10.
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12.

mg) (20), and 1 pg was used for reverse transcription
with primers A6103 (GCTATCAGCCGGTTCATC-
CACTGC) or A9413 (CAGGATGGCCTATTGGCCTG-
GAG) and the Expand Reverse Transcriptase System
(Boehringer Mannheim, Germany). PCR was per-
formed with the Expand Long Template System
(Boehringer Mannheim) in buffer containing 2% di-
methylsulfoxide. After 1 hour at 42°C, one-eighth of
the mixture was used for the first PCR with primers
A6103 and S59 (TGTCT TCACGCAGAAAGCGTCTAG)
or A9413 and S4542 (GATGAGCTCGCCGCGAAGCT-
GTCC). After 40 cycles, one-tenth was used for the
second PCR with primers S59 and A4919 (AGCA-
CAGCCCGCGTCATAGCACTCG) or S4542 and A9386
(TTAGCTCCCCGTTCATCGGTTGG). After 30 cycles,
the PCR products were purified by preparative aga-
rose gel electrophoresis, and eluted fragments were
ligated into vector pCR2.1 (Invitrogen) or pBSK II
(Stratagene). Four clones of each fragment were an-
alyzed and a consensus sequence was established. To
resolve ambiguities, we amplified shorter PCR frag-
ments covering the corresponding region and se-
quenced multiple clones. The 3’ NTR was obtained by
conventional PCR with an antisense primer covering
the last 24 nt of the genome (4). The authentic 5’
NTR downstream of the T7 promoter was generated
by PCR with an oligonucleotide corresponding to a
truncated T7 promoter (TAATACGACTCACTATAG)
and the first 88 nt of HCV and a plasmid carrying one
of the 5' fragments of the genome. The complete
genome was assembled from subgenomic fragments
carrying the least numbers of nonconsensus nucleo-
tide changes and inserted into a modified pBR322
vector. Nonconsensus changes were removed by site-
directed mutagenesis. To generate run-off transcripts
with an authentic 3’ end, we modified the 3’ NTR of
our isolate (terminating with TGT) to match the
sequence of genotype 3 [clone WS; A. A. Kolykhalov,
S. M. Feinstone, C. M. Rice, J. Virol. 70, 3363 (1996)]
terminating with AGT, which allowed us to introduce
arecognition sequence for the restriction enzyme Sca
| (AGTACT) at the end of the 3’ NTR. A guanine was
replaced with an adenine nucleotide at position 8180
of the genome to remove an internal Sca | site. After
assembly of the full-length genome with appropriate
5’ and 3’ NTRs, the complete HCV sequence [Euro-
pean Molecular Biology Laboratory (EMBL) accession
number AJ238799] was verified.

. Plasmid DNA was linearized with Sca | and used for in

vitro transcription reactions containing 80 mM Hepes
(pH 7.5), 12.5 mM MgCl,, 2 mM spermidine, 40 mM
dithiothreitol, 2 mM of each nucleoside triphosphate,
RNasin (1 U/ml), DNA template (50 ug/ml), and T7
RNA polymerase (~2 U/pl). To increase the yields,
after 2 hours at 37°C an extra 1 U of T7 RNA
polymerase was added per microliter, and the reac-
tion was incubated for an additional 2 hours. DNA
was removed by extraction with acid phenol [W.
Kedzierski and J. C. Porter, BioTechniques 10, 210
(1991)] and treatment with 2 U of deoxyribonuclease
(DNase) per microgram of DNA for 60 min at 37°C.
RNA was purified and analyzed by denaturing agarose
gel electrophoresis.

