A Solution to the Rheumatoid Factor Paradox

Pathologic Rheumatoid Factors Can Be Tolerized by Competition with Natural
Rheumatoid Factors'
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Rheumatoid factors (RF) associated with arthritic joint erosion are only seen transiently, if at all, in nondiseased individuals.
Therefore, a tolerance mechanism must exist that prevents pathologic RF B cells from expressing Abs. Surprisingly, it has been
shown that pathologic RF B cells are not tolerized by any previously established tolerance mechanism such as deletion, receptor
editing, anergy, or prevention of memory establishment. How are pathologic RF cells tolerized? By simulating the RF response
with a cellular automaton model immune system, we demonstrate that pathologic RFs can be tolerized by the novel mechanism
of “competitive tolerance” with natural, nonpathologic RFs. We then demonstrate that competitive tolerance can be broken
when a sequestered pool of expanding B cells are inappropriately subjected to chronic stimulation (as appears to occur in

MRL/Ipr mice and in patients with rheumatoid arthritis).

here are two general classes of rheumatoid factor (RF)*:

natural and pathologic. While both natural and pathologic

RFs bind IgG Fec, the two types of RF differ by several key
features (summarized in Table I), the most important being that
pathologic RFs are associated with rheumatoid arthritis (RA) while
natural RFs are not.

The natural RF response borders on the bizarre. Primary immu-
nization induces little or no natural RF response, while secondary
immunization induces a natural RF response that is an order of
magnitude higher than the Ag-specific Ab response (1, 2). This
natural RF response is T cell dependent. The T cell help does not
come from autoreactive T cells but rather from normal, foreign
Ag-specific T cells. Natural RF cells can acquire intermolecular
help from these normal Th cells during the secondary response to
foreign Ag, since IgG will bind the foreign Ag to which the T cells
are reacting (see Fig. 1) (3, 4).
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Surprisingly, the RF cells participating in this secondary re-
sponse usually lack the hallmarks of secondary or memory-type B
cells: they are polyclonal, polyspecific, mostly IgM, and undermu-
tated. Even in response to tertiary and further stimulation, the nat-
ural RF response fails to mature; that is, natural RF cells seem to
be unable to progress beyond a response that qualitatively resem-
bles a typical primary response (albeit a massive one) (5-10).

A large fraction of B cells (up to 10%) produce natural RF in
normal mice (1, 11, 12). This observation has been explained on an
ontologic but not etiologic basis. The molecular details of how this
high frequency of natural RF cells arises are now clear: analyses of
light chain V_ gene usage in RF reveal that 5 to 17% of V_ genes
contain the framework region FR3 critical for IgG binding (10, 13,
14). No correlation between natural RF activity and V sequence
was observed. This was interpreted to mean that natural RF activ-
ity resides primarily in V. Why the preimmune repertoire should
contain so many natural RF cells, however, is puzzling. The high
precursor fraction suggests that natural RFs perform important
functions, some of which have been established (15, 16).

High titers of pathologic RFs are found in the sera and the sy-
novial fluid of patients with RA and are strongly correlated with
the severity of the disease (17). A wide survey of mammals and
avians also demonstrates a correlation between RF levels and joint
erosion (18). Inbred mouse strains that appear to have a general
breakdown of peripheral tolerance (e.g., MRL/Ipr) also produce
high titers of pathologic RF (19, 20), and when these pathologic
RFs were introduced into normal mice, these otherwise normal
mice developed disease (21). These observations are consistent
with pathologic RF being an active participant in joint degradation
as well as vasculitis.

In contrast to natural RF cells, pathologic RF cells undergo
clonat expansion and memory establishment as evidenced by their
class switch, Fc isotype restriction, oligoclonality, and high R:S
ratios in CDRs (see Table I) (10, 19-24). As many as one-third of
all B cells isolated from an MRL/Ipr mouse spleen have been
shown to be clonally-related pathologic RF producers (25). Intu-
itively, one might suppose that pathologic RFs are tolerized
through one of the previously established tolerance mechanisms:
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deletion (26-29), receptor editing (30, 31), anergy (32-34), or
blockage of the memory response (35-38). Surprisingly, however,
it has been shown that none of these tolerance mechanisms ac-
tively function in normal mice to tolerize pathologic RF. When
pathologic RFs that have developed in an MRL/lpr mouse are
presented to a normal mouse immune system as a transgene-en-
coded Ab, these otherwise normal mice fail to delete the patho-
logic RF cells, do not anergize the pathologic RF B cells, and
appear not to block the pathologic RF cells from entering the mem-
ory response (39, 40).

The above observations raise the following interrelated ques-
tions: The natural RF response—a T-dependent response—appears
highly stimulated but does not mature; what prevents the matura-
tion of natural RF in normal mice? Why do normal mice not toler-
ize transgenic high affinity RF cells? And what mechanisms can
account for pathologic RF Ag-driven RF maturation in disease
conditions?

Invaluable to the understanding of RFs’ paradoxic behavior is
an immune system that is controllable down to the level of a single
B cell. Since no current animal model allows this level of fine
control, we have explored these questions with the IMmsiM cellular
automaton model immune system. This model has been success-
fully used to simulate primary immune responses, secondary im-
mune responses, affinity maturation, and hypermutation (41--43).
Here we will show as a first step in resolving the RF paradox that
the ImmsiM model can properly simulate the natural RF response.
We then use the model to derive a novel solution to the RF paradox
and provide insight into RF-associated disease.

Materials and Methods

A qualitative description of Immsim

IMmsiM 1s a computer simulation of the cells of the immune system and
their interactions. IMmsiM simulates B cells, T cells, and APCs. Simulated
B and T cells (but not APCs) each possess a receptor represented by a
binary string of 12 bits with a fixed directional reading frame. B cells and
APCs (but not T cells) possess 12-bit MHCs. B cells and APCs interact
directly with Ag, but T cells interact only with antigenic peptides presented
on ImmsiM’s MHC receptors.

Ags are defined by a number of 12-bit segments representing epitopes
and peptides. Abs are also defined by bit strings. IMmsiM Abs have a para-
tope that is identical to the receptor of the B cell that secreted it. Abs also
contain a constant Fe region: a binary string that is identical for all Abs.
The Fc is thus available to be recognized by any B cell or Ab whose
receptor is complementary to it; such Abs are analogous to RFs. RF cells
thus have the ability to clear [gG/Ag immune complexes. APCs also have
constitutively-expressed FcRs to allow APCs to clear immune complexes.

Three types of specific (sequence dependent) interactions are allowed
between the simulated cells: 1) B cell receptors may bind Ag, 2) Abs may
bind Ag, and 3) TCRs may bind peptide-complexed MHC molecules (on
B ceils or APCs). in all three cases interactions are dependent on the
complementarity between the two elements. All specific interactions in the
mode] are defined by interaction strengths. If an epitope matches the re-
ceptor of a B cell, for instance, the Ag is allowed to bind that B cell with
some probability. In this context, “binding” is synonymous with effective
binding. ineffective binding (e.g., B cells that bind but do not present Ag)
is not explicitly modeled (but is implicitly modeled by binding efficiency).
If APCs bind Ag, they present that Ag on their MHCs; if T cells bind the
MHC/peptide of the APCs, those T cells are activated; if activated T cells
bind the MHC/peptides of B cells, the bound B cells are activated. Once
interactions occur, they are irreversible.

