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CELLULARAND MOLECULAR CONTRIBUTIONSOFTLRI9TO AUTOREACTIVE

BCELLSINA MURINE MODEL OF SYSTEMIC LUPUSERYTHEMATOSUS

Robyn Mills

ABSTRACT

One of the hallmarks of the autoimmune diseas@systlupus erythematosus (SLE) is
the production of pathogenic anti-nuclear antibedfNA). These autoantibodies are the result
of a break in tolerance that allows for the actoratind differentiation of autoreactive B cells
into antibody-secreting plasma cells. ANA can fammmune complexes with self nucleic acids,
which can bind to and deposit in small blood vesaeld instigate immunopathology. The
CD45E613R knock-in model of SLE causes differerdmutypic consequences on several
murine genetic backgrounds, indicating that thgmaling mutation is sensitive to genetic
modifiers. Despite similar dysregulation of phogjalsa activity, CD45E613R mice on a
C57BL/6 (B6) background are resistant to SLE phgred, while CD45E613R.BALB/c are
sensitive to ANA but not end organ damage. In dnasged screen for genetic modifiers of ANA,
we identify TLR9 as a putative modifier for the guztion of a specific ANA subtype, anti-
dsDNA, in the context of CD45E613R.

Here, we examine whether TLR9 modifies autoantibmaguction in the CD45E613R
model between the resistant CD45E613R.B6 and sen€§iD45E613R.BALB/c model. Since
CD45E613R alters Src family kinase and immunorewregignaling in several immune lineages,
we generated a series of mixed bone marrow chimertag sensitive BALB/c genetic

background to test which lineages require CD45E6T3/R9 is also broadly expressed, so we
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examined which cell lineages require TLR9 and wee@D45E613R and TLR9 are necessary
in cis or trans for anti-dsDNA 1gG production iretBALB/c background. Upon finding that
both CD45E613R and TLR9 are necessary in B celladtoreactivity, we examined B cells
from both genetic backgrounds. TLR9 stimulationucek elevated signaling in B cells from B6
mice compared to BALB/c, and these signals aremeatiated by CD45E613R or co-stimulation
via the BCR. We find that TLR9 negatively regula#d$¢A production in resistant
CD45E613R.B6 mice by altering central B cell tofera. In contrast, TLR9 positively regulates
ANA production in BALB/c mice, likely because theeength of signal downstream of TLR9 is
not sufficient for tolerance. These results indeddiat TLRO is a genetic modifier of

autoreactivity in the context of dysregulated C34ghaling.
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CHAPTER I: INTRODUCTION

Recent advancesin SLE: B cell depletion and modulation therapies

The autoimmune disease systemic lupus erythema(8&9 has a complex etiology
that includes both genetic and environmental imfbgs(1). Prevalence of SLE ranges from 20 to
70 per 100,000 depending on the population studied, SLE has a strong gender bias, since
approximately 90% of patients are female(2). Thotlghsurvival rate has increased
dramatically over the past 50 years, the 15-20 gearival rate is still only 80%(2). A serologic
hallmark of SLE is the presence of antibodies agjainclear antigens, which can affect several
organ systems, depending on the patient(3). Tha#aodies can bind to self-antigens and form
immune complexes that deposit in small vesselse@eposited, these immune complexes
recruit and activate other inflammatory cells, @gaggissue destruction and pathology(4). The
clinical and genetic heterogeneity of this disaasée it difficult to treat, but most treatment
regimens rely on some form of immunosuppressioeqiently treatment choice is made based
on the affected organ system, the level of damaige which drug will have the fewest negative
repercussions in the affected organ(1). Improvetketstanding of the consequences of genetic
heterogeneity on the cellular and molecular medmasiof disease pathogenesis should lead to
better targeted therapies and improved patient care

Though the clinical diversity of presentation malst E more difficult to treat, anti-
nuclear antibodies (ANA) are a common serologieatdre(1). Since B cells are the source of
pathogenic ANA in SLE, targeted therapeutics tlegdlete or modulate B cells have recently
been an attractive avenue for treatment(5). Howelespite initially promising results in open

label trials for patients with refractory SLE, tBecell depleting agent rituximab failed to achieve



primary and secondary endpoints in the EXPLORERLAMIAR clinical trials(6). In contrast,
modulation of B cell development has recently shomare promise. Modulation of transitional
B cell development by depletion of B cell activgtiiactor (BAFF, also known as BLyS) via the
monoclonal antibody belimumab (Benlysta) was apgdoior SLE treatment in 2011(7).
Furthermore, epratuzumab, an antibody against GB&2s thought to negatively regulate BCR
signaling, is currently in clinical trials for SL&Y. Use of belimumab during the repopulation of
B cells following rituximab-mediated depletion relso been proposed to impair the
development of new autoreactive B cells(7). Morenowdonal therapeutics that modulate B cell
development or activation are in development, $af great importance to understand how
abnormalities in B cell development, activationgd amtibody production result in SLE and how

these abnormalities are modulated by genetic éiffezs between patients.

