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Cellular and Molecular Mechanisms Regulating the Elimination

of Autoreactive B Cells

By

Robin Lesley

The adaptive immune system must balance the need for useful

lymphocyte specificities to defend against pathogens with the maintenance of

self-tolerance. Autoantigen-binding B cells are generated during B cells

development and their survival must be limited to prevent the occurrence of

autoimmunity. Peripheral autoantigen-binding B cells are poorly competitive

with naïve B cells for survival and undergo rapid cell death. However, in

monoclonal Ig-transgenic mice lacking competitor B cells, autoantigen-binding

B cells can survive for extended periods. The basis for competitive elimination

of autoreactive B cells has been unknown. In this dissertation I investigated the

roles of BAFF and CD40 in regulating autoreactive B cell survival. I found that

autoantigen-binding B cells have increased dependence on BAFF for survival.

In monoclonal Ig-transgenic mice, each autoantigen-binding B cell receives

elevated amounts of BAFF. When placed in a diverse B cell compartment,

BAFF-receptor engagement and signaling are reduced and the autoantigen

binding cells are unable to protect themselves from Bim which is induced by

chronic BCR signaling. These findings indicate that under conditions where
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BAFF levels are elevated, autoantigen-engaged cells will be rescued from rapid

competitive elimination, predisposing to the development of autoimmune

disease. However, the addition of exogenous BAFF can only partially rescue

autoreactive B cells from this rapid elimination, suggesting other trophic factors

may be involved in autoreactive B cell survival.

Previous data suggested that autoreactive B cell survival is reduced in

the absence of T cells. I show that autoreactive B cell survival is similarly

reduced in mice deficient in CD40. I found that nave CD4 T cells constitutively

express CD40L and that this CD40L provides a survival signal to autoreactive B

cells. I show that CD40L surface expression is downmodulated by B cells and

other CD40 expressing cells. When transferred into hosts that lack

endogenous CD40 and subsequently have elevated surface levels of CD40L,

autoreactive B cells can be rescued from competitive elimination. These

observations establish a novel trophic pathway for autoreactive B cell survival

and they suggest a further explanation for the association between elevated

CD40L and the development of autoantibody-mediated disease.
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Cellular and Molecular Mechanisms Regulating the Elimination

of Autoreactive B Cells

By

Robin Lesley

The adaptive immune system must balance the need for useful

lymphocyte specificities to defend against pathogens with the maintenance of

self-tolerance. Autoantigen-binding B cells are generated during B cells

development and their survival must be limited to prevent the occurrence of

autoimmunity. Peripheral autoantigen-binding B cells are poorly competitive

with naïve B cells for survival and undergo rapid cell death. However, in

monoclonal Ig-transgenic mice lacking competitor B cells, autoantigen-binding

B cells can survive for extended periods. The basis for competitive elimination

of autoreactive B cells has been unknown. In this dissertation I investigated the

roles of BAFF and CD40 in regulating autoreactive B cell survival. I found that

autoantigen-binding B cells have increased dependence on BAFF for survival.

In monoclonal Ig-transgenic mice, each autoantigen-binding B cell receives

elevated amounts of BAFF. When placed in a diverse B cell compartment,

BAFF-receptor engagement and signaling are reduced and the autoantigen

binding cells are unable to protect themselves from Bim which is induced by

chronic BCR signaling. These findings indicate that under conditions where
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BAFF levels are elevated, autoantigen-engaged cells will be rescued from rapid

competitive elimination, predisposing to the development of autoimmune

disease. However, the addition of exogenous BAFF can only partially rescue

autoreactive B cells from this rapid elimination, suggesting other trophic factors

may be involved in autoreactive B cell survival.

Previous data suggested that autoreactive B cell survival is reduced in

the absence of T cells. I show that autoreactive B cell survival is similarly

reduced in mice deficient in CD40. I found that naïve CD4 T cells constitutively

express CD40L and that this CD40L provides a survival signal to autoreactive B

cells. I show that CD40L surface expression is downmodulated by B cells and

other CD40 expressing cells. When transferred into hosts that lack

endogenous CD40 and subsequently have elevated surface levels of CD40L,

autoreactive B cells can be rescued from competitive elimination. These

observations establish a novel trophic pathway for autoreactive B cell survival

and they suggest a further explanation for the association between elevated

CD40L and the development of autoantibody-mediated disease.
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Chapter 1

Introduction



The adaptive immune system has the precarious task of creating diverse

repertoires of B and T cells of useful specificities to combat pathogens while at

the same time trying to censor lymphocytes with specificities that recognize self

antigens that have potential to cause autoimmunity. To limit the frequency of

autoreactive lymphocytes the immune system has set up a series of

developmental checkpoints where cells are screened for autoreactivity. In the

case of B cells, many autoreactive cells are negatively selected in the bone

marrow by processes of receptor editing or deletion. Despite these precautions,

some autoreactive B cells escape these checkpoints and make it to the

periphery and mature (1-3). When these cells do encounter autoantigen in the

periphery, chronically and in high amounts, they become functionally anergic.

Anergic B cells downmodulate their B cell receptor (BCR) and are relatively

unresponsive to their antigen. Anergic B cells are excluded from the B cell

follicle to the outer Tzone of the white pulp and have a shortened life span (4).

It is in the interest of the host for the immune system to quickly get rid of these

anergic cells. The longer anergic B cells persist, the greater chance they have to

become activated, whether by strongly crosslinking antigen or activation of

innate immunity (5, 6). In addition, the longer anergic B cells take up space in

the B cell niche, the less space there is for B cells with potentially more useful B

cell receptor (BCR) specificities.

The B cell pool size in the mouse remains relatively fixed at 2x10° even

though there is continual overproduction of B cells from the bone marrow (7).

Thus the immune system needs to constantly cull the less useful B cell

- ******

-*- : * * * **



specificities to make room for new, potentially more useful specificities. In the

bone marrow the B cells are positively selected for functional BCR surface

expression and negatively selected if they receive a strong BCR signal due to

high affinity for autoantigen. When the immature B cells exit from the bone

marrow into the periphery they are susceptible to further rounds of negative

selection as they proceed through the “transitional" stages. At these transitional

stages the B cells will die by apoptosis if they receive a strong BCR signal (8, 9).

However, even after these rounds of negative selection in the bone marrow and

spleen far more new B cells are produced than are needed to replace the

turnover of pre-existing B cells (7). Thus there is constant competition among B

cells for maintenance in the long-lived B cell repertoire (10). The immune

system has to decide which B cells to maintain and which will be eliminated to

make room for new, more useful specificities. The constant size of the B cell

pool suggests that there may be some limiting factor maintaining homeostatic B

cell numbers. Until recently it was not known if this was simply the amount of

space in the follicular compartments or limited production of survival factors or

even antigen availability (10, 11).

Much of what we know about B cell tolerance was learned using a mouse

strain transgenic for a B cell receptor that recognizes Hen Egg Lysozyme (HEL).

HELThese Ig transgenic (Ig"*) mice have been crossed to various HEL expressing

* mice are crossed to mice expressingtransgenic lines. For example when Ig

membrane bound HEL the B cells receive a strongly crosslinking BCR signal

leading to deletion of the autoreactive B cells in the bone marrow (12). However



if Ig" are crossed to transgenic mice expressing soluble HEL, the HEL specific

B cells do not receive a strong enough BCR signal to cause their elimination.

Instead these B cells survive and exit the bone marrow to the periphery. In these

mice all of the B cells are specific for the shEL autoantigen. The Ig"* B cells

are about two-fold reduced in number (13) and all have an anergic phenotype.

These anergic B cells downmodulate surface IgM, do not become activated in

the presence of HEL and have a shortened lifespan of approximately 1 week

compared to the normal 80-120 day mature B cell lifespan (14-16). When these

anergic B cells are transferred into a mouse with a diverse B cell repertoire they

become excluded from the B cell follicle and die within 2-3 days (17). A similar

phenomenon is seen in mice that carry only the heavy chain (HC) of the Ig"*

antibody, where about 1% of the peripheral B cells rearrange a light chain

permitting HEL-binding yet this population of HEL-binding B cells is not

detectable in the periphery of mice that also expressed shBL autoantigen (15).

Follicular exclusion and elimination of autoreactive cells is also seen in the anti

dsDNA transgenic models of autoreactivity (18, 19). Further evidence that

follicular exclusion and elimination of autoreactive cells is dependent on

competitor B cells is seen when Ig"*/shEL autoreactive B cells are transferred

into a B cell deficient environment. In these animals with no competitor B cells

the autoreactive B cells enter the follicle and are not rapidly eliminated (20).

These findings indicate that only in the presence of a diverse repertoire of

competitor B cells, are autoantigen-binding B cells excluded from the B cell

follicle and rapidly eliminated.



In addition to competitor B cells the rapid elimination of autoreactive B

cells is dependent on the continual presence of autoantigen. When Ig"*lsHEL

autoreactive B cells are transferred into wildtype mice expressing no HEL

antigen, the anergic B cells upregulate surface IgM, enter the B cell follicle and

are able to survive for longer than one week (17, 21). In addition John

Cambier's group recently showed, using an arsonate specific Ig-transgenic that

also recognizes a self-antigen (probably ssDNA), that continuous binding and

signaling of the BCR is required to maintain the anergic state (22). These data * *

suggest that chronic engagement of the BCR is a key factor in the rapid

elimination of autoreactive B cells, but the nature of the proapoptotic signals
- -

downstream of the chronically engaged BCR was not defined. Studies indicated *
that overexpression of Bcl-2 family proteins can protect autoreactive B cells from ** - - -

elimination (17, 23) suggesting involvement of the Bcl-2 family. The Bcl-2 -

family is composed of both pro and anti-apoptotic proteins. In general the anti

apoptotic proteins (i.e. Bcl-2, Bcl-XL, A1/bfl1 and Mcl–1) are thought to prevent º
-

loss of integrity of the mitochondria by antagonizing the function of Bax and Bak,

while the pro-apoptotic family members (such as Bim, Bad, Bid, Bax, Bak etc)

promote release of cytochrome c from the mitochondria, initiating the caspase

cascade leading to apoptosis (24). The pro-apoptotic BH3-only Bcl-2 family

molecule Bim has been implicated in the elimination of autoreactive and

activated T cells (25-27). In addition Bim-deficient mice were shown to have

increased B cells numbers and autoantibody levels (28). More recently it was

demonstrated that Bim is induced upon BCR stimulation(29)(unpublished



observations) and using Bim deficient mice it was shown that Bim is required for

the elimination of shEL-autoantigen binding B cells (29). Thus the elimination of

autoreactive B cells involves a death signal downstream of the chronically

engaged BCR as well as competition with naïve B cells.

For my graduate work I set out to elucidate the mechanisms of

competitive elimination of anergic B cells and to try to further delineate the

cellular basis for competition within the B cell repertoire. Many questions

concerning the basis of competition need to be tested since competition among :
º

B cells is likely to be important for shaping the long-lived B cell repertoire as well
- * *

as preventing autoreactivity (4, 10). The early studies showing that autoantigen-
-

binding B cells were blocked from entering follicles prior to their elimination, lead
-

to a model where B cells compete for a trophic factor present within follicles (15). *** -

However, it had been shown that exclusion and elimination are separate ~

processes and anergic cells can survive follicular exclusion if they overexpress

the anti-apoptotic molecule BC-2 (17). Furthermore, recent experiments with . º
*** * * * * * *

CCR7-deficient Ig"*/shEL autoreactive B cells demonstrated that autoantigen

binding B cells undergo competitive elimination even when they are not

excluded from follicles (30) suggesting competition for a more widely distributed

factor. The observation that exclusion from the follicle may not be required for

elimination of autoreactive B cells raises many questions regarding the nature of

competition between B cells. If the follicle is not providing the protective effect, is

there a limited resource the B cells are competing for? What is the nature of

competition within the B cell compartment and how might limited survival factor



availability drive competition among B cells for entry into the long-lived B cell

pool? In this dissertation I investigate the role of two B cell survival molecules in

regulating the survival of autoreactive B cells, BAFF and CD40.

BAFF (also known as Blys, TALL-1, zTNF4, THANK, TNFSF13) has

emerged as a regulator of homeostatic B cell number (31, 32). BAFF is a type II

transmembrane protein (mRAFF) of the TNF family and like many other

members of the family it can be proteolytically processed at a furin cleavage site

in the extracellular domain of the protein to release soluble BAFF (sEAFF) from

the cell surface. SBAFF assembles into a homotrimer and is biologically active

(33-35). Nothing is known about any differences in activity for the two forms of

BAFF, though sBAFF is the form studied in almost all published data to date. In

vivo studies, with BAFF-transgenic (Tg) mice and BAFF treatments, show that

increased BAFF levels leads to increased peripheral B cells numbers (35-39).

Conversely, when BAFF is neutralized, peripheral B cell numbers decrease (31,

39–41). BAFF appears to be particularly important for survival of marginal zone

B cells and maturing B cells during their transitional stage in the periphery (38,

40, 41). More recently, BAFF has been shown to be critical for mature B cell

survival (32,42).

BAFF binds three receptors: BCMA, TACI, and BAFF-R (43–48). BCMA

expression appears to be restricted to B cells, while TACI is present on B cells

and activated T cells (43,49, 50). Both BCMA and TACI also bind a

homologous ligand APRIL (44, 51), which is expressed at very low levels in

normal animals and has only been observed at high levels in tumors (52, 53).



Genetic studies have shown that neither BCMA nor TACI are required for

maintaining normal B cells numbers (54). However, the TACl-/- mice do have

reduced T-independent immune responses, consistent with a role in regulating B

cell function. Interestingly, the TACl-/- mice develop splenomegaly and

accumulate B cells, suggesting that TACI may be a negative regulatory receptor

(55,56). The only receptor specific to BAFF known so far is termed BAFF-R or

BR3 (47, 48). BAFF-R is present on B cells and there is mounting evidence that

BAFF-R is induced on activated T cells (57-59). The A/WySn.J mouse strain,

long known to have defects in B cell development, has a spontaneous mutation

deleting the last 8 amino acids of the cytoplasmic region of BAFF-R (47),

rendering their B cells unresponsive to BAFF in in vitro studies (32). While the

BCMA-1- and TACl-/- mice have mild B cell phenotypes, the A/WySn.J and

BAFF-R-/- mice have a severe B cell deficit and the phenotype closely

resembles that of the BAFF-/- mice (60-64).

The BAFF receptors are members of the larger TNF receptor family. The

cytoplasmic domains of the BAFF receptors each have a cysteine rich domain

(CRD) but none have a death domain. TACI and BCMA are thought to activate

c-Jun NH2-terminal Kinase (JNK) and possibly NF-kB (33,43). BAFF-R has

been shown to be one of the few TNF family proteins that can activate both

canonical and alternative NFkB pathways (33, 65-67). This observation agrees

well with the genetic evidence from mice with NF-kB family member

deficiencies, showing important roles for NF-kB2 in B cell homeostasis. For

instance, the nik-/-, ikk-O-■ - and c-rel/rel- a-/- and NF-kB 2-/- mice all have

**** * **** * *



greatly reduced late transitional and mature B cell populations (68-74). These

similarities in phenotype to BAFF-/- and BAFF-R-/- support the view of a

common pathway. Activation of the BAFF pathway in B cells is thought to induce

immediate activation of the canonical NFkB pathway and delayed activation of

the alternative pathway (75). Activation of NFkB by BAFF-R ligation results in

elevated expression of the anti-apoptotic molecule BC-2, while data suggesting

effects on Bcl-XL, McI-1 and A-1 are less conclusive (67, 75–78)(unpublished

observations). In addition to promoting the expression of Bcl-2 family proteins it º
sº

is becoming increasingly evident that BAFF has functions in B cell maturation -
that are not accounted for by it's survival effects (79–81). Without activation of º

the BAFF/BAFF-R immature B cells are unable to survive through the
- *

transitional stages, and thus few mature B cells are found in the periphery. ** -

It has been shown that, in addition to defects in maturation, the BAFF-R º

deficient, AWySn.J mature B cells have reduced lifespan (61). In vivo Brdu

labeling studies also revealed that the lifespan of (AWySn.J x Balb/C) F1 B cells ... .

is intermediate and uniform, suggesting that mature follicular B cells need a

continuous BAFF signal and that their lifespan is not determined by the amount

of BAFF signal during a discrete time window in maturation (32). Similarly, by

transferring mature B cells into a wildtype recipient mouse and withdrawing

BAFF using a soluble receptor decoy, BCMA-Ig, we have shown that mature B

cells require constant BAFF signal for survival; data that will be presented in

Chapter 2 of this dissertation. Thus, BAFF plays an important role regulating

homeostatic B cell Survival and number.



Due to its ability to affect B cell survival, it is not surprising that BAFF has

been proposed to play a role in systemic autoimmunity. BAFF-Tg mice have a

great excess of transitional, follicular, and marginal zone B cells and develop

diseases resembling systemic lupus erythematosus (SLE) and Sjörgren's

syndrome (SS) (36-39, 82). The (NZB x NZW)F1 mice, which also develop SLE,

have increased levels of BAFF in their serum correlating with the severity of their

disease. Blocking the effects of BAFF, with a soluble receptor decoy,

ameliorates the disease in these animals (39, 40). The proposed mechanism for

BAFF's contribution to autoimmunity is that BAFF allows for increased survival

of transitional B cells and thus excess BAFF overrides negative selection of

transitional B cells that would normally be eliminated due to their autoreactivity

(38, 83, 84). However we hypothesized that excess BAFF may also contribute

to the inappropriate survival of mature anergic B cells. Conversely, the BAFF

pathway may play a role in the elimination of anergic B cells. We predicted that

anergic B cells might be forced to compete with naïve B cells for the survival

signal from BAFF. These hypotheses are tested in Chapter 2.

While the studies discussed in chapter 2 indicate that BAFF contributes to

the competitive elimination of autoantigen binding B cells, they do not exclude

the possibility that B cells compete for additional prosurvival activities. In this

regard, previous studies had suggested that T cells are protective for anergic

cells in the absence of B cell competition (20). Specifically, when anergic B cells

were transferred into RAG1" mice they had a considerably shorter lifespan than

when transferred into B cell deficient mice. Similarly, when Ig"*lsHEL mice are

10



crossed onto the RAG1" background the anergic B cells turned over much more

rapidly in Double-Tg/RAG1* than in Double-Tg/RAG1". This protective effect

is unlikely to involve antigen recognition by the T cells since it occurs in mice

expressing shBL as an autoantigen, and these mice have been shown to delete

HEL specific T cells (85). T cells have also been shown to promote survival of

btk deficient B cells (86–88). These two models suggest that naïve T cells may

provide signals that enhance B cell survival. Interestingly, the survival enhancing

effect of naïve T cells is not evident in the normal B cell repertoire as T cell

deficient mice with wildtype B cells have normal B cell numbers (unpublished

observations). However, when B cell survival is compromised due to anergy or

btk deficiency, the contribution of T cell derived signals becomes significant.

