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the long-day-dependent and -independent path- 
ways of floral induction (1, 7, 8, 11). Indeed, in 
contrast to plants that overexpressed only F T  or 
LFY (12), the vegetative phase was bypassed in 
35S;:FT 35S::LFY plants, which produced a 
terminal flower immediately upon germination. 
The only leaves produced by these plants were 
the first two leaves, which are already initiated 
in the embryo (Fig. 2, C, E, and I, and Table 1). 
A less marked effect was seen in 35S::FT 
35S::APl plants (Fig. 2C and Table l), even 
though 35S::APl plants on their own flow- 
ered considerably earlier than did 35S::LFY 
plants (7, 12-14) (Table 1). The 35S::FT 
35S::LFY phenotype was also more severe 
than that of 35S::API 35S::LFY plants (14), 
indicating that F T  does not only induce API, 
which is confirmed by a failure of an ap l  
mutation to suppress early flowering of 
35S::FT plants (Table 1). 

The deduced FT protein belongs to a small 
family of Arabidopsis proteins, which includes 
the TFLl protein, whose amino acid sequence 
is more than 50% identical to that of FT (3,15). 
F T  and TFLl have opposite effects on flower- 
ing. Loss of F T  function causes late flowering 
(4), whereas loss of TFLl causes early flower- 
ing along with the formation of terminal flow- 
ers (1 6). However, F T  and TFLl effects are not 
entirely mirror images of each other, because 
35S::FT plants flower much earlier than tfll 
loss-of-function mutants, particularly under 
short days, and 35S::TFLl plants not only flow- 
er late, as do @ loss-of-function mutants, but 
they also show transformation of individual 
flowers into shootlike structures (1 7). 

To clarify the relation between F T  and 
TFLI, we tested whether F T  promotes flow- 
ering by eliminating TFLl activity. 35S::FT 
tfll-1 plants flowered even earlier than 
35S::FT plants and often formed only a sin- 
gle, terminal flower on the main shoot, indi- 
cating that TFLl is still active in 35S::FT 
(Table 1 and Fig. 2, A and H). Consistent 
with this finding, TFLl was expressed in 
35S::FTplants (Fig. 3, C and F). Independent 
action of F T  and TFLl was likewise evident 
from the fact that 35S::TFLl attenuated the 
early flowering of 35S::FT, even though the 
attenuation was modest (Table 1 and Fig. 
2A). Together, these observations suggest 
that F T  and TFLl act at least partially in 
parallel. 

TFLl mRNA is highly expressed in a 
small group of shoot meristem cells (15) (Fig. 
3F). Using reverse transcriptase polymerase 
chain reaction (RT-PCR), we detected F T  
mRNA throughout the aerial part of the plant 
(Fig. 1B). In situ hybridization revealed no 
specific concentration of F T  transcripts at the 
shoot apex, suggesting that F T  and TFLl do 
not have to be expressed in the same pattern 
to antagonize each other's effects. 

FT and TFLl are related to a membrane- 
associated mammalian protein that can bind 

hydrophobic ligands (18). This protein also 
gives rise to hippocampal cholinergic neuro- 
stimulating peptide (HNCP), which is generat- 
ed from its precursor by cleavage after amino 
acid 12 (19). Comparison of the FT and TFLl 
sequences (3) with the crystal structure (20,21) 
of HCNP precursor, also called phosphati- 
dylethanolamine binding protein (PEBP), re- 
vealed several interesting features. The con- 
served residue ArgHg has been proposed to 
activate the bond between Leu12 and Ser13 
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Organogenic Role of B 
Lvm~hocvtes in Mucosal 

Immunity 
Tatyana V. Colovkina,' Mark Shl~rnchik ,~~~  Lynn Hann~rn ,~  

Alexander Chervonskyl* 

Follicle-associated epithelium (FAE) in  the intestinal Peyer's patches contains 
M cells that deliver pathogens t o  organized lymphoid tissue. Development of 
Peyer's patches, FAE, and M cells was found t o  be impaired in  mice that had no 
B cells. Transgenic expression of membrane-bound immunoglobulin M restored 
B cells and FAE development. The lack of M cells abrogated infection wi th  a 
milk-borne retrovirus. Thus, in  addition t o  secretion of antibodies and presen- 
tation of antigens, B cells are important for organogenesis of the mucosal 
immune barriers. 