Systemic lupus erythematosus: M ulti-step pathogenesis

The current paradigm in the field is that developted SLE is a multi-step process that
involves dysregulation of both innate and adaptiwveune cells(4). First, central tolerance
against nuclear antigens must be breached, le&dlithg survival of autoreactive B and T cells.
In the periphery, these cells are inappropriatetiwvated, allowing for the production and
secretion of ANAs that form immune complexes anglodé in tissues. Finally, innate cells are
recruited to the immune complex depositions andimecactivated, causing tissue-damaging
inflammation.

Mouse models have been instrumental in the digseofithe multi-step pathogenesis of
SLE(9-11). Spontaneous mouse models of SLE have teeful in identifying pathways

frequently dysregulated in this disease, such@$NZB/NZW)-derived NZM2410, BXSB, or



MRL/lIpr mouse strains. Unbiased approaches have alsredtiihese spontaneous models to
identify novel loci that contribute to disease athnesis. For example, the Wakeland group
identified several loci from the NZM2410 that cobtite to disease pathogenesis via linkage
analysis(12). Backcrossing these disease-assodwatietih autoimmune resistant genetic
backgrounds like B6 has permitted genetic dissecifdhe multi-step pathogenesis of
disease(13). Combining SLE-associated loci in daiaumune resistant background can
recapitulate a complete SLE-like phenotype, undeglyhe polygenic and multi-step nature of
SLE. Furthermore, genetic deletion of specific irmawell lineages and antibody-mediated cell
depletion strategies in the context of these autaime prone loci has helped define the
contributions of various cell lineages and identigww mechanisms of disease pathogenesis(4).
More recently, genetically engineered mice conteynmutant signaling molecules have
been useful in studying how lymphocytes with defectolerance mechanisms interact with
each other and other inflammatory cells to mediateie damage(14). In many cases,
introduction of such mutations caused a lupus{ikenotype in mixed background B6 x 129/Sv
mice. However, genetic contributions from these $ivains can lead to spontaneous
autoimmunity, leading to confounding results(153cBcrossing these engineered mutations to a
non-autoimmune prone genetic background has besemigal for better understanding how
these mutations alter tolerance in the absencerdgbanding genetic perturbations. As with
lupus-associated loci identified in spontaneousetmdjenetically engineered mutant mice on an
autoimmune resistant background have slower dis@as®t or become resistant to disease
entirely. However, these engineered mutations tsnaoperate with other lupus-prone alleles

and loci from spontaneous models to recapitulgtadtlike phenotypes on resistant backgrounds,



allowing for better understanding of the requiretadar autoimmunity(10). This is the case with

the model used here, the CD45E613R mutant mouselmod

CD45E613R murine SL E moddl: Genetic separ ation of autoreactivity and autoimmunity

CD45 is a receptor-like protein tyrosine phospre(®&PTP) expressed on all nucleated
hematopoietic cells. This phosphatase primarilyhdsphorylates the negative regulatory
tyrosine of Src family kinases(16). Despite thehhigyvels of CD45 expressed on the surface of
most hematopoietic cells, no ligand has been itiedtfor this molecule. Introduction of a point
mutation in a highly conserved domain across maRyms, the juxtamembrane wedge domain,
altered phosphatase activity. The CD45E624R mutatiaps to the tip of human CD45’s
juxtamembrane wedge domain, and was initially shtwprevent negative regulation of
phosphatase activity upon forced dimerization afneric EGFR-CD45n vitro(17). When the
analogous murine mutation, CD45E613R, was introdilci® the germline of mice,
homozygotes developed a lymphoproliferative disoedel a subset developed as a lupus-like
phenotype including anti-dsDNA IgG and lupus nejs(i8).

Backcrossing CD45E613R to defined genetic backgtsuavealed that this phenotype is
highly sensitive to genetic context. While theialitohort of CD45E613R mice on a mixed B6
and 129/Sv background developed lymphoproliferadigease and lupus nephritis, most
phenotypic consequences were blunted upon backegol8 generations to the autoimmune-
resistant B6 or 129/Sv genetic backgrounds(19). él@n F1 (B6 x 129/Sv) CD45E613R mice
develop a lupus-like phenotype, including autoaibs, glomerulonephritis, and accelerated
mortality at 100% penetrance, indicating that dbotions from genetic modifiers promote

CD45E613R-mediated pathology(20). Interestingly46B613R mice on the B6 background



can cooperate with established lupus risk all@lesxacerbate disease(21, 22), indicating that the
signaling consequences of introducing CD45E613Ratt&én phenotypic consequences in
combination with other genetic perturbations. Intcast, we found that CD45E613R mice on

the BALB/c genetic background develop anti-dsDN& Igntibodies at 100% penetrance but no
end organ disease, thereby providing a tractabldehaf autoreactivity without the interference
of immune complex-mediated tissue damage.

