
17, ddC-res~stant viruses that contained the K65R 
substtuton alone could be selected for resstance 
to the other drugs suggestlng that the inabl~ty to 
o ~ ~ t g r o w  nto  a dr~~g-resstant vrLls pop~~ la ton  IS not a 
common property of all nucleoside analog-resistant 
viruses 

18. M S. Boosalis et a1 . J BioI Chem 262, 14689 
(1 987); L V, Mendeman et a / ,  ibid. 264, 14415 
(1989), L V, Mendelman et a / ,  1h1d 265, 2338 
(1 990), J Petruska et a1 . Proc NatI. k c a d  Sci. 
U S  A 85. 6252 11 988) 

19 The seqtlence of the template olgonucleotide was 
as follows 5'-GTGGAAAATCTCTAGCAGTGGCGC- 
CCGAACAGGGACCTGAAAGCG-3'. The four prm-  
ers that were used to study nucleotde nserton op- 
posite A, C, G, and T, respectvely, were as follows 
5'-CGCTTTCAGGTCCCTGTTCGGGCGCCAC-3' 
(PBS-A). 5'-CGCTTTCAGGTCCCTGTTCGGGCG- 
CCACT-3' (PBS-C), 5'CGCTTTCAGGTCCCTGT- 
TCGGGCGCCA-3' (PBS-G) and 5'XGCTTTCAG- 
GTCCCTGTTCGGGCGCCACTGCT-3' (PBS-T) 

20. Before use, crude ol~gonucleot~des ?were resolved on 12 
to 2056 poyacrylamde-urea gels (Sequagel, Natonal 
Dagnostcs) and tlie maor band eluted n bufier con- 
taring 0 5 mM ammonum acetate 0.1Yb SDS and 10 
mM magnesium acetate and purifled on a Sep-Pak 
column (Mll~pore) The purlfled ol~gonucleot~des \.were 
resuspended in 10 mM trs-CI and 1 mM EDTA (pH 8.0, 
The ends of the prlner ol~gonucleotides \.&!ere labeled in 
a foward reaction w th [.!-"Pladenosne trphosphate 
(3300 C!mmoll and 74 polynucleot~de knase (40 ti) 
(New England Biolabs) The telnpate and prlmer were 
annealed ?h!tIi a sght excess of telnpate (1 2 7 : l )  to 
ensure that tlie prmer was annealed completely. "P- 
labeled prmer (74 plno) ?&!as mixed ?h!~th 94 pmol of 
template in 50 mM tr~s-Cl, pH 8.0. acetylated bovne 
ser~lm albumn (50 ~g /m l ) ;  and 2 mM p-mercaptoetha- 
no1 in a total voulne of 1 ml, placed In boilng ?h!aterfor 3 
mln, and allowed to cool slowly to room temperature 
over 1 hour. 

21 lnserton events can be lneasured In the t?vo dstinct 
phases of DNA polynierlzaton the n t a l  extenson 
(standng start) and the subsequent syntliess (run- 
nng  start), In standng starts, the reactions are per- 
formed In the presence of only one dNTP at a tme  to 
measure the insertion oppos~te tlie f~rst unpared 
template base Running-start reactions, on the other 
hand, are Intended to measure the inserton at a tar- 
get base at least two bases beyond the prilner 3 ' -  
termnus. 

22 The preparation of purlfled heterodimer RT from 
HxB2 (wild type) (35) was as descrbed previously 
and that of HxB2 contanng the M184V alteration 
was by means of hgli-performance liquid chroma- 
tography after separate expression of p66 and p51 
subunits. The preparatons were nucease-free and 
had a spec~f~c act~vity of 800 and 100 unlts per 
mlligram of protein, respectvely jone un t  is de- 
fined as 1 n m o  of dTTP ,ncorporated Into 
poly(rA)ol~go(dT) in 10 m2n at 3 i 0C ]  

