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used in library construction, were harvested by the 
Trisolv method. NCAM, GLOBIN, XTWIST, MUSCLE AC- 
TIN, iFABP (4); Xlhbox-8 (9); XBRA [P. A. Wilson and 
D. A. Melton, Curr. Bioi. 4, 676 (1994)l; EDD, ODC (25); 
LFABP, up-ACCGAGATTGAACAGAATGG; down-CCTC- 
CATGTTTACCACGGAC; MIX 7, up-CCCAGGCATCATC- 
CAATGTC; down-TGACACGGCTCTTGGTTGGC; MIX- 
ER, up-CACCAGCCCAGCACTTAACC; down-CAATGT- 
CACATCAACTGAAG; Sox77a, Sox77P (8). 

32. In situ hybridization was performed as described in 
(4). Gastrula stage embryos were fixed in parafor- 
maldehyde, cleared in butanol, and mounted in 
paraffin. All other sectioned material was fixed in 
MEMFA [0.1 M Mops (pH 7.4), 2 mM EGTA, 1 mM 

Mg SO,, 3.7% formaldehyde], cleared in xylene, 
and mounted in paraffin. All sections are 10 p m  
thick. For Mixer and Mix.7 in situ hybridization, 
probes were constructed from sequences 3 '  to  the 
homeobox. The Edd and Xbra in situ probes have 
been described in [(9); J .  C. Smith et ai., Ceii 71, 
731 (1991)l. pgal activity was measured according 
to  standard protocols. 
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Early events in the humoral immune response were visualized in lymph nodes 
by simultaneous tracking of antigen-specific CD4 T and B cells after immuni- 
zation. The T cells were initially activated in the T cell areas when the B cells 
were still randomly dispersed in the B cell-rich follicles. Both populations then 
migrated to the edges of the follicles and interacted there, resulting in CD154- 
dependent B cell proliferation and germinal center formation. These results 
provide visual documentation of cognate T-B cell interactions and localize them 
to  the follicular border. 

Antigen-specific T and B lymphocytes are 
essential for humoral immune responses to 
many antigens (I).  It is lu~on-11 that the T cell 
dependence of antibody productioil is related 
to the efficient caphlre and inteinalization of 
antigen by surface irmnunoglobulin (Ig), 
which allon-s antigen-specific B cells to effi- 
ciently present antigenic peptide-major his- 
tocompatibility complex (MHC) molecules to 
antigen-specific T cells (2). The T cells are 
thus positioned to provide stimu1atoi-y surface 
molecules and cytokines, thereby helping the 
B cells produce antibodies (3). 

It is n-idely believed that the earliest T-B 
cell interactions during the primal7 response 
occur as a result of the movement of antigen- 
specific B cells from the B cell-rich follicles 
into the T cell-rich areas, where they meet 
antigen-specific T cells (4). Hon-ever, T-B 
cell interactions have not been directly ob- 
served because of techilical difficulties relat- 
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ed to siinultaneous ill situ detection of the 
rare naive T and B cells specific for a given 
antigen. 

We addressed this proble~n by tracking 
small populatioils of antigen receptor trans- 
genic T and B lymphocytes after adoptive 
transfer into noi-nlal recipients. CD4 T cells 
from DO1 1.10 T cell antigen receptor (TCR) 
transgeilic (BALBIc X C57BLI6)F1 mice (5 )  
specific for chicken ovalbumin (cOVA) (ami- 
no acid residues 323 to 339) coinplexed to 
I-A" (6) and MD4 Ig transgenic (BALBIc X 
C57BL16)Fl mice with B cells specific for 
hen egg lysozyme (HEL) (7) were transfered 
(8 )  into nontransgenic (BALBIc-Igh" 
C57BL/6)Fl animals. The DO1 1.10 CD4 T 
cells n-ere identified in the lymph nodes of 
the recipients by flow cytometry after stain- 
ing with the anticlonotypic TCR inonoclonal 
antibody (mAb) KJ1-26 (9); labeled HEL or 
antibody specific for the IgMa (anti-HEL Ig) 
allotype was used to identify MD4 B cells 
(10). 