An unbiased screen was performed to identify medifof serum anti-dsDNA 1gG
production between ANA-resistant CD45E613R.B6 amnAAsusceptible CD45E613R.BALB/c
mice. This screen identified a novel modifier lociBALB/c origin on the distal end of
chromosome 9Vaml (Figure 1). Anin silico analysis oWaml identified Toll-like receptor 9
(TLR9) as a putative modifier based on two non-symaoous coding SNPs between the two
strains. No other genes of immunological relevaeperted in the Mouse Genome Informatics
database contained non-synonymous coding SNPs.oMerelLR9 was a particularly
intriguing potential modifier, since it contributesautoreactive B cell activation as well as type
| interferon (IFN) production in plasmacytoid deiidrcells (pDCs) (23). Beyond the reported
SNPs, five promoter polymorphisms and three othena acid changes betwe&h9 alleles
from these two strains were reported (Table 1) s€ladterations in TLR9 were associated with
differential responses tdelicobacter felisinfection and caused elevated CpG-inducedidBF-
activation in cell lines expressing the B6 allebenpared to the BALB/c allelie vitro(24), but

had not been examined in the context of autoimnalisEase.

Nucleic-acid sensing TLRsin SLE




TLR9 is a member of a family of innate pattern iggution receptors that recognize a
variety of conserved bacterial and viral motifs(2&)subset of these receptors primarily
recognizes foreign nucleic acids from bacteriaangses. This subset includes TLR7, a receptor
for ssSRNA, and TLR9, a receptor for unmethylatedGglands in DNA. Activation of either of
these molecules in plasmacytoid dendritic cellsGpPleads to large amounts of type |
interferon production, leading to an anti-viral hossponse. However, when improperly
regulated, these receptors can also recognizewsekic acids(26).

Several mechanisms play important roles in pratgaigainst self-nucleic acid
recognition by this subset of nucleic acid-sendib&s. Nucleic acid-sensing TLRs are
endosomally-restricted to protect against inappabd@activation by self nucleic acids(27, 28).
Upon ligand binding in the endosome, the ectodormfifLR9 undergoes a cathepsin-mediated
cleavage event that allows for dimerization ofititeacellular TIR signaling domain and
recruitment of the downstream signaling adapter BB9-32). This requirement for cleavage
is mediated by the transmembrane domain and pregegraling from the cell surface(33).
However, interactions with immune complexes forrbgducleic acid-associated proteins or
ANA can subvert endosomal protection and allow setfleic acids to access the endosomal
compartment(26, 34). In addition to preventing ehtgelf-nucleic acids from accessing the
endosome, cells also control access of these Th Reetendosome. The trafficking adapter
UCN93BL1 interacts with the cytoplasmic domain a@somal TLRs, allowing them to traffic to
the endosome(35) and controlling the relative ant®aheach receptor that access that
compartment(31, 36).

It has become clear that nucleic-acid sensing Tjp/Bg an important role in the

pathogenesis of SLE. Autoreactive B cells that geieeANA require signaling from both the



BCR and a nucleic acid-sensing Toll-like recepiidrR) to become activated and to secrete
pathogenic autoantibodies(37, 38). Furthermoré nselleic acids can be protected from
degradation in autoreactive B cells by bindinghi®e &utoreactive BCR and bypassing the cellular
barriers to self nucleic acid recognition by thibset of TLRs(26, 37). Individual TLRs have
been associated with particular ANA specificiti€sR7, a receptor for sSRNA, is associated
with autoantibodies against RNA and RNA-associagtedeins, whereas TLR9, a receptor for
unmethylated CpG islands in dsDNA, is associateét autoantibodies against chromatin and
DNA-containing antigens(23).

The importance of the endosomal TLRs in the pathegie of SLE has been verified in
murine models. Genetic deletion of the signaling &afficking adaptors MyD88 and UNC93B1
eliminates most disease in murine SLE models(38H0yvever, retaining the balance of TLR7
and TLR9 signaling is also important, since intrctthin of a point mutation in UNC93B1 that
promotes TLR7 at the expense of TLR9 causes al letfheanmatory response in mice(41, 42).
TLR7 is also pathogenic in SLE, since deletion bRY in the MRLIpr murine SLE model was
protective while elimination of TLR9 exacerbatedeatise(43). Furthermore, TLR7 is one of
several genes duplicated in the lupus-associdadocus derived from the spontaneous BXSB
mouse model of SLE(44, 45). Over-expression of TpRy¥mMotes disease in lupus models, with
the level of overexpression correlating to the I@falisease acceleration(46). TLR7 expression
is also increased in response to Type | IFN siggahlvhich is also associated with more severe
disease(47, 48). In contrast, several groups hanedstrated that genetic ablation of TLR9
promotes end organ damage in murine models(49ERyever, these studies found different

alterations in autoantibody repertoire in the absesf TLR9. These findings indicate that the



TLR9 plays a protective role in end organ damagehmirole of TLR9 in autoantibody
specificity is sensitive to other perturbations eleging on genetic background.

