
GAATTCTCAGCTTCCTGCTAATCA-3') and J,, prim- 
er (5'-ATAGGATCCCGTTTCAGCTCCAGCTTGGT- 
3') for 20 cycles, followed by an additional 30 cycles 
with (5'-GCCGGAATTCCCAGAGGACAAATTGTTC- 
371. The cDNA PCR products were purified with Magic 
PCR Preps (Promega) and sequenced with a J,,- 
specific primer (5'-ACGTTTCAGCTCCAGCTTGGTC- 
CCA-3'). DNAsequercirg was performed withT7 DNA 
polymerase or with Taq polymerase with the use of di- 
or dye-deoxy terminators. 

16. The source of CD40 ligand was the transfectant 
cell line K47 (G. Wohlleben et a/., Int. Immunol., in 

press) that constitutively expresses CD40 ligand 
(CD40L). 

17. E. A. Kabat et al. , Sequences of Proteins of Immu- 
nological Interest (National Institutes of Health, Be- 
thesda, MD, 1983). 

18. T cell-depleted splenic B cells from BALBIc mice im- 
munized with phOx-OVA, as described above (19, 
were stimulated with the indicated stimuli in 96-well 
plates at the indicated cellular input. After 8 days in 
cuiture, the supematants were screened for phOx reac- 
tivity by ELISA, the pbsitive wells were scored, and the 
cells were harvested. The V,,, rearrangements were 

Role of Lymphotoxin and the Type I TNF 
Receptor in the Formation of Germinal Centers 

Mitsuru Matsumoto, Sanjeev Mariathasan, Moon H. Nahm, 
Ferenc Baranyay, Jacques J. Peschon, David D. Chaplin* 

In mice deficient in either lymphotoxin-a (LT-a) or the type I tumor necrosis factor (TNF) 
receptor, but not the type II TNF receptor, germinal centers failed to develop in peripheral 
lymphoid organs. Germinal center formation was restored in LT-a-deficient mice by 
transplantation of normal bone marrow, indicating that the LT-a-expressing cells required 
to establish this lymphoid structure are derived from bone marrow. 

T h e  structurally related cytokines LT and 
TNF-a can modulate many immune and 
inflammatory reactions (I). LT has been 
identified in two different molecular forms: 
a secreted form consisting of an LT-a ho- " 
motrimer and a membrane-associated het- 
eromeric complex, composed (in its major 
form) of one LT-a monomer and two iden- 
tical 33-kD transmembrane LT-f3 subunits 
(2-4). The secreted LT-a homotrimer 
binds and activates both TNF receptor type 
1 (TNFR-I) and type 2 (TNFR-11) (5), 
whereas the membrane-associated LT-a,- 
LT-P2 heteromer engages a newly identi- 
fied receptor designated the TNF recep- 
tor-related protein (TNFRrp) (4, 6). In 
vitro, LT duplicates the activities of TNF- 
a. However, recent studies have demon- 
strated that LT-a occuvies a central. 
unique role in the development of lymph 
nodes (LNs) and peyer's patches (PPS) 
(7). The relative roles of TNFR-I, TNFR- 
11, and other LT-binding cell surface re- 
ceptors in transducing LT-specific signals 
have not been defined (5). 

Mice rendered deficient in LT-a (LT- 
a-I-) are born without morphologically de- 
tectable LNs or PPs (7). The spleen, al- 
though present, shows disturbed architec- 
ture, with failure in the white pulp of nor- 
mal segregation of B and T cell zones and 
failure to establish a distinct marginal zone. 
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These findings suggest that responses that 
depend on normal cellular interactions 
within white pulp follicles may be dysfunc- 
tional in these mice. 