The gut-associated lymphoid tissue (GALT) tinal surface of PPs is characterized by the 
consists of highly organized Peyer's patches presence of FAE-covering "domes," regions 
(PPs) in the small intestine and intraepithelial free of intestinal villi (1). M cells are found in 
lymphocytes (IELs) found throughout the these domes, scattered among enterocytes 
length of the gastrointestinal tract. The intes- (2). M cells lack microvilli on their apical 
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surface (hence the term M, denoting micro- 
fold or membranous cells) and are able to 
tunnel pathogens through the cytoplasm to 
the basal surface, where deep invaginations 
of their membrane allow close' contact with 
lymphocytes and macrophages (3). In respi- 
ratory epithelium, where M cells are also 
found, they serve as the entrance gates for 
pathogens such as mycobacteria (4). In vitro, 
M cells were shown to develop from a human 
intestinal epithelial cell line under the influ- 
ence of lymphocytes, and a B cell lymphoma 
was a stronger converter of epithelial cells 
into M cells than was a T cell lymphoma (5). 
Thus, we investigated whether B cells are 
responsible for the generation of FAE and M 
cells in vivo and whether B cell deficiency 
could affect transepithelial transport of an 

'Jackson Laboratory, 600 Main Street. Bar Harbor, ME 
04609, USA. 2Section of Immunobiology. 3Depart- 
ment of Laboratory Medicine. Yale University School 
of Medicine, New Haven, CT 06510, USA. 

*To whom correspondence should be addressed. E- 
mail: avc@aretha.jax.org 

Fig. 1; Full develop- 
ment of PPs and FAE is 
affected in B cell-neg- 
ative mice and can be 
restored by transgenic 
expression of mlgM. 
Relative t o  normal 66 
mice (A and B), two B 
cell-deficient mouse 
stocks analyzed- 
lgh-6 (C and D) and 
J,D @)--showed re- 
ductions in PP size, 
dome numbers, and 
dome size. Transgenic 
expression of mlgM 
led t o  development of 
B cells (H), PPs, and 
domes (E and F). The 
inner surface of PPs 
was photographed in 
transmitted light us- 
ing a Wild M10 Ste- 
reoscope (Leica) and 
SPOT charge-coupled 
device camera (Diag- 
nostic Instruments, 
Sterling Heights, 
Michigan). Black rect- 
angle, PP in  lgh-6 
mouse; black and 
white arrows, FAE; 
white rectangle, FAE 
in lgh-6 mouse. Scale 
bar for (A), (C), and (E) 
is shown in  (A); bar for 
(6). (D), and (F) is 
shown in (6). Cryostat 
sections of PPs from 
J,D (C) and transgenic 
mlgM (H) mice were 
stained with fluores- 
cein isothiocyanate- 
coupled polyclonal antib 

enterally transmitted retroviral pathogen. 
We examined knockout (KO) mice with 

targeted mutations that lack specific lympho- 
cyte subsets (6) for abnormalities in PP and 
FAE generation. The absence of B cells, due 
to KO of either the p membrane segment 
(Ighd) or J, segments of immunoglobulin 
(Ig) genes (J,D), caused a diminution of 
numbers of detectable PPs (Table 1). In con- 
trast, mice deficient in either clp T cells [T 
cell receptor (TCR)P KO] or yG T cells 
(TCRG KO) had normal numbers of PPs, as 
did mice deficient in both clp and yG T cells 
(TCRP, TCRG KO). The strongest PP defi- 
ciency has been observed in mice lacking 
both B and T cells as a result of the absence 
of RAGl recombinase (RAG1 KO). In B 
cell-negative mice, the size of PPs was much 
smaller and FAE was abnormal, as revealed 
in unfixed preparations of PPs seen in trans- 
mitted light (Fig. 1, C and D) or in a cryostat 
section (Fig. 1G). The transgenic expression 
of a membrane-bound immunoglobulin M 
(mIgM) on the JHD background, allowing 
generation of B cells with surface but not 

odies t o  Ig (Sigma). 

secreted IgM, completely restored the devel- 
opment of PPs (Table 1) and FAE (Fig. 1, E, 
F, and H). 

Scanning electron microscopy (SEW was 
used for further analysis of FAE in mutant 
mice (Fig. 2). SEM is the most adequate 
approach for M cell detection, as the luminal 
surface of M cells has very distinct microfold 
morphology (Fig. 2C) (7). SEM allows anal- 
ysis of the large FAE surfaces, an advantage 
over transmission electron microscopy or his- 
tochemical detection of M cells (8). M cells 
could be found in abundance in the large 
domes in the PPs of normal mice (Fig. 2B) 
(9). In contrast, only a few cells with a char- 
acteristic microfold surface could be detected 
in the smaller domes of B cell-deficient an- 
imals (Fig. 2, E to G) (9). Cells with an 
unusual brush border (Fig. 2, F and G) were 
also found in mice without B cells. These 
cells are most likely M cell maturation inter- 
mediates (9). 