In several recent studies, deletion of TLR7 in &ddito deletion of TLR9 resolved the
increased disease observed in TLR9 deficient asinradicating that the pathology in TLR9
deficient mice is TLR7 mediated(53, 54). TLR9 negdy regulates TLR7 activation in B
cells(55) and is necessary in B cells for homogsmauclear ANA staining, an indication of
DNA or chromatin specificity, in the MRL/Ipr mod&g). However, the mechanisms by which
TLRO restricts TLR7-mediated ANA production remaimclear. Here, we explore the role of
TLR9 as a genetic modifier of anti-dsDNA IgG protion between CD45E613R mice on the B6

and BALB/c backgrounds.
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Figure 1. Identification of Waml, a novel ANA susceptibility locus.

(A) Relative OD of 1:100 dilutions of sera for ad8DNA IgG for all animals in F2 cohort (n =

255). Each symbol represents one mouse. (B) Linkagéysis for anti-dsDNA IgG was

performed on 96 F2 (B6 x BALB/c) CD45E613R micee®olid line indicates the threshold for

a significant LOD score and the dashed line inésdle threshold for a suggestive LOD score

as based on permutation testing (1000 permutatfongach model. (C) Interval mapping of

locusWaml on chromosome 9. (D) Anti-dsDNA 1gG relative ODamihort segregated MWaml



genotype. (E) Genes of immunological interest aatakive position withinAVaml are displayed

on chromosome 9.
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TABLES

Table 1. Polymorphisms in TLR9

Residue (murine/human) B6 BALB/c Human
325/324 T N T
378/377 L S S
573/572 T A A
579/578 Q H R (H)
867 T A A
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CHAPTERII: SIGNAL STRENGTH DETERMINESWHETHER TOLL-LIKE

RECEPTOR9POSITIVELY ORNEGATIVELY REGULATESAUTOANTIBODY

PRODUCTION

Abstract

Anti-nuclear antibodies (ANA) are a hallmark of &msic lupus erythematosus. Here,
we utilize a mouse model in which an activating ation (CD45E613R) causes ANA in
CD45E613R.BALB/c but not CD45E613R.B6 mice. In AdAnsitive CD45E613R.BALB/c
mice, B cell intrinsic expression of both CD45E61&/1 TLR9 are required for ANA. However,
despite similar hyper-responsiveness to B cellpgnrg BCR) stimulation in both strains,
responses to TLR9 stimulation are elevated in CIB43R.B6 B cells relative to
CD45E613R.BALBI/c B cells. Surprisingly, geneticaidn of TLR9 permits ANA in resistant
CD45E613R.B6 mice but eliminates ANA in CD45E613RLB/c mice. Furthermore, TLRO
CD45E613R B cell precursors persist better thanIF'RD45E613R B cell precursors when
competing with wildtype B cells in the B6 but noABB/c background. These data demonstrate
that TLR9 signal strength determines whether Bscgllaring a common BCR signaling mutation
become autoreactive. While a strong TLR9 signahtiegly regulates autoreactivity, a weak

signal permits autoantibody production.
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| ntr oduction

Systemic lupus erythematosus (SLE) is an autoimndisease of diverse clinical
presentation, with both genetic and environmemi@iénces (1). Circulating autoantibodies
against nuclear antigens are a hallmark of SLEcamdbe specific for nucleic acids or associated
proteins such as double stranded DNA (dsDNA), clatomribonuclear protein (RNP), or single
stranded (ss) DNA (1, 3). These anti-nuclear adidg®(ANA) form immune complexes with
debris from dying cells and other proteins, deposiirgans, and promote inflammation and
tissue damage (1). Inappropriately activated aatidree B cells secrete these pathogenic
autoantibodies, and murine models of dysregulate& Bignaling frequently result in a lupus-
like phenotype (14). Understanding the break iartoice that permits generation and activation
of autoreactive B cells that produce pathogenioatibodies has been an area of intense
research for decades, but remains incompletelyrstate.

