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Autoimmunity arises when immune tolerance t o  specific self-antigens is bro- 
ken. The mechanisms leading t o  such a failure remain poorly understood. One 
hypothesis proposes that infectious agents or antigens can break B or T lym- 
phocyte self-tolerance by expressing epitopes that mimic self. Using a trans- 
genic immunoglobulin model, we show that challenge wi th  self-mimicking 
foreign antigen rescues B cells from peripheral tolerance independent of T cell 
help, resulting in  the accumulation of self-reactive cells in the lymph nodes and 
secretion of immunoglobulins that bind t o  a liver-expressed self-antigen. There- 
fore, our studies reveal a potentially important mechanism by which B lym- 
phocytes can escape self-tolerance. 

The mechanisms responsible for the onset of 
autoimmunity are difficult to trace, as the fxst 
signs of disease may occur long after the trig- 
gering events. Many parameters are involved in 
autoimmunity, including genetic predisposition 
(I), environmental factors such as induction of 
local cytokine production (2), signaling de- 
fects, or tissue damage. But because of the -
antigenic specificity of autoimmune diseases, 
it is widely believed that inappropriate activa- 
tion of self-reactive B or T cells of particular 
specificities is the fundamental event leading 
to disease. Loss of tolerance to a limited 
spectrum of antigens may occur after patho- 
genic infection as a result of molecular mim- 
icry, epitope spreading, or bystander activa- 
tion (3). Tolerance breakdown can occur by 
activation of ignorant T or B cells upon viral 
infection (4 ) ,  protein immunization (5), or 
stimulation with polyclonal activators (6). A 
breakdown of B cell tolerance was observed 
in anergic cells after removal of self-antigen 
(7) or when T cell help was provided at the 
time of initial self-antigen encounter (8). 
However, no tolerance breakdown was ob-

absence of T cell help (I l ) ,  and, as we show 
here, may abrogate immune tolerance. 

The 3-83 immunoglobulin (Ig) transgenic 
(Tg) mouse expresses an antibody that binds 
major histocompatibility complex (MHC) class 
I H-2Kb and Kk molecules, but not H-2d haplo- 

Fig. 1. Bacteriophage 

type molecules (12). On an H-2d background, 
3-83 Tg mice display a monoclonal population 
of B cells expressing the 3-83 specificity ("non- 
deletor" or ND mice) (13-15). However, when 
3-83 Tg mice are genetically crossed to mice 
engineered to express the Kb molecule specifi- 
cally on the plasma membranes of liver cells 
(16, 17), 3-83+ B cells develop normally in the 
bone marrow but are deleted when they migrate 
into the periphery (13, 18). These mice are 
called "peripherally deleting" (PD) mice. In 
PD mice carrying a liver-expressed, albumin 
promoter-driven Kb gene, B cell numbers 
were markedly diminished in the spleens and 
lymph nodes ("3-83 PD," Fig. 1A). PD mice 
also lacked serum Ig of 3-83 specificity (3-83 
idiotype). Immunization of 3-83 ND mice 
with the bacteriophage P3 1, which expresses 
a 15-amino acid mimotope recognized by 
3-83 Ig (19, 20), induced a strong immune 
response (Fig. lB, left panel), as shown at day 
4 by a 2000% increase of 3-83 circulating Ig. 
No such effect was seen when 3-83 ND mice 
were immunized with Pwt, a bacteriophage 
lacking the mimotope (Fig. 1B). 

Immunization of tolerant 3-83 PD mice with 
P31 stimulated the production of a small but 

P31 immunization in- Bone Marrow Spleen Lvmph Node 
duces a strong immune 
response in 3-83 non- 
deletor mice (ND) and 
breaks tolerance in 
3-83 peripheral dele- 
tor (PD) mice. (A) In 
vivo deletion of B 
cells reactive to liver- 
expressed Kb antigen. 
Bone marrow, spleen, 
and lymph node lym- 
phocytes of B1O.DZ 
(WT), 3-83 nondele-
tor (3-83 ND), and (3- 
83 X pAlbumin-Kb) F, 
mice (3-83 PD) were 
analyzed by two-color 
flow cytometry. Stain- B 3-83 ND 3-83 PD 

served if T cell help was provided after self- 
antigen exposure (9). These and other studies 
have supported the two-signal model of 
Bretscher and Cohn, who postulated that B 
cells are tolerized when challenged with anti- 
gen in the absence of T cell help (10). But 
T-independent type 2 (TI-2) antigens provoke 
an antigen-specific B cell response in the 

ing was done with 
a;i-lg~ and rat 3-83 
idiotype antibody (54.1). 
(B) ND and PD mice 
were immunized on 
day 0 with 300 pg  
of wild-type bacterio- 
phage (Pwt) or a 
bhaie that binds to 
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Fia 2. Tolerance break- A Control Anti-lgM B Anti-lgM 
down results in mas- 
sive IgM accumulation 
in the liver. (A) Frozen 
sections of livers tak- 
en 4 days after immu- 
nization were stained 
with FITC-conjugat- 
ed anti-lgM or control 
antibody (rat IgGZa, 
K). Photos were taken 
at 2OOX magnification 
with 5-s exposure. (8) 
Similar staining as in 
(A), showing clusters of B 
reveals antibody-forming ( 

PWT 

rn 
cells; photos were taken at 1-s exposure. This exposure preferen 

:ells. The two lower panels are images from different mice. 

