20.

21,

22,

23.

. ddC-resistant viruses that contained the K65R

substitution alone could be selected for resistance
to the other drugs, suggesting that the inability to
outgrow into a drug-resistant virus population is not a
common property of all nucleoside analog-resistant
viruses.

. M. S. Boosalis et al., J. Biol. Chem. 262, 14689

(1987); L. V. Mendelman et al., ibid, 264, 14415
(1989); L. V. Mendelman et al., ibid. 265, 2338
(1990); J. Petruska et al., Proc. Natl. Acad. Sci.
U.S.A. 85, 6252 (1988).

. The sequence of the template oligonucleotide was

as follows: 5'-GTGGAAAATCTCTAGCAGTGGCGC-
CCGAACAGGGACCTGAAAGCG-3'. The four prim-
ers that were used to study nucleotide insertion op-
posite A, C, G, and T, respectively, were as follows:
5'-CGCTTTCAGGTCCCTGTTCGGGCGCCAC-3’
(PBS-A), 5'-CGCTTTCAGGTCCCTGTTCGGGCG-
CCACT-3" (PBS-C), 5'-CGCTTTCAGGTCCCTGT-
TCGGGCGCCA-3' (PBS-G), and 5'-CGCTTTCAG-
GTCCCTGTTCGGGCGCCACTGCT-3" (PBS-T).
Before use, crude oligonucleotides were resolved on 12
to 20% polyacrylamide-urea gels (Sequagel, National
Diagnostics) and the major band eluted in buffer con-
taining 0.5 mM ammonium acetate, 0.1% SDS, and 10
mM magnesium acetate and purified on a Sep-Pak
column (Millipore). The purified oligonucleotides were
resuspended in 10 mM tris-Cland 1 mM EDTA (pH 8.0).
The ends of the primer oligonucleotides were labeled in
a forward reaction with [y-32Pladenosine triphosphate
(3000 Ci/mmol) and T4 polynucleotide kinase (40 U)
(New England Biolabs). The template and primer were
annealed with a slight excess of template (1.27:1) to
ensure that the primer was annealed completely. 32P-
labeled primer (74 pmol) was mixed with 94 pmol of
template in 50 mM tris-Cl, pH 8.0; acetylated bovine
serum albumin (50 pg/ml); and 2 mM B-mercaptostha-
nolin a total volume of 1 ml, placed in boiling water for 3
min, and allowed to cool slowly to room temperature
over 1 hour.

Insertion events can be measured in the two distinct
phases of DNA polymerization: the initial extension
(standing start) and the subsequent synthesis (run-
ning start). In standing starts, the reactions are per-
formed in the presence of only one dNTP at a time to
measure the insertion opposite the first unpaired
template base. Running-start reactions, on the other
hand, are intended to measure the insertion at a tar-
get base at least two bases beyond the primer 3'-
terminus.

The preparation of purified heterodimer RT from
HxB2 (wild type) (35) was as described previously
and that of HxB2 containing the M184V alteration
was by means of high-performance liquid chroma-
tography after separate expression of p66 and p51
subunits. The preparations were nuclease-free and
had a specific activity of 800 and 100 units per
milligram of protein, respectively [one unit is de-
fined as 1 nmol of dTTP incorporated into
poly(rA)oligo(dT) in 10 min at 37°C].

We initiated the misinsertion reactions by combining
equal volumes (5 wl) of solutions A (enzyme and tem-
plate-primer) and B (NTP and salts). Solution A was
made by diluting the enzyme in ice-cold template-prim-
er to enzyme concentrations of 0.21, 4.2, or 36 nM,
which corresponded to enzyme:template-primer molar
ratios of 1:170, 1:8.5, and 1:1, respectively (in general,
an excess of template-primer was used to ensure that
all enzyme molecules were in a bound state). Solution B
contained the dNTP at a concentration of 0 to 10 mMin
160 mM KCl; 100 mM tris-Cl, pH 8.0; 20 mM dithiothre-
itol, and 12 mM MgCl,.. A series of reactions was carried
out at 37°C with increasing concentrations of dNTP for
an empirically determined reaction time to allow the
conversion of about 256% of primer to extension prod-
uct. Reactions were terminated by the addition of 30 !
of stop solution (95% formamide and 20 mM EDTA).
The boiled terminated reaction (2 to 8 wl) was loaded
onto a 12 to 18% polyacrylamide-urea gel and electro-
phoresed for 1.75 to 2.5 hours at 30 W. Gels were then
autoradiographed within the linear-response range of
the film. The products included not only primers extend-
ed by one nuclectide (n+1), but in some instances
those that were the result of a mispair extension. An
important concern in this type of experiment is whether
the primer extensions were due to contaminating cor-