Reconstitution of B cells by mIgM trans- 
gene expression resulted in the complete de- 
velopment of FAE and M cells (Fig. 2, H and 
I). Nonactivated B lymphocytes are likely 
sufficient for organogenesis, as FAE-contain- - - 

ing M cells were normally developed in 
CD40 ligand-negative (CD40L KO) mice 
(Fig. 2J), even though B cells in these mice 
cannot be properly activated (10, 11). The 
lack of T cells did not have any significant 
influence on FAE development because 
TCRP, TCRG KO mice had normally devel- 
oped M cells (Fig. 2K). However, in RAGl 
KO mice, domes were even more difficult to 
find than in mice with no B cells, and there 
was no evidence of M cells (12); this suggests 
that the development of residual M cells 
found in the absence of B cells (Fig. 2, F and 
G) (9) may be promoted by T lymphocytes, 
although the input of T cells in M cell devel- 

Table 1. Development of Peyefs patches is affect- 
ed in mice lacking B lymphocytes. 

PP numbers 
Mouse strain 

Average Individual mice 

86 6.8 7.5.7.6.5.9.8. 
7, 6, 8, 7 

B6-lgh-6 2.1* 3,2,2,2,3.2,2. 
3. 2. 1. 2, 2, 2, 
2. 2 

B6-TCRP KO 7.0 7, 7, 6, 8, 7, 7 
B6-TCR6 KO 6.3 5. 7, 6. 7 
B6-TCRP, TCR6 KO 6.8 6, 8, 7, 6, 7, 7 
B6-Rag1 KO 0.6* 1.0,1,0 
BALBIcJ 10.3 11, 9, 10, 11 
BALBIc-J,D 1.6* 2.0.2.0.1.2.4, 

2.2. 1. 2 
mlgM Tg 9.0 10,11,11.8,9, 

10, 10, 7, 9, 10, 
8. 8. 7 

*The size of PPs was significantly diminished. PPs on 
isolated intestines were counted using a Leica MZ6 zoom 
stereo microscope (28). 
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were used as recipients of normal adult B6 BM 
and were simultaneously briefly exposed to 
MMTV (19). In all TCRP KO (having intact B 
and M cells) recipients of B6 BM, MMTV 
infection was readily detectable (Fig. 3). In 
contrast, chimeras with a reconstituted immune 
system but with underdeveloped FAE were sig- 
nificantly resistant to MMTV infection: Most 
Igh-6 recipients had severely diminished viral 
load or had no detectable MMTV proviruses at 

all (Fig. 3). Only a small fraction of total T cells 
(T cells expressing cognate VP regions) can be 
used by MMTV (20). Nevertheless, T cell num- 
bers originating from donor BM were sufficient 
to allow MMTV infection in B6 + TCRP KO 
chimeras. Because mouse BM contains 15 to 
20% cells of the B cell lineage versus 1 to 2% 
of the T cell lineage, the number of B cells 
introduced should be sufficient to support SAg- 
dependent T cell activation. 

opment is very limited. A conservative esti- 
mate suggests that the overall number of M 
cells in B cell-deficient mice is smaller by a 
factor of at least 150 to 840 (one-sixth to 
one-third the number of PPs X one-quarter to 
one-half the number of domes X one-fifth the 
dome surface area X one-seventh to one-fifth 
the number of M cells in the field). Thus, 
only 1.2 to 6.6 M cells are present in B 
cell-deficient mice per every 1000 M cells in 
normal intestine. 

Substantial diminution of M cell numbers 
should lead to a strong functional impair- 
ment. We used mouse mammary tumor virus 
(MMTV), a classical retrovirus suspected to 
use M cells to enter GALT (13), to show 
functional involvement of M cells in retrovi- 

Fig. 3. Infection with milk- A 5, TCRRKo ,, l g H  

or lgh-6 mice, fed with 
MMTV-Laden milk became ... . 

ral transport from the intestinal lumen. 
MMTV infects only dividing cells, and it 

infected. Integrated MMTV B LTP. I cxp. r 

proviruses were detected 86 + TURKO ~6 -c I t1-6 86 +TmKO B6 + I h-6 

in by the semiquantitative spleens at 8 weeks PCR. MMw 7 9- M m  Each lane represents a dif- 
ferent mouse. (B) When -.t 

relies on its superantigen (SAg) to induce 
proliferation of T cells expressing certain VP 
chains (14). T cell activation by SAg depends 
on direct interaction with B lymphocytes 
(15). Elimination of either T cells with ap- 
propriate VP chains (16) or B cells (17) 
abrogates MMTV infection. Thus, B cells 
may be needed both for T cell activation and 
for M cell-dependent translocation of 
MMTV. 