. Purified in vitro transcripts corresponding to the paren-

tal or the inactivated HCV genome were used for trans-
fection of human hepatoma cell lines and primary hu-
man hepatocytes. Cell lines were maintained in a me-
dium as described [B. ). Yoo et al., /. Virol. 69, 32 (1995)]
and passaged once a week. Total RNA was prepared
from transfected cells, and serial dilutions were used for
RT-PCR amplification of the 5' NTR or an NS5B se-
quence covering the 10—amino acid deletion. This al-
lowed discrimination between the parental and the
inactivated genome carrying the in-frame deletion. We
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of HCV RNA found in cells transfected with the wild-
type or the inactivated genome. Input RNA was detect-
ed for up to three passages, with similar amounts seen
for both genomes.
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Positive Selection of Natural
Autoreactive B Cells

Kyoko Hayakawa,'* Masanao Asano,’ Susan A. Shinton,’
Ming Gui," David Allman,? Colin L. Stewart,? Jack Silver,?
- Richard R. Hardy'

Lymphocyte development is critically influenced by self-antigens. T cells are
subject to both positive and negative selection, depending on their degree of
self-reactivity. Although B cells are subject to negative selection, it has been
difficult to test whether self-antigen plays any positive role in B cell develop-
ment. A murine model system of naturally generated autoreactive B cells with
a germ line gene—encoded specificity for the Thy-1 (CD90) glycoprotein was
developed, in which the presence of self-antigen promotes B cell accumulation
and serum autoantibody secretion. Thus, B cells can be subject to positive
selection, generated, and maintained on the basis of their autoreactivity.

Although it is widely accepted that B cells
with self-reactivity are deleted or rendered
functionally inactive (/), autoantibodies can
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be found in the serum of healthy animals,
referred to as “natural autoantibodies,” in an
apparent paradox to the clonal tolerance the-
ory (2, 3). In contrast with disease-associated
hypermutated immunoglobulin G (IgG) anti-
bodies, these natural autoantibodies are pre-
dominantly IgM, encoded by mostly unmu-
tated germ line variable (V) region genes, and
are independent of T cell help for secretion.
Natural autoantibody constitutes a large frac-
tion of serum Ig, and the B cells that produce
natural autoantibodies frequently express
CDS5, a phenotype rare in spleen, but more
common in the peritoneal cavity of mice (4,
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5). The significance of such natural autoan-
tibody is not yet clear. However, these anti-
bodies often cross-react with antigens on bac-
teria or tumors, and mice deficient in serum
Ig are susceptible to bacterial infection, sug-
gesting that these Igs participate in innate
immunity (3, 5, 6).

SM6C10 is an anti-thymocyte autoanti-
body (ATA) produced by a hybridoma de-
rived from CD5* B cells (B-1 cells) of SM/J
mice, a strain with elevated serum ATA.
SM6C10 binds a murine-specific carbohy-
drate epitope of the Thy-1 glycoprotein that is
expressed on thymocytes, a fraction of ma-
ture T cells, and T cell tumors, as well as on
the soluble form of Thy-1 (7). Expression of
this epitope is Thy-1-dependent and thus is
absent from Thy-1 gene-targeted mice (Thy-
17) (Fig. 1). Immunoglobulin V gene se-
quence analysis showed a V;3609 heavy
chain combined with a V 21C light chain in
the SM6C10 hybridoma, both unmutated
from the germ line (GenBank X53097 and
M21522; V;;3609-D,,Q52-1;2, V, 21C-J 2).

To understand why ATA B cells develop,
we generated V ;3609 w* heavy chain trans-
genic mouse lines on the C.B17 () back-
ground (8) and found that, despite introduc-

Table 1. Summary of V, gene usage in transgenic
V,,3609.-expressing hybridomas. V, gene family
nomenclature is according to the IMGT/LIGM da-
tabase and Potter et al. (26). Designations a to d
are arbitrary "to distinguish individual germ line
gene sequences. Only sequence data from func-
tional V. genes are shown. All hybridomas se-
creted Tgu. Three CD57-derived hybridomas ex-
pressed N light chain and were ATA~. No hy-
bridoma from the CD5*Tgn*Endop.™ cells were
A", Generation of the hybridomas (25 from
CD5 Tgp."Endop.™ and 13 from D5 Tg*Endop ™)
is described in (27).