Autoreactive B cells require signaling from botle 8CR and nucleic acid-sensing Toll-
like receptors (TLRs) to become activated and toete pathogenic autoantibodies (23). The
nucleic-acid sensing subset of TLRs is endosomalyricted to protect against inappropriate
activation by self nucleic acids (26, 33). Gendttetion of signaling and trafficking adaptors
common to several nucleic-acid sensing TLRs, ssdidyD88 and UNC93B1, eliminates most
disease in murine SLE models (38-40). Humans dgfidn either of these adapters also do not
develop serum ANA despite defects in eliminatiorotoreactive B cells during development,
demonstrating the essential role for TLRs in at¢toraof autoreactive human B cells (57).
Individual TLRs have been associated with particAldA specificities: TLR7, a receptor for

SsSRNA, is associated with autoantibodies againsh Rhd RNA-associated proteins, whereas

13



TLR9, a receptor for dsDNA, is associated with antdodies against chromatin and DNA-
containing antigens (23). Recent evidence suggiests LR9 may alter autoantibody specificity
by negatively regulating TLR7-mediated activatidraotoreactive B cells (53, 55), although the
mechanisms by which activating receptors like Tltie@atively regulate autoantibody
specificity remain unclear.

To address the mechanisms mediating developmekitlAf we used a murine model
where a germline point mutation in the phospha@i3é45 (CD45E613R) causes dysregulation
of Src family kinase and immunoreceptor signalmegulting in a lupus-like phenotype on a
mixed C57BL/6 (B6) and 129/Sv genetic backgrourgZ@, 58). Interestingly, CD45E613R
mice on the B6 background are resistant to SLE giypes but can cooperate with established
lupus risk alleles to exacerbate disease (21,I@2pntrast, CD45E613R mice on the BALB/c
genetic background develop anti-dsDNA IgG antibsdie100% penetrance but no end organ
disease, thereby providing a tractable model afraaictivity without the interference of immune
complex-mediated tissue damage. We identified TAR@ putative modifier of autoreactivity in
the absence of autoimmunity in a screen for madifod serum anti-dsDNA 1gG production
between ANA-resistant CD45E613R.B6 and ANA-sustépiCD45E613R.BALB/c mice
(Hermiston et al, manuscript in preparation). Betw&LR9 alleles from these two strains, there
are five promoter polymorphisms and five amino atidnges, resulting in elevated CpG-
induced NF«B activation in cell lines expressing the B6 alletanpared to the BALB/c alleia
vitro (24). Based on these studies, we hypothesized tliR® modifies CD45E613R-induced
phenotypes in these two genetic backgrounds.

Here, we assess how TLR9 modulates autoreactivity® non-autoimmune prone

strains of mice bearing the same risk allele, COMIER. In ANA-susceptible
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CD45E613R.BALB/c mice, TLR9 ablation eliminates ANWe establish that B cell intrinsic
CD45E613R and TLR9 are required for autoantiboohehkis background. Surprisingly,
signaling downstream of TLR9 is decreased in BALBIticular B cells compared to B6,
inconsistent with the established role of TLR9 msetivating receptor in autoreactive B cells. In
fact, genetic elimination of TLR9 permits ANA despment in the CD45E613R.B6 mice and
TLR9 deficiency permits increased persistence ofi&E613R.B6 B cell precursors compared to
TLR9 sufficient CD45E613R.B6 B cell precursors inampetitive bone marrow
microenvironment. These data support a model ickviiLR9 regulates the central B cell
tolerance checkpoint. The stronger B6 TLR9 sigmeVents autoreactivity in CD45E613R mice
while the weaker BALB/c TLR9 signal is not suffiniefor tolerance, permitting CD45E613R to
cause TLR9-dependent ANA. Our findings reveal aipresly unappreciated role for TLR9
signal strength in setting the threshold for tabeeaagainst anti-nuclear antigens in the context

of hyper-responsive BCR signaling.
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M aterials and M ethods

Mice

C57BL/6.CD45.1 (002014), C57BL/6.CD45.2 (000664AB/c.CD45.1 (006584),
BALB/c.CD45.2 (001026), BALB/c.IgRi(001107), and BALB/c.Actin.GFP+ (007075) strains
were obtained from The Jackson Laboratory. BALBRRE" and BALB/c.J" were obtained
from Dr. A. Abbas (UCSF). C57BL/6.TLR9mice (59) were obtained from Dr. J. DeRisi
(UCSF) and BALB/c.TLRY were obtained from Dr. I. Rifkin (Boston Univesgiand used
with permission from Dr. S. Akira. CD45E613R micere generated as previously described
(18), and backcrossed at least nine generatioB8T®L/6 and BALB/c backgrounds. Fidelity
of backcrossing was verified in the UCSF Genomioesedising the Mouse MD Linkage
Analysis SNP Array (lllumina). Mice were bred anmolised in a specific-pathogen free facility
and experiments were performed according to UCSFUA and NIH guidelines. For aging
cohorts, mice were bled monthly beginning at 8 weeakage to monitor serum autoantibodies.

In some cases, mice were monitored for proteinuitla Uristix (Siemens).