We considered CD40 signaling as a potential survival pathway for

autoreactive B cells in part because CD40 had been shown to be protective for

btk deficient B cells (89, 90) as well as activated B cells (91-94). At the same

time CD40 and CD40L deficient mice do not have decreased B cells numbers

consistent with the notion that this signal is not required by naïve B cells.

CD40 is a TNF receptor family member and like BAFF activates both

canonical and alternative NFkB pathways when ligated by CD40L (95, 96). Also

like BAFF, CD40 signaling induces expression of Bcl-2 family proteins, most

convincingly A1 and Bcl-XL (91, 96-98). CD40L is known to be expressed by

CD4 T cells upon activation (99, 100), and its expression is thought to be tightly

controlled to prevent bystander activation of nonspecific B cells (101). Upon

activation, surface expression of CD40L in wildtype CD4 T cells is transient, and

11



both mRNA and surface protein levels are downregulated upon interaction with

CD40 expressing cells (99, 102-105). Consistent with the idea that CD40L

expression must be regulated to prevent non-specific B cell activation is the

correlation between CD40L expression and B cell mediated autoimmune

disease. In human systemic lupus erythematosus (SLE), disease is correlated

with overexpression of CD40L (106-110). Conversely CD40L blockade is

effective in preventing SLE in mouse models (111-113) as well a human disease

(114, 115). Thus the CD40 pathway seemed a good candidate for regulation of :
autoreactive B cells survival, with one exception; in both the btk model and the -
Ig/HEL transgenic model there are no activated T cells to be a source of this

CD40L signal. In chapter 3 the role of T cells and CD40L in autoreactive B cell

Survival is examined. ***** -

In summary, this dissertation examines the extrinsic mechanisms º

regulating the survival of autoreactive B cells within the peripheral B cell

repertoire. . . .
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Chapter 2

Reduced competitiveness of autoantigen

engaged B cells due to increased dependence
*

On BAFF º

Reprinted from Immunity, 2004), Lesley R, Xu Y, Kalled SL, Hess DM, Schwab SR, Shu

HB, and Cyster JG, Reduced competitiveness of autoantigen-engaged B cells due to

increased dependence on BAFF, pp. 441–453, Copyright (2004), with permission from

Elsevier.
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Summary

Peripheral autoantigen-binding B cells are poorly competitive with naïve B cells

for survival and undergo rapid cell death. However, in monoclonal Ig-transgenic

mice lacking competitor B cells, autoantigen-binding B cells can survive for

extended periods. The basis for competitive elimination of autoantigen-binding B

cells has been unknown. Here we demonstrate that autoantigen-binding B cells

have increased dependence on BAFF for survival. In monoclonal Ig-transgenic

mice each autoantigen-binding B cell receives elevated amounts of BAFF,

exhibiting increased levels of NFkB p52 and of the pro-survival kinase Pim2.

When placed in a diverse B cell compartment, BAFF-receptor engagement and

signaling are reduced and the autoantigen-binding cells are unable to protect

themselves from Bim and possibly other death-promoting factors induced by

chronic BCR signaling. These findings indicate that under conditions where

BAFF levels are elevated, autoantigen-engaged cells will be rescued from rapid

competitive elimination, pre-disposing to the development of autoimmune

disease.
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Introduction

Autoreactive B cells are negatively selected by mechanisms of receptor editing

and deletion in the bone marrow (Goodnow, 2001; Nemazee, 2000). However,

Some autoreactive B cells escape these early checkpoints and emigrate to the

periphery. Using immunoglobulin (Ig) transgenic models, it has been established

that peripheral B cells chronically exposed to weakly cross-linking autoantigens

down-regulate their surface IgM and partially uncouple the remaining B cell

receptors (BCR) from downstream signaling pathways (Goodnow, 2001). This

has been observed with B cells specific for the neo-self antigen, soluble hen egg

lysozyme (HEL), for B cells reactive with dsDNA and for arsonate-specific B cell

that are also reactive with an unknown autoantigen (Benschop et al., 2001;

Goodnow et al., 1988; Lang and Nemazee, 2000; Mandik-Nayak et al., 1997).

In mice that carry only the heavy chain (Ho) of the anti-HEL immunoglobulin

antibody, about 1% of the peripheral B cells rearrange a light chain permitting

HEL-binding (Cyster et al., 1994). However, this population of HEL-binding B

cells is not detectable in the periphery of mice that also expressed soluble HEL

autoantigen (Cyster et al., 1994). This contrasts with the situation in mice

carrying anti-HEL heavy and light chain transgenes (hereafter referred to as Ig

transgenic mice) and the soluble HEL transgene. In these mice all of the

peripheral B cells bind HEL-autoantigen yet they are still present within two

three fold of the numbers present in Ig-transgenic mice lacking autoantigen

(Mason et al., 1992). B cell lifespan measurements in the Ig/HEL double

**-

*-***
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transgenic mice indicated a 50% turnover time of 1 week, and showed that as

many as 40% of the cells lived considerably longer than this (Cook et al., 1997;

Cyster and Goodnow, 1995; Fulcher and Basten, 1994). However, when small

numbers of Ig/HEL-double transgenic B cells were transferred into a mouse with

a diverse B cell repertoire – mimicking the situation in Ho only transgenic mice –

the autoantigen-binding cells underwent cell death within 2-3 days (Cyster and

Goodnow, 1995; Cyster et al., 1994). These findings indicated that in the

presence of a diverse repertoire of competitor B cells, soluble HEL autoantigen

binding B cells are rapidly eliminated. Early studies indicated that autoantigen

binding B cells were blocked from entering follicles prior to their elimination,

leading to a model where B cells compete for a trophic factor present within

follicles (Cyster et al., 1994). However, recent experiments with CCR7-deficient

cells have indicated that autoantigen binding B cells undergo competitive

elimination even when they are not excluded from follicles (Ekland et al., 2004)

suggesting competition for a more widely distributed factor. Competitive

elimination is independent of T cells or Fas and can be substantially delayed by

Bcl2 over-expression (Cyster et al., 1994; Mandik-Nayak et al., 2000; Schmidt

and Cyster, 1999) but the nature of the pro-apoptotic signals transmitted by the

chronically engaged BCR has not been defined. Recent studies in T cells have

highlighted a role for the pro-apoptotic BH3-only molecule, Bim, in the death of

autoreactive cells (Bouillet et al., 2002; Davey et al., 2002; Hildeman et al.,

2002) and a role for Bim in B cells is indicated by the marked increase in B cell

/
th.

*
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numbers and production of autoantibodies that occurs in Bim deficient mice

(Bouillet et al., 1999).

BAFF (also known as BLyS, TALL-1, THANK, zTNF4 or TNFS13b), a member

of the TNF family of cytokines, has emerged as a critical B cell survival factor

(Mackay et al., 2003). BAFF expression has been detected predominantly in

lymphoid tissues and in peripheral blood mononuclear cells (Moore et al., 1999;

Mukhopadhyay et al., 1999; Schneider et al., 1999; Shu et al., 1999). In vivo

studies have demonstrated that increased BAFF levels lead to increased

peripheral B cells numbers (Batten et al., 2000; Gross et al., 2000; Khare et al.,

2000; Mackay et al., 1999; Moore et al., 1999) whereas when BAFF is

neutralized, peripheral B cell numbers decrease (Gross et al., 2001; Gross et al.,

2000; Schneider et al., 2001; Thompson et al., 2000) indicating a tight

relationship between BAFF levels and homeostatic B cell numbers. Furthermore,

BAFF transgenic mice develop diseases resembling systemic lupus

erythematosus (SLE) and Sjögren's syndrome (SS) (Batten et al., 2000; Groom

et al., 2002; Gross et al., 2000; Khare et al., 2000; Mackay et al., 1999) and

SLE-prone NZB/W F1 mice have increased levels of BAFF in their serum (Gross

et al., 2000; Kayagaki et al., 2002). BAFF levels are also elevated in humans

with autoantibody mediated diseases (Groom et al., 2002; Mackay et al., 2002;

Mariette et al., 2003).
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Three BAFF-binding receptors have been identified, BAFF-receptor (BAFF-R,

also called BR3), B cell maturation antigen (BCMA), and transmembrane

activator and CAML interactor (TACI) (Mackay et al., 2003). Studies examining

AWySn.J mice that harbor a spontaneous mutation in the BAFF-R gene and in

BAFF knockout mice have demonstrated that BAFF-R is the key receptor

involved in promoting B cell survival (Gross et al., 2001; Lentz et al., 1996; Lentz

et al., 1998; Miller and Hayes, 1991; Schiemann et al., 2001). By contrast,

BCMA deficient mice have a normal B cell compartment and TACI deficient mice

exhibit exaggerated B cell activity, suggesting a possible role for TACI as a

negative regulatory molecule (von Bulow et al., 2001; Xu and Lam, 2001; Yan et

al., 2001b). Expression analysis indicates that BAFF-R is upregulated during B

cell maturation and is expressed at highest levels on peripheral B cells (Avery et

al., 2003; Gorelik et al., 2004; Smith and Cancro, 2003). By contrast, TACI and

BCMA mRNA are not upregulated during B cell maturation and in a recent study,

these receptors were not detected on resting human B cells by flow cytometry

(Avery et al., 2003; Smith and Cancro, 2003). While both TACI and BCMA can

bind a cytokine closely related to BAFF, known as APRIL, BAFF-R binds BAFF

exclusively (Thompson et al., 2001; Yan et al., 2001a) and APRIL does not

appear to have a role in B cell homeostasis (Varfolomeev et al., 2004). BAFF-R,

but not TACI or BCMA, activate NFkB-inducing kinase (NIK) and the alternative

NFkB pathway, leading to p100 degradation and generation of p52 (Claudio et

al., 2002; Kayagaki et al., 2002). Consistent with a critical role for this pathway

in B cell survival, mice lacking NIK or p52 show severe deficiencies in peripheral
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B cells (Claudio et al., 2002; Miosge et al., 2002). BAFF-R, as well as TACI and

BCMA, also activate the classical NF-kB pathway (Hatada et al., 2003;

Mukhopadhyay et al., 1999). The mechanism by which BAFF and the alternative

pathway of NFkB activation leads to enhanced B cell survival is unclear.

Although activation of the BAFF pathway promotes small increases in Bcl-XL, A1

and possibly Bcl-2 expression (Claudio et al., 2002; Do et al., 2000; Hatada et

al., 2003; Hsu et al., 2002) there is as yet no consensus on whether these or

other molecules are the key mediators of BAFF's strong pro-survival effects.

In this study we set out to understand the molecular mechanisms regulating the

rapid competitive elimination of autoantigen binding B cells in a diverse B cell

repertoire. We demonstrate that HEL-autoantigen binding B cells have elevated

levels of Bim mRNA and protein and that they are dependent on higher levels of

BAFF than non-autoantigen binding B cells for survival. We provide evidence

that homeostatic BAFF production is independent of B cell numbers and in

Ig/HEL-double transgenic mice the number of B cells is reduced such that each

cell is engaged by higher amounts of BAFF. Within a diverse B cell

compartment, the competition between B cells for the available BAFF is such

that autoantigen-binding B cells are unable to bind the high levels of BAFF that

they require for survival and they are rapidly eliminated.
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Results

Increased BAFF dependence of HEL-autoantigen binding B cells

To test the dependence of HEL autoantigen-binding B cells on BAFF for

survival, we used an adoptive transfer approach where mature non- or Ig/HEL

double transgenic B cells were transferred to matched recipients that were either

left untreated or treated with the BAFF antagonist, BCMA-lg. Consistent with

other findings (Gross et al., 2000; Harless et al., 2001; Pelletier et al., 2003), we

found that mature non-transgenic B cells were dependent on constant BAFF

exposure, with their numbers in BCMA-lg treated mice declining to half of the

control numbers by three days and to 25% of the control by seven days (Fig. 1A)

whereas co-transferred T cells were unaffected by BAFF antagonism (Fig. 1A).

Compared to the non-transgenic B cells, the HEL-autoantigen binding B cells

underwent a more marked reduction in cell number such that after 2.5 days, less

than 15% of the transferred anergic B cells remained in mice treated with

BCMA-lg (Fig. 1B). This rapid elimination of autoantigen-binding B cells is

comparable to the competitive elimination seen when Ig/HEL double transgenic

B cells are transferred into a HEL-expressing mouse with a diverse B cell

repertoire (Fig 1B)(Cyster and Goodnow, 1995). To test whether HEL

autoantigen binding B cells are also more sensitive to partial reductions in BAFF

levels, Ig/HEL-double transgenic B cells and non-transgenic B cells were

cotransferred into Ig/HEL-double transgenic mice which were then treated with

30 or 100 pig doses of BCMA-lg or with human IgG as a control. As a further

control, naïve Ig-transgenic B cells were transferred into non-transgenic
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recipients and these animals were also treated with BCMA-lg or human IgG. At

the 30 pig dose of BCMA-Ig, the HEL-autoantigen binding B cells were reduced

by more than 80% at day three whereas the naïve non-transgenic and Ig

transgenic B cells were only marginally reduced in number (Fig. 1C). Similar

results were seen in lymph nodes and blood (not shown). These observations

indicate that HEL autoantigen-binding B cells are more sensitive to BAFF

depletion than naïve B cells and they die more rapidly when BAFF is removed.

Increased BAFF per B cell in Ig/HEL double transgenic mice

The above findings led us to consider the possibility that Ig/HEL double

transgenic B cells may be dependent on higher levels of BAFF for survival

compared to naïve B cells. To test this possibility, we first examined the level of

BAFF mRNA expression in various mouse tissues by quantitative PCR. High

levels of BAFF mRNA were detected in secondary lymphoid tissues and within

blood cells (Fig. 2A), consistent with previous reports (Moore et al., 1999;

Mukhopadhyay et al., 1999; Schneider et al., 1999; Shu et al., 1999; Tribouley et

al., 1999). High levels were also detected in peritoneal lavage cells and within

bone marrow (Fig. 2A). Comparison of BAFF mRNA levels in spleen cell

suspension and 'stromal’ fractions revealed strong enrichment for BAFF in the

stromal fraction (Fig. 2A). Splenic BAFF mRNA levels were not substantially

affected by deficiency in LTo., LT3 or TNF, consistent with the lack of evidence

for B cell deficiencies in these mice (Fu and Chaplin, 1999) but also suggesting

that LT- and TNF-dependent follicular dendritic cells (FDC) are not a major
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source of BAFF (Fig. 2B). CSF1-deficient op■ op spleens also contained amounts

of BAFF message that were within the normal range suggesting marginal zone

macrophages are not a major source of this cytokine (Fig. 2B). Importantly,

BAFF expression was not reduced in Rag1-■ - and HMT spleens indicating that

the amount of BAFF mRNA produced in the spleen in homeostasis is largely

independent of the presence or absence of B cells (Fig. 2B).

As Ig/HEL-double transgenic mice have approximately 2-3 fold fewer B cells

than Ig- and non-transgenic mice, we considered the possibility that more BAFF

may be available per HEL-autoantigen-binding B cell in an Ig/HEL-double

transgenic mouse than in a non-transgenic mouse. To measure this, we

quantitated BAFF mRNA in lymphoid tissues from Ig/HEL-double transgenic or

non-transgenic mice, and also CD19 mRNA as a measure of the B cell content

of the tissues (Fig. 2C). By flow cytometric analysis, CD19 levels on HEL

autoantigen binding and non-transgenic B cells were identical (data not shown).

As a proportion of total RNA, levels of BAFF mRNA in the secondary lymphoid

organs of the two types of mice were similar, whereas the amount of CD19

mRNA was lower in the Ig/HEL-double transgenic organs, reflecting the lower B

cell numbers (Fig. 2C). Therefore, when the ratio of BAFF mRNA to CD19

mRNA is considered, it is evident that there is more BAFF expressed per

autoantigen-binding Ig/HEL- double transgenic B cell than is expressed per non

transgenic B cell (Fig. 2C). Serum ELISA analysis demonstrated that the

difference in BAFF mRNA per B cell translated into a large difference in the
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abundance of serum BAFF, with Ig/HEL double transgenic mouse serum

containing -90 ng/ml compared to undetectable levels in the non- or HEL

transgenic mice (Fig. 2D). Ig-transgenic mice, which have somewhat fewer B

cells than non-transgenic mice had slightly higher levels of serum BAFF than

non-transgenics (Fig. 2D), while B cell deficient pim[T mice showed significantly

higher amounts of BAFF (833+46 ng/ml, n=3).

As a further approach to measure BAFF availability per B cell we measured the

amounts of BAFF protein bound to B cells in lymphoid organs by ex vivo flow

cytometric analysis. In preliminary experiments we observed that freshly

isolated B cells can be stained with antibodies against the soluble portion of

BAFF (Fig. 3A). This staining was increased if cells were pre-incubated with

further BAFF in vitro, and diminished if mice were pre-treated with BCMA-Ig to

deplete endogeous BAFF, providing evidence of staining specificity (Fig. 3A).

Incubation of B cells at 37°C for up to 3 hrs in the absence of added BAFF did

not alter the amount of BAFF associated with the cells (data not shown),

suggesting a long half-life for the BAFF-BAFF-R complex, consistent with

studies indicating a high affinity (Ka ~ 0.1 nM) for this interaction and also with

evidence that BAFF exists as a homotrimer and possibly a higher order complex

(Kanakarajet al., 2001; Kayagaki et al., 2002; Kim et al., 2003; Pelletier et al.,

2003). To compare the amount of BAFF protein available per B cell in Ig/HEL

double transgenic mice and mice that have a full compartment of B cells,

congenically marked non-transgenic B cells were transferred to Ig/HEL-double
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transgenic or HEL-single transgenic recipients. Six hours after transfer

significantly greater amounts of BAFF were bound to transferred B cells in

Ig/HEL-double transgenic recipients than in HEL-transgenic recipients (Fig. 3B

upper panels). Staining for BAFF-R at this six hour time point indicated that the

levels were the same on the transferred cells in the two different recipients.