The probability of binding is determined by the complementarity be-
tween the bit strings representing the Ag and receptor: zeros in the Ag
maich ones in the receptor and vice versa. The binding probability is a
monotonic function of the number of matching bits. In our model, zero-
and one-bit mismatch Abs bind at 100% efficiency; two-bit mismatches
bind at 51.2% efficiency, and three-bit mismatches bind at 12.8% effi-
ciency. We arrived at the relative binding of two- and three-bit mismatch
Abs through a parameter search: significantly lower binding efficiencies of
two- and three-bit mismatch preclude appropriate natural RF secondary
responses (data not shown). While higher two- and three-bit mismatch
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binding efficiencies can also simulate appropriate natural RF responses
(data not shown), if we choose these higher values, the repertoire has little
room to mature in binding efficiency.

Once the Ag is “endocytosed” by an interacting IMmsim B cell, the Ag
is broken down into peptides. These peptides are then presented on the
MHC molecule of the cell as an MHC/peptide complex. The leftmost six
bits of the MHC molecule form the histotope. The processed peptide binds
with its agretope half to the rightmost six bits of the MHC molecule (which
represent the desetope or binding groove). The automaton’s T cells will
then see the leftmost six bits and the nonagretope portion of the peptide as
one continuous bit string.

A final critical feature of the IMMsIM automaton is a thymus. In the
Immsim thymus, as in a real one, T cells develop tolerance through negative
selection. Initially, all 2'2 T cell types are created. Any T cell containing a
TCR that can bind bare MHC molecules or MHC molecules that are pre-
senting self peptides will be deleted. In our model. we defined the Fc as a
self peptide so that RF cells are denied RF-specific T cell help (i.e., T cells
that can bind MHC/Fc are deleted). Positive selection is also accounted for
in the ImmsiM thymus. T cells that can bind MHC molecules at low aftinity
are selected and leave the thymus. In our case, roughly 7.8% of T cells will
bind foreign Ag/MHC. Only after the T cells are negatively and positively
selected in the thymus are they allowed to enter the Immsim grid.

The Immsim grid

The Ivmsim grid, a 32 X 32 triangular grid of compartments, is an abstract
space in which all ImmsiM interactions occur. The Immsim grid may be
associated with the germinal center or other lymphoid tissue but only it the
limitations of the IMmsim grid are appreciated. The ImmsiM grid is two
dimensional and has no boundary conditions (i.e., the grid is topologically
a torus in which the top compartments are adjacent to the bottom one and
the left comparuments abut the right ones). In the modeling presented in this
paper, compartments of the IMmsiv grid are probabilistically uniform for
initial cell and Ag entry, so there is no delineated T cell zone, for example.
In the future, we plan to enhance the IMMsim grid to include spatial con-
siderations so that we may model more precisely the germinal center and
other lymphoid tissues.

Time steps—what happens in IMmsim

A full account of all Immsim logic has been published previously (41). The
following is a brief account of IMmsim logic tailored to our experiments.

During each time step, all interaction are limited to cells, Abs, and Ags
in the same compartment of the Immsim grid. We stress that all interactions
within each compartment are probabilistic for each individual cell, Ag, and
Ab (with interaction probabilities based on interaction strengths). This is in
contrast to clonal models in which all cells of a particular type move in
lockstep. So, for example, many B cells that present foreign Ag will not be
activated by T cell help during any one time step or even during an entire
simulated immune response.

As the first action of every time step, activated T cells are allowed the
probablistic opportunity to stimulate APCs and B cells (appropriately, if
the APCs and B cells are not presenting foreign Ag, the probability of
activation is zero). Then overage cells die (1,,, = 10 time steps for virgin
and plasma cells; r,,, = 50 for memory B and activated T cells). Next, all
generalized Ag/Ab-type interactions occur in random order: Ab, B cells,
and APCs bind Ag (foreign or self depending on specificity). Then old Abs
are deleted (1,,, = [0 time steps). Next, stimulated B and T cells multiply
{four divisions for excited B cells, three divisions for excited T cells). New
cells are born. Multiplied B cells differentiate into plasma and memory
cells, and plasma cells release Abs. Finally, all entities are allowed to
diffuse to adjacent compartments.

Repertoire size

The total number of specificities for all the variable elements in the system
is 27 or 4096, We allowed Ag to bind to Abs with zero-, one-, two-, or
three-bit mismatches. A maximum of 299 of the 4096 Ab types are thus
campetent to interact with any antigenic type. We found that by setting the
initial B cell population at 4000 we could keep computation time at a
reasonably low 2 to 5 h per run and operate within 128 MB of memory.

Antigen

Two Ag injections were scheduled for each simulation: one at time step
zero and a second at time step 200. It takes about 100 time steps for an
immune response to develop, so with this injection schedule primary and
secondary responses to the Ag can be qualitatively distinguished. The bit
string for the Ag epitope we injected was 111111110101 (thus, our Ag is
perfectly bound by Ab 000000001010). A self Ag was provided for most
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1. 1gG Ab binds
antigen
)\ 2. RF binds Ag/Ab complex
3. RF B cells
take up and

present antige

4. T Helper cells
give RF B cells
inappropriate help

AN

5. RF B cell is activated

FIGURE 1. An illustration of RF cells acquiring intermolecular help
from secondary antigenic challenge.

of these simulations by defining an Fc portion for the Abs (we assigned Fc
the value 000000001010), which does not, in itself, bind foreign Ag. The
values selected for the Fc and the Ag prohibit cross-reactive Abs because
the Ag and Fc are 12-bit mismatches to each other; a minimum of 6-bit-
mismatch binding would have to be allowed if a particular Ab were to bind
both Ag and Fc.

Of course, real Ags often have more than one epitope. The single for-
eign epitope we model can be thought of as a representation of all strictly
foreign epitopes for purposes of this paper. In other words, from the RF
point of view, the specificity of any one IgG is irrelevant.

Pathologic vs natural RF

Since pathologic RFs exhibit the hallmarks of Ag-driven affinity matura-
tion (Table I), it is a reasonable assumption that pathologic RFs have higher
binding efficiencies for [gG Fc than do natural RFs. Although direct affinity
comparisons between natural and pathologic RFs are not available, it has
been demonstrated that highly mutated RFs indeed have higher affinities
for IgG Fc than do their clonal progenitors {44, 45). For the purpose of
these experiments, we defined natural RFs as two- and three-bit mismatch
RFs and defined pathologic RFs as zero- and one-bit mismatch RFs. These
parameters are conservative because if they are improper (i.e., if pathologic
RFs have lower affinities for IgG Fc than do natural RFs), then the com-
petitive tolerance mechanism provided by natural RF (and, hence, the con-
clusions of this article) will be significantly strengthened rather than
weakened.