23. We nt~ated the msinserton reactions by colnbinng 
equal volulnes (5 ~ 1 )  of soutons A (enzyme and tem- 
plate-prmer) and B (dNTP and salts) Souton A was 
made by d~lut~ng the enzyme n ice-cold template-prm- 
er to enzylne concentrations of 0 21, 4.2, or 36 nM, 
wh,cli corresponded to enzyme template-prmer molar 
ratios of 1 173, 1 8 5, and 1 . I ,  respectvely (in general, 
an excess of template-prmer was used to ensure that 
all enzyme molecules were in a bound state) Soluton B 
contained the dNTP at a concentraton ot 0 to 10 mM in 
160 mM KC; 100 mM trs-CI, pH 8.0; 20 mM dithothre- 
ito, and 12 mM MgC2. A series of reactons was carried 
out at 37'C with Increasing concentrations of dNTP for 
an empr~cay determned reacton tilne to allow the 
conversion of about 25?6 of PI-/met- to extenson prod- 
uct Reactons \.&!ere termnated by tlie addtion of 30 ~1 
of stop souton (95% formamde and 20 mM EDTA) 
Tlie boiled terminated reaction (2 to 8 &I) was loaded 
onto a 12 to 18% poyacrylamde-urea gel and electro- 
phoresed for 1 75 to 2 5 hours at 30 inJ Gels were then 
autoradographed witlin tlie linear-response range of 
t l ie tm Tlie products ncluded not only prmers extend- 
ed by one nucleotlde ( n t i ) ,  but n some instances 
those that were tlie result of a mspair extenson. An 
,mportant concern In ths type of experlnent is whether 
tlie primer extensions were due to contam~natng cor- 

rect dNTP Th~s problem is part~cularly colnmon 
?h!Iile studyng the insertion of dCTP opposite tem- 
plate base A, because dCTP preparatons accumu- 
late dUTP generated by spontaneous deam,na:on 
Efforts ?&!ere lnade to ensure the absence of such 
contalnnatng correct dNTPs In our exper~ments 
Frst, all tlie dNTPs were commercal preparat ons 
that ?&!ere HPLC-analyzed No traces of correct 
dNTPs !vere present as reported by the supoer If 
any contamnatng correct dNTPs were oresent, they 
would be at subnanomolar concentrations that 
?h!ouId poory catalyze the insert on reacton Second, 
at I ig l i  resouton msnserton products often dis- 
play altered mobt ies  when compareci to products 
resutng from correct nsertion \We flnd that nearly all 
types of msnsertons dspayed altered mobt ies  
Most mportanty, \.h! th regard to AC I r spa r  forma- 
t on a defn te dfference was seen between tlie mo- 
b~ l~ t y  of dCTP-extended PBS-A prmer and d i i P -  
extended PBS-A primer, strongly suggestlng that 
the dCTP-lnisnsertion and not dUTP (possbly de- 
r~ved from deaminaton) nserton was exalnned. 

24 Analyss of reacton products nvolved scannng the au- 
toradograms \.h!~th a Molecular Dynalncs denstometer 
(Model 303A). followed by determnng the intensites of 
proddct bands wth the program ImageCjuant (Moecu- 
lar Dynamcs). The relat~ve alnounts of unextended (I,) 
and extended (I,) prilners were evaluated for each reac- 
tion. The n ~ t ~ a l  veloc~ties of tlie product (I,) formation 
(relatve V,) ?&!ere determned according to the proce- 
dure descrbed by Goodlnan and coleagues (18). The 
relat~ve I/, values frolr each set of reactons were used 
to calculate reatve \/,,;, and K,,. for the formation of that 
lnispar by pottng recprocal n t a l  relatve velocties ( I /  
relatve V,) aganst recprocal varabe dNTP concentra- 
tons (I![dNTP]) and f~ttng the data to the appropriate 
rate equations ?h!tIi the FORTRAN progralns of Ceand 
(36). The enzyme concentraton factor was taken into 
consideration when calculatng 'I/,,, because variable 
amounts of tlie enzylne were used dependng on the 
varaton in tlie rates of formaton of dfferent mspars 
Tlie e4:cency of msinsertion for that mspar, i;.,, ?&!as 
then derived as descrbed by Goodlnan and colleagues 
:18) 

26 F W Perrino et a1 Proc Nzti Acad SCI U S  A 86, 
8343 (1 989), M Baklianashv and A, HZ I ,  Biochem~stn/ 
31, 9393 (1 992); M. F Goodman eta/. Crit Rev Bio- 
chem MoI BioI. 28, 83 (1993), S Crelgliton and M. F 
Goodman, J. Bloi Cnem 270, 4759 (1995). 