cOVA n as chemically coupled to HEL to 
pioduce an antigen (cOVA-HEL) contailling 
linked epitopes that could be iecognized by 
both tiansgeinc populatioils (cOVA-HEL) 
(11) Iminunization mith cOVA-HEL caused 
the DO11 10 CD4 T cells in the diaiinilg 
lymph nodes to undeigo clonal expansion 
that n a s  appaient by day 2, mas maximal on 
days 3 and 4, and declined theieaftei (Fig 
1 A) 
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MD4 B cell expansion in the lymph nodes 
n-as detected 3 days after iininunizatioa, 
peaked on day 4 or 5, and then declined (Fig. 
1A). Maximal clonal expansion of the MD4 
B cells n-as dependeilt on the presence of the 
DO1 1.10 T cells: because a much reduced 
response n-as obse i~ed  in mice that received 
B cells alone (Fig. 1A). The MD4 B cells 
responded weakly when recipients of 
DO1 1.10 T cells and MD4 B cells were 
immunized with a mixhlre of cOVA and HEL 
that had been coi~jugated to turkey OVA 
(tOVA-HEL) (Fig. 1B): n-hich lacks the ap- 
propriate peptide recognized by the DO1 1.10 
TCR (Fig. 1C). The poor respoilse of the B 
cells in this sihlation could not be explained 
by a failure of T cell activatioi~ because the 
DO 1 1.10 T cells responded well after immu- 
ilizatioil with cOVA plus tOVA-HEL (Fig. 
1C). The simplest explanation for these re- 
sults is that MD4 B cells were efficiently 
activated to proliferate ill vivo only when 
expression of anti-HEL Ig allowed efficient 
uptake of cOVA and presentation of cOVA 
peptide to DO1 1.10 T cells. 

This conclusion was supported by the 
finding that blockage of CD154 (CD40 li- 
gand), a surface inolecule expressed by acti- 
vated CD4 T cells that provides a contact- 
dependeilt signal to B cells (12); co~llpletely 
inhibited clonal expailsion (Fig. ID) and ail- 
tibody production (13) by the MD4 B cells. In 
contrast, treatment with antibody to CD154 
(anti-CD154) inhibited clonal expansion of 
the DO 1 1.10 T cells by oilly about 50% (Fig. 
ID). These findings suggest that the previ- 
ously described effects of CD154 blockade 
on antibody production and germinal center 
foi~nation (12) can be explained by a failure 
of B cell cloilal expansion. 

Immuilohistocheinical analyses were car- 
ried out to determine whether the cognate 
interactions predicted by the fi~ilctional ex- 
periments could be directly observed in sihl. 
After adoptive transfer, but before immuni- 
zation, the DO 1 1.10 T cells were dispersed 
throughout the T cell-rich paracortical re- 
gions of the lymph node but were not present 
in the B cell-rich follicles (Fig. 2A). In con- 
trast, the MD4 B cells were localized inainly 
in follicles (Fig. 2E). One day after immuni- 
zation, the DO 1 1.10 T cells had not increased 
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in number but were present in small clusters 
within the paracortex (Fig. 2B). At this time, 
the MD4 B cells were difficult to detect at the 
magnification shown (Fig. 2F). However, in- 
spection at a higher magnification revealed 
that MD4 B cells were still randomly distrib- 
uted in the follicles, although the intensity of 
anti-IgMa staining on the MD4 B cells was 
greatly reduced (compare Fig. 2, E and F 
insets). 

Two days after immunization, the DO1 1.10 
T cells began to increase in number in the 
paracortex and, as described in (14, 15), 
moved into the edges of the follicles (Figs. 
2C and 3A). IgMa was again easily detected 
on the MD4 B cells, which had increased 
slightly in number, and redistributed to the 
edges of the follicles (Figs. 2G and 3B) where 

the DO1 1.10 T cells were located (Fig. 3C). ing that only about 10% of the DO1 1.10 T 
About 70% of the DO1 1.10 T cells were in cells located in the follicular rim were found 
physical contact with one or more MD4 B in physical contact with MD4 B cells after 
cells (Fig. 3D) in the rim of the follicles after injection of cOVA plus tOVA-HEL (Fig. 
injection of cOVA-HEL. The specificity of 3E), a situation in which cognate interactions 
these interactions was indicated by the find- would not be expected. Few, if any, interac- 

Fig. 2. Anatomic localization of DO1 1.10 T cells and MD4 B cells during the primary response. 
(BALBIc-lghb X C57BL/6)Fl recipients of DO1l.10 T cells and MD4 B cells were injected with 
cOVA-HEL (7 7). Mice were sacrificed 0 (A and E), 1 (0 and F), 2 (C and C), or 3 (D and H) days after 
immunization and the draining lymph nodes were sectioned and stained (27). (A) and (E), (B) and 
(F). (C) and (C), and (D) and (H) were from adjacent sections. (A to  D) KJl-26+ DO1 1.10 T cells 