Similar results were obtained if the donor B cells were autoantigen-binding cells

from Ig/HEL-double transgenic mice, with higher levels of BAFF being detected

on cells transferred to double transgenic compared to HEL- or Non-transgenic

recipients (Fig. 3B lower panels). The similar level of BAFF on Ig/HEL-double

transgenic B cells after transfer to either HEL- or Non-transgenic recipients

indicates that BAFF availability is not significantly different whether the cells are

located at the B/T boundary (excluded) or in the follicle. In the course of this * -

analysis we observed that Ig/HEL-double transgenic B cells have slightly lower

levels of BAFF-R than non-transgenic B cells (Fig. 3C, left panel). This was not a

consequence of maturation differences as the majority (>65%) of double º

transgenic spleen B cells were mature (defined by lack of AA4 expression, ** -

(Allman et al., 2001)) and the difference in BAFF-R level was also seen with

lymph node B cells (data not shown). Initially we considered the possibility that

the lower BAFF-R level might be due to the effects of chronic BCR signaling.

However, when non-transgenic B cells were transferred to recipient Ig/HEL

double transgenic mice for 12 or more hours the level of BAFF-R was also found

to be reduced (Fig. 3C, middle panel) an effect that could not be attributed to

autoantigen-binding. Instead this observation suggested that the elevated levels
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of BAFF in Ig/HEL-double transgenic mice induced down-modulation of the

receptor. Downregulation required 12 or more hours of in vivo exposure to

elevated BAFF and was not seen in the 6 hr transfers used to measure amounts

of BAFF that bound to the transferred cells (Fig. 6B). In vitro incubation with

saturating amounts of BAFF also led to receptor downregulation (Fig. 3C, right

panel). By Q-PCR we found similar levels of BAFF-R mRNA in Ig/HEL- and non

transgenic B cells (data not shown). TACI mRNA levels were also similar

between the B cell populations while BCMA expression was low to undetectable

(data not shown). Taken together, these observations indicate that the lower

levels of BAFF-R on Ig/HEL-double transgenic B cells is most likely due to the

higher levels of BAFF per B cell in these animals.

Constitutively elevated BAFF-pathway signaling in Ig/HEL double transgenic

mice

To determine whether the amount of BAFF signaling was greater for B cells in

Ig/HEL-double transgenic mice compared to B cells in non-transgenic animals,

we measured levels of NFkB2, an NFkB family member established to function

downstream of the BAFF-R (Claudio et al., 2002; Kayagaki et al., 2002).

Degradation of NFkB2 p100 to the active p52 form was measured in follicular B

cells sorted from the spleens of Ig/HEL-, non- or Ig-transgenic mice (Fig. 4A).

Autoreactive B cells from Ig/HEL-double transgenic mice consistently showed

higher p52 levels than detected in naïve non- or Ig-transgenic B cells. As BCR

stimulation is not thought to promote p100 processing (Claudio et al., 2002), and
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other studies have indicated reduced activation of the classical NFkB pathway

downstream of the BCR in anergic B cells (Healy et al., 1997), it is unlikely that

the increased p52 is due to the BCR stimulation. We also measured mRNA

levels of the BAFF responsive gene, Pim-2 (Xu et al., 2002), that encodes a

kinase recently established to have pro-survival functions (Fox et al., 2003; Yan

et al., 2003). A consistent ~2-fold elevation in Pim-2 mRNA levels was detected

in Ig/HEL-double transgenic B cells (Fig. 4B left panel). These observations are

consistent with the conclusion that there is more BAFF available per B cell in

Ig/HEL-double transgenic mice than in animals with a diverse B cell

compartment.

Autoantigen-binding B cells competing with naïve cells have reduced

BAFF signaling

The analysis of BAFF levels and BAFF-R occupancy of B cells in HEL- and Non

transgenic mice showed that there is less BAFF available to bind B cells in the

competitive environment than in the non-competitive Ig/HEL-double transgenic

environment (Fig. 3B). To determine whether BAFF-signaling was also reduced,

p100 and p52 levels were measured in autoantigen-binding cells taken from a

competitive environment. Large numbers of CD45.1” Ig/HEL-double transgenic

cells were injected into HEL-transgenic mice and 18 hrs later the recipient

spleens were harvested and CD45.1° autoantigen-binding B cells isolated by

FACS sorting. Consistent with the hypothesis that autoantigen-binding B cells

receive less BAFF signal in the competitive environment, we no longer saw an
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increase in p52 levels in autoreactive Ig/HEL-double transgenic B cells as

compared to the endogenous follicular B cells (Fig. 4A). Similarly, we no longer

detected an increase in Pim-2 mRNA in competing autoantigen-binding B cells

compared to the naïve B cells isolated from the same animals (Fig. 4B). p52

protein and Pim-2 mRNA also returned to endogenous B cell levels when

Ig/HEL-double transgenic B cells were transferred to non-transgenic recipients

(Fig. 4A and 4B rightmost panels), conditions under which they experience

reduced BCR engagment and migrate into follicles (Cyster and Goodnow, 1995).

Therefore, the reduction in p52 and Pim2 in HEL-transgenic recipients can not

be explained by increased BCR engagement or by follicular exclusion of the

cells. Instead, these observations favor the conclusion that when double

transgenic B cells are placed in competition with a full compartment of naïve

cells, they no longer receive elevated levels of BAFF and are no longer able to

maintain the exaggerated p52 or Pim-2 levels.

Excess BAFF can rescue autoantigen-binding B cells from competitive

elimination

If autoreactive B cells require more BAFF for survival and do not have enough

BAFF available to them when they are in a compartment with a diverse

repertoire of competitor B cells, it follows that they may be rescued from

competitive elimination by excess BAFF. To test this, Ig/HEL-double transgenic

B cells were transferred into HEL-transgenic recipients that were treated with

saline or BAFF (Fig. 5A). While Ig/HEL-double transgenic B cells were almost
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completely eliminated from HEL-transgenic spleens within 2-3 days, daily BAFF

treatment was able to partially rescue autoreactive B cells from competitive

elimination (Fig. 5A). Western blot analysis of B cells sorted from BAFF treated

mice showed that p52 levels were elevated (Fig. 4A). During the treatment

period host B cell numbers also increased, although the survival effects of BAFF

were greater on the HEL-autoantigen binding B cells (~5 fold increase) than on

the endogenous host B cells (less than 2-fold increase) (Fig. 5A). Analysis of B

cell distribution within the spleen at day three after transfer demonstrated that

BAFF-rescued autoantigen-binding B cells, like the few autoantigen-binding cells

remaining in untreated mice, were excluded from B cell follicles (Fig. 5B). To

further explore the relationship between competitive elimination and BAFF

dependence, we tested whether increased levels of BAFF could rescue

autoantigen-binding cells developing within the polyclonal repertoire of mixed

bone marrow chimeras. Under these conditons, about half of the HEL

autoantigen-binding cells in the spleen are in an immature or transitional state ...

(Fig. 5C). However, as observed in the transfer studies, three days of BAFF
-

treatment was able to rescue autoantigen binding cells, increasing their numbers

to a greater extent than its effect on non-autoantigen binding B cells (Fig. 5C

and D). This effect was evident in both the immature AA4+ and mature AA4

populations (Fig. 5C and D). Increased numbers of autoantigen-binding B cells

were also detected in lymph nodes, and these cells were predominantly (>95%)

AA4-mature cells (Fig. 5D).
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Elevated Bim levels in autoantigen-binding B cells

The increased dependence of HEL-autoantigen binding B cells on BAFF for

survival appeared likely to be due to increased activity of proapoptotic molecules

induced by chronic autoantigen-mediated BCR stimulation in these cells. We

considered the possibility that the BH3-only protein, Bim, may have a role in

promoting elimination of Ig/HEL autoantigen-binding B cells as Bim-deficient

mice show significantly increased numbers of B cells and B cells from these

mice survive for prolonged periods in vitro (Bouillet et al., 1999). Bim has also

been demonstrated to promote the death of antigen-stimulated peripheral T cells

(Davey et al., 2002; Hildeman et al., 2002). While our manuscript was in

preparation, Strasser and coworkers reported that Bim functions in the

peºpmera elimination of autoantigen-binding B cells (Enders et al., 2003).

Measurements of Bim mRNA and protein in HEL-autoantigen binding and naïve

B cells revealed that B cells from Ig/HEL-double transgenic mice had increased

Bim mRNA (Fig. 6A) and protein (Fig. 6B) compared to B cells from Ig

transgenic or non-transgenic mice. Bim mRNA and protein were further

increased in competing anergic B cells sorted from HEL transgenic recipients

(Fig. 6A and 6B, right panels).

Discussion

The above findings demonstrate that mature autoreactive B cell have a greater

dependence on BAFF for survival than naïve B cells. When in a host with a

diverse repertoire of B cells, autoantigen-binding cells receive insufficient
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amounts of BAFF to be protected from BCR-induced death signals and they are

competitively eliminated. Bim protein levels are elevated in autoantigen-binding

B cells indicating that BAFF must act at least in part by antagonizing Bim

function (Fig. 7A). These observations suggest that under conditions where

BAFF levels per B cell are elevated there will be an increased accumulation of

autoantigen-binding cells. Reciprocally, the greater BAFF-dependence of

autoantigen-binding B cells suggests that treatments that cause partial

reductions in BAFF may selectively deplete the most strongly autoreactive cells.

A long-running question in the Ig/HEL-transgenic B cell tolerance model has

been to understand why B cells that are chronically engaged by soluble HEL

autoantigen can survive for more than one week in Ig/HEL-double transgenic

mice, where all the B cells are HEL-binding, but survive less than three days in

mice with a diverse B cell repertoire (Cook et al., 1997; Cyster and Goodnow,

1995; Cyster et al., 1994; Fulcher and Basten, 1994). Although differences in ...

antigen-receptor occupancy are observed under these conditions, with
- * *

occupancy being greater in the competitive situation due to the smaller number

of HEL-binding B cells, these differences have not provided a sufficient

explanation for the differences in survival (Cyster, 1997; Phan et al., 2003). In

particular, in Ig/HEL double transgenic mice carrying the highly expressed

albumin promoter-HEL transgene (AL3 line) rather than the metallothionein

promoter-HEL transgene (ML5 line) (Adelstein et al., 1991), the BCR is fully

occupied yet the cells are not rapidly eliminated ((Phan et al., 2003) and
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unpublished observations). Furthermore, when autoantigen-binding cells were

transferred in equal numbers to HEL-containing B cell-deficient or wildtype

recipients, the cells survived in the B cell deficient recipients while being rapidly

eliminated in the wildtype recipients (Schmidt and Cyster, 1999). Our findings

here indicate that a key difference between the non-competitive and competitive

situations relates to the amount of BAFF available per B cell (Fig. 7B). We

demonstrate that homeostatic BAFF production occurs in a manner that is

largely independent of the number of B cells in the host, with spleen and lymph

nodes from B cell deficient mice containing similar amounts of BAFF mRNA as

spleen and lymph nodes from wildtype mice. In Ig/HEL-double transgenic mice,

the B cell compartment size has been re-set to about half to one-third the size of

Ig-single transgenic mice, such that a new equilibrium is achieved between B

cell numbers and the amount of BAFF per B cell. Our results indicate that this

increased level of BAFF per B cell, and associated increase in BAFF-R

signaling, is critical for the ability of the autoantigen-engaged cells to survive for . .

more than a few days. Reciprocally, the greater dependence of HEL-
*

autoantigen-binding B cells on BAFF causes them to be poor competitors

relative to non-autoantigen binding B cells. When in a diverse B cell

compartment they cannot maintain the higher levels of BAFF-R signaling

required to overcome the BCR induced death signal and they are deleted (Fig.

7).
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In earlier studies, a correlation was observed between exclusion of autoantigen

binding B cells from lymphoid follicles and rapid elimination of the cells (Cyster

et al., 1994). To examine whether this might reflect BAFF being present at

higher levels in follicles than in the Tzone or other sites, we attempted to

determine the distribution of BAFF within secondary lymphoid tissues. BAFF

mRNA was detected at highest levels in lymphoid tissue stromal preparations

and was not significantly diminished in CSF1-deficient mice that lack many

macrophages, consistent with a recent report demonstrating that BAFF is made

predominantly by radiation resistant cells(Gorelik et al., 2003). We also

examined expression levels in the spleen of LTo/B or TNF deficient mice as

these animals are deficient in lymphoid stromal cells, particularly FDCs (Fu and

Chaplin, 1999). The spleen tissues from these animals maintained levels of

BAFF mRNA that were not significantly different from wildtype controls. Thus,

although the quantitative PCR approach does not exclude the possibility of a

reduction of up to 30–40% in BAFF expression, it would appear that mature FDC

are not a major source of BAFF. Attempts to more precisely determine the

location of BAFF producing cells using rabbit antibodies raised against both the

extracellular and cytoplasmic domains of BAFF have so far been unsuccessful

(not shown). The finding that levels of BAFF bound to transferred Ig/HEL-double

transgenic B cells was equivalent whether the cells were excluded from follicles

(in HEL-transgenic recipients) or localized within follicles (in Non-transgenic

recipients) suggests that follicular access is not a major factor determining the

extent of access to BAFF. Consistent with the notion that the B cell competition
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for BAFF is not dependent on compartmental segregation, we have recently

found that CCR7-l- Ig/HEL-double transgenic B cells are not excluded from the

B cell follicle, yet still undergo rapid cell death when in a diverse B cell repertoire

(Ekland et al., 2004).

While BAFF expression in the spleen was not strongly dependent on LTo or 3,

the requirement of this cytokine for lymph node and Peyer's patch development

means that a fraction of the BAFF produced in the body is absent in mice lacking

LTo/B. We speculate that this reduces total BAFF levels in the body and

therefore that there is a corresponding reduction in total body B cells. In addition

to expression in secondary lymphoid organs, we found it notable that BAFF was

expressed at high levels within the bone marrow. Expression has also been

detected in human bone marrow (Moore et al., 1999). However, BAFF is not

thought to be required for B cell development in the bone marrow (Schiemann et

al., 2001). Instead bone marrow BAFF most likely plays an important role in the

survival of long lived plasma cells (Avery et al., 2003; O'Connor et al., 2004) and

perhaps also for recirculating bone marrow B cells. Bone marrow expression is

likely to contribute to systemic levels of BAFF and thereby influence the size of

the mature B cell compartment.

The mechanism by which BCR signaling promotes B cell death is not fully

defined but many studies have indicated that BC-2-overexpression can provide

some protection from BCR-induced apoptosis. The pro-apoptotic molecule, Bim,
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has been established to play a role in elimination of antigen- and autoantigen

binding T cells (Bouillet et al., 2002; Davey et al., 2002; Hildeman et al., 2002)

and to function in promoting B cell homeostasis (Bouillet et al., 1999). In work

that appeared while our study was in preparation, Enders et al., demonstrated

that Bim is involved in elimination of in vitro anti-IgM stimulated cells and that it

is required for in vivo elimination of HEL-autoantigen binding B cells (Enders et

al., 2003). This study also demonstrated that anti-IgM stimulated cells exhibited

a small increase in Bim protein levels (Enders et al., 2003). Our finding that Bim

mRNA and protein levels are elevated in freshly isolated HEL-autoantigen

binding B cells is in agreement with these observations. Based on these

combined data, we consider the most straightforward explanation for how BAFF

protects HEL-autoantigen binding B cells from elimination is by antagonizing Bim

function. In vitro studies have shown that pro-survival BC-2 family members Bcl

xL, A1 and possibly Bcl-2 are upregulated by BAFF (Claudio et al., 2002; Hatada

et al., 2003) although it has been less clear whether these molecules are

regulated in vivo by BAFF. During our study we measured mRNA levels of Bcl

2, Bcl-XL, A1 and Mcl-1 in cells exposed to increased or decreased amounts of

BAFF. Although we observed upregulation of Bcl-2, Bcl-XL and A1 mRNA by

quantitative PCR analysis after 6 hour in vitro culture with BAFF (not shown),

increased expression of these genes was not maintained upon longer (24 hr)

incubation. Moreover, in in vivo studies where mice were treated with BAFF to

augment signalling or with BCMA-Ig to inhibit BAFF signalling, we did not

observe any reproducible effects on levels of Bcl-2, Bcl-XL, A1 or Mcl-1 mRNAs
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in purified B cells (not shown). However, we were able to detect increases in the

levels of mRNA for Pim-2, a ser/thr kinase that has recently been shown to

function as a pro-survival molecule downstream of hematopoetic growth factors

(Fox et al., 2003; Yan et al., 2003), and to interact with the BH3-only molecule,

Bad (Yan et al., 2003). Pim-2 was also identified as an NFkB regulated gene but

it is not yet known if it is induced by p52 complexes (Liet al., 2001). A full

characterization of Pim-2 deficient mice has not been reported, although it has

been commented that these animals are phenotypically normal (Allen and

Berns, 1996). It will be important in future studies to determine whether

autoantigen-binding B cells are more readily eliminated in these animals.

While our studies indicate that differential dependence on BAFF contributes to

the competitive elimination of autoantigen binding B cells, they do not exclude

the possiblity that B cells compete for additional prosurvival activities. In this

regard, we previously found that autoantigen-binding B cell survival was

augmented in an antigen non-specific manner by the presence of T cells

(Schmidt and Cyster, 1999). Survival of Btk-deficient B cells is also augmented

by T cells (Karagogeos et al., 1986). As naïve T cells are not a source of BAFF

and we have not observed reduced BAFF levels in spleens from T cell deficient

mice (not shown), this effect most likely involves another B cell trophic activity.

There is also the possibility that proapoptotic signaling increases when

autoantigen-binding B cells are competing with other B cells. The increased Bim

levels in competing compared to non-competing autoantigen-binding B cells
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(Fig. 5) is consistent with this possibility. We examined whether the rise in Bim

levels might be secondary to the reduced BAFF availability but have so far not

observed an effect of increasing or decreasing BAFF in vivo on B cell Bim

mRNA levels (R.L., Y. X. and J.G.C., unpublished observations). Therefore, in

addition to the competition for BAFF demonstrated here, competitive elimination

of B cells may involve elevated proapoptotic signaling and possibly competition

for other trophic factors.