Precursor frequencies

We modified the Immsim automaton to allow us to specify the probability
with which B cells carrying zero- to three-bit mismatches to Ag or IgG Fc
would leave the bone marrow. We set the precursor frequency for the
Ag-specific B cells to a previously predicted value of 0.1% (i.e., | out of
1000 B cells will bind Ag to some degree) (46). To obtain the 0.1% fre-
quency, we gave zero-bit mismatch B cells a 0.00033% chance of leaving
the bone marrow; a 0.0040% chance to one-bit mismatch B cells; a 0.022%
chance to two-bit mismatch B cells; and a 0.074% chance to three-bit
mismatch B cells (0.00033% + 0.0040% + 0.022% + 0.074% = 0.1%).
The relative frequencies were chosen from the combinatorics of 12-bit
systems: for every perfect (zero-bit mismatch} Ab type there are 12 one-bit
mismatch Ab types, 66 two-bit mismatch Ab types, and 220 three-bit mis-
match Ab types.

To set the precursor frequency of natural RF cells, we chose a midrange
value of 7% from the experimental (3-10%) and theoretical (4—15%) values
(1, 10-13). When modeling the natural RF response, pathologic RF (0- and
1-bit mismatch) B cells were disallowed from the initial repertoire; 2-bit mis-
match RF cells had a 1.6% chance of leaving the bone marrow; and 3-bit
mismatch RF cells had a 5.4% chance of leaving the bone marrow (0 + 0 +
1.6% + 5.4% = 7.0%). Again, the relative frequencies of 2- and 3-bit mis-
match Abs were dictated by the combinatorics of the 12-bit system.

Immsim MODELS AUTOIMMUNITY

Table |.  Key features of the two types of RF

Natural RF Pathologic RF

Polyclonal: produced by a high
frequency of preimmune
B cells
Does not class switch from IgM
Can bind a wide range of

Oligoclonal: derived from a small
number of preimmune B cells

Class switched to 1gG or IgA
Often isotype specific

18G Fcs
Undermutated Hypermutated
Low CDR R:S High CDR R:S
Naive Enters memory

Causes inflammation and
subsequent joint vascularization

No pathology

Class switch

The Ag-specific Ab response class switches in vivo from mainly IgM in the
primary to mainly IgG in the secondary. We model this in IMMSIM by
introducing a RF-bindable (i.e., IgG) Fc only following the second Ag
injection (time step 200). Additionally, at the onset of the second injection,
we discard all previous Ag/Ab complexes (which would inappropriately
“class switch” if we allowed them to remain). This simulated class switch
allows for an appropriately high secondary RF response while preventing
any inappropriate primary RF response. If we do not initiate this class
switch, a significant natural RF response is generated against the primary
Abs that is contrary to experimental RF data (data not shown). We cur-
rently are working on the dynamics of class switch in the IMMsIM system
and plan in the future to provide IMMsiM with a less synthetic class switch.

Results and Discussion
Ag injections generate primary and secondary responses

Our initial simulations include a characteristically small percent-
age (0.1%) of Ag-specific B cells in the initial repertoire as pre-
dicted by the Cohn protecton theory (46). This 0.1% precursor
frequency allows a high RF cell/Ag-specific B cell ratio in the
context of the ImMsim grid. Here we confirm that the IMMSIM sys-
tem successfully generates distinct primary and secondary re-
sponses to Ag with this precursor fraction of Ag-specific B cells:
the generation of memory B and T cells elicits a narrower and
higher secondary than primary Ab response (Fig. 24), and Ag is
cleared faster during the secondary than during the primary re-
sponse (Fig. 2B).

Modeling natural RF

1t is crucial to establish that IMMSIM can accurately simulate the
eccentricities of the natural RF response. The results are presented
in Figure 3A. With a natural RF precursor frequency of 7% (the
mean of observed and theoretic ranges), IMmsiM recapitulated the
major features of the natural RF response. As in vivo, there was no
natural RF response to the primary Ag injection. Also as in vivo,
the natural RF response to secondary Ag injection was 10 times
higher than the Ag-specific Ab response. The absence of a primary
but presence of secondary natural RF response is due to the sim-
ulated class switch of Ag-specific Abs from IgM to IgG. We at-
tribute the extent of the RF response to the high precursor fre-
quency of low affinity natural RF. Siguificantly, a lower fraction of
preimmune natural RF cells failed to recapitulate the natural RF
response (Fig. 3B).

Low levels of pathologic RF cells will expand in the absence
of tolerance

Since pathologic RF cells seem not to be tolerized by deletion,
anergy, receptor editing, or memory blockage (39, 40), it is rea-

sonable to consider that a small number of pathologic RF cells
might be present in normal B cell pools. Indeed, measurable titers
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FIGURE 3. Seven percent natural RF cell precursor frequency recapitulates the natural RF response. A, The natural RF cell precursor fraction was
set at 7%. The precursor frequency of Ag-specific Ab is 0.1% as in Figure 2. The secondary natural RF response is about 10 times the Ag-specific
Ab response, which is consistent with in vivo data. The data presented are weighed titers (see Fig. 2A legend). The absence of RF in response to
primary Ag injection is a result of the Ag-specific Abs’ class switch from [gM to 18G (see Class switch under Materials and Methods). 8, A 1/10
{0.7%) natural RF cell precursor frequency is unable to recapitulate the natural RF response.

of pathologic RFs are sometimes found in nondiseased individuals a secondary response (and thus, that a low frequency of pathologic
(47). One might conjecture that a low frequency of pathologic RF RF cells, in itself, obviates tolerance mechanisms). We tested this
cells might produce insignificantly low pathologic RF titers during conjecture. We specified a pathologic RF cell frequency of 0.1%
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FIGURE 4. One-tenth percent pathologic RF cell precutsor fre-
quency generates high RF response. The precursor frequencies of Ag-
specific Ab and pathologic RF cells are both 0.1% as in Figure 2. The
secondary pathologic RF response is ~10 times the Ag-specific Ab
response even though both types of B cells are initially present in equal
amounts. The data presented are weighed titers (see Fig. 2A legend).
The absence of RF in response to primary Ag injection is a result of the
Ag-specific Abs’ class switch from IgM to IgG (see Class switch under
Materials and Methods).

(i.e., as much as any other Ag-specific B cell type) and subjected
this B cell pool to the same Ag injections as before (Fig. 4). As
seen, a 0.1% precursor frequency of pathologic RF cells produced
a pathologic response of roughly the same massive titer as that
produced by 7% natural RF (Fig. 3). This outcome is a clearly a
departure from what is observed in the nondiseased state.

We considered that 0.1% was too high a frequency for patho-
logic RF cells in the nondiseased state. Even supposing that the
pathologic RF cell frequency is too high, surely one pathologic RF
cell will sometimes be found in a germinal center. No tolerance
method is perfect. Accordingly, we modeled the addition of a sin-
gle RF cell to the B cell pool. In 37 out of 100 runs (data not
shown), that one pathologic RF cell acquired massive stimulation
(i.e., it and its daughter cells produced a higher Ab titer than did
the Ag-specific B cells).