We tested this hypothesis by immuniz- 
ing normal and LT-a-/- mice with sheep 
red blood cells (SRBCs) (8). Ten days 
after immunization, immunohistochemi- 
cal evaluation of the spleens of wild-type 
mice demonstrated the formation of prom- 
inent germinal centers (GCs), visualized 
as clusters of cells binding peanut aggluti- 
nin (PNA) (9) surrounded by cells stain- 
ing with antibody to immunoglobulin D 
(IgD) (Fig. 1A). In contrast, spleen sec- 
tions from LT-a-1- mice immunized with 
SRBCs showed no G C  structures (Fig. 
1B). PNA-binding cells were rarely de- 

amplified by RT-PCR as described above and cloned 
into pGem3Z vector. Random plasmids containing in- 
serts were selected and sequenced. The measured Taq 
polymerase error under these conditions is less than 
one mutation per 1000 bases sequenced. 
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tected and, when seen, were closely ap- 
proximated to vascular structures and not 
associated with IgD-expressing cells. Sim- 
ilar results were obtained after immuniza- 
tion with (4-hydroxy-3-nitropheny1)ac- 
etyl-ovalbumin and trinitrophenyl key- 
hole limpet hemocyanin. These observa- 
tions indicate that in addition to 
supporting the development of LNs and 
PPs, LT-a has an essential function in 
supporting the generation of normal G C  
structure. 

After their release in soluble form from 
cells, both TNF-a and LT-a are homo- 
trimers (10). These two cytokines can en- 
gage both the 55-kD TNF receptor 
(TNFR-I) and the 75-kD TNF receptor 
(TNFR-11) (3, 5). To  evaluate whether 
either of these TNF receptors was required 
for normal G C  formation, we used SRBCs 
to immunize mice rendered deficient in 
either TNFR-I (TNFR-I-/-) or TNFR-I1 
(TNFR-11-I-) by gene targeting ( I  1 ). Al- 
though TNFR-11-l- mice had morpholog- 
ically normal GCs (Fig. ID), TNFR-I-/- 
mice developed no GCs (Fig. IC), dem- 
onstrating that signaling through TNFR-I 
is also required for G C  development. Ex- 
periments performed in vitro (12) and in 
vivo (13) have suggested unique activities 
for TNFR-I and TNFR-11. Previous studies 
of mice rendered deficient in each of these 
receptors by gene targeting have also iden- 

Fig. 1. Absence of GCs 
in spleens from immu- 
nized LT-a-/- and 
TNFR-I-/- mice but not 
from TNFR-II-/- mice. 
Spleen sections from 
wild-type (A), LT-a-/- 
(B), TNFR-I-/- (C), and 
TNFR-II-/- (D) mice 
were stained with PNA 
(blue) and antibody to 
IgD (brown). Typical GC 
development is absent in 
LT-a-/- and TNFR-I-/- 
mice, but present in wild- 
type and TNFR-II-/- 
mice after immunization 
with the T lymphocyte 
dependent antigen 
SRBC. Magnification, 
X30. 
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tified phenotypic differences, suggesting a 
dominant role for TNFR-I in resistance to 
Listeria monocytogenes and in the lethal 
response to endotoxin plus D-galac- 
tosamine (14). In this regard, the require- 
ment for TNFR-I but not for TNFR-I1 in 
the formation of GCs provides additional 
clear evidence that signals from these two 
TNFRs are not redundant in vivo. 

To  evaluate more fully the alterations 
of spleen follicular structure in LT-a-/- 
and TNFR-I-/- mice, we stained tissue 
sections from the spleens of immunized 
mice with MOMA-1 (15), a monoclonal 
antibody specific for the metallophilic 
macrophages that constitute a major com- 
ponent of the marginal zone (16). The 
pattern of MOMA-1 staining in TNFR- 
1-1- mice was indistinguishable from that 
in wild-type and TNFR-11-1- mice (Fig. 2, 
A, C,  and D). In contrast, MOMA-1 
staining was essentially absent in the 
spleens of LT-a-1- mice (Fig. 2B). This 
indicates that although both LT-a and 
TNFR-I play essential roles in the gener- 
ation of GCs, they do not mediate identi- 
cal actions in the development of mature 
lymphoid follicles. 