Several reports have demonstrated a relationship between BAFF levels and

autoantibody mediated disease. Transgenic mice overexpressing BAFF develop

rheumatoid factor, anti-DNA and anti-nuclear antibodies (Gross et al., 2000;

Khare et al., 2000; Mackay et al., 1999) and some animals show features of

Sjögren's syndrome (SS) (Groom et al., 2002). Furthermore, serum BAFF levels

and B cell p52 levels are elevated in lupus prone NZBMW F1 mice (Gross et al.,

2000; Kayagaki et al., 2002) and BAFF levels are high in a fraction of human

lupus, RA and SS patients (Groom et al., 2002; Zhang et al., 2001). Our findings

indicate that elevated BAFF levels may predispose to autoimmunity by

increasing the threshold amount of chronic BCR signaling that is required to

cause B cell deletion in the periphery (Fig. 7B). Therefore, individuals with high

BAFF levels might have a higher burden of autoantigen-binding B cells in the

periphery. The recent demonstration that many of the B cells that emerge into

the periphery in humans are autoreactive and that a fraction of these specificities

are normally purged prior to full maturation highlights how shifts in BAFF levels
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might readily affect the fraction of the mature B cell repertoire that is

autoreactive (Wardemann et al., 2003). Moreover, the association between B

cell deficiency and the development of systemic autoimmune diseases such as

autoimmune hemolytic anemia (August and Hathaway, 1989) might be a

consequence of the higher BAFF levels per B cell in immunodeficient states. We

consider it less likely that BAFF over-production rescues cells from deletion in

the bone marrow as immature bone marrow B cells express little if any BAFF-R

((Gorelik et al., 2004; Hsu et al., 2002) and unpublished observations) and

addition of BAFF to bone marrow B cells in an in vitro B cell tolerance model

failed to rescue the BCR engaged cells (Rolink et al., 2002). Conversely, it

seems likely that the absence of BAFF-R on immature cells helps ensure that

they are deleted when persistantly engaged by multivalent self-antigen. Finally,

the greater dependence of chronically engaged peripheral B cells on BAFF

suggests that treatments that cause only partial blocking of BAFF, and thus have

minimal effects on naïve B cell numbers, may be effective in eliminating

autoreactive B cells without disrupting B cell immunity. Thus, even partial BAFF

antagonism may have therapeutic benefit in patients prone to developing

autoantibody-mediated diseases.
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Experimental Procedures

Reagents

Human BCMA-Ig and human IgG control were produced as described

(Thompson et al., 2000) Hamster anti-mRAFF-R (B9C11) was prepared as

described (Gorelik et al., 2004). Human BCMA-Ig neutralizes both mEAFF and

mAPRIL (Schneider et al., 2001). Human soluble HIS-BAFF (aa 134-285) used

for in vivo BAFF treatments was produced as described (Liu et al., 2002). In one

experiment with mixed bone marrow chimeras, human soluble myc-BAFF

(Karpusas et al., 2002) was used with similar results. To generate antibodies

against mouse BAFF, the extracellular region (aa 127-310) with an NH2-terminal

HIS-tag was expressed in the pET expression system in BL21 bacteria. The

HIS-BAFF was insoluble in lysate so bacterial pellet was boiled in SDS-sample

buffer and run on an SDS-PAGE gel. The band corresponding to mouse HIS

BAFF was cut from the gel and used as an immunogen to generate rabbit

polyclonal anti-mouse BAFF serum. To generate antibodies against the mouse

BAFF cytoplasmic domain, amino acids 1-45 were expressed as a GST fusion

protein and the affinity purified protein was used as an immunogen in rabbits.

The anti-cytoplasmic domain antibody was used as a staining control in some

flow cytometric experiments. Rabbit polyclonal anti-p52 (raised against aa 1

399) was a kind gift of U. Siebenlist (Laboratory of Immunoregulation, NIAID).

Mouse soluble BAFF-Flag was produced by transiently transfecting 293T cells

with a pBF vector containing mouse BAFF amino acids 127-310 with an NH2
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terminal prolactin signal sequence and FLAG-tag (vector as described in (Gunn

et al., 1998)) or purchased from Alexis Biochemicals.

Animals

Ig/HEL double transgenic mice were generated by crossing HEL-specific MD4 Ig

transgenic mice (Goodnow et al., 1988) to ML5 shBL Tg mice (Adelstein et al.,

1991) or by making radiation chimeras as described (Cyster and Goodnow,

1995) using MD4 Ig transgenic bone marrow to repopulate lethally irradiated

(1100 Rads) ML5 shBL transgenic mice. Rag1-/-, p■ /T and Ep-bcl2 transgenic

mice were purchased from Jackson Laboratories. Tissues from TNF-/-, LTO-/-,

LT3–/-, op/+ and op/op mice were prepared as previously described (Ngo et al.,

1999). Mixed bone marrow chimeras were produced by reconstituting ML5

homozygous transgenic mice with 80% CD45.1 Ig-transgenic bone marrow and

20% CD45.2 non-transgenic bone marrow as previously (Cyster et al., 1994).

Analysis of the immature bone marrow B cell compartment of reconstituted

mixed chimeras revealed that HEL-binding B cells represented about 20-30% of

the cells, whereas only 2-5% of peripheral B cells were HEL binding, as in

previous studies (Cyster et al., 1994).

Adoptive Transfer

Adoptive transfers were intravenous, and unless otherwise noted, intraperitoneal

treatments with BAFF or BCMA-lg were begun at the time of cell transfer. All

donors and recipients were sex matched. In most cases, T cells in the donor
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spleen or LN preparations were used to confirm uniformity of cell transfer

numbers in each animal. To study competition, Ig/HEL double transgenic spleen

cells were injected intravenously into HEL transgenic recipients. Spleen cells

were injected such that each recipient received 5-10x10°lg/HEL double

transgenic B cells.

Flow cytometry

Single cell suspensions from spleen, mesenteric and brachial lymph nodes, or

blood (RBC lysed) were incubated with various antibodies for four color flow

cytometry on a Becton Dickinson FACS Caliber. Monoclonal antibodies to

CD19, CD45.1, CD3, CD4, CD8, CD19, B220, IgD°, IgM*, CD21 and CD23

were from BD Pharmingen (San Diego, CA), as was polyclonal goat anti-Rabbit

biotin. Hy■■ EL9-tricolor and HyBEL9-PECy5.5 were from custom conjugations

performed by Caltag laboratories. AA4-PE was a gift of D. Allman. Anti-Flag

biotin (M2) was from Sigma and was preadsorbed with 4% normal rat and

mouse serum to prevent background staining. Streptavidin-APC was from

Molecular Probes (Eugene, OR). Follicular B220+ CD21intermediate CD23+ B

cells were isolated on a MoFlo FACS sorter (Cytomation). Competing

autoantigen-binding (CD45.1+) and endogenous (CD45.1-) B cells were sorted

on the basis of CD45.1 positive or negative, CD21 intermediate and B220+

staining, excluding CD21high marginal zone B cells. All sorted B cells were

>98% pure. For BAFF occupancy staining, CD45.1+ non-transgenic or Ig/HEL

double transgenic cells were transferred i.v. into Ig/HEL-double transgenic or
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shBL-transgenic recipients. 6 or 12 hours later recipient spleens were harvested

on ice for FACS analysis. After For-blocking, cells were incubated with rabbit

anti-mouse BAFF-ectodomain serum at a 1:1000 dilution, followed by goat anti

rabbit-biotin and then SA-APC along with anti-CD45.1-FITC and anti-CD19-PE.

In some experiments unconjugated anti-HEL (clone Hy■■ EL9) was included with

the anti-FCR to block any non-specific binding of antibodies to the HEL bound to

the B cells. Results were identical whether HyHEL9 was included or not.

Taqman Real Time PCR analysis

Primer pairs and probes, including their specificity, orientation (forward, F;

reverse, R) and sequence were as follows: HPRT(F-

AGGTTGCAAGCTTGCTGGT, R-TGAAGTACTCATTATAGTCAAGGGCA,

probe-TGTTGGATACAGGCCAGACTTTGTTGGAT),

BAFF (F-CAGGAACAGACGCGCTTTC, R-GTTGAGAATGGCGGCATCC,

probe-AGGGACCAGAGGAAACAGAACAAGATGTAGACCT),

CD19 (F-CCATCGAGAGGCACGTGAA, R

GACTATCCATCCACCAGTTCTCAAC, probe

CATTGCAAGGTCAGCAGTGTGGCTCT),

Bim (F-CGGATCGGAGACGAGTTCA, R-GTCTTCAGCCTCGCGGTAAT,

probe-CGAAACTTACACAAGGAGGGTGTTTGCAA), and

Pim2 (F-TCCTGGGTAAGGGAGGCTTT, R-CCTAGCACACGGTTCCGG,

probe-CGGATAGACGTCAGGTGGCCATCAA). Quantitative RT-PCR was

performed on an ABI7700 sequence detection instrument (Taqman; PE Applied

51



Biosystems, Foster City, CA) following the manufacturer's instructions. Tissues

were taken from C57BL/6 mice as indicated. Total WT spleen was compared to

splenocyte and stromal fractions of spleen which were prepared by mashing the

spleen through a 70pm nylon filter. The single cell suspension that passed

through the filter into the media is termed 'splenocytes'. The white material that

did not dissociate into a cell suspension was retrieved from the top of the filter

and termed the splenic 'stromal' fraction. This fraction probably contains

fibroblasts, follicular dendritic cells, other B zone stromal cells, T zone stromal

cells, dendritic cells, marginal zone and red-pulp macrophages and connective

tissue.

Western Blot

For Western blot of sorted B cells 1-10x10° B cells were washed free of serum

and lysed. 6-15 pig of whole protein was run on 12% Tris-HCl acrylamide Ready

Gels (BioFad), transferred to Immobilon"—P PVDF transfer membrane and

probed with the following antibodies: Rabbit polyclonal anti-p52 (aa.1-399) (a

kind gift of U. Siebenlist), Rabbit polyclonal anti-Bim (BD Pharmingen), Rabbit

polyclonal anti-actin (Sigma). Anti-Rabbit HRP and ECL+ were from Amersham.

Blots were visualized on Kodak film or using a Kodak ImageStation and bands

were quantitated using 1D ImageStation software. For comparisons between

levels of p100 and p52, it was necessary to compare samples that were

analyzed on the same gel since the extent of transfer of the large p100 protein

varied considerably between different blots.
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Immunohistochemistry

9x10°CD45.1+ congenic Ig-transgenic splenic B cells were transferred

intravenously into sex matched shBL-transgenic recipients treated with PBS or

human sEAFF-HIS (50pg twice daily) starting approximately 8 hrs after cell

transfer. Three days later recipient spleens were harvested for FACS and IHC.

HEL binding cells in 7pm sections were detected by incubating the section in

1pg/ml HEL followed by incubation with polyclonal rabbit anti-HEL-biotin

(Rockland), then with streptavidin-AP and detected with Fast Blue. B zones

were detected by staining with Rat anti-B220 (RA3-6B2) (BD Pharmingen)

followed by donkey anti-Rat-HRP (Jackson ImmunoResearch Labs) and

detected with DAB.

ELISA

Mouse BAFF ELISA analysis was as in (Gorelik et al., 2003). The calculations

were done using SoftMax Pro software from Molecular devices.
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Figure 1

Autoreactive B cells have increased dependence on BAFF for survival.

(A) BAFF dependence of mature non-transgenic B cells. Mature lymph node B

and T cells from CD45.1+ mice were adoptively transferred into congenic

CD45.2+ recipients. Recipient mice were treated with 100 pig of control hulgG

or huBCMA-Ig for 3 or 7 days, at which time CD45.1+ T and B cells in the

spleen were quantitated. Each point represents an individual animal and bars

represent the mean. Data are representative of two similar experiments.

(B and C) Elevated dependence of autoantigen-binding B cells on BAFF. In B,

spleens cells from CD45.1+ Ig/HEL-double transgenic mice were transferred into

CD45.2+!g/HEL-double transgenic or HEL-transgenic recipients. In C, spleen

cells from CD45.1+ Ig/HEL-double transgenic mice or CD45.1+ Ig-single

transgenic mice were co-transferred with CD45.1+ non-transgenic spleen cells

into the indicated CD45.2+ recipients. Recipient mice were treated with 100pg

(B) or the indicated amounts (C) of control hulgG or huBCMA-Ig at the time of

cell transfer. After 2.5 days transferred (CD45.1+) B and T cells were

quantitated in the recipient spleens. In C, Ig-transgenic B cells were

distinguished from cotransferred non-transgenic B cells by IgD* and

HEL/HyHEL9 staining and the non-transgenic B cell data shown are for the cells

co-transferred with the Ig/HEL cells. In control treated mice transferred Ig/HEL-,

Ig- and Non-transgenic B cells survived similarly, as in previous studies (Cyster

and Goodnow, 1995), and 3-9x10° transferred cells were present per spleen.
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Data are shown as meantsd of three mice per group and are representative of

three experiments.
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Figure 2

BAFF expression analysis and elevated levels of BAFF mRNA per B cell in

Ig/HEL double transgenic mice.

(A and B) Quantitative RT-PCR analysis of BAFF mRNA expression in (A)

various tissues from wildtype mice and (B) in spleen tissue from mice of the

indicated genotypes. Values were normalized to HPRT mRNA in each sample.

plN = peripheral lymph nodes (a mixture of axillary, brachial and inguinal),

mLN= mesenteric lymph nodes, Perit. = peritoneal lavage cells. All mice were on

a C57BL/6 background. The number of samples per group is shown in each bar

and the bar represents mean+sd.

(C) Estimation of BAFF mRNA levels per B cell in Ig/HEL double transgenic and

non-transgenic mice. Quantitative RT-PCR was performed to measure BAFF

mRNA (left panel) and CD19 mRNA (center panel) in lymphoid tissues of the

indicated mice. The right panel shows the ratio of BAFF mRNA to CD19 mRNA

as a measure of BAFF expression per B cell.

(D) ELISA analysis of serum BAFF levels in the indicated mice.
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Figure 3

B cells in Ig/HEL-double transgenic mice have more BAFF bound per cell

than in mice with a diverse B cell repertoire.

(A) Detection of levels of BAFF bound per B cell using a rabbit anti-BAFF serum.

Freshly isolated spleen cells from untreated mice (two left panels), spleen cells

incubated in vitro for 3 hours at 37°C with saturating amounts of mBAFF-Flag

(center right panel) or spleen cells from an animal treated with 100pg of BCMA

Ig for 2.5 days (right panel) were stained using rabbit anti-mouse BAFF serum or

a control rabbit Serum as indicated.

(B) Levels of BAFF bound per B cell in Ig/HEL-, HEL- and Non-transgenic mice.

CD45.1+ non-transgenic (upper panels) or CD45.1+ Ig/HEL-double-transgenic

(lower panel) spleen cells were transferred into Ig/HEL-double-transgenic, HEL

transgenic or Non-transgenic recipients, as indicated, and 6 hours later spleens

were harvested for FACS analysis. Left histograms show anti-mouse BAFF

staining and right histograms show anti-mouse BAFF-R staining on

CD45.1+CD19+ cells in each type of recipient as indicated. Dotted line, staining

with a control rabbit antiserum. The distribution of the transferred Cells in

recipient spleens (follicular or excluded from follicles) is indicated. The data in

the upper and lower panels are from experiments performed on different days

and therefore the staining intensity cannot be directly compared.

(C) Reduced BAFF-R on B cells in Ig/HEL-double transgenic mice and cells

incubated in vitro with mBAFF-Flag. Left and center panels: CD45.1+ non
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transgenic spleen cells were transferred into Ig/HEL-double-transgenic or HEL

transgenic recipients and 12 hours later spleens were harvested for FACS

analysis. The left panel shows anti-mouse BAFF-R staining on endogenous B

cells (CD19+CD45.1-) and the middle panel shows anti-mouse BAFF-R staining

on the transferred B cells (CD19+CD45.1+). The right panel shows the level of

BAFF-R staining on B cells after incubation for three hours at 37°C in the

presence or absence of mBAFF-Flag (0.5 pg/ml).
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Figure 4

Ig/HEL double transgenic B cells have constitutively elevated BAFF

signaling but show reduced signaling in the presence of competitor cells.

(A) Western blot analysis of NFkB p100 and p52 levels in autoantigen-binding B

cells in the absence and presence of a diverse competitor B cell repertoire. For

B cells in the absence of competition (left panel, lanes 1-3),

B220+CD23+CD21intermediate follicular B cells were sorted from the spleens of

Ig-, non- or Ig/HEL-transgenic mice. For competing B cells, 2-4x107 CD45.1+

Ig/HEL-transgenic B cells were adoptively transferred into: CD45.2+ non

transgenic mice injected with 1 mg of HEL prior to cell transfer (lanes 4-5 of left

panel); CD45.2+ shEL-transgenic mice (lanes 6-9 of left panel), or, CD45.2+

non-trangenic mice (lanes 1-4 right panel). 18 hours later, B220+

CD21intermediate CD45.1+ (ig/HEL-double transgenic) or

B220+CD21intermediate CD45.1-(non-transgenic endogenous) B cells were

sorted from the recipient spleens. In the lanes indicated +BAFF, the recipient

mice were treated with 50 pg of huBAFF-HIS at 0 and 13 hours after transfer.

n.s., non-specific band detected with antiserum. Numbers shown below panels

represent the ratio of p52 to p100 for each sample. In different Western blot

analyses the large p100 protein was found to transfer with different efficiencies

and therefore the values obtained for the p52/p100 ratios can only be compared

for samples run on the same gel. The left panel represents a single gel (lanes 1

3 were exposed for longer than lanes 4-9) and the right panel is a separate gel
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showing duplicates samples form 2 separate experiments. Data for non

competing samples are representative of two experiments with sorted cells and

two experiments with autoMACS purified cells.

(B) Pim-2 mRNA levels in autoantigen-binding B cells in the absence and

presence of competitor B cells. Cells sorted as in panels (A) were used to

prepare mRNA and the amount of Pim-2 mRNA was measured by quantitative

RT-PCR. HPRT message was used as a control for equal mRNA loading.

Panel shows the mean and standard deviation from three Q-PCR runs for the

indicated number of independent samples. “p-0.001 for Ig/HEL-tg compared to

non-tg or Ig-tg using student T test.
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Figure 4
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Figure 5

Excess BAFF can rescue autoantigen-binding B cells from competitive

elimination.