Therefore, our model would seem to indicate that if even a sin-
gle pathologic RF cell escapes tolerance, that one cell will often
expand and produce high titers of pathologic RF. This suggests
that a low frequency of pathologic RF cannot, by mere virtue of its
low frequency, relax the need for a strong tolerance mechanism.

Modeling coexistence of pathologic and natural RF

Thus far, in Figure 3 we modeled natural RF in the complete ab-
sence of pathologic RF, and in Figure 4 we modeled pathologic RF
in the absence of natural RF. In vivo, neither of these situations is
particularly plausible. Natural RFs are still present in diseased in-
dividuals, and pathologic RFs are transiently observed in nondis-
eased individuals and in principle could mature from the bone
marrow (2, 47). To obtain a more realistic model of the RF re-
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FIGURE 5. Seven percent precursor fraction of natural RF cells can
dramatically lower the stimulation received by pathologic RF cells.
Natural RF cells formed 7% of the preimmune repertoire along with
0.1% pathologic RF cells. High concentration, low affinity natural RF
effectively competes with low concentration, high affinity pathologic
RF for Ag (i.e., for IgG Fc-hinding sites). The precursor frequency of
Ag-specific Ab is 0.1% as in Figure 2. The data presented are weighed
titers (see Fig. 2A legend). The absence of RF in response to primary Ag
injection is a result of the Ag-specific Abs’ class switch fram igM to IgG
(see Class switch under Materials and Methods).

sponse, we reconstituted the B cell pool to contain both the 7%
natural RF from Figure 3 and the 0.1% pathologic RF from Figure
4. Although the two types of RF produce equivalent titers when
separate, would they do so when combined? Would pathologic and
natural RF each produce half of the total RF response, or would
either high affinity pathologic RF or high population natural RF
dominate? Representative results of this experiment are presented
in Figure 5. As seen in the figure, low levels of high affinity patho-
logic RF were almost entirely outcompeted by high levels of low
affinity natural RF. Pathologic RF received only a fraction of the
stimulation it previously received when no natural RF was present
(Fig. 4).

More significantly, perhaps, when we seeded the B cell reper-
toire with a single pathologic RF cell in the presence of 7% natural
RF, the single pathologic RF appears never to have acquired high
levels of stimulation (the pathologic RF titer exceeded the Ag-
specific Ab titer in O of 100 runs) (not shown). Indeed, the single
pathologic RF cell failed in all 100 runs to produce an Ab titer
higher than 500 when natural RF was present (compared with a
single pathologic RF cell without natural RF which produced an
Ab titer =500 in 80 of 100 trials) (not shown).

We conclude that a high frequency of natural RFs normally can
outcompete a small number of pathologic RFs for IgG Fc
stimulation.

Competitive tolerance: a solution to the RF paradox

Even though pathologic RFs are likely to arise as a result of for-
tuitous mutations in non-IgG-binding B cells, high titers of Ag-
driven, mature RFs are only observed in diseased individuals. One
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might conclude from this that pathologic RF cells are tolerized.
Nonetheless, experimental evidence shows that the canonical tol-
erance methods— deletion, receptor editing, anergy, and blockage
of memory establishment—seem not to operate on pathologic RF
cells (39, 40). When these observations are coupled with the data
presented in this paper, we conclude that the large precursor fre-
quency of natural RF may tolerize pathologic RF. This “compet-
itive tolerance” mechanism may operate by preventing pathologic
RF cells from receiving stimulation. The immune system may
maintain a high precursor frequency of a particular autoantibody B
cell type so that no one B cell can receive sufficient stimulation to
drive it to higher aftinity and so that pathologic B cell “tolerance
escapees’” will not receive further stimulation. There is no a priori
reason to assume that competitive tolerance might not play a role
in tolerizing against other pan-antibodies. We propose that any
autoantibody B cell specificity that is found to comprise an un-
usually high precursor fraction of the preimmune repertoire will be
subject to competitive tolerance.

The competitive tolerance response to excessive antigenic
stimulation

Can competitive tolerance be maintained against chronic antigenic
stimulation? In order to explore this question, we tested the ability
of competitive tolerance to withstand multiple injections of Ag.
We started a single pathologic RF cell in the ImmsiM grid along
with a 7% pool of natural RF. We then subjected that Immsim grid
to 2000-U Ag injections every 200 time steps for 4000 time steps.
As is illustrated in Figure 6A, chronic antigenic stimulation even-
tually broke competitive tolerance. This simulation may explain
the finding of Nemazee and Sato that Ag injections given in quick
succession lead to a transient pathologic RF response (2) (i.e., the
same set of B cells may have been subjected to multiple antigenic
stimulations). Likewise, the same cells that are present in our IMm-
s grid were not allowed to leave (except by a relatively slow
death rate).

In light of our previous finding, we thought it likely, even ob-
vious, that a single burst of antigenic stimulation would break
competitive tolerance by providing Ag and thus I1gG Fc in high
amounts. In this scenario, pathologic RF cells would receive stim-
ulation before natural RF could bind the excess Ag. To test this
idea, we carried out such an experiment; the results are presented
in Figure 6B. In this experiment, pathologic RF was allowed to
form 0.1% of the B cell repertoire in the context of 7% natural RF
cells. Instead of injecting 2000 Ag units, we increased that amount
by a factor of five. As seen in Figure 6B, raising the Ag level by
a factor of five raised the Ag-specific Ab by a factor of four and the
natural RF by a factor of two (which is as one might have pre-
dicted). The pathologic RF, however, did not significantly change
with increased antigenic stimulation. Not only was competitive
tolerance not broken by this increased dose of Ag, competitive
tolerance appears not even to have been strained by it. A compar-
ison of T cell data from this experiment with data from the exper-
iment outlined in Figure 5 reveals that T cells are not the limiting
factor (data not shown). While a large amount of Ag may lead to
the breaking of competitive tolerance, it may be imperative that
pathologic RF cells be submitted to that antigenic stimulation mul-
tiple times before competitive tolerance is likely to be broken.

MRL/lpr mice and pathologic RF: an escape from
competitive tolerance

The MRL/[pr mouse strain—a model organism of systemic auto-
immune disease—produces high titers of pathologic RF along with
a distinct subset of other autoantibodies (e.g., anti-ssDNA, anti-
dsDNA, antihistones) (19, 20) linked to a defective fas apoptosis
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gene (48-51). Despite several proposals for roles of fus in the
thymus or germinal centers, there is not yet any simple explanation
for why many autoantibodies arise in MRL/Ipr mice. One might
have supposed that, simply, autoreactive B cells are no longer
centrally deleted from the repertoire of mice lacking functional fus:
however, this is demonstrably not true for some autoantibodies
(52). In any case, such a simplistic explanation cannot explain the
high levels of pathologic RF in MRL/Ipr mice because pathologic
RF cells are not deleted in normal mice (39, 40). What insight can
predictions from the IMMsiM model provide to pathologic RF pro-
duction in MRL//pr mice?