Bone Marrow Chimeras

Donor bone marrow was isolated from femurs of 5x&@k old mice of the indicated genotypes,
resuspended at 1.5-2X1€ells/ml in sterile PBS, combined at the indicataiibs, and 100
injected intravenously into lethally irradiated Gv8ek old hosts. Recipients were treated with
antibiotic pellets (Bio-Serv S0443) for two week#idwing bone marrow transfer. Beginning 8
weeks following transfer, mice were bled monthlyronitor for engraftment and serum

autoantibodies. ANA titers from the terminal timand for each experiment are shown.
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Autoantibody Assays

ANA were performed as previously described (21)etBy, HEp-2 slides (Inova Diagnostics)
were stained with a 1:40 serum dilution, washeddetdcted with FITC-conjugated donkey
anti-mouse IgG secondary (Jackson Immunoresedmnohyjes were acquired on an Olympus
BX51 epifluorescence microscope with OpenLab safveand scored according to staining
intensity. Pooled CD45E613R.BALB/c serum was used positive control.

Anti-dsDNA IgG ELISA was performed as previouslysdabed (18). Briefly, 96 well
flat bottom plates were coated with Poly-L-lysiis#gima P2636), then Poly dA:dT (Sigma
P0883), then blocked. Serum was diluted 2-foldtisiguat a dilution of 1:100, and antibodies
were detected with HRP-Goat-anti Mouse pan IgG {{$®u Biotech) and TMB (Sigma).
Pooled CD45E613R.BALB/c serum was used as a pesstwmtrol and run in serial dilution on
each plate as a quantitation control. Anti-RNP g&s similarly detected using plates coated
with Sm/RNP antigen (Immunovision SRC-3000). Sm/RdBitive TLRY CD45E613R.B6

serum was used as a positive control on all pideshown in Figure 1D.

Antibodies and flow cytometry

Following red blood cell lysis and Fc receptor lade, cells were stained with antibodies
recognizing CD4-V500, CD11c-PE-Cy7, CD19-V450, CENRC-Cy7, IgM-PerCP-Cy5.5,
CDA45.2 V500, CD45.2-APC (BD Biosciences), IgD-PB45.1 FITC, CD11b-PerCP-Cy5.5,
CD21-PB, CD23-PE-Cy7, AA4.1-APC (eBiosciences), 604PB (BioLegend). Cells were
acquired on BD FACSVerse or LSR Il flow cytometadanalyzed using FlowJo v9.6.4

(Treestar).
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B cell signaling flow cytometry

Single cell suspensions were generated from lyngales of 8-10 week old mice, resuspended at
2x10 cells/ml, rested in serum free media a@7or 1 hour, and stimulated in 96 well V-

bottom plates at 3T with vehicle, CpG 1668 (Invivogen) or F(abdnti-mouse IgM (Jackson
Immunoresearch) for the times indicated in therigegend. Cells were fixed with pre-warmed
1% paraformaldehyde, washed, permeabilized witltade 100% methanol, washed, rehydrated
in PBS, stained with antibodies against pERKxdBd (Cell Signaling Technologies), washed,
stained with PE-donkey anti-rabbit IgG (Jackson lmoresearch) and anti-B220-APC

(eBiosciences), and analyzed as described above.

Statistics

Statistical analyses were performed using Prisf@arBGraphPad). Al values< 0.05 were
considered significant and are shown in the figus#gdent’s t test was used for pair-wise
comparisons. In experiments comparing more thangiwaps, a one-way ANOVA test was first

performed to evaluate significance, followed byrpeise t test indicated in the figures.
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TLR9isnecessary for ANA in CD45E613R.BAL B/c mice

The phenotypic consequences of the CD45E613R rantd@pend on genetic context.
CD45E613R mice on a B6 background do not developaatibodies or glomerulonephritis (21,
22) while CD45E613R mice on a mixed B6/129 backgtbar an F1 B6 x 129/Sv background
do (18, 20). On a BALB/c background, CD45E613R nuieeeloped serum ANA at 100%
penetrance as assessed by HEp-2 cell nucleamggdiat no glomerulonephritis (Fig 1A,B; data
not shown). Consistent with the homogenous nudtaning pattern of the ANAS, further
guantitation of serum antibodies by ELISA indicatkedt CD4A5E613R.BALB/c mice produce
high titer anti-ds DNA IgG and much lower titer aRNP IgG (Fig 1C,D).