O are stained blue, and B220f B cells are stained brown to  identify the follicles. (E to  H) IgMa+ MD4 
Days After Antigen Injection B cells are stained blue, and Thv 1.2+ T cells are stained brown to  identifv the T cell-rich 

paracortical areas. Bar = 50 pm. (insets) High-power views of areas within the follicles of (E) and Fig. 1. Kinetics of CD4 T and B cell clonal 
expansion. (A) ( B A L B I c - I ~ ~ ~  X C57BU6)F. re- 

(F). Inset scale bars = 5 pm. 

cipients of ~ d l i . 1 0  T c e k  and MD4 B ieils or 
MD4 B cells alone were injected with cOVA- 
HEL (77). The mean number 2 SD of CD4+ 
DO1l.10 T cells (closed circles) or IgMa+ MD4 
B cells (open circles) in recipients of DO1 1.10 T 
cells and MD4 B cells or lgMaf MD4 B cells 
(triangles) in recipients of MD4 B cells alone 
was measured in the draining lymph nodes at 
the indicated time points by multiplying the 
number of viable cells in the lymph nodes by 
the percentage of DO1l.10 T or MD4 B cells 
present as assessed by flow cytometry (8). (B 
and C) (BALBIc-lghb X C57BL/6)Fl recipients of 
DO1 1.10 T cells and MD4 B cells were injected 
subcutaneously with CFA containing 130 p g  of 
cOVA-HEL (circles), 130 p g  of tOVA-HEL (tri- 
angles), or 100 p g  of cOVA plus 130 p g  of 
tOVA-HEL (squares). The mean number 5 SD 
of MD4 B cells (B) or DO1l.10 T cells (C) 
present in draining lymph nodes was measured 
at the indicated time points after injection of 
antigen. (D) (BALBIc-lghb X C57BL/6)Fl recip- 
ients of DO1 1.10 T cells and MD4 B cells were 
injected with cOVA-HEL (77) on day 0 and 
intraperitoneally with 250 p g  of anti-CD154 
mAb (clone MR1) or control hamster Ig on days 
0, 2, and 4. The mean number of cells 5 SD in 
mice injected with cOVA-HEL and control Ig 
(DO1l.lO, closed circles; MD4, open circles) or 
with cOVA-HEL and antLCD154 mAb (D011.10, 
closed inverted triangles; MD4, open inverted 
triangles) are shown for the indicated time 
points. 

Fig. 3. Colocalization 
of DO1l.10 T cells 
and MD4 B cells at the 
follicular border 2 
days into the prima- 
ry response. (BALBIc- 
lghb X C57BL/6)Fl re- 
cipients of DO1 1.10 T 
cells and MD4 B cells 
were injected with 
cOVA-HEL (77). The 
draining lymph nodes 
were harvested on 
day 2, sectioned, and 
stained (27). (A) 
B22O+ B cells are 
stained brown and 
KJ1-26+ DO1l.10 T 
cells are stained blue. 
(B) Thy 1.2+ T cells 
are stained brown and 
IgMaf MD4 B cells are 
stained blue. (C) KJ1- 
26+ DO1l.10 T cells 
are stained brown and 
IgMa+ MD4 B cells are 
starned blue. (A) to  (C) 
are from adjacent ar- 
eas of the same lymph node. Bar = 50 pm. Higher-power views of the edges of lymph node follicles 
2 days after subcutaneous injection of CFA containing 130 k g  of cOVA-HEL (D) or 100 k g  of cOVA 
plus 130 p g  of tOVA-HEL (E) are shown. KJ1-26+ DO1l.10 T cells are stained brown and IgMa+ 
MD4 B cells are stained blue. Scale bar = 25 pm. 
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tions between DO 1 1.10 T cells and MD4 B 
cells were observed in the T cell-rich para- 
cortex at this time (Fig. 3C) or at any time 
(Fig. 2) after injection of cOVA-HEL. 

Over the next 2 days after immunization 
with cOVA-HEL, the DO1 1.10 T cells con- 
tinued to accumulate in the paracortex and 
became evenly distributed in the follicles 
(Fig. 2D). The MD4 B cells proliferated 
between days 2 and 3 and were present in 
small clusters in the follicles on day 3 (Fig. 
2H) and in peanut agglutinin-positive ger- 
minal centers on day 4 (Fig. 4). Large, 
darkly staining IgMa+ MD4 B cells, pre- 
sumably plasma cells (16), accumulated 
within the medulla when germinal centers 
appeared (Fig. 4A, arrow). 