As we have demonstrated, in the ImMMsiM model, competitive
tolerance can be broken if B cells sequestered in a germinal center
are subjected to chronic antigenic stimulation. Such sequestered
pools have been associated with RF production in diseased MRL/
Ipr mice—that is, high RF production is primarily associated with
a dense accumulation of IgG2a plasma cells in the central T cell
zone of periarteriolar lymphatic sheaths (PALSs) (53). Neither this
dense accumulation of IgG2a plasma cells nor subsequent high RF
production is observed in normal mice or even in nondiseased
MRL/ipr mice. This sequestration model is consistent with the fus
defect. Presumably, clusters of plasma cells sequestered to the in-
ner PALS are normally disrupted by fas-mediated apoptosis.

B cells sequestration may break competitive tolerance in RA

The mechanisms by which pathologic RF break competitive tol-
erance in RA are not so constrained as they are in the MRL/[pr
mouse model. RA mechanisms are not necessarily linked to an
apoptosis or even to a general tolerance defect. We can, however,
limit the scope of probable models because there are no obvious
defects in the B cell repertoire of RA patients; neither a low pre-
immune fraction of natural RF cells nor a high initial fraction of
pathologic RF cells is likely to be a cause of RA. The most prom-
ising model that can explain how RA patients have broken com-
petitive tolerance is the “sequestration” model.

As in the MRL/I[pr mouse model, disease-associated foci in
which competitive tolerance might be broken have been observed
and reported. Another high correlate to RA is the ectopic germinal
center (EGC). These EGCs—clusters of B cells in nonlymphoid
tissues— have been observed in the synovial tissue of RA (but not
nondiseased) patients (54, 55). In these EGCs high numbers of
Ag-driven somatic mutations and clonal expansion have been ob-
served. Given the high titers of pathologic RF found in the RA
synovium, it seems reasonable that the EGCs are producing patho-
logic RF, although this has yet to be demonstrated directly. It has
also been postulated that these EGCs may arise in reactive arthritis
patients as a result of chronic infection in the synovium’s local
environment. These EGCs may provide just the type of seques-
tered system that would allow for the breaking of competitive tol-
erance through chronic stimulation.

A clinical role for natural RF in the treatment of RA?

If competitive tolerance is about to be broken but not completely
broken—that is, if the levels of IgG are high but not overwhelm-
ing—then increased levels of natural RF may still be able to com-
pete with pathologic RF and thus reestablish competitive tolerance.
We turn back to the Immsim model to illustrate and test this point.
Again, we allow the same normalized numbers of pathologic B
cells to arise in the initial repertoire, but we increase the natural RF
to the level found at the peak of a 7% natural RF response to
secondary Ag stimulation. Can this increased level of natural RF
increase the effectiveness of competitive tolerance? From the re-
sults of this experiment (Fig. 7}, it is obvious that increased levels
of natural RF can indeed prevent pathologic RF from receiving



The Journal of Immunology 1735

A
40000 —F

35000
L]
.
L}
30000 + ."
25000 + ﬁ
8 f
i g Naturaj RF
g20000+ 2 nwnwn o onw twtnwoahronowow N KK "N R gae--- Pathologic RF
E-1
€
<
15000 + ,
A
3 ) TN
10000 T . 1
! 1 A
L » f': : ! : L
5000 H d B E OB !
LLoBb b R B B !
. . ) . [} o 1 A v o
., "‘ n‘ . l‘ \ \ 1 .‘ o o
0 s A A
T Y DN DO T ®NDOYT 0N DO TEHN DO TDNDO T 0N
TSR ea TaTref2 2888338888528
Time steps
160000
140000 +
120000 +
100000 +
A
2
- —— -~ Ag-specific Ab
g 80000 1 Natural RF
n n
= e I Pathologic RF
<
60000 T
40000 +
20000 J
7\
/ N\ -
/ AN SUON
0 pd >~ . Sl
v O NN O © M O M~ T » O N N O
N OO MW O - N OO N W N
v orm o = NN NN NN MM ™
Time steps

FIGURE 6. The competitive tolerance response to excessive antigenic stimulation. A, A single pathologic RF cell was placed in the repertoire
along with 7% natural RF. The germinal center was then subjected to Ag stimulations (2000 U) every 200 time steps. B, The parameters in this

run were identical to those used in Figure 5 with one exception: 10,000 Ag units were injected at time steps 0 and 200. While Ag-specific Ab and
natural RF both rise in response to increased Ag levels, pathologic RF remains stable (i.e., at the same level as in Fig. 5.)
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FIGURE 7. Treatment of RA by secondary Ag injection: timely second-
ary Ag injection can re-establish competitive tolerance. We added the
same number of pathologic RF cells to the repertoire that were added in
Figures 4, 5, and 6B. However, we boosted the numbers of natural RF
cells to equal those found in at the peak of a secondary immune response.
At a peak response, natural RF celis number ~11,000 in the Figure 3 run
(data not shown). We changed the absolute numbers of B cells to 12,000
for this one run to accommodate 11,000 natural RF cells. To add in the
same number of pathologic B cells as we had in Figures 4, 5, and 6B, we
therefore had to change the pathologic RF cell precursor frequency to
0.033%. Similarly, we retained the same absolute numbers of Ag-
specific B cells by specifying 0.033% of the repertoire as Ag specific.
The Ag-specific B cell binding type breakdown is: zero-base mis-
match Abs form 0.00011% of the preimmune repertoire; one-base
mismatch Abs form 0.0013% of the preimmune repertoire; two-base
mismatch Abs form 0.0074% of the preimmune repertoire; and three-
base mismatch Abs form 0.025% of the preimmune repertoire. Patho-
logic RF fails to receive significant stimulation when the natural RF
preimmune repertoire is increased by prior secondary stimulation. All
other variables were set as in Figures 3 to 5.

practically any stimulation. Is this observation useful? Can we in
fact raise natural RF levels in vivo? The basis for this suggestion
is the commonly reported symptom by RA patients of flare antic-
ipation. If flare anticipation is experienced in response to devel-
oping EGCs or to prior events, pathologic RFs may not yet have
risen to high titers. Any secondary antigenic stimulation (e.g.,
tetanus toxoid) (56) could then raise natural RF levels before
pathologic RFs are stimulated. Competitive tolerance could pos-
sibly be reestablished and may provide a protective barrier against
pathologic RF.

Summary and conclusions

RFs provide a fascinating paradox: how are pathologic RFs toler-
ized in the apparent absence of classical tolerance mechanisms?
Competitive tolerance can solve this paradox. By the competitive
tolerance model, pathologic RF cells are unable to accumulate suf-
ficient foreign Ag to acquire intermolecular T cell help.
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Along with the fundamental paradox, RFs provide other signif-
icant puzzles for which a common solution can be found under the
aegis of competitive tolerance. For instance, why are so many
natural RF cells found in nondiseased mammals? Our data indicate
that competitive tolerance relies on a high precursor fraction of
natural RF cells in order to prevent pathologic RF cells from ac-
cumulating Ag and thus intermolecular help.