24,

rect dNTP. This problem is particularly common
while studying the insertion of dCTP opposite tem-
plate base A, because dCTP preparations accumu-
late dUTP generated by spontaneous deamination.
Efforts were made to ensure the absence of such
contaminating correct dNTPs in our experiments.
First, all the dNTPs were commercial preparations
that were HPLC-analyzed. No traces of correct
dNTPs were present as reported by the supplier. If
any contaminating correct dNTPs were present, they
would be at subnanomolar concentrations that
would poorly catalyze the insertion reaction. Second,
at high resolution, misinsertion products often dis-
play altered mobilities when compared to products
resulting from correct insertion. We find that nearly all
types of misinsertions displayed altered mobilities.
Most importantly, with regard to AC mispair forma-
tion, a definite difference was seen between the mo-
bility of dCTP-extended PBS-A primer and dTTP-
extended PBS-A primer, strongly suggesting that
the dCTP-misinsertion and not dUTP (possibly de-
rived from deamination) insertion was examined.
Analysis of reaction products involved scanning the au-
toradiograms with a Molecular Dynamics densitometer
(Model 300A), followed by determining the intensities of
product bands with the program ImageQuant (Molecu-
lar Dynamics). The relative amounts of unextended ()
and extended (/) primers were evaluated for each reac-
tion. The initial velocities of the product (/7)) formation
(relative V) were determined according to the proce-
dure described by Goodman and colleagues (78). The
relative V. values from each set of reactions were used
to calculate relative V... and K, for the formation of that
mispair by plotting reciprocal initial relative velocities (1/
relative V) against reciprocal variable dNTP concentra-
tions (1/[dNTP)) and fitting the data to the appropriate
rate equations with the FORTRAN programs of Cleland
(36). The enzyme concentration factor was taken into
consideration when calculating V..., because variable
amounts of the enzyme were used depending on the
variation in the rates of formation of different mispairs.
The efficiency of misinsertion for that mispatr, f,;, was
then derived as described by Goodman and colleagues
(78).

25. K. Bebenek et al., J. Biol. Chem. 264, 16948 (1989).

26.

27.

28.

29,
30.

31.
32.

33.

35.
36.
37.
38.

F. W. Perrino et al., Proc. Natl. Acad. Sci. U.S.A. 88,
8343 (1989); M. Bakhanashviliand A. Hizi, Biochemistry
31, 9393 (1992); M. F. Goodman et al., Crit. Rev. Bio-
chem. Mol. Biol. 28, 83 (1993); S. Creighton and M. F.
Goodman, J. Biol. Chem. 270, 4759 (1995).

K. Bebenek and T. A. Kunkel, in Reverse Tran-
scriptase, A. M. Skalka and S. P. Goff, Eds. (Cold
Spring Harbor Laboratory Press, Plainview, NY,
1993), pp. 85-102.

B. D. Preston and N. Garvey, Pharm. Tech. 16, 34
(1992).

J. M. Coffin, Science 267, 483 (1995).

X. Wei et al., Nature 373, 117 (1995); D. Ho et al.,
ibid., p. 123.

F. Boulerice et al., J. Virol. 64, 1745 (1990).

This is confirmed by studies showing that ratios of
tissue culture infective dose [ TCID),,] to p24 were at
least four times higher in culture fluids of peripheral
blood mononuclear cells or MT-4 cells infected by
the M184V clone of infectious HIV than in cells infect-
ed by the HxB2 clone of HIV or the HIV, g isolate.
B. A. Larder et al., Science 269, 696 (1995); H.
Salomon et al., Antiviral Chem. Chemother. 6, 222
(1995).

