phenotypes of mice deficient in TNF, LTs, or their receptors

Splenic
marginal zone

Primary
lymphoid
follicles

Secondary
lymphoid follicles
(germinal centers)

FDC
networks Lymphnode PP Thymus

Organ
infiltrates

TNF 5 TNFa Enlarged Absent Absent Absent Normal Present Normal Absent
p55 TNFR Absent Absent Absent Normal Present Normal Absent
p75 TNFR Normal Normal Normal Normal Normal Normal Normal
LTa 5 TNFb Disturbed Absent Absent Absent Absent Absent Normal
LTb Disturbed Absent Absent Absent Partially absent* Absent Normal Massive†

*Cervical and mesenterical lymphnodes present.
†CD41 cells and B cells.
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