(A) CD45.1+ Ig/HEL-double-transgenic spleen cells were adoptively transferred

into CD45.1- HEL-transgenic mice and recipients were treated with PBS or

hBAFF-HIS (50pg) twice daily. As a control for maximal rescue of autoantigen

binding cells, Ig/HEL-transgenic spleen cells were also transferred into non

transgenic recipients. Donor T cell numbers were monitored as a cell transfer

control. After 2 or 3 days CD45.1+CD19+ or CD45.1+HEL-binding cells and

CD45.1+CD3+ from recipient spleen and lymph nodes were quantitated. Data

shown are the mean (+sd) from 11-16 mice per group, pooled from 4

experiments after 2 or 3 days of transfer. Data are normalized to the non

transgenic recipient (set at 100%) from each experiment to account for the

different number of B cells transferred in the separate experiments. * p-0.001,

“p-0.00001 (student's T test).

(B) Distribution of transferred HEL-autoantigen binding B cells in mice treated for

three days with PBS or BAFF. Frozen spleen sections were stained to detect

total B cells (B220, brown) and transferred HEL-binding B cells (blue). In the

experiment shown, BAFF caused a three fold rescue of Ig-transgenic B cells as

determined by FACS quantitation.

(C and D) Rescue of autoreactive B cells in mixed bone marrow chimeras.

HEL-transgenic mice reconstituted with a mixture of CD45.1+ Ig-transgenic and
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CD45.1- Non-transgenic bone marrow (see Methods) were treated with PBS or

hBAFF-HIS (100pg) twice daily for 2.5 days. In (C), Spleen and LN cells were

stained to detect AA4, CD19, CD45.1 and HEL-binding. Left panels show total

lymphocyte-size gated cells with numbers showing percentage of total cells that

were CD19+AA4+ immature/transitional cells or CD19+AA4- mature cells. Right

panels show the CD19+AA4+ (upper panels) or CD19+AA4- (lower panels)

spleen cells from PBS or BAFF treated mice and numbers show percentage of

total cells within the indicated gates. In (D) the left and center panels show the

number of HEL-binding CD45.1+ CD19+ AA4- or AA4+ spleen cells or CD45.1+

CD19+ LN cells and the right panel shows the non-HEL binding CD45.1-CD19+

AA4- or AA4+ spleen cells and CD45.1- CD19+ LN cells as indicated. Data are

for three mice per group (mean +sd) and are representative of two experiments.
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Figure 5
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Figure 6

Elevated BIM levels in HEL autoantigen-binding B cells.

(A and B) Analysis of Bim mRNA and protein levels in autoantigen-binding B

cells in the absence and presence of competitor non-autoantigen binding B cells.

Transfers were performed and samples prepared as described in Figure 4. In

(A), data shown are the average and standard deviation from one Q-PCR

analysis of Bim mRNA relative to HPRT mRNA of the indicated number of sorted

B cell samples. * p-0.05 for comparison of Ig/HEL-tg and non-tg, “ p- 0.01 for

comparison of competiting Ig/HEL-tg and non-tg cells (student T test). In (B),

Bim protein was detected by Western blot in the indicated samples using anti

bim polyclonal antibody. Protein levels were determined with anti-B-actin

antibodies. The left panel is representative of two experiments with FACS

SOrted cells.
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Figure 7

Proposed model to explain elimination of autoantigen binding B

cells from a diverse B cell repertoire.

(A) The typical B cell in a diverse repertoire receives minimal death

signals through the BCR. With a constant amount of BAFF, an equilibrium

B cell number is achieved where each B cell receives enough BAFF to

survive many weeks. In a monoclonal Ig/HEL-transgenic repertoire the

autoantigen-binding B cells receive a stronger death signal, involving

increased levels of Bim expression, due to chronic BCR stimulation and

these cells are more dependent on BAFF for survival. Under these

conditions the equilibrium is shifted such that there are fewer B cells in

the compartment and more BAFF per B cell. When autoantigen binding B

cells are present in a diverse repertoire, the BAFF per B cell ratio is

insufficient for the autoantigen binding B cells to be protected from the

death signal and they are rapidly eliminated.

(B) Suggested relationship between autoantigen-induced BCR signal strength,

BAFF levels, and BAFF dependence for survival. Under normal conditions,

BAFF levels are fixed, B cell production is in excess and only the non- or

weakly-autoreactive cells that have a low or intermediate dependence on BAFF

can survive. Under conditions where BAFF production is elevated or B cell

production is reduced, BAFF levels per B cell are increased allowing strongly

autoreactive B cells that have a higher BAFF-dependence to survive.
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Chapter 3

Constitutive CD40L expression on naïve CD4 T

cells supports autoreactive B cell survival
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Summary

Chronic BCR engagement by soluble autoantigen leads to reduced B cell

survival. Here we demonstrate that autoreactive B cell survival is further reduced

Afrn nice deficient in CD4 T cells or that lack CD40. Naïve CD4 T cells are shown

fo constitutively express CD40L and surface expression is down-modulated by B

cells and other CD40 expressing cells. When transferred into hosts that lack

e r a clogenous CD40, autoreactive B cells are rescued from rapid competitive

e i i rmination. These observations establish a novel trophic pathway for

= Latoreactive B cell survival and they suggest a further explanation for the

= s.sociation between elevated CD40L abundance and the development of

= utoantibody-mediated disease.
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Introduction

Autoreactive B cells that arise in the bone marrow are kept in check by a series

of self-tolerance mechanisms. Cells with B cell receptors that bind multivalent

autoantigens in the bone marrow undergo receptor editing or deletion. B cells

that are specific for autoantigens of lower valency are able to enter the periphery

but chronic exposure to autoantigen induces IgM downmodulation and reduced

coupling of the BCR to downstream pathways, a state known as B cell anergy.

Induction of anergy has been described in several autoreactive B cell models

including the soluble Hen Egg Lysozyme (HEL) Ig-Tg and anti-dsDNA Ig-Tg

models (1, 2).

A study of autoreactive B cells in humans has shown that many autoreactive B

cells reach the periphery but fail to enter the long-lived mature B cell pool (3).

Recent work from our lab showed that the B cell survival factor BAFF is an

important survival factor for autoreactive B cells in the periphery, determining the

number of autoreactive B cells present in the repertoire(4, 5). However,

provision of excess BAFF was not able to achieve full rescue of autoantigen

binding B cells in mice with a diverse repertoire (4, 5), suggesting that there may

be competition for additional trophic factors.

In a previous study that examined anergic B cell survival in the absence of non

autoantigen binding competitor B cells by crossing the Ig and HEL-transgenes

onto a recombinase activating gene-1 (RAG-1) deficient background, B cell

83



survival was found to be reduced rather than increased (6). Since T cells as well

as competitor B cells were absent in these animals, this study raised the

possibility that T cells were needed for anergic B cell survival. However, this

observation was contrary to studies testing the effect of HEL-specific T cells on

autoantigen-binding B cells which showed that they cause the rapid elimination

of the B cells through a Fas dependent pathway (7-9). Hence, the mechanism by

vvhich RAG1-gene deficiency led to reduced autoreactive B cell survival has not

been explained.

Here we have tested the ability of naïve T cells to augment autoantigen binding

E cell survival. We establish that naïve CD4 T cells promote the survival of HEL

=utoantigen-binding B cells. CD40-deficient autoantigen-binding B cells are

found to have reduced survival and we show that CD40L is constitutively present

on naïve CD4 T cells. Moreover, we demonstrate that T cell CD40L expression

is down-modulated by CD40 expressing B cells. Removal of CD40 from

endogenous cell types allows transferred autoantigen-binding B cells to receive

sufficient amounts of CD40L to be rescued from rapid elimination. These

observations identify a novel trophic pathway that augments autoreactive B cell

Survival.



Results

T cells augment autoantigen-binding B cell survival

To determine whether the reduced survival of HEL-autoantigen binding B cells

developing on a RAG1-/- background was due to the absence of T cells, the Ig

and HEL-transgenes were crossed to a TCRBö-deficient background.

Autoantigen-binding B cells are usually reduced two-fold in number in Ig/HEL

ciouble-TG mice compared to Ig-transgenic mice and Brdu labeling studies have

shown that the 50% turnover time of the splenic autoantigen-binding B cell

population is approximately 1 week (10-12). However, in mice lacking T cells,

=utoreactive B cell numbers were decreased approximately 5-fold in the spleen

=nd 10-fold in lymph nodes (Fig. 1A). The remaining B cells were predominantly

immature based on CD23 and AA4 staining (13). Moreover, Brdu incorporation

studies showed that the majority (~90%) of Ig/HEL-double-Tg B cells in T cell

cleficient mice became Brdu labeled in 5 days (Fig. 1A) indicating that the cells

had a reduced lifespan.

Autoreactive B cells require CD40 for survival in the absence of

competition

A candidate T-cell derived B cell survival factor was CD40L. To investigate

whether autoreactive Ig/HEL-double-Tg B cell survival was influenced by CD40

signaling we bred Ig-Tg mice with CD40-deficient mice and used bone marrow

from these mice to reconstitute lethally irradiated non-Tg or HEL-Tg recipient

mice. With these bone marrow chimeras we were able to generate Ig-Tg or

Ig/HEL-double-TG B cells that were CD40-wildtype or CD40-deficient.
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Autoreactive B cell numbers were decreased approximately 5-fold in the spleen

and 10-fold in lymph nodes in the absence of CD40 (Fig. 1B), decreases similar

to those seen in T cell deficient mice (Fig. 1A) while the number of naïve Ig-Tg B

cells was only marginally affected by CD40 deficiency. Again, the remaining

autoantigen-binding B cells were predominantly immature based on CD23 and

AA4 staining (Fig. 1C). CD40-|- and WT Ig-Tg B cells showed a similar low level

of Brdu incorporation after one week of labeling (Fig. 1B). In contrast, the

rmajority (~90%) of the CD40-|- Ig/HEL-double-TG B cells became Brdu labeled

compared to 50% of Ig/HEL-double-Tg cells in controls (Fig. 1B) indicating that

the CD40-deficient cells were turning over more rapidly.

TTo test whether the CD40 requirement reflected a requirement for CD40L,

I g/HEL-double-TG mice were treated with a CD40L blocking antibody (clone

NR1) (Fig. 2A). Splenic Ig/HEL-double-TG B cells were transferred into the mice

=t the time of treatment to allow a cohort of cells to be tracked in the absence of

further contribution by bone marrow derived cells (Fig. 2B). In Ig/HEL-double-Tg

mice treated with CD40L blocking antibody for one week there was a 2-fold

reduction in autoreactive B cells numbers. A similar 2-fold decrease was seen in

the number of transferred autoreactive B cells in the CD40L blocked mice, while

transferred T cell numbers remained unaffected. Non-Tg and Ig-Tg mice lacking

HEL autoantigen were also treated with CD40L blocking antibody but there was

no effect on B cells numbers (Fig. 2A), consistent with the findings that CD40

and CD40L knockout animals have little to no reduction in B cell numbers (data
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not shown). These findings indicate that autoantigen-binding B cell survival was

augmented by CD40L engagement of CD40.

To determine whether CD4 T cells provided the CD40L signal we compared the

effects of CD40L blocking to CD4 T cell depletion. Similar to the effect of CD40L

blocking, CD4 T cell depletion by 9 days treatment with the GK1.5 anti-CD4

antibody led to a 2-fold decrease in autoreactive B cell numbers (Fig. 2C).

Blockade of CD40L in addition to CD4 T cell depletion did not cause any further

clecrease in autoreactive B cell numbers suggesting that the prosurvival effect of

T cells could principally be attributed to CD40L (Fig. 2C)

“Constitutive CD40L expression by naïve T cells and modulation by CD40

expressing cells

CD40L is typically considered to be a T cell activation molecule. To determine

whether CD40L was expressed in the absence of T cell activation we examined

transcript abundance in whole spleen and in purified T cells. Real-time PCR

analysis of whole spleen from unimmunized wildtype mice revealed notable

CD40L expression and this signal was absent in TCRB-I-6-/- animals (Fig. 3A).

Analysis of purified cells revealed that CD40L expression was highly enriched in

total CD4 T cells compared to whole spleen and CD62L"CD44°CD25-naïve

CD4 T cells showed the highest expression of CD40L (Fig. 3B). CD8 T cells and

CD25+ CD4 T cells also expressed CD40L though at lower abundance than in

naïve CD4 T cells.
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By flow cytometric analysis, CD40L expression was low to undetectable on the

surface of freshly isolated wildtype spleen or lymph node T cells (Fig. 3C).

However, in vitro studies have shown that CD40-mediated ligation can cause

down-modulation of surface CD40L expression (14, 15) and we therefore

examined CD40L expression on T cells from CD40 deficient mice. We detected

strong CD40L expression on the surface of naïve CD4 T cells from CD40

oleficient donors (Fig. 3C). Consistent with the mRNA expression analysis, the

highest levels of surface CD40L were detected on naïve CD4 T cells with lower

expression on regulatory (CD25+) and memory (CD62L”) CD4 T cells (Fig. 3C)

and little to no detectable expression on CD8 T cells (Fig. 3D). Following

activation by PMA and ionomycin treatment, CD40L transcript and surface

expression could be further upregulated (Fig. 3B and 3E). CD40L mRNA levels

were the same in wildtype and CD40-|- spleens and T cells, indicating that the

CD40L surface expression was not due to increases in transcript abundance

(Fig. 3A and data not shown).

Autoantigen-binding B cells are rescued from rapid competitive

elimination by CD40 engagement

If signaling through CD40 can provide a survival signal for autoreactive B cells

we anticipated that we might be able to rescue autoreactive B cells from

competitive elimination with excess CD40 engagement. We injected CD40-/- or

wildtype animals with soluble HEL (5 mg) and then transferred wildtype (CD40
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sufficient) autoreactive B cells from Ig/HEL-double-TG spleens, testing the

possibility that the autoreactive B cells could receive CD40 signals from the

abundant CD40L on the naïve CD4 T cells in the CD40-|- hosts. After 2.5 days,

5-10 fold more autoreactive B cells could be recovered from the CD40-/-

environment than from the wildtype environment (Fig. 4A). CFSE dilution

analysis demonstrated that the majority of the B cells had not divided while a

small number of cells had divided once (Fig. 4B).

B cells cause downmodulation of CD40L expression in naïve T cells

Following transfer of wildtype Ig/HEL-double-Tg spleen cells into CD40-deficient

hosts, CD40L levels on the host T cells were markedly downmodulated,

approaching levels on wildtype T cells (Fig. 4C). In CD40-/- recipients that

received transfers of purified non-transgenic B cells, there was a similar extent

of CD40L downmodulation on recipient CD4 T cells 2.5 days later (Fig. 5A).

Reciprocally, analysis of CD4 T cells from B cell deficient pim[T mice

demonstrated that CD40L could be detected, though not at the level observed

on T cells from CD40-deficient mice (Fig. 5B). Consistent with CD40L

downmodulation depending on continual engagement by CD40 on other cell

types, CD40L was detectable on the surface of WT naïve T cells in blood (Fig.

5B). These observations indicate that B cells contribute to CD40L down

modulation on naïve CD4 T cells but that additional cell types, most likely DC,

also promote down-modulation. They also suggest that there is extensive
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contact between B cells and T cells that involves CD40-CD40L engagement in

the absence of antigen stimulation.

Discussion

The above findings establish that autoantigen-binding B cell survival is

augmented by constitutive CD40 engagement. Naïve CD4 T cells are

demonstrated to express CD40L and exposure to B cell and non-B cell CD40

down-modulates surface CD40L expression. These observations establish a

novel trophic pathway for B cell survival and they suggest that there are frequent

encounters between naïve T cells and B cells under homeostatic conditions.

CD40 engagement by CD40L is well characterized as playing an important

costimulatory role in the activation of B cells, macrophages and dendritic cells

following encounter with activated helper T cells during antigen-specific immune

responses (16). Our experiments demonstrate that the CD40-CD40L system

also functions during homeostasis to promote the survival of peripheral B cells

that have chronically engaged BCRs. The survival of both mature and

transitional B cells was augmented by this pathway. B cells that lacked

autoreactivity were not found to be dependent on CD40 signaling for survival.

Autoantigen engaged B cells have elevated expression of the pro-apoptotic

molecule Bim and Bim is required for the rapid death of the cells(4, 17). CD40

signaling may protect from Bim mediated killing by activating NFkB and

promoting upregulation of anti-apoptotic Bcl-2 family member expression (18
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23). The cytokine BAFF is critical for B cell survival (24, 25). We propose that in

autoreactive cells, CD40 signaling works together with BAFF signaling to

antagonize the function of the increased amounts of Bim. It is important to

distinguish the present findings from previous studies examining the outcome of

interactions between autoantigen-specific T cells and anergic B cells. In these

prior studies, the autoreactive T cells were activated, causing them to upregulate

expression of CD40L and FasL, and the CD40 signals failed to protect the

anergic B cells from killing by FasL from the activated T cells (8, 9, 26, 27). In

the present study HEL-specific T cells are absent or very rare (28) and instead

we demonstrate that lower amounts of CD40L are provided by naïve non

antigen specific T cells. Naïve T cells express little FasL, and Bim rather than

Fas is the key mediator in promoting elimination of the cells under homeostatic

Conditions.

The finding that naïve CD4 T cells express abundant amounts of CD40L mRNA

was unexpected as CD40L is typically considered to be a T cell activation

marker (29, 30). However, the presence of pre-established CD40 mRNA in

freshly isolated T cells has been noted in prior studies, though the significance of

this expression was not further assessed (31, 32). In keeping with previous

studies, CD40L on the surface of T cells freshly isolated from lymphoid tissues

was low to undetectable. However, our analysis of cells from CD40-deficient

hosts revealed readily detectable surface CD40L. In vitro studies have shown

that CD40L is downregulated following encounter with CD40 expressing cells

91



(14, 33). Our studies suggest that this is an on-going process in vivo, with

CD40L reaching the surface of naïve CD4 T cells but then being rapidly

downregulated due to encounter with CD40-expressing cells. As T cells from B

cell-deficient mice show detectable surface CD40L, B cells appear to be one of

the CD40 expressing cell types that contribute to CD40L downregulation on

naïve T cells. CD40L expression in T cells from B cell-deficient HMT mice

remained lower than in T cells from CD40-deficient mice indicating that

additional CD40-expressing cells, most likely dendritic cells, contribute to

modulating CD40L on the T cells. Additionally, the T cells in the lymph nodes of

HMT mice had surface CD40L levels similar to wildtype lymph node T cells,

suggesting that most of the downmodulation of CD40L in the lymph nodes is due

to T cell interactions with CD40-expressing non-B cells (Fig. 5B, middle panel).