Fig. 3. B lymphopoiesis inhibition 
does not affect P31-induced toler- 
ance breakdown. (A) Experimental 
design. Mice were injected every 
third day with 1.2 mg of anti-IL-7 
ip as indicated (downward arrows). 
Phage injection was on day 9, and 
analyses of antibody secretion and 
cell surface markers were done on 
day 13. (B) Anti-lgM and anti- 
B220 staining and flow cytometry 
analysis of the bone marrow of 
nontransgenic B10.D2 (WT), un- 
treated 3-83 PD, and anti-lL-7- 
treated 3-83 PD mice taken at day 
13. Gate 1, IgM+B220+ recirculat- 
ing B cells; gate 2, IgMf B22O1OW 
immature B cells; gate 3, IgM- 
B22010W pro- and pre-B cells. (C 
and D) 3-83 idiotype expression 
levels on splenic B220f lgM+ cells 
of the indicated PBS-injected mice 
at day 13. Relative to  ND B cells, 
PD cells have reduced idiotype lev- 
els and anti-IL-7-treated PD cells 
have very low idiotype levels. 
Three-color analysis (D) shows 
IgM and idiotype densities on 
B22O+ gated spleen cells. (E) Sera 
of anti-IL-7-treated and/or immu- 
nized 3-83 PD mice were analyzed 
by ELlSA for 3-83 Ig levels. Each 
symbol represents a value ob- 
tained with an individual mouse. 
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significant level of 3-83 circulating Ig (Fig. lB, 
right) that was not seen upon immunization with 
Pwt; this result suggested that self-tolerance was 
broken. In contrast, challenge of 3-83 PD mice 
with the known B cell polyclonal activators, 
lipopolysaccharide or CpG oligonucleotides, 
failed to increase serum levels of 3-83 Ig (21). 
These results suggested that a self-mimicking 
microbe could reverse B cell tolerance in 3-83 
PD mice, and that this was dependent on 
specific B cell receptor (BCR) engagement. 

B lymphocyte rescue from tolerance by an- 
tigenic mimicry in P31-immunized 3-83 PD 
mice was also apparent at the cellular level. The 
percentage of IgM+B220+Idiotype+ cells in 

Pre- Pwt P31 Pre- P31 
immune immune 

the mesenteric lymph nodes was increased (by 
a factor of 3 to 4) 1 day after immunization 
with P3 1 (Fig. lC), but not after phosphate- 
buffered saline (PBS) or Pwt injection (22). 

We also evaluated the pathological conse- 
quences of B cell tolerance breakdown in the 
site of self-antigen expression, the liver. Four 
days after immunization with P3 1, histochemi- 
cal staining of liver sections revealed the pres- 
ence of massive IgM accumulation (Fig. 2A), 
whereas no staining was detected in the livers of 
Pwt-injected PD mice or P3 1-injected ND mice 
(23). Similar results were obtained with 3-83 
idiotypic antibody staining. Clusters of IgMb"ght 
B cells were observed in the livers of P31- 

injected mice (Fig. 2B), whereas in untreated or 
Pwt-immunized mice only sparsely distributed 
IgMdU" B cells were detected. Despite extensive 
IgM deposition in the livers of P3 1-immunized 
PD mice, which peaked at day 4, no major tissue 
damage was observed at the time points tested, 
days 4 to 12 (24). 

To determine whether 3-83+ B cells in PD 
mice were activated by P31 immunization be- 
fore or after encounter with Kb self-antigen, we 
suppressed new B cell production with inter- 
leukin-7 antibody (anti-IL-7) (25) before an- 
tigen challenge. These mice were treated with 
anti-IL-7 every third day for 9 days, then 
challenged with P31 and analyzed 4 days after 
immunization (Fig. 3A). As expected, anti- 
IL-7 treatment suppressed the production of 
immature IgM+B22OioW cells in the bone mar- 
row (Fig. 3B, right panel, gate 2). Because the 
recirculating IgM+B220f mature cells are de- 
leted in the periphery, 3-83 PD mice lack 
these cells (Fig. 3B, center panel, gate 1). 
However, despite the absence of freshly ex- 
ported B lymphocytes from the bone marrow, 
P31 bacteriophage still induced the produc- 
tion of circulating 3-83 Ig (Fig. 3E). After 9 
days of anti-IL-7 treatment, residual B220+ B 
cell numbers in PD mice fell to 0.5 + 0.4 X 
lo6 per spleen, versus 2.7 + 1.2 X lo6 per 
spleen in PBS-treated controls. The residual B 
lymphocytes activated by P3 1 most likely had 
already encountered the self-antigen Kb in the 
liver, as measured by a profound down-mod- 
ulation of both their idiotype and IgM levels 
(Fig. 3, C and D). These data also showed that 
very few cells carried a second receptor spec- 
ificity (in addition to the idiotype) that might 
protect cells from tolerance. We therefore 
conclude that a foreign, cross-reactive antigen 
can block or reverse clonal deletion and can 
induce the activation of self-reactive B cells. 