27. K Bebenek and T A Kunkel, in Reverse Tf'an- 
scrintase. A. M Skalka and S P Goff. Eds (Cold 
sp;1ng Harbor Laboratory Press. ~lalnvlew, '  NY, 
1993) pp. 85-1 02. 

28. B D Preston and N Garvey. Phami Tech 16, 34 
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31 F Boulerice et a1 , J 'ViroI 64, 1745 (1 990) 
32 This is confirmed by studes sliowng that ratios of 

issue culture nfectve dose [(TCID)S,] to p24 were at 
least four times higher ~n culture fluds of perplieral 
blood mononuclear cells or MT-4 cells Infected by 
the M I  84V clone of nfectous HIV than n cells nfect- 
ed by the HxB2 clone of HIV or tlie H I V B  isolate. 
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Somatic Mutation of immunoglobulin 
V Genes in Vitro 

Eva Kallberg, Sandra Jainandunsing, David Gray, 
Tomas Leanderson* 

The molecular mechanism behind affinity maturation is the introduction of point mutations 
in immunoglobulin (Ig) V genes, followed by the selective proliferation of B cells expressing 
mutants with increased affinity for antigen. An in vitro culture system was developed in which 
somatic hypermutation of Ig V genes was sustained in primed B cells. Cognate T cell help 
and cross-linking of the surface Ig were required, whereas the addition of lipopolysaccha- 
ride or a CD40 ligand to drive proliferation was insufficient. This system should facilitate 
understanding of the molecular and cellular mechanisms that regulate somatic mutation and 
B cell selection. 

T h e  process of sonlatic hyperlnutat~on of 
Ig V genes within a populat~on of prol~fer- 
a t n g  memor\i B cell precursors p r o l ~ ~ d e s  a 
pool of cells that are subject to selection for 
increased aff~nlt\i for antigen; t h ~ s  is the 
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basis of affinity maturation of an t~hody  re- 
sponses (1-4). Hypermutation and selec- 
tion occur specifically nrithln germinal cen- 
ters III B cell follicles (5, 6 ) ,  hut the  rnolec- 
ular lllecha~lism hehind so~nat ic  mutation 

has r e l l ~ a ~ n e d  elusive, to a large extent he- 
cause (If the absence of well-defined in vltro 
lnodels (7). An in vitro   nod el should also 
fac~lltate analysis of the extra- and ~ntracel- 
lular signals regulating this rnechanisrn and 
of the  regulation of the various fates of B 
cells that participate in immune responses. 
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Fig. 1. (A) Schematc illustration of the exper- 
imental strategy. (B) Summary of sequences 
from PCR-ampl~fied V%,,, mRNA from hybri- 
domas made at days 7, 10. and 14 after im- 
mun~zation (15). Also shown IS a summary of 
sequence data from day 7 and day 10 in vitro 
cultures stimulated with T, cells plus anti-K- 
Sepharose (antl-K-S) or w~th  LPS plus anti-#- 
Sepharose, as well as data from day 10 In 
v~tro cultures where primed B cells were stim- 
ulated w~th CD40L plus anti-K-Sepharose or 
with T, cells only (T,2) (15: 16). The se- 
quence data In F I ~ .  2 are also summarlzed, 
the data are from randomly selected phOx- 
b~nding hybridomas from two independent 
exper~ments w~th pooled B cells from three 
mice [see also (2, 5, 9)]. The P valires were 
der~ved by Fscher's exact test usng the fre- 
quency of mutallon at the day of nitiatlon of 
culture as a reference (days 7 and 10, respec- 
t~vely). 