To unmask the possible role of M cells in 
channeling MMTV through the intestinal wall, 
we used a bone marrow (BM) chimera ap- 
proach (18). Newbom Igh-6 or TCRP KO mice 

the two immunodeficient 
strains were reconstituted 
at birth with 66 BM (181, 
only B6 + TCRP KO chi- 
meras demonstrated full- 
scale infection. Mice in the 
two experiments shown 
were fostered by MMTV+ 
foster mothers for 7 and 3 
days, respectively. Densito- 
metric analysis of the PCR 
bands is shown below. 

Fig. 2. SEM (29) showed normal FAE 
and the presence of M cells (marked 
"M") in BALBIcJ (A to D) and trans- 
genic mlgM (H and I) mice. Goblet 
cells are indicated by "G"; enlarged 
images of a typical M cell (C) and 
goblet cell (D) are shown. In J,D 
mice, FAE was small (E and G)  and 
M cell generation (F and C) (9) was 
affected by the lack of B cells. Cells 
with an unusual brush border are 
marked with an asterisk in (F) and 
(C). (J) B cells in mice lacking CD40L 
stimulate normal development of 
FAE and M cells. (K) The absence of 
both ap and y8 T cells did not 
affect M cell development. 
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The B cell-controlled development of 
FAE (as opposed to mere reduction of PP 
numbers) is crucial for retroviral infection, as 
tumor necrosis factor receptor 1 (TNFR1) 
KO mice with the same reduction in number 
and size of PPs (21, 22) as B cell-negative 
mice but with significant numbers of M cells 
were found to harbor MMTV efficiently (9). 

The precise mechanisms of the organo- 
genic function of B cells are unknown. B 
cells in transgenic mIgM mice do not produce 
any secreted Ig, excluding involvement of 
soluble Ig or signaling through Fc receptors 
in FAE development. The members of the 
TNFR family have been implicated in organ- 
ogenesis of lymphoid tissue, including GALT 
(23), and are likely to be involved in the B 
cell-dependent development of FAE, similar 
to B cell-dependent generation of follicular 
dendritic cells (FDCs) (24). 

The organogenic function of B cells in 
GALT (and possibly in other mucosal barri- 
ers, such as respiratory epithelium) is distinct 
from their immune functions of Ig secretion 
or antigen presentation. It affects M cell- 
dependent translocation of pathogens through 
mucosal barriers, influences an organism's 
interactions with environmental flora (25), 
and must be taken into account when inter- 
preting studies that implicate B cells as anti- 
gen-presenting cells in immunity and autoim- 
munity (26, 2 7). 
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Chemokine receptors serve as portals of entry for certain intracellular patho- 
gens, most notably human immunodeficiency virus (HIV). Myxoma virus is a 
member of the poxvirus family that induces a lethal systemic disease in  rabbits, 
but no poxvirus receptor has ever been defined. Rodent fibroblasts (3T3) that 
cannot be infected wi th  myxoma virus could be made fully permissive for 
myxoma virus infection by expression of any one of several human chemokine 
receptors, including CCRI, CCR5, and CXCR4. Conversely, infection of 3T3- 
CCR5 cells can be inhibited by RANTES, anti-CCR5 polyclonal antibody, or 
herbimycin A but not by monoclonal antibodies that block HIV-1 infection or 
by pertussis toxin. These findings suggest that poxviruses, like HIV, are able t o  
use chemokine receptors t o  infect specific cell subtypes, notably migratory 
leukocytes, but that their mechanisms of receptor interactions are distinct. 

Vimses can use a wide spectrum of cellular longing to the chemokine receptor superfam- 
receptors for binding and entry to initiate an ily, most notably CXCR4 and CCR5, which, 
infectious process ( I ,  2). For example, HIV along with CD4, act as coreceptors to govern 
and simian immunodeficiency vims (SIV) are viral tropism [reviewed in (3 ) ] .  The identifi- 
known to exploit a variety of members be- cation of cell-surface receptors for poxvirus 
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