Because T cell help has been shown to be 
essential for the rescue of lysozyme-specific B 
cells (8), and because P31 behaves as a TI-2 
antigen in vitro (19), we tested whether CD4+ T 
cells were also required for 3-83 B cell toler- 
ance breakdown induced by P3 1 bacterio- 
phage. We bred 3-83 PD mice onto a RAG-I 
knockout background in which 3-83 B cells, 
but no CD4+, CD8+, or y8+ T cells, could be 
generated (26). After immunization, 3-83 se- 
rum levels were increased in P3 1-immunized 
RAG-1-deficient PD mice, but not in Pwt- 
injected mice (Fig. 4A). Accumulation of IgM 
was also observed in the livers of the P31- 
immunized mice (24). Because immunodefi- 
cient mice might compensate for their defi- 
ciencies in unexpected ways, we independent- 
ly tested the T cell independence of the P31 
response in RAG-sufficient 3-83 PD mice 
treated before immunization with depleting 
anti-CD4 (GK1 .5), which is effective at inhib- 
iting T-dependent B cell responses (27). 
GK1.5 induced a nearly complete depletion of 
CD4 T helper cells (Fig. 4B). Despite this 
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Fig. 4. The absence of T cells does not 	 141. 4118 (1988): M. Rocken, J. F. Urban, E. M. 
alter B cell tolerance breakdown in- 
duced upon bacteriophage immuniza- 
tion. (A) 3-83 PD RAG-I-'- mice 
were immunized three times on days 
-6, -3, and 0, then analyzed on day 
4 for serum level of 3-83 IgM. Each 
symbol represents an individual 
mouse. Similar results were obtained 
with mice injected only on day 0 (not 
shown). (B) 3-83 PD mice were inject- 
ed with 0.5 mg of anti-CD4 ip on days 
- 2  and -1  and immunized with 
phage at day 0. Spleen cells were 
stained with anti-CD4 and anti-CD8 
on days 0 or 4 (1 or 5 days after 
anti-CD4 injection) t o  reveal the ex- 
tent of T cell depletion. (C) At days 0 
and 4, sera of anti-CD4-treated and 
immunized 3-83 PD mice were ana- 
lyzed for 3-83 Ig level by ELISA. 
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munity through antigenic mimicry (4). Early 
stages of infection, which are dominated by 
T-independent responses, could lead to B cell 
tolerance breakdown, thus setting the stage 
for autoimmune diseases. Several pathogenic 
antigens have been implicated in autoimmune 
diseases as a result of self-antigen mimicry 
(29). Bacteriophage P31 encodes a peptide that 
has no sequence identity to the target autoan- 
tigen, Kb (19).It remains to be seen in normal, 
nontransgenic systems whether antigenic 
mimicry can reverse tolerance to self-antigens 
of totally unrelated primary sequence in the 
course of an immune response. But if this 
type of molecular mimicry occurs, estab- 
lishing a link between a specific infection 
and autoimmune disease could be extremely 
difficult, as has been suggested for mimicry 
in T cells (3). 
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still 
induced production of 3-83 circulating Ig that 
was comparable to that seen in untreated mice 
(Fig. 4C). We conclude that 3-83 B cell tol- 
erance breakdown resulted from a T cell- 
independent activation. 

Taken together, these data reveal a mech- 
anism by which self-reactive B lymphocytes 
can escape tolerance. Tolerance breakdown 
resulted from specific BCR engagement, in a 
T-independent manner, on B cells that pre- 
sumably had already been tolerized. Further- 
more, because tolerance could be broken even 
in RAG-deficient PD mice, putative imperfect 
allelic exclusion is unlikely to play a role in the 
escape from tolerance or activation of these 
cells. These results underscore the need to bet- 
ter understand how B cells distinguish T- 
independent antigen from self-antigen, and they 
also suggest that defects in this recognition 
mav vlav a role in humoral autoimmunitv. 

. A  * 

We do not observe overt autoimmune 
damage induced in the short time frame of 
our experiments. This may reflect the require- 
ment for additional antigenic challenge, ge- 
netic factors that are lacking from the B10,D2 
genetic background used Or a need for 
an immuno~lobulin class switch. The nature 
of our transienic model, in which B cells are 
constrained express 'gM Or 'gD and 
are unable to switch to other antibody classes, 
places inherent limits on the interpretation 
of the data respect to pathogenicity of 
autoantibody. 

Because the repetitive structures of coat and 
capsid proteins of many pathogenic microbes 

induce T-inde~endent (28), 
it is possible that infection may trigger autoim- 
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