What defects lead to pathologic RF production in disease situ-
ations? In ImmMsiM, competitive tolerance may be broken if B cells
are subjected to chronic antigenic stimulation. Such stimulation
can occur in vivo when B cells are inappropriately sequestered.
This may explain the significance of plasma cells in PALSs in fus-
and fas ligand-deficient mice and EGCs in RA patients. In this
model, pathologic RF cells break competitive tolerance by accu-
mulating sufficient antigenic stimulation to acquire intermolecular
T cell help.

Why does the natural RF response fail to mature? We believe
that the same competitive tolerance that prevents pathologic B
cells from accumulating Ag and subsequent T cell stimulation will
also prevent any one natural RF cell from being driven to patho-
genicity (we are currently modeling this directly). Implicit to this
model is that the signal for an RF cell to become a plasma cell
cannot be the same as the signal that drives the cell to memory.
This view is supported by natural and pathologic RF data in that it
is clear from the natural RF response that natural RF cells can
become plasma cells without appearing to class switch or hyper-
mutate. Our interpretation of these data is that a lower level of
stimulation is necessary to initiate a plasma response than is nec-
essary to lead to a classic memory response (including class
switching and hypermutation). This may be applicable to B cells in
general. Unlike other models that rely on a lack of T cell help to
prevent RF maturation (57), this model can withstand foreign-spe-
cific, intermolecular T cell help. Of course, mechanisms that rely
on natural RF cell deletion following IgG Fc exposure in the ab-
sence of T cell help may work in conjunction with competitive
tolerance to prevent natural RF maturation.

It is a current limitation of the ImMsim model that we only assess
binding probabilities as a measure of relative B cell “fitness.” To
simulate a reasonable natural RF response, the binding probability
of natural RF was left high relative to pathologic RF. Thus, our
current modeling of competitive tolerance has been limited to con-
sidering those pathologic RFs that are of only moderately higher
affinity (about two to eight times higher) than natural RFs. We
cannot yet comment on the entire range of pathologic RF/natural
RF fitness strengths accommodated by competitive tolerance. It is
interesting 1o note, however, that extremely avid pathologic RFs
(ones that bind IgG Fc several orders of magnitude better than
those analyzed here) are subject to deletion (M. Shlomchik, manu-
script in preparation). Thus, for pathologic RF, competitive toler-
ance appears to bridge the gap between clonal ignorance and cen-
tral tolerance.

There are, of course, many ways in which competitive tolerance
might be strengthened. For instance, FcRs on B and other cells
may mask IgG Fc. By including FcRs only on APCs and RF cells,
we have modeled a worst-case scenario. Any lowering of IgG Fc
binding by pathologic RF cells will decrease the need for compet-
itive tolerance by preventing pathologic RF cells from binding
immune complexes and thus from acquiring intermolecular T cell
help. Similarly, if pathologic RFs in fact have lower binding af-
finities for IgG Fc than do natural RFs, then natural RFs will com-
pete for IgG Fc better than those we have modeled and thus will
provide even stronger competitive tolerance than we demonstrate.

It is increasingly appreciated that tolerance through strict selt/
non-self recognition mechanism is inherently leaky. Otherwise
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normal individuals do, in fact, generate several autoantibodies in
spite of deletion, anergy, and editing. With the advent of “danger”
models of immune response, significant subsets of the immunol-
ogy field have undergone a definite shift from strict self/non-self
determination paradigms (58). As a consequence, the avenues of
thought about tolerance mechanisms have been significantly
broadened to the point at which it is reasonable to consider a subset
of autoantibodies that may be resistant to many classical tolerance
mechanisms—so-called “clonal ignorance” (39, 59-62). These
apparently tolerance-resistant autoantibodies would include Abs
that can indirectly receive T cell help through “bridging” mecha-
nisms (26). Examples of bridging Abs may include anti-DNA
(which can form anti-DNA/DNA/viral protein complexes, e.g.,),
antihistones (antihistone/histone/DNA/Ag), and of course anti-IgG
(anti-IgG/Ag-specific Ab/Ag). Recent evidence for anti-DNA
competitive tolerance has been reported in autoimmune NZW/
NZB mice: DNA injection lowers anti-DNA nephritis even while
increasing anti-DNA titers (63). We interpret this surprising result
to indicate that natural anti-DNA Abs were expanded and so pro-
vided competitive tolerance against pathologic anti-DNA stimula-
tion. If tolerance is to be maintained in the face of bridging mech-
anisms, one may invoke canonical tolerance mechanisms, but
these mechanisms, while helpful, cannot be perfect. Competitive
tolerance is a reasonable solution to this general problem.

Acknowledgments

The authors extend special thanks to Jennifer Wadsack whose support was
invaluable and to Perry Watts for helping to write a data analysis program.

References

1. Coulie, P., and J. Van Snick. 1983. Rheumatoid factors and secondary immune
responses in the mouse. II. Incidence, kinetics and induction mechanisms. Eur.
J. Immunol. 13:895.

2. Nemazee, D. A., and V. L. Sato. 1983. Induction of rheumatoid antibodies in the
mouse: regulated production of autoantibody in the secondary humoral response.
J. Exp. Med. 158:529.

3. Coulie, P. G., and J. Van Snick. 1985. Rheumatoid factor (RF) production during
anamnestic immune responses in the mouse. I11. Activation of RF precursor cells
is induced by their interaction with immune complexes and carrier-specific helper
T cells. J. Exp. Med. 161:88.

4. Roosnek, E., and A. Lanzavecchia. 1991. Efficient and selective presentation of
antigen-antibody complexes by rheumatoid factor B cells. J. Exp. Med. 173:487.

5. Lydyard, P. M., R, Quartey Papafio, B. Broker, L. Mackenzie, I. Jouquan,
M. A. Blaschek, J. Steele, M. Petrou, P. Collins, D. Isenberg, and P. Y. Youinou.
1990. The antibody repertoire of early human B cells. I. High frequency of au-
toreactivity and polyreactivity. Scand. J. Immunol. 31:33.

6. Hartman, A. B., C. P. Mallett, J. Srinivasappa, B. S. Prabhakar, A. L. Notkins,
and S. J. Smith Gill. 1989. Organ reactive autoantibodies from nonimmunized
adult BALB/c mice are polyreactive and express non-biased VH gene usage. Mol.
Immunol. 26:359.

7. Rousseau, P. G., C. P. Mallett, and S. J. Smith Gill. 1989. A substantial propor-
tion of the adult BALB/c available B cell repertoire consists of multireactive B
cells. Mol. Immunol. 26:993.

8. Monestier, M., A, Manheimer Lory, B. Bellon, C. Painter, H. Dang, N. Talal,
M. Zanetti, R. Schwartz, D. Pisetsky, R. Kuppers, N. Rose, I. Brochier,
L. Klareskog, R. Holmdahl, B. Erlanger, F. Alt, and C. Bona. 1986. Shared
idiotypes and restricted immunoglobulin variable region heavy chain genes char-
acterize murine autoantibodies of various specificities. J. Clin. Invest. 78:753.