. R.Schuurmanetal., J. Infect. Dis. 171, 1411 (1995);

M. A. Wainberg et al., AIDS 9, 351 (1995); M. Kavlick
et al., Antiviral Res. 28, 133 (1995).

Y. Kew et al., J. Biol. Chem. 269, 15331 (1994).

W. W. Cleland, Methods Enzymol. 63, 103 (1979).
W. Drosopoulos and V. Prasad, unpublished results.
Supported by the U.S. Public Health Service (re-
search grants RO1 Al-30861 and UO1 Al-24845 to
V.R.P.) and by the Medical Research Council of Can-
ada and Health Canada (to M.AAW.). W.C.D. was
supported by a developmental postdoctoral fellow-
ship from the Centers for AIDS Research (P30-Al-
27741) atthe Albert Einstein College of Medicine and
by an institutional training grant (1T32-Al-07501).
We are grateful to individuals who played leading
roles in each of the 3TC monotherapy studies in
which we participated: J. Pluda, R. Yarchoan, P.
Pizzo, L. Lewis, J. Goldsmith, J. Church, S. Wheeler,
J. Montaner, T. Cooley, A. Keller, and M. Rubin.

11 September 1995; accepted 20 December 1995

Somatic Mutation of Immunoglobulin
V Genes in Vitro
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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. Anin 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

B cell selection.

understanding of the molecular and cellular mechanisms that regulate somatic mutation and

The process of somatic hypermutation of

Ig V genes within a population of prolifer-

ating memory B cell precursors provides a
pool of cells that are subject to selection for

increased affinity for antigen; this is the
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basis of affinity maturation of-antibody re-
sponses (1-4). Hypermutation and selec-
tion occur specifically within germinal cen-
ters in B cell follicles (5, 6), but the molec-
ular mechanism behind somatic mutation
has remained elusive, to a large extent be-
cause of the absence of well-defined in vitro
models (7). An in vitro model should also
facilitate analysis of the extra- and intracel-
lular signals regulating this mechanism and
of the regulation of the various fates of B
cells that participate in immune responses.
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Fig. 1. (A) Schematic illustration of the exper-
imental strategy. (B) Summary of sequences
from PCR-amplified V, ., mMRNA from hybri-
domas made at days 7, 10, and 14 after im-
munization (75). 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 (anti-k—S) or with LPS plus anti-k—
Sepharose, as well as data from day 10 in
vitro cultures where primed B cells were stim-
ulated with CD40L plus anti-k-Sepharose or
with T, cells only (T,2) (75, 16). The se-
quence data in Fig. 2 are also summarized;
the data are from randomly selected phOx-
binding hybridomas from two independent
experiments with pooled B cells from three
mice [see also (2, 5, 9)]. The P values were
derived by Fischer’s exact test using the fre-
quency of mutation at the day of initiation of
culture as areference (days 7 and 10, respec-
tively).

Fig. 2. Sequences from hybridomas made
from splenic B cells isolated 10 days after
immunization with phOx-OVA and restimu-
lated in vitro for 4 days with LPS plus anti-
k—Sepharose or with T,2 cells plus anti-k—
Sepharose (715). The top sequence is the
germline gene of V, ., with the amino acid
translation shown above [numbered ac-
cording to Kabat (77)]. Complementarity-
determining regions (CDRs) are boxed;
only codons containing mutations are
shown. Abbreviations for the amino acid
residues are as follows: A, Alg; C, Cys; D,
Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle;
K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q,
GIn; R, Arg; S, Ser; T, Thr; V, Val; W, Trp;
andY, Tyr.
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We reasoned that an attempt to investi-
gate somatic mutation in vitro should mimic
as closely as possible the kinetics and condi-
tions for the same event in vivo. To this end,
we isolated spleen cells from BALB/c mice
that had been immunized with 2-phenylox-
azolone coupled to an ovalbumin carrier
(phOx-OVA). Half of the cells were fused
with SP2/0 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 particu-
lar V|-V, combination in the primary re-
sponse [Vyo,; and Vo, (2, 4)], although
the pattern of mutations differs with the car-
rier used (8). The expressed V, o genes from
phOx-binding hybridomas were sequenced by
the reverse transcription polymerase chain re-
action (RT-PCR); to avoid bias from Tagq
polymerase—induced mutations, we omitted
cloning steps. V, o, sequences (rearranged to
J.s) obtained from phOx-binding hybridomas
derived 7 days after immunization showed
very few or no mutations. At day 10, 5 of 15
sequences contained mutations, and the fre-
quency of mutation was 1/428 bases se-
quenced (Fig. 1B). At day 14, the frequency of
mutation had risen to 1/142 bases se-