This is further supported by the observation that transfer of purified CD40+ B

cells is less efficient at promoting CD40L down modulation in the lymph nodes

compared to spleen (Fig. 5A, middle panels). Thus it appears that T cell

interactions with CD40+ B cells are more prevalent in the spleen and less

influential on CD40L levels on T cells in the lymph nodes.

The lack of detectable surface CD40L on naive CD4 T cells from wildtype

animals suggests that the cells are frequently in contact with CD40-expressing

cells. Our findings do not exclude the possibility that CD40 is secreted and able

to modulate CD40L at a distance. However, it is notable that T cells from blood

of WT animals have detectable CD40L, favoring the view that the CD40L
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downmodulation occurs through cell-cell contact within lymphoid tissues rather

than via the actions of soluble CD40. Although a splice variant of CD40 has

been described that lacks the transmembrane domain, this form was not

secreted (34); to date there is no solid evidence of soluble CD40 in mice. The

finding that short term blocking of CD40L can significantly affect autoreactive B

cell survival indicates that CD40L-expressing T cells are frequently encountering

and stimulating CD40-expressing B cells. The marked downmodulation of

CD40L on the entire naïve T cell population in CD40-deficient animals following

the transfer of 5x10° purified B cells suggests that this small number of B cells

comes into contact with all of the T cells in the 2.5 days of transfer. This was an

unexpected finding, but the rapid and extensive migration of T cells in the T/B

boundary regions observed by multiphoton microscopy (35) is consistent with

this possibility.

CD40-deficient mice were recently found to have reduced numbers of regulatory

T cells (36, 37). It was proposed that regulatory T cells were providing CD40L

and this was engaging DC to promote expression of IL-2 and possibly other

factors needed for regulatory T cell homeostasis(37). We also find that

regulatory T cell numbers are reduced in CD40-deficient animals. However, our

studies indicate that CD40L is expressed more abundantly in naïve T cells than

in regulatory T cells under conditions of homeostasis, and we therefore propose

that the necessary source of CD40L for regulatory T cell homeostasis is naïve

(CD25-) T cells. Such a dependence on naïve T cells may provide a mechanism
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to homeostatically link naïve and regulatory T cell numbers. Our findings also

suggest that constitutive CD40 engagement may contribute to maintaining the

distinct phenotype of DC and macrophages present within lymphoid organs

compared to cells resident in non-lymphoid sites.

Mice deficient in Bruton's Tyrosine Kinase (Btk) have reduced numbers of B

cells and analogously to our observations with anergic B cells, the B cell

deficiency is more severe in mice that also lack T cells or in animals also lacking

CD40 (38–41). Since basal BCR signaling is important for B cell survival and Btk

contributes to BCR signaling, it seems possible that Btk-deficient cells become

dependent on a tonic CD40 signal to compensate for a defective pro-survival

signal from the BCR. Alternatively, the CD40 signal may allow the BCR to signal

in the absence of Btk (42). In contrast to observations with autoantigen-binding

B cells, we have not found elevated Bim expression in Btk-deficient cells

(unpublished Obs). Thus, rather than requiring the CD40 signal to overcome

increased Bim levels, Btk-deficient cells may require the CD40 signal to

compensate for defective induction of anti-apoptotic molecules downstream of

the BCR.

In expression studies we have found that CD40 mRNA is downregulated 5-10

fold in autoreactive B cells under conditions of interclonal B cell competition

(unpublished Obs.). Autoantigen binding B cells receive less BAFF under

competitive conditions (4). Blocking BAFF, by treatment with huBCMA-lg, also
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lead to marked downmodulation of surface CD40 protein however did not lead to

the same extent of CD40 mRNA downmodulation as competitor B cells,

suggesting that additional effects of competition influence transcript expression

in the autoantigen engaged cells. In previous studies, providing increased BAFF

led only to a partial rescue of soluble HEL autoantigen-binding B cells under

conditions of competition (4, 5). Since autoantigen binding B cells in the absence

of competition depend on CD40 as well as BAFF signaling, we propose that the

reduced CD40 expression in autoantigen engaged cells under conditions of

competition contributes to their rapid elimination. Alternatively, it is possible that

the monoclonal Ig/HEL-transgenic envioronment, with 2-4 fold reduction in B cell

number, may lead to more frequent CD40L interactions by CD40-epxressing

autoreactive B cells. The data showing that autoreactive B cell survival is

enhanced in the CD40-deificient environment could be interpreted to suggest

that a full compartment of CD40-deficient B cells does not provide sufficient

competition to cause the elimination of autoreactive B cells. This data suggests

that CD40L signal from naïve T cells may be an additional survival factor that is

competed for by autoreactive B cells. The finding that autoantigen engaged B

cells are rescued from rapid competitive elimination in hosts that lack CD40 and

have more available CD40L suggests a mechanism by which selective elevation

of CD40 signaling may predispose to autoimmune disease.

Finally, we propose that in the normal B cell repertoire, a subset of autoreactive

B cells receives sufficient chronic BCR stimulation to become dependent on

º
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CD40 signals for survival. In addition, some B cells that have unstable BCRs

and low level BCR signaling may be rescued from rapid death by tonic CD40

signaling. The CD40-CD40L pathway has frequently been implicated in the

development of autoimmune diseases, including lupus and other autoantibody

mediated diseases, and inhibition of CD40L was found to have therapeutic

benefit in mouse disease models and in human lupus patients (43-47). It is

notable that in mouse and human lupus, elevations in CD40L have sometimes

been observed on bulk T cell populations or as a soluble form in circulation (48

53). It has been suggested that anti-CD40L therapy may have therapeutic

benefit by inhibiting the initial cognate CD40-CD40L interaction during antigen

specific T and B cell encounter or by disrupting CD40-CD40L interactions

between GC T cells and centrocytes (54). Our studies suggest a further stage

where CD40L blockade may have therapeutic benefit: by reducing the survival of

autoreactive B cells, helping purge the cells from the repertoire prior even to any

encounter with autoreactive T cells. It will be important in future studies to

determine whether genetic polymorphisms contribute to determining the level of

tonic CD40L transcription and surface expression by naïve CD4 T cells.
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Materials and Methods

Reagents

Anti-mouse CD40L (clone MR1) for in vivo blockade was from Pharmingen and

BioExpress, Inc. Anti-mouse CD4 (clone GK1.5) for in vivo depletion was from

BioExpress or Richard Locksley, UCSF. Hen Egg Lysozyme, BroU, PMA and

lonomycin were from Sigma-Aldrich. CFSE was from Molecular Probes.

Animals

Ig/HEL-double-transgenic mice were generated by crossing HEL-specific MD4

Ig-transgenic mice (1) to ML5 shEL-transgenic mice (28) or by making radiation

chimeras as described (11) using MD4 Ig-transgenic bone marrow to repopulate

lethally irradiated (1100 Rads) ML5 shEL-transgenic mice. CD40-/- mice on a

C57BL/6 background were purchased from Jackson Laboratories and some

were crossed to the MD4 Ig-transgenic mice as well, again radiation chimeras

were made to generate Ig/HEL-Tg/CD40-/- mice. Ig/HEL-Tg■■ CRB-■ -à-l- were

generated by crossing Ig/HEL-double-transgenic mice to C57BL/6 TCRB-■ -à-/-

from Jackson Laboratories. CD40L-l- and p■ /T mice were also purchased from

Jackson Laboratories. Mixed bone marrow chimeras were produced by

reconstituting shBL-transgenic mice with 50% CD45.1 Ig-transgenic/CD40+/+ or

Ig-transgenic/CD40-1- bone marrow and 50% CD45.2 Ig-transgenic bone

ma■■ OW.

Adoptive Transfer
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Adoptive transfers were intravenous and all other treatments were

intraperitoneal. All donors and recipients were sex matched. In most cases, T

cells in the donor spleen preparations were used to assess uniformity of cell

transfer numbers in each animal. To study rescue from competition, Ig/HEL

double transgenic spleen cells were labelled with CFSE as previously described

(55) and injected intravenously into B6 or CD40-/- mice that had been injected

with 5 mg of HEL 3 hrs prior. Spleen cells were injected such that each recipient

received 5-8 x10°lg/HEL double transgenic B cells. In experiments where

purified B cells were transferred, CD45.1 spleen cells were negatively depleted

by AutoMACs using biotinylated antibodies against CD43(S7), CD11c and

Ter119, followed by streptavidin-microbeads. Enriched cells were 97-98%

CD19+.

Flow cytometry

Single cell suspensions from spleen, mesenteric and brachial lymph nodes, or

blood (RBC lysed) were incubated with various antibodies for four color flow

cytometry on a Becton Dickinson FACS Caliber. Monoclonal antibodies to Brdu,

CD45.1, CD19, B220, CD23, CD40, CD62L, CD44, CD25, and Streptavidin-PE

were from BD Pharmingen (San Diego, CA). Anti-IgM-FITC was from Jackson

ImmunoResearch Labs. Anti-IgE) was from Southern Biotech or BD

Pharmingen. Antibodies to CD4 and CD8 were from Caltag Laboratories or BD

Pharmingen. AA4-APC and anti-mouse CD40L-biotin (clone MR1) were from e

biosciences. The Hamster IgG-biotin isotype control was from Biolegend and
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was used at the same concentration as anti-CD40L-biotin. Streptavidin-APC was

from Molecular Probes (Eugene, OR). HyPIEL9-PECy5.5 was from custom

conjugations performed by Caltag laboratories. All sorted B cells were >98%

pure.

Taqman Real Time PCR analysis

Spleens were taken from mice as indicated. For purified T cells, C57/BI6

spleens were harvested and cell suspension were made. Cells were enriched

prior to sorting by negative selection on AutoMACs to deplete CD19+, CD11c3.

and Ter119+ cells. Remaining cells were stained for CD4, CD8, CD62L, CD25,

CD44 and propidium iodide to exclude dead cells. Cells were sorted on a

Beckton Dickinson FACSAria. For AutoMACS enriched T cells WT or CD40-/-

spleens were harvested and cell suspensions were made. Cells were stained

with biotinylated CD19, CD8, Gr-1, Mac-1, Ter119, CD11c, CD25, NK1.1 and I

Ab (all from Pharmingen) followed by Streptavidin-microbeads (Miltenyi) and run

on AutoMACS. Total WT spleen or cell pellets were snap frozen in liquid

nitrogen and RNA was prepared by using RNeasy kit (Qiagen). Equivalent

amounts of cDNA were used in quantitative PCR on an AB| 7700 sequence

detection instrument (Taqman; PE Applied Biosystems) using primer/probe sets

with SYBR Green (Biorad). Primer pairs, including their specificity, orientation

(forward, F, reverse, R) and sequence were as follows: HPRT(F-

AGGTTGCAAGCTTGCTGGT, R-TGAAGTACTCATTATAGTCAAGGGCA)

CD40ligand(F-GTGAGGAGATGAGAAGGCAA, R

99



CACTGTAGAACGGATGCTGC)

Cell culture

CD4+ T cells from WT and CD40-/- spleens were enriched by negative selection

on an AutoMACs using biotinylated antibodies against CD19, CD11c and

Ter119, followed by streptavidin conjugated microbeads. Some cells were kept

on ice or snap frozen for “Fresh" preparation and remaining cells were plated in

12 well plates at 3.5x10° cells/ml in RPMI + 10%FCS at 37°C and rested or

stimulated for 2 hrs with 10ng/ml PMA and 1pg/ml ionomycin and then stained

for FACs analysis or snap frozen for mRNA quantitation.
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Figure 1

Reduced survival of HEL autoantigen-binding B cells in T cell deficient

mice and in mice lacking CD40.

A. lg-Tg and HEL-Tg mice were crossed to a TCRB-I-6-|- background to

generate Ig-Tg and Ig/HEL double-Tg mice on a T cell deficient background.

Adult mice were given water containing BroU for 5 days and analyzed. Spleen

and lymph node cells were stained for CD19, HEL, AA4 and CD23 to distinguish

immature (AA4+CD23-), transitional (T2 and T3 inclusive) (AA4+CD23+) and

mature (AA4-CD23+) HEL-binding B cells (13). Bone marrow cells were stained

for B220, IgM and IgE and immature B cells were identified as B220+lgM+lgD-.

Spleen cells were also stained for B220, HEL-binding and Brdu. Data show 3 lg

Tg and 5 Ig-Tg/HEL-Tg mice from 2 separate experiments. B. Bone marrow

from CD40+/+ Ig-Tg or CD40-/- Ig-Tg mice was used to reconstitute lethally

irradiated non-Tg and HEL-Tg recipient mice. After 6–8 weeks mice were given

water containing Brdu for 5 days and then analyzed as in A. Data shows 6 mice

per group from one set of BM chimeras. C. Examples of AA4 and CD23 profiles

of splenic B cells of mice in part B. Plots shown are gated on size, B220 and

HEL-binding. Part A was gated similarly.

*p-0.002 by Student T test
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Figure 1
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Figure 2

CD40L blocking and depletion of CD4 T cells lead to similar reductions in

autoantigen-binding B cell numbers.

A. Blocking CD40L leads to decreased survival of autoreactive B cells. Non-Tg,

Ig-Tg and Ig/HEL-Tg mice were treated with 250pg monoclonal Hamster anti

mouse CD40L (clone MR1) or hamster IgGs on day 0, day 2, day 5. After 7 days

HEL binding (in Ig-Tg and Ig-Tg/HEL-Tg) or total B cells (in non-TG) in spleen

and lymph nodes were enumerated. Only Ig-Tg/HEL-Tg B cells were

significantly affected by CD40L blocking. T cells from all types of mice were

unaffected. Ig/HEL-Tg data show n=6 from two separate experiments compiled.

For non-Tg and Ig-Tg n=3. B. Congenically labeled CD45.1 Ig-Tg/HEL-Tg cells

were transferred into Ig-Tg/HEL-Tg recipients 1 hr after treatment of recipient

mice with 250pg anti-CD40L or control. Mice were treated and analyzed as in

part A using antibody against CD45.1 to distinguish host and transferred cells.

Cotransferred CD45.1+ CD4+ T cells were also enumerated as a control. Data

show n=6 from two separate experiments compiled. C. Depletion of CD4+ T

cells leads to decreased survival of autoreactive B cells. Ig/HEL-Tg mice were

treated with anti-mouse CD4 (clone GK1.5) (d0, d4) to deplete CD4 T cells or

GK1.5 in combination with anti-CD40L or control antibody (d0, d3, d6). Mice

were treated for 9 days and then HEL binding B cells were enumerated as in A

and B. Data show 9 mice from 3 separate experiments except the double

treated group, which show 3 mice from one experiment. * p-0.05 by student T

test
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Figure 2
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Figure 3

CD40L is constitutively expressed by naïve CD4 T cells and is detectable

on the surface of T cells in CD40-deficient mice.

A. CD40L transcript abundance in spleen tissue. Spleens were harvested from

WT (n=5), CD40-/- (n=5), or TCRB-I-6-/- (n=3) mice, snap frozen, cDNA was

prepared and CD40L and HPRT mRNA was quantitated by Taqman q-PCR. B.

CD40L transcript abundance in purified T cell subsets. T cell subsets were

sorted from WT splenocytes using the following criteria: total CD4+, total CD8+,

naïve CD4+ (CD4+CD25-CD62L"CD44°), naïve CD8+ (CD8+ CD62L"),

CD4+CD25+. Cell were maintained at 1-4°C during all procedures. Data show

results from two separate experiments. For fresh and stimulated cells, CD4+ T

cells from WT and CD40-/- spleens were enriched by negative selection on an

AutoMACs. Cells were snap frozen immediately after enrichment (fresh) or

stimulated cells at 37°C for 2 hrs with 10ng/ml PMA and 1pg/ml ionomycin

(PMA+lono) and then snap frozen. CD40L and HPRT mRNA was quantitated by

Taqman q-PCR. Data are representative of 2 separate cell preps. C. Flow

cytometric analysis of CD40L expression by CD4 T cells. Spleen and lymph

node cells from WT, CD40-/- and CD40L-■ - were stained for CD4, CD62L, CD25

and CD40L. Data are representative of more than 5 experiments comparing WT

and CD40-/- and 3 experiments with CD40L-l-cells. D. Flow cytometric

analysis of CD40L expression by CD8 T cells. Spleen cells from WT, CD40-1-

and CD40L-/- were stained for CD8, CD62L, CD25 and CD40L in same

experiment as shown in Figure 3C. E. Flow cytometric analysis of CD40L
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expression on in vitro activated CD4 cells. Whole spleen cells were stimulated

as in B. After 2 hrs on ice (fresh) or at 37°C without (rest) or with PMA and

lonomycin (PMA+lono), cells were harvested and stained for CD4 and CD40L.
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Figure 3
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Figure 4

Excess CD40L availability can rescue autoantigen-binding B cells from

competitive elimination.

A. CFSE labeled Ig/HEL-Tg spleen cells were transferred into WT and CD40-1-

mice that had been treated with 5 mg of HEL (i.p.) 3 hours earlier. Some mice

also received 1 mg anti-CD40L or control antibody 1 hr prior to cell transfer.

After 2.5 days recipient spleen, lymph node and blood were harvested and

transferred CFSE+ HEL-binding cells were quantitated. Bars show the average

of 2 mice per group and are representative of 4 experiments except for the anti

CD40L treated group, which represents two experiments. B. Minimal cell

division is seen in Ig-Tg/HEL-Tg B cells transferred into the CD40-1-

environment. Data show CFSE dilution of Ig-Tg/HEL-Tg B cells after 2.5 days in

WT recipient in the absence of antigen (shaded histogram), and in CD40-1-

recipients in the presence of autoantigen HEL (two examples are shown as solid

and dashed histograms). Data are representative of 3 experiments of 2 mice

per group. C. Transfer of 5x10°lg-Tg/HEL-Tg B cells into CD40-|- recipients

causes downregulation of CD40L on host naïve T cells. After transfers as

described in A host spleen cells were stained for CD4, CD62L and CD40L. Data

are representative of 4 experiments.
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Figure 4
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Figure 5

CD40 on B cells as well as non-B cells causes the downmodulation of

CD40L on naïve T cells.