9. Manheimer Lory, A. J.,, M. Monestier, B. Bellon, F. W. Alt, and C. A. Bona.
1986. Fine specificity, idiotypy, and nature of cloned heavy-chain variable region
genes of murine monoclonal rheumatoid factor antibodies. Proc. Natl. Acad. Sci.
USA 83:8293. )

10. Shlomchik, M. J., D. A. Nemazee, V. L. Sato, J. Van Snick, D. A. Carson, and
M. G. Weigert. 1986. Variable region sequences of murine IgM anti-IgG mono-
clonal autoantibodies (theumatoid factors): a structural explanation for the high
frequency of IgM anti-IgG B cells. J. Exp. Med. 164:407.

11. Van Snick, J., and P. Coulie. 1983. Rheumatoid factors and secondary immune
responses in the mouse. I. Frequent occurrence of hybridomas secreting IgM
anti-IgG1 autoantibodies after immunization with protein antigens. Eur. J. Im-
munol. 13:890.

12. Dresser, D. W. 1978. Most [gM-producing cells in the mouse secrete autoanti-
bodies (theumatoid factor). Nature 274:480.

13. Hay, F. C., A. J. Soltys, G. Tribbick, and H. M. Geysen. 1991. Framework
peptides from kappa IIIb rheumatoid factor light chains with binding activity for
aggregated 1gG. Eur. J. Immunol. 21:1837.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

3s.

36.

37.

38.

39.

40.

41.

42.

1737

. Weigert, M. 1990. Is the hypothesis alive that IgM anti-IgG,; rheumatoid factor

specificity is determined by framework regions? Eur. J. Immunol. 20:2529.

. Mellow, G. H,, and A. B. Clarkson, Jr. 1982. Trypanosoma lewisi: enhanced

resistance in naive lactating rats and their suckling pups. Exp. Parasitol. 53:217.

. Heyman, B. 1990. Fc-dependent IgG-mediated suppression of the antibody re-

sponse: fact or artefact? Scand. J. Immunol. 31:601.

. Winska Wiloch, H., K. Thompson, A. Young, M. Corbett, M. Shipley, and

F. Hay. 1988, IgA and IgM rheumatoid factors as markers of later erosive
changes in rheumatoid arthritis (RA). Scand. J. Rheumatol. {Suppl. 75):238.
Jones, M. G., M. E. Shipley, J. P. Hearn, and F. C. Hay. 1990. Specificity of
rheumatoid factors in relation to the disease state in rheumatoid arthritis. Ann.
Rheum. Dis. 49:757.

Shlomchik, M., D. Nemazee, J. van Snick, and M. Weigert. 1987. Variable region
sequences of murine IgM anti-IgG monoclonal autoantibodies (rheumatoid fac-
tors). II. Comparison of hybridomas derived by lipopolysaccharide stimulation
and secondary protein immunization. J. Exp. Med. 165:970.

Jacobson, B. A., J. Sharon, H. Shan, M. Shlomchik, M. G. Weigert, and
A. Marshak Rothstein. 1994. An isotype switched and somatically mutated rheu-
matoid factor clone isolated from a MRL-Ipr/lpr mouse exhibits limited intra-
clonal affinity maturation. J. Immunol. 152:4489.

Berney, T., T. Fulpius, T. Shibata, L. Reininger, J. VanSnick, H. Shan,
M. Weigert, A. Marshak-Rothstein, and S. Izui. 1992. Selective pathogenicity of
murine rheumatoid factors of the cryoprecipitable IgG3 subclass. Int.
Immunol. 4:93,

Lydyard, P. M,, R. P. Quartey Papafio, B. M. Broker, L. MacKenzie, F. C. Hay,
P. Y. Youinou, R. Jefferis, and R. A. Mageed. 1990. The antibody repertoire of
early human B cells. III. Expression of cross-reactive idiotopes characteristic of
certain rheumatoid factors and identifying V kappa III, VHI, and VHIII gene
family products. Scand. J. Immunol. 32:709.

Shlomchik, M. J., A. Marshak-Rothstein, C. B. Wolfowicz, T. Rothstein, and
M. G. Weigert. 1987. The role of clonal selection and somatic mutation in au-
toimmunity. Nature 328:805.

Taguchi, H., M. Kanoh, N. Takubo, S. Kadota, K. Kanazawa, Y. Hitsumoto,
T. Shibata, and S. Utsumi. 1990. IgG isotype and isotype specificity of murine
monoclonal 1gG rheumatoid factors. Clin. Exp. Immunol. 80:136.

Shan, H., M. J. Shlomchik, A. Marshak-Rothstein, D. S. Pisetsky, S. Litwin, and
M. G. Weigert. 1994. The mechanism of autoantibody production in an autoim-
mune MRL/lpr mouse. J. Immunol. 153:5104.

Nemazee, D., D. Russell, B. Arnold, G. Haemmerling, J. Allison, J. F. Miller,
G. Morahan, and K. Buerki. 1991. Clonal deletion of autospecific B lymphocytes.
Immunol. Rev. 122:117.

Nemazee, D., and K. Buerki. 1989. Clonal deletion of autoreactive B lympho-
cytes in bone marrow chimeras. Proc. Natl. Acad. Sci. USA 86:8039.

Hartley, S. B., J. Crosbie, R. Brink, A. B. Kantor, A. Basten, and C. C. Goodnow.
1991. Elimination from peripheral lymphoid tissues of self-reactive B lympho-
cytes recognizing membrane-bound antigens. Nature 353:765.

Nossal, G. J., and B. L. Pike. 1978. Mechanisms of clonal abortion tolerogenesis.
1. Response of immature hapten-specific B lymphocytes. J. Exp. Med. 148:1161.
Gay, D., T. Saunders, S. Camper, and M. Weigert. 1993. Receptor editing: an
approach by autoreactive B cells to escape tolerance. J. Exp. Med. 177:999.
Tiegs, S. L., D. M. Russell, and D. Nemazee. 1993. Receptor editing in self-
reactive bone marrow B cells. J. Exp. Med. 177:1009.

Nossal, G. V. J., and B. L. Pike. 1980. Clonal anergy: persistence in tolerant mice
of antigen-binding B lymphocytes incapable of responding to antigen or mitogen.
Proc. Natl. Acad. Sci. USA 77:1602.

Goodnow, C. C., J. Crosbie, S. Adelstein, T. B. Lavoie, S. J. Smith Gill,
R. A. Brink, H. Pritchard Briscoe, J. S. Wotherspoon, R. H. Loblay, K. Raphael,
R. J. Trent, and A. Basten. 1988. Altered immunoglobulin expression and func-
tional silencing of self-reactive B lymphocytes in transgenic mice. Nature
334:676.

Brink, R., C. C. Goodnow, J. Crosbie, E. Adams, J. Eris, D. Y. Mason,
S. B. Hartley, and A. Basten. 1992, Immunoglobulin M and D antigen receptors
are both capable of mediating B lymphocyte activation, deletion, or anergy after
interaction with specific antigen. J. Exp. Med. 176:991.