\Y Number of

grorjp Je hybridomas ATA
CD5~Tgu. " Endop.™ cell origin
1 4 1 -
4/5° 4 3 -
4/5° 5 3 -
4/5¢ 4 2 -
4/59 1 1 -
98 5 2 -
12/132 2 1 -
12/132 5 1 -
19/282 4 2 -
19/28° 2 1 -
19/28° 4 1 -
19/28¢ 5 1 -
20 4 1 -
232 4 1 -
23° 5 3 -
23° 1 1 -
CD5*Tgu"Endop.~ cell origin
9B 2 1 -
12/13° 1 1 -
21C 2 8 ++

21E2 1 1 +/=

21E2 2 1 +/=
23 5 1 -
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ing only the p heavy chain transgene (Tg),
these animals had high IgM ATA serum titers
detectable from 1 to 2 weeks after birth on-
ward (Fig. 2A). Most splenic B cells from
transgenic mice expressed the Tgu without
endogenous p and lacked CDS5 expression
(CD5 Tgu"Endop ™), and did not secrete
ATA upon lipopolysaccharide (LPS) stimu-
lation in vitro (Fig. 2B). In contrast, there was
high ATA secretion from a CD5* B cell
subset enriched in the peritoneal cavity
(PerC) that expressed the Tgpn alone
(CD5*Tgp"Endop ™), but not from CD5*

Thymus Spleen CD4+
' Thy-1+ Thy-1-
2 75 Thy-1- ]
3
O 50 | i
g Thy-1+
5 = .
[}
o
—— T T T T T
A 1 10 100 A 1 10 100

SM6C10 staining ——>

Fig. 1. Immunofluorescence staining of T cells
by SM6C10 (ATA). Thymocytes and splenic
CD4™* T cells from wild-type C57/BL(B6) (thick
line, Thy-1%) and B6.Thy-1"/" (thin line, Thy-
17) mice were stained with FL-SM6C10. Stain-
ing was negative for all cells in the thymus,
liver, bone marrow, spleen, and peritoneal cav-
ity of Thy-1~ mice.

cells expressing both Tgp and Endop nor
from CD5~ B cells in the PerC (Fig. 2, B and
C). CD5"Tgn"Endop™ cells were also
present in spleen as a minor fraction, contrib-
uting some ATA secretion from this sample.
To determine the relation between ATA spec-
ificity and light chain usage, we generated
hybridomas from sorted B cell fractions.
More than half (8/13) of the hybridomas es-
tablished from the CD5*Tgn™ Endop™ B
cell fraction had ATA specificity and identi-
cal V, 21C-J 2 light chains, with a V-J junc-
tion that lacked nucleotide addition and was
identical to the sequence found in the
SM6C10 hybridoma. In contrast, CD5™B
cell-derived hybridomas had a more diverse
light chain usage, none expressed V 21C,
and all lacked detectable ATA activity (Table
1). The predominance of identical V 21C-J 2
light chains by CD5 " Tgpn*Endopn™ cells in
contrast to CD5™ B cells was confirmed by
sequencing mRNA from individual cells (9).
Therefore, high ATA serum titer in the
V3609 transgenic mice resulted from an
increase of autoreactive ATA B cells bearing
a canonical V _21C light chain, and these
ATA B cells were exclusively CD5™; that is,
introduction of a V,;3609 heavy chain had a
positive effect on the generation of ATA B
cells.