Fig. 2. Sequences from hybrdomas made 
from splenic B cells solated 10 days after 
mrnun~zat~on wth phOx-OVA and restimu- 
lated n vitro for 4 days with LPS plus anti- 
K-Sepharose or with T,2 cells plus ant-K- 
Sepharose (15). The top sequence is the 
germl~ne gene of V%,,, w~th the amno acd 
translation shown above [numbered ac- 
cording to Kabat (I 41. Complementar~ty- 
determin~ng reglons (CDRs) are boxed; 
only codons containing mutations are 
shown. Abbreviations for the amno ac~d  
residues are as follows: A, Ala: C, Cys; D, 
Asp; E, Glu; F, Phe; G, Gly; H, His: I .  Ile: 
K, Lys: L, Leu; M, Met: N, Asn: P. Pro; Q .  
Gln; R ,  Arg; S, Ser; T. Thr; V. Val: W. Trp: 
and Y. Tyr. 

Fusion 
7, 10, or 14 days Isolation of Ox- RT-PCR sequencing 
-bSpleen C binders by --C of VOxl-JK5 

f ELlSA rearrangements 
4-day in vitro 
culture + fusion 

Hybridoma 
source 

Number of 
Number of mutated Number of Mutations per Frequency of 
sequences swuences mutations mutated seauence mutations P 

Ex vivo 

LPS + anti-K-S 

TH2 + anti-K-S 

Ex vivo 

LPS + anti-K-S 

TH2 + anti-K-S 

T H ~  

CD40L + anti-K-S 

Ex vivo 

Day 7 
0 

1 

1 

Day 10 
2.0 

1.6 

2.9 

2.0 

0 

Day 14 
2.7 

CDRl 

3 6 10 15 1"""O 21 "':': 
V Q I P G K V T M  

83 GFI CAD A X  C U  000 AAG GTC ACC ATG GCC AGC AGT AGT TAC CAC 

Day 10 LPS + anti-K-Sepharose I 

Day 10 THZ + ant i -~Sepharose  I 
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We reasoned that an attemot to investl- 
gate somatic mutation in vitro should mimic 
as closely as possible the kinetics and condi- 
tions for the same event in \,i\,o. T o  this end, 
we isolated spleen cells from BALBIc mice 
that had been immunized with 2-phenylox- 
axlone coupled to an ovalbumin carrier 
(phOx-OVA). Half of the cells were fused 
n-ith SP2/C cells to generate hybridomas, and 
the rest were set up in culture under various 
conditions (Fig. 1A).  The  response to phOx is 
well characterized: most B cells use a ~ a r t i c u -  
lar VH-V, combinatiol-i in the primary re- 
sponse [Vtloxl and VKoX, (2,  4)], although 
the pattern of ~llutations differs with the car- 
rier used (8). The  expressed VKOY1 genes from 
&Ox-binding hybridomas were seque~lced by 
the re17erse transcription polymerase chain re- 
action (RT-PCR); to avoid bias from Taq 
polymerase-induced mutations, we omitted 
cloning steps. VKo,, sequences (rearrangeil to 
JK5)  obtained from phOx-binding hybridonlas 
derived 7 days after immunization showed 
1.m-y few or no  mutations. A t  day 10, 5 of 15 
seauences contailled mutations, and the fre- 
quency of mutation was 11428 bases se- 
qi~enced (Fig. 1B). A t  day 14, the frequency of 
nlutatio~l had risen to 11142 bases se- 

quenced, and six of eight sequences were 
mutated. These kinetics agree with those 
found by others ( 2 ,  4)  and indicate an  onset 
of 1nutatiol-i in the  spleen from 'i to 10 clays 
after immunization. 