Linton, P. J., A. Rudie, and N. R. Klinman. 1991. Tolerance susceptibility of
newly generating memory B cells. J. Immunol. 146:4099.

Han, S., K. Hathcock, B. Zheng, T. B. Kepler, R. Hodes, and G. Kelsoe. 1995.
Cellular interaction in germinal centers: roles of CD40 ligand and B7-2 in es-
tablished germinal centers. J. Immunol. 155:556.

Pulendran, B., K. G. Smith, and G. J. Nossal. 1995. Soluble antigen can impede
affinity maturation and the germinal center reaction but enhance extrafollicular
immunoglobulin production. J. Immunol. 155:1141.

Nossal, G. J., M. Karvelas, and B. Pulendran. 1993. Soluble antigen profoundly
reduces memory B-cell numbers even when given after challenge immunization.
Proc. Natl. Acad. Sci. USA 90:3088.

Shlomchik, M. I., D. Zharhary, T. Saunders, S. A. Camper, and M. G. Weigert.
1993. A rheumatoid factor fransgenic mouse model of autoantibody regulation.
Int. Immunol. 5:1329.

Hannum, L. G., D. Ni, A. M. Haberman, M. G. Weigert, and M. Shlomchik.
1996. A disease-related rheumatoid factor autoantibody is not tolerized in a nor-
mal mouse: implications for the origins of autoantibodies in autoimmune disease.
J. Exp. Med. 184:1269.

Seiden, P. E., and F. Celada. 1992. A model for simulating cognate recognition
and response in the immune system. J. Theor. Biol. 158:329.

Celada, F., and P. E. Seiden. 1992. A computer model of cellular interactions in
the immune system. Immunol. Today 13:56.



1738

43.

44,

45.

46.

47.

48.

49.

51.

52.

53.

Celada, F., and P. E. Seiden. 1996. Affinity maturation and hypermutation in a
simulation of the humoral immune response. Eur. J. Immunol. 26:1350.
Randen, 1., D. Brown, K. M. Thompson, N. Hughes Jones, V. Pascual, K. Victor,
I. D. Capra, O. Forre, and J. B. Natvig. 1992. Clonally related IgM rheumatoid
factors undergo affinity maturation in the rheumatoid synovial tissue. J. Immunol.
148:3296.

Thompson, K. M., M. Borretzen, I. Randen, O. Forre, and J. B. Natvig. 1995.
V-gene repertoire and hypermutation of rheumatoid factors produced in rheuma-
toid synovial inflammation and immunized healthy donors. Ann. NY Acad. Sci.
764:440.

Langman, R. E., and M. Cohn. 1987. The E-T (elephant-tadpole) paradox ne-
cessitates the concept of a unit of B-cell function: the protecton. Mol. Immunol.
24:675.

Fazekas, G., E. Rajnavolgyi, 1. Kurucz, E. Sintar, K. Kiss, G. Laszlo, and
J. Gergely. 1990. Isolation and characterization of IgG2a-reactive autoantibodies
from influenza virus-infected BALB/c mice. Eur. J. Immunol. 20:2719.
Takahashi, T., M. Tanaka, C. . Brannan, N. A. Jenkins, N. G. Copeland, T. Suda,
and S. Nagata. 1994. Generalized lymphoproliferative disease in mice, caused by
a point mutation in the Fas ligand. Cell 76:969.

Watanabe-Fukunaga, R., C. I. Brannan, N. G. Copeland, N. A. Jenkins, and
S. Nagata. 1992. Lymphoproliferation disorder in mice explained by defects in
Fas antigen that mediates apoptosis. Nature 356.

. Cohen, P. L, and R. A, Eisenberg. 1991. Lpr and gld: single gene models of

systemic autoimmunity and lymphoproliferative disease. Annu. Rev. Immunol.
9:243.

Itoh, N., S. Yonehara, A, Ishii, M. Yonehara, S-1. Mizushima, M. Samashima,
A.Hase, Y. Seta, and S. Nagata. 1991. The polypeptide encoded by the cDNA for
human cell surface antigen Fas can mediate apoptosis. Cell 65:233.

Rubio, C. F., J. Kench, D. M. Russell, R. Yawger, and D. Nemazee. 1996. Anal-
ysis of central B cell tolerance in autoimmune-prone MRL/lpr mice bearing au-
toantibody transgenes. J. Immunol. 157:65.

Jacobson, B. A., D. I. Panka, K. A. Nguyen, J. Erikson, A. K. Abbas, and
A. Marshak Rothstein. 1995. Anatomy of autoantibody production: dominant

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

IMmsiv MODELS AUTOIMMUNITY

localization of antibody-producing cells to T cell zones in Fas-deficient mice.
Immunity 3:509.

Schroder, A. E., A. Greiner, C. Seyfert, and C. Berek. 1996. Differentiation of B
cells in the nonlymphoid tissue of the synovial membrane of patients with rheu-
matoid arthritis. Proc. Natl. Acad. Sci. USA 93:221.

Randen, L, O. J. Mellbye, O. Forre, and J. B. Natvig. 1995. The identification of
germinal centres and follicular dendritic cell networks in rheumatoid synovial
tissue. Scand. J. Immunol. 41:481.

Welch, M. J., S. Fong, J. Vaughan, and D. Carson. 1983. Increased frequency of
rheumatoid factor precursor B lymphocytes after immunization of normal adults
with tetanus toxoid. Clin. Exp. Immunol. 51:299.

Tighe, H., K. Warnatz, D. Brinson. M. Corr, W. O. Weigle, S. M. Baird, and
D. A. Carson. 1997. Peripheral deletion of rheumatoid factor B cells after abor-
tive activation by 1gG. Proc. Nail. Acad. Sci. USA 94:646.

Matzinger, P. 1994. Tolerance, danger, and the extended family. Annu. Rev.
Immunol. 12:991.

Ohashi, P. S., S. Oehen, K. Buerki, H. Pircher, C. T. Ohashi, B. Odermatt,
B. Malissen, R. M. Zinkernagel, and H. Hengartner. 1991. Ablation of “toler-
ance” and induction of diabetes by virus infection in viral antigen transgenic
mice. Cell 65:305.

Rolink, A. G., T. Radaszkiewicz, and F. Melchers. 1987. The autoantigen-bind-
ing B cell repertoires of normal and of chronically graft-versus-host-diseased
mice. J. Exp. Med. 165:1675.

Van Snick, J. L., and P. Coulie. 1982. Monoclonal anti-IgG autoantibodies de-
rived from lipopolysaccharide-activated spleen cells of 129/Sv mice. J. Exp. Med.
155:219.

Conger, J. D., B. L. Pike, and G. J. Nossal. 1987. Clonal analysis of the anti-DNA
repertoire of murine B lymphocytes. Proc. Natl. Acad. Sci. USA 84.293].
Gilkeson, G. S., P. Ruiz, A. M. Pippen, A. L. Alexander, J. B. Lefkowith, and
D. S. Pisetsky. 1996, Modulation of renal disease in autoimmune NZB/NZW
mice by immunization with bacterial DNA. J. Exp. Med. 183:1389.