This CD5* ATA B cell subset was not

Fig. 2. High serum ATA A s . B 350

levels in V, 3609, trans- = | oeTgu+ = 0 Thy1+ thymus

genic mice and an anal- < % Y aa Tou- oo § 300 @ Thy1~= thymus

ysis of B cell subsets. & o] I3

Serum and culture su- g% $ = 2504

pernatant ATA levels  g£ 4 * £ 501

were assayed by flow @@ k3 g

cytometry analysis with 2] % <

C.B17 or B6 thymo- . . | nins 2

cytes by using fluo- gcf) . . 0 |_L. I .q—.'}‘—
;‘:Istcieb'g d)(/FL)EgonJ;%"ﬁﬁg age: 2wk 1-2mo  gogis  gpl Spl PerC PerC PerC PerC
IgM (FL=anti-IgM) (an- $D5 R A
tibody 331.12) as a detecting re- Egg(“ b) us. o+ ot
agent. Serum levels are expressed ndow(d us. - - -+ 4
as thymocyte staining intensity

with 1:10 diluted serum. ATA" se- Total PerC CD5* PerC

rum samples from Tg* mice were
also tested with anti-p?, verifying
Tgp. origin. (A) Serum ATA levels
of V3609 Tg (ATA1 line) X
C.B17 littermates. Data are -from
Tg*/~ (circle) and Tg~/~ (triangle)
individuals. ~ Bkg,  FlL-anti-IgM
alone. (B) ATA secretion by puri-
fied B cell subsets incubated with
LPS. LPS stimulation of purified B
cell subsets was carried out in
U-bottomed, 96-well microtiter

Endop(u°)

plates with 4 X 10* cells in 0.15 ml of LPS (1 pg/ml) culture medium. Levels are staining intensity
by 50 pl of 3-day culture supernatant using wild-type Thy-1" thymocytes (white bars) and mutant
Thy-1~ thymocytes (black bars) (u.s., unseparated for CD5/u. allotype expression). PerC subsets

used for purification are shown in (C) with corres

ponding numbers. (C) Peritoneal B cell subsets in

the ATAT mouse line. Right panel shows Tgu () and Endp.(®) expression among CD5™ cells in the

PerC. The percent of B cell fractions among total

spleen cells or PerC are as follows: spleen, CD5~

Tgp. Endw~ (52.0%); PerC, CD5~ Tgp.*Endp.~ (37.8%), CD5* g *End~ (5.0%), CD5* Tgw* Endp*
(8.2%), and CD5* Tgu. " Endp.* (1.6%). These correspond to 98% of splenic B cells and 71, 9, 15, and

3% of PerC B cells, respectively.
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discernible at the newborn stage (<6 days
old), at which time all B cells showed exclu-
sive Tgp expression, but was detected at 2
weeks and increased during subsequent de-
velopment. This age-dependent ATA B cell
accumulation suggested that their generation
might be the result of cellular selection. We
therefore crossed V3609 transgenic mice
with antigen-deficient Thy-1~ mice. Lym-
phocyte development appeared normal in
Thy-1" mice (/0). However, accumulation of
the ATA B cell subset and concomitant high
ATA serum titer only occurred in Tgp™ mice
that were Thy-1" (Fig. 3). The difference of
serum ATA titer held for 2 week neonates as
well but became more evident as animals
aged (Fig. 3A, 7 months). LPS stimulation of
total B cells purified from PerC (or spleen) of
Tgp ™ mice consistently yielded much higher
ATA secretion from a Thy-1" background
compared with a Thy-1— background (/1),
consistent with an increased frequency of
CD5" ATA B cells in Thy-1" mice.
Therefore, in the presence of Thy-1 anti-
gen, ATA B cells accumulate and secrete
autoantibody into the serum, whereas in the
absence of Thy-1 neither occurs. This ab-
sence of ATA B cell accumulation in Thy-1~
transgenic mice could be rescued by provid-
ing a Thy-1" environment, as revealed by
stem cell cotransfer of newborn liver from
Thy-1~ transgenic mice (Thy-1"Tg™) and
bone marrow from Thy-1" nontransgenic
(Thy-1"Tg™) mice into immunodeficient
SCID (severe combined immunodeficiency