58 59 61 63 67 71 74 75 76 78 83 84

quenced, and six of eight sequences were
mutated. These kinetics agree with those
found by others (2, 4) and indicate an onset
of mutation in the spleen from 7 to 10 days
after immunization.

Purified B cells from mice immunized 7 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. At the end of this
period, cells were fused to SP2/0 and screened
for secretion of phOx-binding antibodies. LPS
stimulation, which was previously shown not
to induce somatic mutation (7), also failed to
maintain hypermutation when combined
with signals from surface lg (slg) (anti-k—
Sepharose). Whether the cultures were start-
ed at day 7 (Fig. 1B) or day 10 (Figs. 1B and
2), we could detect no significant increase in
the frequency of somatic mutation over that
observed in the ex vivo hybridomas derived at

these time points. Thus, proliferation plus slg

cross-linking—as might be mediated in ger-
minal centers by antigen on follicular dendrit-
ic cells (FDCs) (9)—is insufficient to main-
tain mutation.

Given that somatic hypermutation is a
feature of T cell-dependent antibody respons-

CDR3

85 87 88 [89 91 92 93
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es, we next investigated the capacity of T
helper (T};) cells to maintain mutation in
vitro. When B cells from spleens 7 days after
immunization were cocultured for 4 days with
an alloreactive Ty;2 clone [secreting interleu-
kin (IL)-3, IL-4, and IL-5 (10)] 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 immunization were cocultured for 4 days
with the alloreactive T};2 clone plus anti-k—
Sepharose, there was an increase in the num-
ber of mutations observed relative to the day
10 ex vivo hybridomas (frequency of muta-
tion, 1/118 versus 1/428; P = 0.002), which
compared favorably with the frequency of mu-
tation that was observed in ex vivo cells at day
14. These sequences are shown in Fig. 2, and
the mutation frequencies are given in Fig. 1B.
These results indicate that T cell-derived sig-
nals plus slg cross-linking are capable of main-
taining somatic mutation in vitro. Both of
these components seem to be necessary for
the continuation of mutation, because cocul-
ture of postimmunization day 10 B cells with
alloreactive T},2 cells alone brought about no
increase in mutation (Fig. 1B). In view of the
pivotal nature of the CD40 molecule in the
delivery of T cell help to B cells (11), we also
investigated the capacity of a CD40 ligand
expressing transfectant to replace T2 cells in
maintaining somatic mutation in day 10 B
cells. These transfectants plus anti-k—Sepha-
rose did not induce an increase over the day
10 baseline amount (Fig. 1B). Thus, the T2
signal that acts to perpetuate mutation activ-
ity in cultured B cells seems not to be the
CDA40 ligand acting alone.

We interpret the increase in mutation af-
ter coculture with the T2 cells and anti-k—
Sepharose to indicate ongoing somatic muta-
tion in vitro. However, it is possible that these
stimuli selectively amplify a minor population
of B cells that by day 10 in vivo has a large
number of mutations. To differentiate be-
tween these two possibilities, we performed
limiting dilution culture of B cells from mice
immunized with phOx-OVA 10 days earlier.
The B cells were plated on 96-well plates with
Ty2 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 V -], 5 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 frequency of mutation
(average 1/830) 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 1/162) and, more important, exten-
sive intraclonal sequence diversity. Three of
the four clones must have arisen from a B cell
clone having its Vo gene in germline con-
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tiguration at day 10, whereas one clone (clone
2) had a single mutation at the onset. This
result is compatible with our hybridoma data
(Fig. 1B), where two of three sequences are in
germline configuration at day 10.