Anti-dsDNA specificity has been associated with plagtern recognition receptor TLR9,
which recognizes unmethylated CpG islands in ds@RB. To test whether TLR9 is required
for ANA production in our model, we compared TL'R9TLR9" and TLRY"
CD45E613R.BALB/c mice. While aged TLR9and TLRY"CD45E613R.BALB/c mice
developed ANA and anti-dsDNA IgG with a trend todsa gene dosage effect, TLR9
CD45E613R.BALB/c mice did not (Fig 1B,C). Interesjiy, consistent with observations in the
TLR9"MRL/Ipr model (43, 53), cytoplasmic staining wagsén 3 of the 9
CD45E613R.BALB/c mice (Fig 1A). However, unlike TRRMRL/Ipr mice, TLRY
CD45E613R.BALB/c mice did not develop anti-RNP haties or any stigmata of end organ
disease (Fig 1D, data not shown). We concludeTthRO can positively regulate ANA in

autoantibody-sensitive CD45E613R.BALB/c mice.
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B cell intrinsic CD45E613R is necessary for ANA in CD45E613R.BALB/c mice

While B cells are the source of autoantibodies,lappropriate activation,
differentiation, and survival of autoreactive Blsalan be driven by dysregulation of other
immune cell lineages (60-62). Since both CD45 ah@J are expressed in many immune cell
subtypes (16, 23), we used a mixed bone marroweraimpproach to methodically evaluate
which cell types require CD45E613R and/or TLROADA production in CD45E613R.BALB/c
mice.

We initially focused on defining which cell linegggrequired the CD45E613R mutation
for ANA production. We generated chimeras with camgally marked immunoglobulin by
transferring a 1:1 ratio of Ifi€D45WT.BALB/c and IgHCD45E613R.BALB/c marrow into
lethally irradiated CD45 wildtype (WT) BALB/c hostSix months following transfer, all ANA
were 1gG but not Ig(';}D (Fig. 2A). While this indicated that ANA are of @BE613R B cell
origin, it did not exclude the possibility that ethtCD45E613R cell types were required for
development and/or activation of autoreactive COBEIR B cells.

To more rigorously examine whether B cell intrin€D45E613R is necessary for anti-
dsDNA IgG, a 1:4 ratio of B cell sufficient{J") to B cell deficient (J) CD45WT or
CD45E613R marrow was transferred into lethallydiaéed BALB/c hosts to generate chimeras
where all B cells expressed only the CD45WT or CERIER allele in the context of an immune
compartment primarily derived from the opposite G#notype. Confirming a B cell intrinsic
requirement for CD45E613R, recipients with CD45WEdlls in a predominantly CD45E613R
immune compartment () did not develop anti-dsDNA IgG, similar to negaticontrol
chimeras generated from 20% CD45WT and 80% CD45\WTndarrow (A" (Fig. 2B). In

contrast, recipients with CD45E613R B cells in edaminantly CD45WT immune
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compartment (B°**f produced anti-dsDNA IgG at similar titers andgzencies to positive
control chimeras generated from 20% CD45E613R Bscéicient marrow combined with 80%
CD45E613R B cell deficient marrow (AR (Fig. 2B).

The capacity of CD4A5E613R B cells to generate dsiiiNA IgG in the context of a
primarily CD45WT immune compartment suggests thaeBintrinsic CD45E613R is sufficient
for ANA. However, potentially 20% of the other immeicompartments in these chimeras could
be derived from CD45E613R marrow. Since dysregutadif the myeloid compartment has also
been implicated in autoantibody production (60, 82 assessed the proportion of CD45E613R
CD11b cells in the spleen to ensure that CD45E613R niyekells were not skewing results by
preferentially expanding in aged chimeras. CD45B6C®111 cells were out-competed by
CD45WT cells in both BT and B°**Rchimeras, resulting in less than 20% of CD1délls of
CD45E613R origin in B>***Rrecipients (Fig. 2C). Moreover, the observatiort tlBANA were
lgG?in the IgHCD45WT:IgH'CD45E613R mixed chimeras (Fig 2A) further indicatieat a
common microenvironment is sufficient to permitaetctivity in CD45E613R but not
CD45WT B cells.

Sinceof T cells are also implicated in SLE pathogenesisi(tl dysregulated in
CD45E613R mice (58), we tested whether CD45E64BR cells were required for
autoantibody production. Chimeras were generatedjw®ngenically marked CD45WT
(CD45.1) marrow and CD45E613R (CD45.2) T&R or TCRy marrow. Because
CD45E613R B cells were slightly out competed by 604 cells, a 2:3 ratio of CD45WT to
CD45E613R marrow was used to generate chimeraaioorg approximately 50% CD45E613R
CD19 B cells in the peripheral blood 8 weeks post tien&ig. 2E). Aged chimeras lacking

CD45E613Ruf T cells developed anti-dsDNA IgG antibodies atiginfrequencies and titers
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to chimeras containing both CD45E613R and CD4SYBTT cells (Fig 2D), demonstrating that
CD45E613Ruf T cells are dispensable for autoantibody produacfimgether these data

indicate that B cell intrinsic CD45E613R is necegsad likely sufficient for autoreactivity.