By elevating the frequency of antigen-spe- 
cific CD4 T and B cells, it was possible to 
define early events in the primary immune re- 
sponse. We found T cells in small clusters in 
the T cell areas as early as 1 day after irnmu- 
nization. In previous studies, these clusters were 
found to result from interactions between T 
cells and dendritic cells of the recipient (16, 
17). At this time, the B cells were still random- 
ly distributed throughout the follicles but had 
lost much of their Ig, probably as a result of 

Fig. 4. Germinal center formation and the ap- 
pearance of B cells in the medulla 4 days into 
the primary response. (BALBJc-lghb X C57BU 
6)F, recipients of DO1 1.10 T cells and MD4 B 
cells were injected with cOVA-HEL (77). The 
draining lymph nodes were harvested on day 4, 
sectioned, and stained (27). (A) Thy 1.2+ T cells 
are stained brown, and IgMa+ MD4 B cells are 
stained blue. MD4 B cells expressing high levels 
of IgMa and present in the medulla are indicat- 
ed with an arrow. (8) Peanut agglutinin-posi- 
tive cells are stained blue. Scale bar = 50 Fm. 

internalization and degradation of surface Ig- 
HEL complexes (18). The lack of physical in- 
teractions between antigen-specific T and B 
cells at this time is evidence that T cell interac- 
tions with dendritic cells precede those with B 
cells even in a situation in which the number of 
antigen-specific B cells is unlikely to be limit- 
ing. This ordered antigen presentation would 
ensure that T cells are always activated by a 
dendritic cell first, thus avoiding initial antigen 
presentation by B cells, which has been shown 
to delete or inactivate naYve T cells (19). 

Elevation of the frequency of antigen- 
specific cells also allowed identification of 
cognate T-B cell interactions and localized 
them to the edge of the B cell-rich follicles 2 
days after immunization. The interactions oc- 
curred there because both antigen-specific 
cell types moved toward each other from 
their separate starting locations. Our studies 
extend previous findings that antigen-specific 
B cells in the spleen accumulate at the border 
between the follicles and the T cell areas in 
the presence of antigen (20, 21) by showing 
that antigen-specific helper T cells are 
physically interacting with the B cells in 
this location. Furthermore, our results show 
that cognate interactions in the lymph node 
initially take place on the B cell side of this 
border and not on the T cell side as has 
been widely believed (4). Our results also 
shed light on the relevance of the foci of 
antigen-specific B cells that form in the T 
cell areas of the spleen in response to some 
antigens (20) and have been suggested to be 
the source of germinal center B cells (22). 
Foci were not observed in the T cell areas 
of the lymph nodes in our studies; all the 
initial B cell clonal expansion and subse- 
quent germinal center formation occurred 
in the follicles. Thus, our study and another 
(23) indicate that T-B cell interactions in 
extrafollicular foci are not necessary for 
antibody production and germinal center 
formation. 

The results presented here suggest a 
model in which antigen-specific B cells 
move to the edge of the follicles shortly 
after immunization and present peptide- 
MHC complexes to specific CD4 T cells 
that have recently entered this site after 
activation by dendritic cells. The B cells 
then receive lymphokines and CD154 sig- 
nals from the T cells and proliferate in the 
follicles. Some of these B cells remain in 
the follicles and become membrane Ig-ex- 
pressing germinal center cells. Others be- 
come antibody-secreting plasma cells and 
move to the medulla, probably on their way 
to the bone marrow (24). 
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C, Transfer Enzymes and 
Coenzymes Linking 

Methylotrophic Bacteria and 
Methanogenic Archaea 
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Methanogenic and sulfate-reducing Archaea are considered to have an energy 
metabolism involving C, transfer coenzymes and enzymes unique for this group 
of strictly anaerobic microorganisms. An aerobic methylotrophic bacterium, 
Methylobacterium extorquens AM 1, was found to contain a cluster of genes that 
are predicted to encode some of these enzymes and was shown to contain two 
of the enzyme activities and one of the methanogenic coenzymes. Insertion 
mutants were all unable to grow on C, compounds, suggesting that the archaeal 
enzymes function in aerobic C, metabolism. Thus, methylotrophy and metha- 
nogenesis involve common genes that cross the bacteriallarchaeal boundaries. 