Purified B cells from mice immunized 'i or 
10 days previously were cultured for 4 days 
with lipopolysaccharide (LPS) in the presence 
or absence of antibodies to K chain (anti-K) 
coupled to Sepharose. A t  the end of this 
period, cells were fused to SP2/0 and screened 
for secretion of ahox-bindine antibodies. LPS 
stimulation, which was previously s l ~ o ~ v n  not 
to ~nduce somatic mutation (7) ,  also failed to 
maintain hypermutation when co~nbi~led 
with s ig~~als  from surface Ig (sIg) (anti-K- 
Sepharose). Whether the cultures were start- 
ed at day i (Fig. 1B) or day 10 (Figs. 1B and 
2), we could detect no  sigl-iificant increase in 
the f reuue~~cv of somatic ln~~ ta t ion  over that 
chserveh in tile ex vivo hybridomas derived at 
these time points. Thus, proliferation plus sIg 
cross-linking-as might be mediated in ger- 
mil-ial centers by antigen on follicular dendrit- 
ic cells (FDCs) (9)-is insufficle~~t to main- 
tain mutation. 

Given that somatic hypermutation is a 
feature of T celli lepe~ldent antibody respons- 

58  59 6 1  63  67 7 1  7 4  7 5  7 6  78  83 84 85 87 88 
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es, kve next investigated the capacity of T 
helper (TH)  cells to maintain mutation in 
vitro. 'Xihen B cells from spleens 'i days after 
immunization were cocultured for 4 days with 
an alloreactive TH2 clone [secreting interleu- 
kin (1L)-3, IL-4, and IL-5 ( la ) ]  plus anti-K- 
Sepharose, no increase in mutation was de- 
tected relative to ex vivo cells (Fig. 1B). How- 
ever, when B cells isolated from mice 10 days 
after i ln~n~~nizat ion were cocult~~red for 4 days 
with the alloreactive T,,2 clone plus anti-K- 
Sepharose, there was an  increase in the num- 
ber of mutations ohserl-ed relative to the day 
1C ex vivo hybridomas (frequency of muta- 
tion, 11118 \,ersus 11428; P = C.OC2), which 
compared fa\,orably with the frequency of mu- 
tation that was observed in ex vivo cells at day 
14. These sequences are sllow11 in Fig. 2, and 
the mutation frequel-icies are given in Fig. 1B. 
These results indicate that T cellderi\,ed sig- 
nals plus sIg cross-linking are capable of main- 
taining somatic mutatiol-i in vitro. Both of 
these compol-ients seem to be necessary for 
the continuation of mutatlon, because cocul- 
ture of postirnmul-iization day 10 B cells with 
alloreacti\,e TH2 cells alone brought about no  
increase in mutation (Fig. 1B). In view of the 
pivotal l~ature of the CD4C molecule in the 
delil~ery of T cell help to B cells (1 I ) ,  we also 
investigated the capacity of a CD40 ligand 
expressing transfectant to replace T,,2 cells in 
maintaining somatic mutation 111 day 10 B 
cells. These trallsfectallts plus anti-K-Sepha- 
rose did not induce an illcrease over the day 
10 baseline amount (Fig. 1B). Thus, the T,,2 
signal that acts to perpetuate mutation activ- 
ity in cultured B cells seems not to be the 
CD40 ligand acting alone. 

'Xie interpret the increase in mutation af- 
ter coculture with the T,,2 cells and anti-K- 
Sepharose to indicate ongoing somatic muta- 
tion in vitro. Howe\,er, it is possible that these 
stimuli selecti\,ely amplifv a mil-ior population 
of B cells that by day 1C in vivo has a large 
number of mutatiol-is. T o  differentiate be- 
tween these two possibilities, we performed 
lirnitil-ig dilution culture of B cells from mice 
i~lllnunized with phOx-OVA 1C days earlier. 
The B cells were plated on 96-well plates with 
T,,2 cells plus anti-K-Sepharose or with LPS 
and were cultured for 8 days (Fig. 3A).  From 
phOx-positive wells (which, according to the 
Poisson distribution, should be derived from 
single precursors), we amplified VKOY1-JKS re- 
arrangements by RT-PCR, cloned these into 
plasmids, and sequenced them. Figure 3B 
shows that two clones from LPS-stimulated 
cultures showed a low frequel-icy of mutation 
(average 1183C) and no appreciable sequence 
diversity, whereas four clones from cultures 
stimulated with T,<2 cells plus anti-K-Sepha- 
rose exhibited a high frequency of mutations 
(average 11162) and, more important, exten- 
sive intraclonal sequence diversity. Three of 
the four clones must have arisen from a B cell 
clone having its VKC3X1 gene in gerrnline con- 
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f ~ g ~ ~ r a t l o n  at day 19. \ i . l l e ~ e ~ i  OIX clune (cloile 
2 )  had ,i sinqlf m u t a t i ~ ~ n  ar rllf on.;ft. Thii  
resi~lt I.; collipat~hle with our li\-br~~li)ma L1;lta 
~FI:. lB) ,  \vllere tn.o of three seqilfnce.; are 111 