In previous studies, we investigated the 

Fig. 2. MOMA-1 staining 
patterns of spleen sec- 
tions from wild-type (A), 
LT-a-/- (B), TNFR-I-/- 
(C), and TNFR-II-/- (D) 
mice. The staining pat- 
tern of TNFR-I-/- spleen r 
sections is similar to that 
of sections from wild-type 
and TNFR-II-/- spleens. 
In contrast, LT-a-/- 
spleen shows a disturbed 
pattern with near absence 
of MOMA-1 staining. 
Magnification, x30. 

mechanism of failure of LN formation in 
LT-a-1- mice through use of reciprocal 
bone marrow transfers (17). These studies 
demonstrated that LT-a-1- lymphoid 
cells could revovulate the LNs of irradiat- . . 
ed normal mice as effectively as could 
wild-type lymphoid cells. In contrast, 
wild-type lymphoid cells, although able to 
repopulate the spleen, could not induce 
the de novo development of LN tissue in 
irradiated LT-a-1- adult mice. This sug- 
gested that LT-a was not required for the 
targeting of bone marrow-derived cells to 
existine LNs. but rather that LT-a con- 
trolled-a cellular interaction required for 
LN histogenesis and that the LN defect 
was developmentally fixed. To  determine 
whether the defect in G C  formation was 
similarly developmentally fixed, we immu- 
nized the bone marrow~himeric mice 
with SRBCs and analyzed spleen sections 
by staining with PNA and antibody to IgD 
(18). Reconstitution of irradiated LT- 
a-1- mice with normal bone marrow re- 
stored the ability to form GCs (Fig. 3A). 
In contrast, when LT-a-1- bone marrow 
was used to reconstitute irradiated wild- 
type mice, G C  formation was defective as 
in the LT-a-I- mice (Fig. 3B). Thus, the 

Fig. 3. Restoration of GC 
formation in LT-a-/- 
mice by transplantation 

'.B 
with normal bone mar- 
row. (A) LT-a-/- mice 
reconstituted with wild- 
type bone marrow b 
showed restored forma- 
tion of GCs after immu- 

I 
nization with SRBCs. 
Staining is with PNA 
(blue) and antibody to IgD 
. 

(brown). (B) Conversely, wild-type mice reconstituted with LT-a-'- bone marrow showed no detectable 
development of GCs. Magnification, x30. 

abnormal spleen architecture observed in 
LT-a-1- mice is a plastic characteristic 
determined by the bone marrow4erived 
cells that populate the spleen, rather than 
a fixed characteristic defined by the spleen 
stroma. These data further indicate that 
bone marrow4erived cells are the only 
essential source of LT-a required for the 
formation of GCs. 

Although targeting either the gene en- 
coding LT-a or TNFR-I blocked forma- 
tion of GCs, there were differences in 
lymphoid follicle morphology in these two 
targeted strains. The distribution of 
MOMA-1 staining was apparently normal 
in TNFR-1-1- and TNFR-11-1- mice. In 
contrast, MOMA-1 staining was essential- 
ly absent in LT-a-/- mice. This establish- 
es a role for LT-a in the formation of a 
morphologically normal marginal zone, 
apparently acting through a receptor other 
than TNFR-I or TNFR-11. We speculate 
that, as suggested for development of LNs 
and PPs, the development of normal mar- 
ginal zone structure is dependent on mem- 
brane LT, acting through TNFRrp (6) or a 
similar receptor. 

Complete G C  structure is expressed af- 
ter exposure to antigen, which activates 
LT-a expression in T helper 1 lympho- 
cytes (19). Thus, LT-a could stimulate 
GCs directly after T helper cell activation. 
Alternatively, LT-a could act before anti- 
gen exposure, during migration of bone 
marrow-derived cells into nascent lym- 
phoid follicles, establishing in a permissive 
fashion cellular interactions that allow 
subsequent antigen-dependent G C  forma- 
tion. LT-a is expressed by activated B 
lymphocytes (20), suggesting a possible 
mechanism by which the activated B cell 
itself could provide the focal stimulus for 
G C  development. 