A. CD40L expression in CD40-|- after transfer of CD40+/+ purified B cells. B

cells from CD45.1+ spleens were enriched by negative depletion on autoMACS.

Cells were 97-98% CD19+ after enrichment. 5x10° cells were transferred into

CD40-/- mice and after 2.5 days spleen, lymph nodes and blood were harvested

from recipient mice as well as from untreated WT and CD40-/- mice for

comparison. Cells were stained for CD4, CD62L, CD40L and CD25. Data are

representative of 2 experiments with different cell numbers. B. CD40L

expression in WT, CD40-|- and pim[T spleen, lymph nodes and blood, with

CD40L-1- for comparison. CD40L expression on CD4+CD62Lhi cells is shown

and the data are representative of 5 p.MT mice from 4 experiments.
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Figure 5
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Chapter 4

Conclusions and Discussion
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Autoimmune diseases are a result of a breakdown in the mechanisms

used by the immune system to eliminate or tolerize autoreactive lymphocytes.

Many autoimmune diseases such as lupus and Graves' disease result from the

production of autoantibodies by B cells specific for self-antigens. While strongly

self-reactive B cells are eliminated in the bone marrow it is common for some

self-reactive B cells to reach the periphery, where they are either deleted or

anergized. In order to reduce the opportunity for these anergic, autoreactive B

cells to become activated they are excluded from B cell niches and have a

markedly reduced lifespan. The overall goal of this work has been to further our

understanding of the mechanisms used by the immune system to regulate the

numbers of circulating autoreactive B cells. In this dissertation I have examined

some of the extrinsic mechanisms regulating the survival of autoreactive B cells

within the B cell repertoire. In addition, my studies have highlighted the role of

the pro-apoptotic molecule Bim in the elimination of autoreactive B cells. I found

that autoantigen engaged B cells have a greater requirement for survival signals

such as BAFF and CD40, needed to counteract the death signal downstream of

the chronically engaged BCR.

In chapter 2, I showed that while BAFF is needed to maintain the survival

of all mature B cells, autoreactive B cells have a greater dependence on BAFF.

In a monoclonal B cell repertoire where all of the B cells are autoreactive and

have the same high dependence on BAFF the B cell compartment size

equilibrates at a level that allows each cell to get the greater amount of BAFF

required for it's survival. Thus the amount of BAFF available per B cell is greater
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in the monoclonal autoreactive repertoire. In a diverse B cell repertoire, the vast

majority of B cells are non autoantigen-binding and are dependent on less BAFF

for survival, subsequently the B cell compartment size equilibrates at a higher

number of B cells. In this situation the amount of BAFF per B cell is lower such

that any autoreactive B cells present do not receive the amount of BAFF

required for their maintained survival and are rapidly eliminated from the B cell

pool. I showed data suggesting that this increased requirement for BAFF is due

to an increased level of Bim in autoreactive B cells. This increase in Bim is likely

to be due to the chronic engagement of the BCR as BCR stimulation induces

Bim mRNA expression and protein. The ability of BAFF to provide some

protection to autoreactive B cells in the presence of this increased Bim suggests

that one of the functions of BAFF is to protect B cells from Bim induced cell

death. As naïve B cells have constitutive Bim protein and are dependent on

BAFF for survival during homeostasis we hypothesized that BAFF maintains B

cells survival by antagonizing Bim. To investigate this hypothesis we treated

wildtype or Bim-deficient mice with the BAFF inhibitor, BCMA-Ig, for one week

and looked at the survival of B cells in these two groups. Interestingly, Bim

deficient cells were relatively protected from BAFF depletion with 70% of the B

cells remaining after 1 week of treatment whereas in wildtype mice only 20% of

the B cells remained after 1 week of BAFF depletion (Figure 1A and B). When

we examined intracellular levels of Bim protein in B cells that had been deprived

of BAFF we did not see an increase in Bim levels (Figure 1C) suggesting that

BAFF does not directly affect Bim levels but rather promotes survival by
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antagonizing Bim function. It had previously been reported that B cells treated

with BAFF in vitro had increased Bcl-2 (1-3) and similarly B cells from BAFF-Tg

mice showed elevated levels of Bcl-2 (4). In addition, two groups have

demonstrated that a Bcl-2 transgene could partially compensate for the B cell

deficiency in mice with impaired BAFF pathways, suggesting that one of the

ways BAFF promotes B cell survival is by maintaining high levels of Bcl-2 (5, 6).

We also examined intracellular levels of Bcl-2 in both Bim-■ -H and Bim-/- mice

treated with the BAFF inhibitor BCMA-Ig and found that intracellular Bcl-2 levels

were reduced in the remaining follicular B cells compared to B cells from control

treated mice. Interestingly Bcl-2 levels were already lower in Bim-■ - B cells than

Bim-14 B cells and were further reduced upon BAFF depletion. One reason for

this lower level of Bcl-2 in Bim-■ - B cells may be that they are receiving less

BAFF per B cell due to the approximately 2 fold increase in B cell numbers in

these animals.

Interestingly, when Bcl-2-transgenic mice were crossed to mice with a

BAFF deficiency follicular but not marginal zone (MZ) B cell numbers were

rescued suggesting that BAFF is required for marginal zone B cell development

independently of its survival functions (5, 6). However, when we depleted BAFF

in Bim-deficient animals we saw that Bim-deficiency was able to prevent loss of

MZ B cells. This difference could be due to the time course of these

experiments. In the Bcl-2 transgenic experiments BAFF is absent throughout B

cell development. In the absence of BAFF MZ B cells may not develop,

however, in our blocking experiment BAFF is only absent for 1 week so MZ cells
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could develop in the presence of BAFF and Bim-deficiency may then be

sufficient to prevent death of already mature MZ B cells. Further evidence that

BAFF is required for B cell development independently of its survival function is

seen in the almost two-fold accumulation of transitional 1 (T1) B cells when

BAFF is depleted in Bim-deficient animals (Figure 1). This may be due to a

block in B cell development at the first BAFF dependent stage. This is

consistent with the expression pattern of BAFF-R on developing B cells.

Immature B cells do not express BAFF-R and are independent of BAFF for their

survival and development. T1 B cells express low levels of BAFF-R and are

also independent of BAFF as evidenced by the B cell development block after

the T1 stage seen in BAFF and BAFF-R deficient mice (7-9). B cells start to

express high levels of BAFF-R at the T2 stage and maintain high levels of the

receptor throughout their mature lifespan (2, 10). Our data suggest that Bim

deficiency is substantially protective for B cells at all BAFF dependent stages.

Our findings indicate that elevated BAFF levels may predispose to

autoimmunity by increasing the threshold amount of chronic BCR signaling that

is required to cause B cell deletion in the periphery. When B cells receive

chronic stimulation through the BCR they upregulate Bim, if there is excess

BAFF in the animal it will allow cells with higher levels of BCR stimulation, and

therefore higher levels of Bim, to survive (Chapter 2, Figure 7).

Interestingly, we found that autoreactive B cells in the presence of

competition have even higher levels of Bim than autoreactive B cells in the

monoclonal repertoire (Chapter 2, Figure 6). At first we considered the
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possibility that this higher level of Bim maybe due to the decreased amounts of

BAFF these B cells are receiving. However, subsequent experiments showed

that Bim levels were unaffected by the presence or absence of BAFF (Figure

1C). In fact, when autoreactive B cells were rescued from competition by

exogenous BAFF we found that Bim protein levels were even higher, suggesting

that the increased BAFF was permitting the survival of cells with very high levels

of Bim. While we believe that BAFF can protect cells from high Bim levels we do

not know what caused this substantial increase in Bim in the presence of

competitor B cells. There is a possibility that the increased Bim seen in

competition is due to increased antigen binding, as Ig/HEL-Tg cells transferred

into HEL-Tg have more antigen availability due to the lower numbers of HEL

binding cells. However, when Ig/HEL-Tg animals were injected with up to 8 mg

of HEL, which fully saturates all of the HEL-binding BCRs, we did not see an

increase in Bim mRNA or protein levels (unpublished observations). While this

experiment rules out increased BCR occupancy as the reason for increased Bim

levels, it does not rule out the possibility that the antigen is crosslinked or

presented differently to HEL-binding B cells in the presence of competitor B

cells. At present we do not know what causes the further increase in Bim levels

in autoreactive B cells in the presence of competition. It could be due to a

reduction in trophic factors or due to an increase in death promoting factors that

the autoreactive B cells experience differently when in a competitive

environment.
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To further characterize differences between the monoclonal and

competitive environments we performed microarray analysis on Ig/HEL-Tg B

cells in a monoclonal or competitive environment. These data will be a starting

point for future projects in the lab identifying more potential molecules involved

in competitive elimination. In parallel with the array comparing autoreactive B

cells in the presence or absence of competition, we performed array analysis of

follicular B cells in the presence or absence of BAFF. We hypothesized that if B

cells are eliminated in competition due to reduction in BAFF signals then we

should see a subset of genes that are co-regulated by competition and BAFF

depletion. In fact this was the case (Figure 2). In the lower-left quadrant are

several genes that were downregulated in B cells when BAFF was depleted and

in autoreactive B cells when in the competitive environment. As expected we did

not see an effect of BAFF depletion on Bim expression, while we saw strong

induction of Bim in competition. We also observed that BAFF promotes BC-2,

CD21 and NFkB2 expression as expected. The presence of BAFF affected the

expression of only about 240 genes, while the presence of competitor B cells

affected almost 5000 genes. The genes most strongly regulated by BAFF are

decreased in competition.

One of the genes that was co-regulated by BAFF and competition in our

arrays was CD40. CD40 was approximately five-fold downregulated on

autoreactive B cells in the presence of competitor B cells and less than two-fold

downregulated by BAFF depletion. We had already become interested in CD40

as a potential regulator of autoreactive B cell survival because of experiments
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done years earlier in the lab suggesting that autoreactive B cell survival was

decreased in the absence of T cells (11). This suggested to us that T cells were

providing signals that promote the survival of autoreactive B cells. We

considered CD40L as a potential candidate and our interest was bolstered when

CD40 emerged in the array analysis. In chapter 3 l investigated the role of the

CD40 pathway in autoreactive B cell survival. We showed that autoreactive B

cells lacking CD40 have reduced lifespans and that this effect is mediated by

CD40L on naïve T cells. We provided evidence that CD40L is present in high

levels on all naïve CD4+ T cells and is downmodulated on the surface of T cells

by CD40 expressing cells including B cells. The fact that CD40L is

downmodulated on all T cells in a wildtype environment and the fact that short

term CD40L blocking can affect autoreactive B cell survival suggests that B cells

are constantly coming in contact with CD40L on naïve T cells (Figure 3). This

finding has many implications for the role of CD40 and CD40L in homeostasis.

It had been previously thought that CD40L was expressed transiently upon T cell

activation and its expression had to be tightly regulated to prevent autoimmunity

(12-14). However our data suggest that there is constant CD40/CD40L

interaction and raise the question of why CD40L would need to be expressed

constitutively. We don't believe that constitutive CD40 signal is required for B

cell development and survival as CD40-/-, CD40L-l- and T cell-deficient mice

have normal B cell numbers (unpublished observations R.L. and J.G.C.).

However, there are cell types other than B cells that express CD40; CD40 is

also expressed on monocytes and dendritic cells (DCs) and is important in the
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maturation of dendritic cells to highly efficient antigen presenting cells (14, 15).

It will be interesting to examine whether DC development or numbers are

effected in CD40/CD40L deficient environments. Another possible role for

CD40/CD40L in homeostasis has recently been suggested by two studies

showing that CD40-/- and CD40L-■ - mice have reduced numbers of regulatory T

cells (Tregs) (16, 17). Perhaps DCs require signaling through CD40 to properly

support the development or survival of Tregs. In one study the authors suggest

that this CD40 signal may be provided by CD40L on the Tregs themselves (17),

but our data showing that CD40L is constitutively expressed by naïve CD4 T

cells suggests an alternative source of CD40L. This possibility is currently being

examined in the lab.

In Chapter 3, I also showed that naïve CD4+ T cells from CD40-/- mice

have high surface levels of CD40L. Additionally, the transfer of a relatively small

number of CD40+ B cells was able to induce significant downmodulation of

CD40L on the recipient T cells. This data has implications for the amount of

contact occurring between naïve T and B cells in homeostasis. In future it will

be informative to use CD40L downmodulation as a readout to examine how

often T and B cells come in contact. Experiments are already underway in the

lab titrating the number of B cells and examining the kinetics of B cell induced

CD40L downmodulation. While we were able to show that the CD40L

downmodulation can be mediated by purified B cells, we also know that B cells

are not the only cells causing this downmodulation in vivo as B cell deficient

mice also have significantly downmodulated CD40L compare to CD40-/- mice.
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These data indicate that both CD40+ cells and CD40+ non-B cells are

contributing to the downmodulation of CD40L in vivo, suggesting interaction of T

cells with both CD40+ B and non-B cells. Interestingly, when we made bone

marrow chimeras by reconstituting lethally irradiated CD40+/+ recipients with

CD40-/- bone marrow, we saw intermediate levels of CD40L on the surface of

the naïve T cells suggesting CD40 contributions from both hematopoietic and

radiation-resistant cells (unpublished observations R.L and J.G.C.). A possible

radiation-resistant source of CD40 is vascular endothelium, which has been

shown to constitutively express high levels of CD40 (18). We do not know at this

point if all CD40L downmodulation is mediated by cell contact with CD40+ cells

or if there is soluble CD40 present in the mouse that is capable of causing

CD40L downmodulation.

In Chapter 3, I showed that autoreactive B cells could be significantly

rescued from competitive elimination by providing excess CD40L. This was not

entirely surprising as CD40 stimulation has been shown to be able to overcome

autoreactive B cell anergy in vitro in several B cell transgenic models (19–22),

suggesting that T cell help can overcome anergy and induce antibody response

from autoreactive B cells (23). However, other groups have shown in vivo that

interaction of anergic B cells with antigen activated helper T cells leads to Fas

induced death in the anergic B cells even in the presence of CD40L signal (21,

24, 25). It is important to note that in this situation the T cells are antigen

activated and therefore express CD40L and Fasl on the cell surface; expression

of both of these T cell factors is required to induce T cell mediated elimination of
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autoreactive B cells. However in the Ig/HEL-Tg model, used in my studies,

thymic deletion is intact and there are no activated HEL specific T cells (26). In

addition, we did not observe evidence of a loss of anergy when autoreactive B

cells were exposed to the high surface levels of CD40L in the CD40-1-

environment. We detected minimal division of the autoreactive B cells, but we

did see a slight increase in B7.2 and Fas expression. The HEL-binding B cells

were still excluded from the B cell follicle, though they were perhaps slightly

more toward the follicle side of the T-B boundary than HEL-binding B cells in the

CD40+/+ background (data not shown). Taken together we do not believe that

anergy was overcome in this situation. The difference from earlier papers where

they saw loss of anergy with T cell help may be due to a quantitative difference

in CD40L levels. While CD40L is present on the surface of naïve CD4+ T cells in

the CD40-|- host, this level is not as high as that induced upon T cell activation.

In papers showing loss of anergy in autoreactive B cells they were providing

anti-CD40 agonistic antibody or T cell help from antigen stimulated T cells,

whose levels of CD40L may be significantly higher than those on the naïve

CD40-/- T cells. Furthermore, it is likely that activated T cells provide additional

stimuli such as cytokines, like IL-4, as well as other TNF-receptor family

members that may act synergistically with CD40L to promote B cell activation.

In the microarray study we found that CD40 mRNA is downregulated 5-7

fold in autoreactive B cells under conditions of interclonal B cell competition.

Although autoantigen binding B cells receive less BAFF under competitive

conditions, blocking BAFF by treatment with BCMA-Ig did not lead to the same
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extent of CD40 mRNA downregulation (Figure 2). This suggests that, as with

Bim induction, additional effects of competition, indepent of BAFF availability,

are influencing CD40 expression in autoreactive B cells. In Chapter 2, provision

of exogenous BAFF led only to a partial rescue of autoreactive B cells under

conditions of competition. Since autoantigen-binding B cells in the absence of

competition depend on CD40 as well as BAFF signaling, our data suggest that

reduction in CD40 levels could be fatal to autoreactive B cells. The finding that

autoantigen engaged B cells are rescued from rapid competitive elimination in

hosts that lack CD40, and have more available CD40L, suggests that the

reduced CD40 level seen in autoreactive B cells is still capable of providing

enough CD40 survival signal if the ligand is in excess. Taken together these

data suggest a mechanism by which elevation of CD40L may predispose to

autoimmune disease.

While several previous studies have identified factors that can reverse

anergy or promote autoreactive B cell survival, very little was known about how

autoreactive B cells are eliminated from the B cell repertoire. During my

graduate research I have studied two B cell trophic pathways and demonstrated

their involvement in the regulation of autoreactive B cell survival. Both of these

pathways had previously been correlated with the occurrence of autoimmune

disease in humans (27, 28). Our findings suggest mechanisms for how

disregulation of the BAFF or CD40L pathways can predispose to autoimmunity.

In addition, our findings highlight how competition amongst B cells is important in

tipping the B cell repertoire towards immunity rather than autoimmunity.
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Figure 1

Reduced BAFF dependence of Bim-deficient B cells.

Lethally irradiated CD45.1 mice were reconstituted with CD45.2 Bim-14

or Bim-/- bone marrow. 6 weeks after reconstitution mice were treated with

100pg or huBCMA-lg or control-hulgG on day 0 and day 4. On day 7 spleens

and lymph nodes were harvested and B cells were enumerated. Mature B cells

were defined as CD45.2+CD19+AA4-CD23+, transitional (T2 and T3) B cells as

CD45.2+CD19+AA4+CD23+, T1 as CD45.2+CD19+AA4+CD23- as by Allman

and Hardy(29), and MZ B cells as CD45.2+CD19+IgM"CD1d". Data show 5

mice per group and are representative of 4 similar experiments. A. Total cells

counts for all BCMA-Ig and control-lg treated groups. B. Percent of each cell

subset remaining in BCMA-lg treated groups. For each cell subset the control-lg

treated mice of each genotype were set at 100% (red line). C. BAFF depletion

does not affect intracellular Bim levels. Intracelluar Bim staining of

CD45.2+B220+ B cells from same mice as in part A and B. Spleen cells were

fixed and permeabilized using Beckton Dickinson Cytofix/Cytoperm kit. Cells

were stained with Rat anti-mouse Bim mAb (clone 10B12 provided by A.