gfrmline cont~:'i~raticln at iia\- lc'. 
LY'e cancli~df tllat stirnil11 iielir-ereid a i -  

ti\-ateil T,3 cells in ioml.~~-iation n.1t11 sigi-ials 
from .;I:. silpyiIrt somatic l i ~ ~ p e r m i ~ t ~ t i  ait1r.- 
it\- 111 vitro. Thc iJel-itir\- of tlie T cfll-lerir-eii 
signal ia i-i~)t l<non-n, 1.~1t it iloeh not e f m  to he 
CDI-? l~ga~- i~ l  alollf. Tliere 1s A clear ,inali>gy 

bet~vefn the c i~l r i~re  c o n i l ~ t i o ~ ~ s  th,it .;upport 
liiiltatloll ,i~lil tliive rhat prf\.iill 111 tile sit? of 
I~ypc'rmutation in vi1.o (5):  111 Sfrm~n,il  cen- 
ters, I? crass-llnki~ig call L>CCUS 111 the tcxm of 
, i ~ - i t ~ ~ e ~ - i - a n r ~ I ~ ~ ~ i l ~  compleses i l l 1  the surfzice o t  
FDC.; ( t i ) ,  and a~-itiven-specif~c T cells are 
presfnt (5. 12).  There are pr17i~ah!y ~nsutfi- 
iiel-it T cell, in the gernlinal center to pro\ ~ d e  
rtiilli~li r l - i r a ~ ~ ~ l i  ~ n t e r a c t i o ~ ~  inr-011-ing cell 
contact, anil, I v e n  tlie fiailurf of (:!3413 lica~-iii 
t c~  replace the T cell actlvlr! 111 tile mut,ir~on 
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7-5 ---  ---  ---  - - -  - - -  - --  ..- ---  .-- --. -A- ---  ---  -T. ---  ---  ---  --- 

: ~n t i -K  clone 9 ( 5 :  1/181) 
................................................... C-- 

Fig. 3. (A: Frequency o f  p i iOx - l sos~ t~ve  v~e l l s  versus cellular i i p t t t  for cul tares s t ~ ~ i i u l a t e d  vb/tn LPS ancl ~11th 
T, cells plas ant-I<-Sepbiarose. (B Sequences f ro in  t~.vo clol ies of B cells s tma la ted  b y  LPS  and  foclr 
:Io,-es st~niulatecl by  T ,  cells 16202  c e s  per  ~.veIli p u s  anti-K-Sepharose I Each seciuence I S  snol.vn 
o l i y  once  and  tne  , iv lnber  of ndependenr  s o a t e s  of eacn seclcrence 1s n d c a t e d  at the left lf f i-equency 
of  mut tat on A I T ~ O  ac id  a b b r e v a r ~ o , ~ ~  are as  in Flg 2. 