50 - 10
A | ~ 1B
& °
2 > o
3 104 . &
s [}
< 2 S 14 °°
E £ 8 8— <]
<o 8 o= o
< - °
- o [ 000
£ 8 @0
o} o . Q2 oo
s ' ° o . @
o .o < 0.14 o
b o * =
bkg —)ﬁ & (é) < 8
0.2 — 0.03-1-99900
Tgu ~— = + + + 4 + +
Thy-1 = + - + - + - +
age 1-2mo 7 mo 1-2 mo

Fig. 3. Self-antigen—dependent increase of se-
rum ATA and ATA B cells. To generate Thy-1~
Tg* mice, we crossed ATA1 mice with C57BL/6
(B6) Thy-1"/~ mice, and Tg*/~ offspring were
backcrossed with Thy-17/~ mice. Tg, Thy-1,
and H-2 typing were carried out by PCR assay
and peripheral blood lymphocyte flow cytom-
etry analysis. Individual data are from analysis
of six and two litters of 1- to 2-month-old and
7-month-old mice, respectively. (A} Serum ATA
levels of 1- to 2-month-old littermates and
7-month-old Tg* littermates. Serum levels are
staining intensity values with 1:10 diluted se-
rum. (B) PerC ATA B cell subset frequency in
Tg* 1- to 2-month-old littermates. Percent-
ages of CD5*Tgu*Endp™ cells among total
PerC cells (1 X 108 to 3 X 10° cells per mouse
in both groups) are shown.
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disease) mice (Fig. 4). The p2*ub~ fraction
of B cells derived from stem cells of trans-
genic origin contained CD5™ cells (the ATA
B cell fraction) when Thy-1" bone marrow
was cotransferred (Fig. 4C), but not when
Thy-1" bone marrow was cotransferred (Fig.
4D). The same correlation held true for serum
ATA. Thus, ATA B cell accumulation and
serum ATA production were dependent on
self-antigen.

During B cell development, immature B
cells are highly sensitive to B cell receptor—
mediated signaling, resulting in tolerance (/2).
To test whether ATA B cells might be gener-
ated because they were sequestered from anti-
gen at an immature stage, we injected Thy-1"
thymocytes into the PerC of newborn or adult
mice, assuring direct antigenic exposure of
developing or established ATA B cells (/3).
In both cases, thymocyte treatment failed to
eliminate or inactivate ATA B cells in the

00T A Serum ATA 5.18] | B Serum ATA 0.30
g0 J\ATABcell 14% 1 ATABcel 0.01%
60 4
[9)
2 40
E 2] — —
=z
= 0 Ll AL L e L A
8 .
o '°TC seumaTA 2.16] {D SerumATA 026
2 80]  ATABocel 0.1% ATA B cell 0.01%
©
(4] ]
2 e R
40 1
20 —
P A, Sl SN, W O ww-v-
10 100 1000 0.1 1 10 100 1000

01 1
‘ CD5

Fig. 4. ATA B cell generation from Thy-1"Tgu™*
stem cells in a self-antigen—positive environ-
ment. Flow cytometry analysis of PerC cells
gated for p2*p~ cells in 4-week-old (A)
Thy-1* compared with (B) Thy-1"Tgu™ litter-
mates (H-2%®), and (C and D) in SCID mice
reconstituted with stem cells 4 weeks after
transfer. Cells from a pool of newborn (d0) liver
from a litter between Tgu ™/~ and Tgu ™/~ of
Thy-17/"H-2® mice (50% of newborns were
Tgn™) were divided into two groups. Cells from
each of the groups were mixed with adult (3
month) bone marrow (BM) cells from either
wild-type B6 (C) or B6.Thy-1"/~ (D) mice, then
intravenously injected into B6.scid mice (2 X
107 newborn liver cells mixed with 1 X 107 BM
cells per mouse). The ATA serum level and the
ATA B cell subset were analyzed 1 month after
injection. Representative data of four mice per
group are shown. Percentages of ATA B cells
correspond to CD5+p2* b~ cell frequency (ar-
row marked) among total PerC cells (similar
PerC recovery in all groups). Both transferred
groups showed a similar predominance of
u3~ uP* cell generation from BM stem cells and
also from the presence of 50% Tgu.~ stem cells
in the newborn liver used for cell transfer.
CD5 p2* b~ cell frequencies were compara-
ble. Serum ATA levels are staining intensity
values 1.67 + 0.59 and 0.29 *+ 0.028, in (C) and
(D), respectively (n = 4).