We conclude that stimuli delivered by ac-
tivated T,2 cells in combination with signals
from slg support somatic hypermutation activ-
ity in vitro. The identity of the T cell-derived
signal is not known, but it does not seem to be
CDA40 ligand alone. There is a clear analogy

between the culture conditions that support
mutation and those that prevail in the site of
hypermutation in vivo (5): In germinal cen-
ters, Ig cross-linking can occur in the form of
antigen-antibody complexes on the surface of
FDCs (8), and antigen-specific T cells are
present (6, 12). There are probably insuffi-
cient T cells in the germinal center to provide
stimuli through interaction involving cell
contact, and, given the failure of CD40 ligand
to replace the T cell activity in the mutation
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Fig. 3. (A) Frequency of phOx-positive wells versus cellular input for cultures stimulated with LPS and with
Ty cells plus anti-k-Sepharose. (B) Sequences from two clones of B cells stimulated by LPS and four
clones stimulated by T, cells (6000 cells per well) plus anti-k-Sepharose (78). Each sequence is shown
only once, and the number of independent isolates of each sequence is indicated at the left (f, frequency
of mutation). Amino acid abbreviations are as in Fig. 2.
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cultures, a role for soluble mediators in main-
taining mutation may be indicated. Until
now, the process of somatic mutation has not
been divisible into separate phases. It could be
argued that the presence of germline sequenc-
es at day 10 after priming in our limiting
dilution cultures indicates that somatic muta-
tion is being induced in vitro. The failure to
induce somatic mutation of B cells primed for
7 days and in naive B cells (13) with the same
stimuli argues against such a conclusion. We
prefer an interpretation in which the respond-
ing B cells have been “committed” to somatic
mutation between days 7 and 10 after immu-
nization, and our results provide evidence that
B cells that have initiated the mutation pro-
cess require continued stimulation (by T cells
and antigen) to allow mutation to proceed.
This “progression” phase can be mimicked in
vitro. We conclude that the commitment and
the progression of somatic hypermutation are
driven by distinct and exclusive signals.
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Role of Lymphotoxin and the Type | 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 | tumor necrosis factor (TNF)
receptor, but not the type Il 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.

The 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-B subunits
(2-4). The secreted LT-a homotrimer
binds and activates both TNF receptor type
1 (TNFR-I) and type 2 (TNFR-II) (5),
whereas the membrane-associated LT-a;—
LT-B, 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 occupies a central,
unique role in the development of lymph
nodes (LNs) and Peyer’s patches (PPs)
(7). The relative roles of TNFR-I, TNFR-
II, 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~/7) 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.

M. Matsumoto, S. Mariathasan, M. H. Nahm, F. Baran-
yay, D. D. Chaplin, Center for Immunology and Howard
Hughes Medical Institute, Washington University School
of Medicine, St. Louis, MO 63110, USA.

J. J. Peschon, Immunex Research & Development Cor-
poration, Seattle, WA 98101, USA.

*To whom correspondence should be addressed.
E-mail: chaplin@visar.wustl.edu

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 ™/~ mice immunized with
SRBCs showed no GC structures (Fig.
1B). PNA-binding cells were rarely de-

SCIENCE

VOL. 271

1 MARCH 1996

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-nitrophenyl)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 GC
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-1) and the 75-kD TNF receptor
(TNFR-II) (3, 5). To evaluate whether
either of these TNF receptors was required
for normal GC formation, we used SRBCs
to immunize mice rendered deficient in
either TNFR-1 (TNFR-17/7) or TNFR-II
(TNFR-I17/7) by gene targeting (11). Al-
though TNFR-II=/~ mice had morpholog-
ically normal GCs (Fig. 1D), TNFR-1~/~
mice developed no GCs (Fig. 1C), 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-II. 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-1=/~ 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-lI=/~
mice after immunization
with the T lymphocyte—

dependent antigen
SRBC.  Magnification,
x30.
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