cul t~~res ,  a role for solulile mediators in main- 
ta~ning mutation may he inili~~iteil. Ulltil 
IIOII-, the process oi' si~matic mutation has not 
bfe1-i ilivisll3le into separate 'hastis. It coulii he 
argueil that the presence of gerinlinf seili~el-ic- 
f s  at clay 1C <ifter priilling in CILIT lillliting 
iiili~tinn cultilrfs indicates that soillatic milta- 
t1oi-i is 1~i1-i: inLluceil in vitri~. The  failure to 
iliLluce sonlatic n lu t a t i~~n  of B cell? yrimfid for 
7 J,i\-s and 111 na'~ve B cells ( 1  3 )  wlt1-i the s~ime 
itlmi~ll ai.gufs against silcll a co~lclu?ion. W e  
prefer an  inrfrpretnti~~n in wliicll the rfsyond- 
in: B cfll.; har-f h e n  "commltteii" to somatic 
m[~tation hetn-eel1 days 7 and 12 after immu- 
n1:;ltion. a i d  our  results nroviile e\,~ilence that 
B cflls that have il-iitiateLl the mi1tatii~1-i priJ- 
21'5s reiluirf cont1nue3 stimi11atio1-i (hv T cells 
and antigfn) to allow mutation to 
T h ~ i  "progres,lon" phase can 11f lllinlickeii in 
~ i t r o .  W e  cL>nclude that thf co~lililitlilellt J I ~ J  
tlie pri)grfsiion ~ > f  si~matic h ~ p e r m u t i t i  are 
clri\.cn 137 distinct and exclusi~e slgndl;. 
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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 (1). 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-P subunits 
(2-4). The  secreted LT-a homotrimer 
binds and activates both T N F  receptor type 
1 (TNFR-I) and type 2 (TNFR-11) (5) ,  
whereas the membrane-associated LT-a,- 
LT-P, heteromer engages a newly identi- 
fied receptor designated the T N F  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 occupies a central, 
unique role in the development of lymph 

These findings suggest that responses that 
deuend on normal cellular interactions 
within white pulp follicles may be dysfunc- 
tional in these mice. 

W e  tested this hypothesis by immuniz- 
ing normal and LT-a-I- mice with sheep 
red blood cells (SRBCs) (8). Ten  days 
after immunization, immunohistochemi- 
cal evaluation of the suleens of wild-tvue , & 

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 n o  G C  structures (Fig. 
1B). PNA-binding cells were rarely de- 

amplified by RT-PCR as described above and cloned 
~nto pGem3Z vector. Random plasmids containing in- 
serts were selected and sequenced. The measured Taq 
polymerase eror 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 a n  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 T N F  receptor 
(TNFR-I) and the 75-kD T N F  receptor 
(TNFR-11) (3,  5 ) .  T o  evaluate whether 
either of these T N F  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. l C ) ,  dem- 
onstrating that signaling through TNFR-I 
is also required for GC 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- 

nod& (LNs) and ~ e ~ e r ' ;  parcher ~ P P S )  Fig. 1. Aosence of GCs 

( 7 ) .  The  relar~ve ra1e.r ,>i TNFR-I, TNFR- n speens from mmu-  

11, anJ  other LT-b~n,ling cell Surt;icc re- nizeo L T - a -  - and  

ceprors In transduclng L T - ~ p c c ~ f l c  s i ~ n a l s  TNFR- m c e  oclt not 

have not been ,lcfined (5).  from TNFR- I -  - mlce. 
Speen  sectlons from 

hllcc rcn,lcred Jeiicient in LT-(x (LT- w a- type (A,. LT-u 
a - - )  are born \vithour m o r p h o l ~ ~ g ~ c a l l ~  de- (6,. TNFR- - - [CJ, and 
rectable LNs or PPs (7 ) .  The  Spleen, ill- ThFR- I - (D) mlce 
though prelent, ho\vy d~sturhc,l arch~tec- were stalneo w tn  P h A  
ture, with f;lilurc ~n thc \vh~te  pulp of nor- to -ej and  ant'oooy to  

m,ll scgrc~ation 17f B ; ~ n d  T cell z1>ncs anJ IgD (orown). Typ~cal  GC 

falure t17 rtrlbllsh a disrlnct 111argin;ll :one. oevelopment IS absent n 
L T - u  and ThFR- - - 
m ce. oclt present In wild- 
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