PerC, and the ATA serum titer was not sig-
nificantly affected. Injected thymocytes were
present at significant levels in the PerC for at
least 2 days after each treatment. Thus, ATA
B cells have not simply escaped deletion, in
contrast with disease-associated autoreactive
B cell models described previously (14).

For most of T cell development, some
level of antigen receptor—mediated signaling
by interaction with self-antigen is known to
be essential for survival and maturation, a
phenomenon termed positive selection. In
contrast, strong self-reactivity leads to dele-
tion or inactivation of these cells (negative
selection) (/5). Although negative selection
has been clearly demonstrated for B cells in
several transgenic model systems, it has been
unclear whether there is any positive role for
self-reactivity in B cell development (I, /6).
Previous studies showed that functionally
competent B cells can be generated in the
presence of self-antigen (/7), and a certain
degree of signaling involving the B cell re-
ceptor may be important in B cell mainte-
nance (/8). A study of V-gene usage previ-
ously suggested that self- and environmental
antigens appear to influence peripheral B cell
maintenance (/9). By using a germ line gene—
encoded specificity, our data provide a clear
demonstration that self-antigen can positively
influence B cell fate, selecting B cells bearing
an appropriate light chain partner and ge-
nerating a B cell pool with an autoreactive
specificity. :

It remains unclear, however, whether all B
cells require positive selection to mature and
persist. Antigens such as the carbohydrate
ATA determinant may signal differently from
high-affinity or high-valence antigens that
normally have a negative effect on newly
generated B cells (20), resulting in CD5 up-
regulation and continued maturation. Alter-
natively, it is possible that the positive selec-
tion we observed reflects a difference in the
responder B cells. Tolerance susceptibility
and B cell receptor signaling thresholds can
be modulated by coreceptors (20, 21) whose
expression on immature B cells may change
with ontogeny, similar to the known differ-
ence between immature versus mature devel-
opmental stages. Autoreactive B cells (and
CD5™* B cells) appear to be preferentially
generated early in ontogeny (5, 22). Thus, it
is possible that positive selection is a relative-
ly common feature of B cells generated early
in ontogeny, but only rarely occurs with im-
mature B cells generated in the adult.

The presence of natural autoantibodies in
serum and their increase with age have been
long recognized. Although antigenic involve-

- ment has been suggested (5, 23), direct eval-

uation of the role of self-antigen in their
development has been hampered by the dif-
ficulty of experimentally altering the expres-
sion of “natural” antigens in live animals.
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Such antigens are typically ubiquitous in dis-
tribution,  representing important cellular
components, and are often glycolipids or car-
bohydrate constituents shared among diverse
glycoproteins and glycolipids (24). By taking
advantage of the V;3609 ATA specificity
restricted to a determinant on the Thy-1 gly-
coprotein, we demonstrate here that self-an-
tigen can indeed promote B cell accumulation
and suggest that a significant proportion of
natural autoantibody in serum is the product
of such a self-antigen—dependent process.
Carbohydrates expressed on glycolipids or
glycoproteins, some commonly up-regulated
on tumors or components of pathogenic bac-
teria, are the frequent targets of natural auto-
antibodies (24). In turn, the CD5* phenotype
along with autoreactivity is a common feature
of chronic leukemic B cells (25). Thus, it is
intriguing to speculate that self-antigens play
a positive role in recruiting B cells for immu-
nologic surveillance as a part of innate im-
munity, but that this process carries a risk for
potential dysregulated growth. It will be im-
portant to assess whether the positive selec-
tion responsible for generating such cells
demonstrated here is the property of a distinct
subset of B cells.
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