Strasser) followed by anti-Rat-PE (Jackson ImmunoResearch Labs). Remaining

anti-Rat binding was blocked using 4% normal rat serum and then cells were

stained for B220 and CD45.2.
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Figure 2

Microarray analysis of follicular B cells in the presence or absence of

BAFF compared to microarray analysis of autoreactive B cells in the

presence or absence of competition.

For the BAFF array (X-axis), C57BL/6 mice from Jackson were treated

with 200pg of huBCMA-lg or control-lg for 48 hrs after which time the

effectiveness of BCMA-lg treatment was assessed by downmodulation of

surface CD21 and CD23 and intracellular Bcl-2. Follicular B cells from both

groups were sorted based on the criteria B220+AA4-CD23+CD1d” and dead

cells were gated out with propidium iodide. Data shown are averaged from 3

such treatments and sorts.

For the competition array (Y-axis), CD45.1 Ig/HEL-Tg spleen cells were

transferred into CD45.2 Ig/HEL-Tg mice (Non-competitive environment - all cells

are HEL autoantigen-binding) or CD45.2 shBL-Tg mice (Competitive

environment - only the transferred B cells are HEL autoantigen engaged). All

recipient mice were injected with 4-8 mg of HEL 3 hours prior to cell transfer to

promote full saturation of the Ig-transgenic B cell receptors. 18 hours after cell

transfer CD45.1+B220+CD21" cells were sorted out from the spleen cells of

each type of recipient. All cell preparation and cell sorting was performed at 1

4°C. Data shown are averaged from 3 experiments.

After cells were sorted, pellets were snap frozen and RNA was prepared

using an RNeasy kit. Double stranded cDNA was synthesized using Invitrogen

SuperScript Kit and then one (BAFF array) or two (Competition array) rounds of
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RNA amplification and labeling were done using MEGAscript TV Kit from Ambion

and/or BioArray Highyield T7 Kit from ENZO Life Sciences, Inc. Hybridization to

Affymetrix Mouse Genome 430 2.0 Array genechips was performed by the Gene

Microarray Core Laboratory for the Immune Tolerance Network and data was

normalized and compiled by Dr. Ru-Fang Yeh at the center for Bioinformatics

and Molecular Biostatistics.

Each dot on the graph represents a gene. On the X-axis the numbers are

the log2 ratio of the values for the BCMA-lg treated group over the values for the

same gene spot in the control-lg treated group. Thus, genes whose expression

was decreased when BAFF was depleted are to the left of the zero. On the Y

axis the numbers are the log2 ratio of the values for the autoreactive B cells in

the competitive environment over the values for the same gene spot in the non

competitive group. Thus, genes whose expression was decreased in the

competitive environment are below the zero and genes that were induced by the

competitive environment are above zero.

Only genes with a -0.2 > log2natio ~ 0.20 are shown on the graph.
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Figure 3

Proposed model for constitutive CD40L expression and downmodulation

by CD40 expressing B cells.

We show that CD40L is constitutively expressed on the surface of naïve T

cells. We propose that as naïve T and B cells randomly migrate through their

respective zones they regularly contact each other, promoting the survival of

anergic or BCR impaired B cells. Ligation of CD40 by CD40L leads to the

downmodulation of CD40L on the naïve T cells. Eventually the CD40L will be

re-expressed on the T cell surface and provide ligand for other CD40 expressing

B and non-B cells.

º

138



Figure 3

-T-zone B cell Follicle —-

Naïve T

139



> Yº ■ º º *** * * : - *> U-ºf---J ºf º'
*.* Jºº■ , º Sº º c). g/ jºi!!, O■ º sº º º º

- ** *- 25 º *- * 1)- - * º, -- - º

tº, O) * , º, º f * r * ~ *.* > → * / ~

-
º …'■ sº […] º, º R_*.*. -: º | º 4. 5 º*2- ~. -

----- Qe sº -] °C. º & -- Qe - -- º
C. * -- ~~ * [...] § 2- ºr ºld sº cº-rººº %2. As ºvus in º-º-º: s ºf º --> sº ºvºid in º ..

tº %, º º ~ ~, º sº ** º
º

º sº * * * * * * * * ºn º sº
- - º 0.1% ºf º/?' - 2. 7 ºf º - * wº-ºº: º: (7. - yºu'. -- ºf -º y - 4.■ º º º - -- 4– > * CY / → ; * º & --- A- -> ***

*** * * *- - ** - --> ºr
-

-*
-

*- -- º, º * }_

* – ºr y) * 1: y :: *RY & Hºnº 0) sº -A■ Y sº [] º, ** *-2 lº ■ º, tº sº | * * - ºr T
- * - --- * ---

- C -- ºr Q-
- - -

- > º --~~ 5. --- º _* - < *sº º 'º [...] sº , , , º, L. sº cº-º/* * Llº wº
- - º - * . . . . . º - -

–––. . tº ** r.ls º/ * -- º Aºv : J in ºr *-*.sº º º'--- Jºgº*-* -

-º-

- - - -- - * * * * ..., º
--> º, sº s º, sº • *- *::: * > * .-
- * - ºº: , / ... º. ºº y- * º *** * * : fº

* - --~~~f~, º, NY 0 º' i■ ■ º z - * * * * * *-* * * * * ** -
* - Lºº / ".

º Sº fººt ■ º - 2. º º º º ... *z, C.º -: * : : - , i. º sº %.
- ---

º, - * * º sº 'º. sº 4, ■ º ºf & º ...) 1)”, L. B R A R Y & º, tº 4–2 sº [**-- * , Liº, º º■ º, º º, /
- Cº. A- * ...] 'º. & - A

-*- º -- º Qe º
- - -

sº --- º O C, […]
ºf g in *. [...] sº º //? º [ ] s' ºri ºº c t º º,

-- o, º ! * º º º n sº - i. -* º, sº
- 72 S- **, º' … . . . . º * - º, -ººC *2 S y- * **** Cº ºf , , º º, S -\º f : . . . ."

-

-
ºf fººt■ . J. ** º r ** CY,” ■ º ... J S 3.* *z ! ..!?!: vº -- & --- A. - * - -- ºgº º, * * º “… * * * * -S º - - … *C . --- º

- º --- *...* , -- ** * º

s º, Lº■ ARY sº º, tº º [...] º, lººr s [...]- - º * -

C I º º L. Qe
-

& *-- * * ººn tº * tº º, . In º
Jºº 1-1 º º ■ y º º ºg ºf C II ºr -> t

-" -- -- º'- > J. º --- - - -

- * * -*. º, sº ey * * * > *i. Sº º *** º º, sº
-2 º'

-- -

º, -º *** - º, Sº * * * * * > / / , , , , 2 --
- * --

º tººl■ º(c 2 < \ ºf ■ º-ºº: ■ t () º (". - ■ º- ■ * - º º ■ º -Yº / º:
* º, - --- A. S % cº * *** * * *** * º *4. º A- º º

-
*~

,- º ~ "… º ** - º º, - ºº | | º º º º, I ■ º * :-
| o -

-- º **. º º: º,

-- º º 4. 3. º º L! B R & ■ º Y º º, º *—º Sº | T º
- - -A- ~ O C

-
C --- *-

o º & -* Qe º- > -- - |
--- > ~! o sº º T º º

-
º,

º [] s cº,” º [I] . Jºvº tº º*... […]
- º * -- - º * -

■ º is º■ cº º º Lºs º, sº - ** … º.

** * * º, sº º º, sº *y a º "… sº nº ºf tº 1/ tº 2 Sº
" … º cººl■ º 2 º' º ºr ºf 7, * ~ *- º ºf y º- - - - - - - - - -º-, *-* * * * * *-* ---- º ...,'" ; fl.º.º.

-
t- º ºg

/.../? A■ ºº & Cº. - ---- sº º º º **** **** sº º, O) A- sº ºº l, sºº º
--- o º

- º º / 5 & * : * ~ * º º /
■ º A. R_Y sº [] º, O ~2 º [...] º, L ! º ■ º *- º: º | | º tº-- - O 2- -s

- - -- * o &
- º -- > ^ -

r … Sº *o | | * º º C | | * -- ~ :| *. - * -- ºf ----- cº- ~7. – tº ~! -- -* - /C º º■ cº º _º i■ () º- ºr--- - --- º x- º -

--- tº º, sº * 2 -- *12 & * * * * *** *

2 º'
-

º, sº º! º'C) 12 º' º º/º *S* cº/º - - 2- - *~~ --- *- * * 7 * / - sº .*- -

º' tº -
º 7 i■ ºtº s' %,

º - * *
y sº *... º º * * * * * * * º º, º* . . . º * * - * -- -

ce º- *º, . C * º º & A, ■ º & 4 *- Librº-º. 9/2 ºp-ººººººº tº º
--

º
-

3° [...] º - sº – 1– - ~0 -- º º -
º* [...] sº º 'º (Tºº L-1 º' º■

ºf G 11 ºn sº /C 2 tº Lºs Aº vºid in ºr, º tº º- - º - -: S.
- ... • -

** º sº v "… sº ºn ■ º º, sº {Y -- . 12 º'
º//º º, ºs Q , ■ º-º-º- * > dº ■ º º - ~\ º// fººt « »* - º º Cº.//fººt is 4. º, * ** - / “º º “.º

- *-i- - * º º * - * * - º * º}/ j Sº º L. p. Ra■ Y sº º, .///~ & º, L. B R ARY &
Z/A-2 ºs [...] *, - Wºº- _º | r | J- Q a º º

- º sº -
Qe

- - **º ** & •o
-

*-* - - -r - C. A - | | …? - ºr
º Aºvº º, 17 %, [...] sº - ■ º º I | sº A riºt º; IT º,

-
º 7 'Asº

- -
- Cº. º

- -

-> - 72 º º
-

º º sº *…* -
º

* * º º º C. *-º, S” Cºl■ º M º % º --- * - º Cº. º: º/º wº 4. * * * * ■ º
--* - *-*-* ** -f- ºff *" - 7/". yº º * , - ----- º --- * -- - -->- * * * º º ºf \º * * - - * *

* * * ---- A- -- ºr, º . . - --- *.* - A- ~ º -

º
*. º sº º *-- sº º, ()j) º º _º Lº■ &

- º 13 * A ■ º w ---
º

-
~ F. • * ~ * * ~.

---, *, J/A-2 Sº 2. L. BRARY > fºrm º ** * ~ * ■ º * , *l *.. º' ºz --- & Lºrº Cº -- º ---- ºo |--- ** * -- --> * º º
o º - - ºf . L J *- º [. l | - ** * * * * * ~ * … ----7//? º [ ] s' ºrgiº ºº & º º %, º ºxº ºi º

-O º º -- * …” º --- A S
ºf .2 º, s * * ■ º º, sº * ...

-

º sº ºf f º ºxº
* - º

* Jºº º *\ , , ; , ºr º & 2. -, 2- - - - , , , , * º
"...","... O & 2, * , , ) º ºf º sº. … * * *

- sº º, a * * * … "…
-

- * * * * * ; : * -
*. -- -- *** * *-* -> * .*.* *...*. ; : * º

º, ºr- hº ..º.º is ■ º-, *, **** [ ] tºº º ■ º
* : * * *- _º L l *.*. - ‘’ ■ *Y. -------

** --- Cº., -º- º - –4– |
-

> * Qe --> - ** - *-- sº -.” c ■ º º- - -- *- -- * *
-

ºf a ... . --- ºf -> * -- T*** -* - ~- *** - -- " ------, -º - * ... " ---, --> ; : *.*! sº : tº º ºri º º■ º-º- tº: º a - * * -- - - -
* * * --- -

-
a- - - - - A * - º, - 2--" --º-º-º-º-º: s 1



º tºº//4/2C º º ■ º.… º ºl/ru/////Q "º .\"... I º

• & -
º º § 4. º Wººd■ , ■ co so 0.9) */ ! 'S § 4 cº, // i■ º■ º

- º º - ~ *~~

º º sº, º sº º, O)) * º º L I R R A R ºrlº O) Tº """ sº - [-, *. º
■ ºlº sº, Illilill II ■ ºlº sº. […]

ºr 3 1378 oozs4 2237 sº
-, ºfº ---. . . . . º ^ 4. º

º 1- * -

-
º º, w

)/) o
º, 13 Y sº [...] 3 &
-- *- º, r | *o 4. º

-- 72 ** -

2//
-

º ony' out■ º º !, S \
º ---

S &
--

y Nº º Jº- ºr !
- 1- º Q- *º « » -" * ,

--- - * -- " ",
A. -

ºf - ~ * º, [I] & º º *. T
-& c- ■ º º, –– º wº USE QN º C, --- ..Sº

- -º ( ■ º º zº- º º a-7, º aº Aº ‘I
■ º º, sº º t º, sº ºf v \{ || || ||º ºf- -

º, Sº º, sº 12. Sº --

-
c).” ºff ºf Cº *. dºº, º - - - - - - - º ºf ºf , / ; ; , ,-, ** º/wºo % - 2// sº ■ !!/7 ºncºco sº % ºf ■ º, \

º & º
-

º % º º,1.
- --- -º, tºº L. Jº O7] . tº tºº * . ))) .

-1– & O ** - ) * | -* * *-~ --- Q. *
&

o o -* > º —r- Sº --

> */ [...] & o 30 * * * *- º | | & -ºr o - -
* G |T| º, º g (/C "… [...] sº ºvºi º ji "º

-
º *

Z/(' º T
ºw

º º
--> ”, sº º, tº *> *** * > >f ■ ºf ■ º º º, sº

- -
º, sº -

tº sººº º cº 7 wicºo º oºl■ . *Q ºs º rººf c- ** ().** *
- * * * * * sº º CYº!//■ º■ .■ º) sº º,º- -

Sº 42
---| º O º 2- - & *g -K º X ■ y +, gº O ■ y - * º º,

–2 º º, Li º RARY sº º, 4. / ) : sº °, i■ ■ º RARY sº fºr mº,
_º * Al -

| * _* L l º,
- *-

os
C •o > O -*- º --- º -* º º ( º *T & tºº º [] sº cº- o * * CN + L | ~,gº ºvºi gin º. ■ f/? %2. ■ & ºvºid in º sº cº-, *

*** º, Ç O º - 32 C º (º 72 º * : *-
w Nº

- º * .*.

cºn■ º º Nº. cº
-

*sº gº / /ºr ºsº º, cºnciº, º º■ º ºf C■ .Q/º
º ■ º gº

-

O) gº 9.sº tºº lººs [lº, le s * L15 RARY
sº

- A- º
º f º sº- º A-2

- º M
º tº- - -

- -
º

it

º

º º

- º -- *> 6. Qe > –– •o *--r-º - *

, , , º, ■ ºlº Aº Q in * […] & *T/C º, ■ º sº ºvua, º, Lºlº
_* º sº

-- - - - - - - - - - - -
*i. Sº * sº º ”, º

---

ºco º º/? º º C■■ , 7. two º 0 yº/º º -",
*- sº 4%.

--
º º

-

4/ ºlt º { sº %,
- *- º ”, *

- - º* --- **. * --> -- º

ºf Y sº º O) 2– sº * 115 RARY sº ºn tº, ...) le sº-º.
of [...] º, ■ ºlº as [...]”. Tº [ ] . .

- º |
- -> - -

~ * •

º S. ~/C %. sº A 21 ºf º I º L. s * (C %,
* -

s * R \,\! *

# /7 amº.

**o *

º ºsº
-

ºs
-

~, 'a sº ºv * - .**

-- º *** **** º Cºlº º/ º, O "oº º -- ºf S Jºjº. ■ º º* º ºfºro sº % º º 77 º Q. * cº Cº Nº. 4 0.07 º/ºº * Sº 12

* , --- º 3. O) º º
- -

&- 7. 1- - º & **r. º o º * y

º
-> º 1_1 º RA jº Y º [...] º, - * / 2. º sº […] °, i-f ■ º RA RY º º, ..) 4--"

-

*-- > º *2,
-

sº —- so sº 9. -- -

º, ºn "… -- S * [I] sº sº. tº
* Gli º º C ■ C % - sº AR V8 a 1-1 %, sº (C * sº º, º ºn tº *... º. º, &

--- ‘’. >
º
■ º 42 º' º, Nº. ***

-

*42, sº * * --■ º a º *-*.*** ** 0.2% ºf 1//? (D 12.S Vºf
- *-* - º,º, º sº. Cº■ º sº,

-
sº ºncº■ o S

- º C.
-- - -

º « / º O -
..º *.*

* 2: " º [...] º, º ■ º ■ º Y sº | || º, &- 2 s [T] º, Li F3 RA R_Y sº ■ º J ºr- - -- --- - - º º - ?

-
| º --- º, [] ** --- %. [T] º ––– ~~, ** * - º

-

.* -- - - - - _* * * -
-

* -

* -- * * * Tº a v.". º º, u__ ! .º. *T* * * *
| || ->

-ºvºun *, *-s ºfC º, º ºvº an *. s º'º º -> - * Sº -7 º ***
--- -- - - I - * - - 4. * -

s agº, º º º * ...… º, sº ºut■ º 5 * * º,
-*"... -* A. sº ºf fººd sº 24,

-

º § 4. J) fº■■ º, tº ■ º
**. *** - º º *- - :- !, º “:

**. ) j º o º º ºº
- º * -º- 2| º º *- º [. T

- º
-- - »

-

*
~

º

& º ºfº o

Li ■ º ■ º. A R Y sº fºr-hº, ) * * ----, *, Li R Rºº,tº º
º

º -ºr Qe
- --- s --- --

Aºvº () in * Lºd s TAC º ■ ºlº ºvº, a º [...] º
º ---

C, [I] º
f º º
** - º º 7

-
º, --> - -

--- º, sº
-

^p º º- 71 - ~, 7… . . "
ºf ºr * > cºlº 2.S. S.

-
* * 7.7% ºf ■ ºjº º 'º - .*ºf ■ o sº

-
Sº º cºncº gº "º sº

- -> - -- - -
%!

-
º º & do

- * - º *.*

* : * ~ * p & .* }
~ *.º Luº O/) is ■ º tºº sº [...] º, O/] s *... I

sº * tº 'º', ºn tº *.
* C. * *

-
* a * * [. ~"

---* º
- -

* - /
-– sº cº, %, ºvº an º

º,
( *. ºn

-- º, º
&- >~

-(ºr *- *... Sº - Zºº 7, sº * (



--