GCs are also absent in mice and hu- 
mans deficient in the TNF family mem- 
bers CD40 or the CD40 ligand (CD40L) 
(21). The absence of GCs in animals de- 
ficient in either CD40L or LT-a suggests 
either that signals through CD40 and 
TNFR-I are both required for the forma- 
tion of GCs or that activation of these 
receptors is sequential in certain regulato- 
ry cells. In this regard, it is of interest that 
ligation of CD40 on B cells induces strong 
expression of LT-a (20). Thus, CD40L 
may act upstream of LT-a in the G C  
response. Finally, given the evolutionary 
relation between the TNFRs and CD40 
and between LT-a and CD40L, it is pos- 
sible that other members of this ligand and 
receptor family may also contribute to cel- 
lular organization in developing GCs. Spe- 
cifically, although it is appealing to pos- 
tulate that LT-a (presumably in its secret- 
ed homotrimeric form) regulates G C  for- 
mation by binding directly to TNFR-I, it 
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should he acknowledged that T N F - a  itself 
may contrilwte i~ldependently to  the GC 
response. 
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H IV- 1 Langerhans' Cell Tropism Associated with 
Heterosexual Transmission of HIV 
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Heterosexual transmission by vaginal intercourse accounts for most transmission of 
human immunodeficiency virus-type 1 (HIV-I) in Africa and Asia but is less important in 
the HIV-1 epidemics of the United States and Western Europe. Epithelial Langerhans' cells 
(LCs) represent a possible source of initial cell contact for vaginal infection. Fifteen primary 
isolates of HIV-I from U.S. homosexuals and 18 HIV-1 isolates from Thailand hetero- 
sexuals were evaluated for growth in LCs of U.S. origin. All the viruses from the Thai 
heterosexuals, which were subtype E, grew more efficiently in the LCs than any of the 
viruses from the U.S. homosexuals, which are subtype 6. These results suggest that LC 
tropism is associated with the efficiency of heterosexual transmission of HIV. 

I n  Thailanil, India, and sul3-Saharan Afri- 
ca, it has been estimated that 9OC% [of HI\'-1 
infections are acquired through heterosex- 
ual exposure ( 1 ,  2).  In contrast, ~llost trans- 
missions of HIV in the United States and 
Western Europe are associated with anal 
interco~rrse among homosex~~a l  lnen 01- ill- 
jection drug ~rse (IDU), with 10s than ICY> 
of infections attrib~rtcd to heterosexual con- 
tact (3). HI\'-1 subtypes or cladzs have 
been classified according to HI\/ envelope 
and gag gene sequences (4).  HI\'-1 subtypes 
A thro~lgll I have heen described (2 ,  5), and 
s ~ ~ l ~ t ~ ~ e s  A through E have heen character- 
ized for geographical distribution, with A ,  
C, and D dominating in sub-Saharan Afri- 
ca, C do~ninating in India, and E dominat- 

ing in Thailand (2 ,  5). HIV-1 B is the 
dominant s~ihtype reported t11~1s far from 
the United States or Western Europe (4).  
HIV-1 B has also been isolateil occasionally 
in Africa, Thailand, and India hut is Llnusu- 
a1 there except in individ~lals infected 
through IDU (2 ,  6). HI\/-1 B is also the 
do~llillant s~lhtype in the Caribbean and in 
South America, where heterosexual trans- 
lllission is Inore c o ~ n ~ n o n  than in the Unit- 
ed States but less conlnlon than in Africa or 
Thailand ( 1 ) .  Factors known to alter the 
efficiency of hetcrosex~~al  trans~nission in- 
cl~:de other venel-eal diseases, condom use, 
~na le  circ~~mcision, and anal intcrco~lrse 
(7). 

T h e  uneven expansion of HI\/-1 s ~ ~ h -  
types raises the possibility that some virus- 
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