  me thy lo bacterium strains are obligately 
aerobic bacteria capable of growing on one- 
carbon (C,) compounds (methylotrophs) 
(I). They contain a well-known pathway 
for interconverting C, compounds that in- 
volves a folate coenzyme, tetrahydrofolate 
(H,F), and nicotinamide adenine dinucle- 
otide phosphate [NAD(P)] (Fig. 1A) (1-3). 
It has been postulated that in ~Methylobac- 
terium strains this pathway operates in the 
oxidative direction to convert formalde- 
hyde to CO,, generating reduced pyridine 
nucleotides and serving as a major energy- 
generating pathway during growth on C, 
compounds (2, 3). The strictly anaerobic 
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Archaea that produce methane (methano- 
gens) or that grow on acetate by sulfate 
reduction (Archaeoglobus) carry out anal- 
ogous reactions that use a different 
coenzyme, tetrahydromethanopterin (H,MPT), 
and a furan-type cofactor, methanofuran 
(MFR), and involve either H, or the electron 
acceptorldonor F,,, rather than NAD(P) (Fig. 
IB). In the methanogenic Archaea, these re- 
actions are part of the pathway that reduces 
CO, to methane, the central pathway for en- 
ergy metabolism in methanogens (4). In the 
sulfate-reducing archaeon Archaeoglobus, 
the H,MPT- and MFR-linked reactions 
shown in Fig. 1B operate in the oxidative 
direction, as part of the energy metabolism 
for utilizing acetate (5). Thus, the H,MPTI 
MFR-linked enzymes have until now only 
been found in methanogenic and sulfate-re- 
ducing Archaea, whereas the H,F-linked en- 
zymes have been found in Bacteria, Eukarya, 
and some Archaea. This separation has sug- 
gested that the two sets of pathways are 
evolutionarily distinct, with the H,MPT/ 
MFR-linked pathways arising after the sep- 

strate (Vector). Development of the first avidin-bi- 
otin complex-labeled enzyme destroyed residual avi- 
din binding sites on the primary antibodies, thereby 
preventing artifactual binding of the second avidin- 
biotin complex-labeled enzyme. The weak back- 
ground anti-lgMa staining mentioned in (70) was not 
detected on tissue sections and thus has no bearing 
on the immunohistology experiments. 
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aration of the methanogenic and sulfate- 
reducing Archaea from other evolutionary 
branches. 

One of the aerobic methvlotroohs that 
has been well studied is the ci-proteobacte- 
rium Methylobactei+ium extorquens AM1. 
This bacterium contains nine clusters of 
genes involved in growth on C, compounds 
(6). The largest of these is -30 kb and 
contains the gene for NADP-dependent 
methylene H,F dehydrogenase (mtdA) as 
well as a number of other methylotrophy 
genes (6). We recently cloned and se- 
quenced a 14-kb region adjacent to one end 
of this 30-kb gene cluster (7) and found that 
it contains 13 new open reading frames 
(Fig. 2). The translated products of 12 of 
these are similar to those of genes in meth- 
anogens (8) or in Archaeoglobus fulgidtls 
(9), or both, but not to any other entries in 
the databases, whereas the amino acid se- 
quence translated from one (orfX) is simi- 
lar to the sequence of IM. extorquens AM1 
MtdA but not to any archaeal polypeptide 
entries (percent identical amino acids is 
shown in Table 1). The products of six of 
these methanogen-like genes (orf Y, orf4, 
orf 7, orf9, orfl7, and orfl8) are similar to 
unidentified gene products in archaeal ge- 
nome sequences. The other six are similar 
to the translated products for known genes 
of the H,MPTiMFR pathway in methano- 
gens and A. fulgidus, and to another ar- 
chaeal protein (Fig. 1B and Table 1): FfsA 
is similar to formyl MFR:H,MPT formyl- 
transferase; OrfZ to methenyl H,MPT cy- 
clohydrolase; Orf l ,  Orf2, and Orf3 to three 
of the six subunits for formyl MFR dehy- 
drogenase, including the catalytic (B) sub- 
unit (1 0); and Orf5 to ribosomal protein S6 
modification protein (a methylase) in Meth- 
anococcus jannaschii (8). Alignments of 
the putative methenyl H,MPT cyclohydro- 
lase and formyl MFR:H,MPT formyltrans- 
ferase sequences with known sequences in 
the database reveal strong conservation of 
groups of amino acid residues between all 
of the sequences (Fig. 3) (11). 
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