CD45E613R.BALB/c B cellsrequire TLR9 for anti-dsDNA 1gG production

While CD45 expression is restricted to hematopoietils, TLR9 expression is not.
Interestingly, non-hematopoietic TLR9 expressios been implicated in lupus pathogenesis (63,
64). To test whether hematopoietic TLR9 is requicgdANA in CD45E613R.BALB/c mice, we
transferred TLRY" or TLR9"Actin.GFP'CD45E613R.BALB/c marrow into lethally irradiated
TLR9™* or TLR9"CD45WT recipients. Neither TLRY nor TLR9"CD45WT recipients of
TLR9” CD45E613R marrow developed serum ANA or anti-dsDaibodies (Fig 3A-C).
Consistent with observations in TLRGD45E613R.BALB/c mice, TLROCD45E613R marrow
also did not give rise to anti-RNP 1gG (Fig 3D).cdontrast, both lethally irradiated CD45WT
TLR9"* and TLRY recipients of TLRY*CD45E613R marrow developed ANA and anti-
dsDNA IgG (Fig 3A-C), indicating that hematopoi€efitR9 is required for ANA.

TLR9 is expressed in several immune cell typeduting B cells. Having established a
B cell intrinsic role for the CD45E613R mutationgR2), we next tested whether anti-dsDNA
IgG production also requires B cell intrinsic TLREBD45E613R chimeras in which all B cells
were TLRY" but 80% of the other immune cells were T[R9vere monitored monthly for
serum ANA (Fig 3E). Chimeras with TLRZD45E613R B cells (B°) never developed anti-
dsDNA IgG (Fig 3F). However, half the positive caritchimeras containing
TLR9"*CD45E613R B cells (B'") developed anti-dsDNA 1gG (Fig 3F). Neithet8 nor B?/"

chimeras had detectable serum anti-RNP IgG (Fig Bzg absence of anti-dsDNA IgG in
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chimeras containing TLRICD45E613R B cells in the context of a primarily
TLR9"*CD45E613R hematopoietic compartment indicates alBrtrinsic requirement for

TLRO.

TLR9 signaling differsin B cells depending on genetic background

The observation that ANA production in BALB/c mimuires both the CD45E613R
mutation and TLR9 was quite intriguing to us. A geamodifier screen between ANA-resistant
CD45E613R.B6 and ANA-susceptible CD45E613R.BALBIceridentified TLR9 as a putative
genetic modifier of anti-dsDNA antibodies (Hermistet al., manuscript in preparation). Since
autoreactive B cells require signaling via the B&#l a TLR to become activated and secrete
autoantibodies (23), we were curious whether pynacells from B6 and BALB/c mice
signaled differently via TLRO.

Since CD45E613R.BALB/c mice develop ANA and CD45881B6 mice do not, we
predicted that BALB/c B cells would have an eledatesponse to CpG relative to B6 B cells.
However, we observed the oppositeB& degradation, a measure of MB-activity, was
increased in B6 relative to BALB/c follicular B cells wherisulatedex vivo with low doses of
the synthetic TLR9 ligand CpG 1668 (Fig 4A). Thietence in signaling was masked at
saturating doses of CpG (Fig 4B). Likewise, ERK \wg®erphosphorylated in CpG-stimulated
B6 B cells compared to BALB/c (Fig 4C). Howeverlike NF-xB signaling, pERK was
elevated in B6 B cells at both low and high dodeS@iG (Fig 4D). Interestingly, the response to

CpG was not modulated by the presence or absertbe G@D45E613R mutation (Fig 4B,D).
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BCR and TLR9 co-stimulation does not alter the magnitude or kinetics of ERK
phosphorylation

While our results were consistent with a piiowitro study comparing B6 and BALB/c
B cell responses to CpG stimulation (24), they wenelexing given the field’s current
paradigm requiring both BCR and TLR signals foroagiéctive B cell activation (23). We
hypothesized that co-stimulation via TLR9 and tl@&RBwould differentially modulate a
common signaling node, pERK, in B6 and BALB/c CD83BR follicular B cells. To test this,
cells were stimulated with anti-IgM or CpG aloneérocombination. Following BCR stimulation
with a sub-optimal dose of anti-lgM, pERK peake@ & minutes and was similarly elevated in
B6 and BALB/c CD45E613R B cells relative to CD45\W8Tells (Fig 5A,B). In contrast, pERK
peaked at 20 minutes following TLR9 stimulation aves significantly elevated in B6 but not
BALB/c B cells regardless of the presence or abse@fithe CD45E613R mutation (Figure 5C).
Surprisingly, co-stimulation with both BCR and TLR§ands did not modulate the magnitude
or timing of these kinetically distinct waves of RK in either genetic background (Fig 5D). We
further tested co-stimulation with a range of Cp@ anti-IgM doses (data not shown) but never
observed a synergistic increase in pERK. Furtheentbe two waves of pERK induced by BCR
or TLR9 ligation remained temporally distinct. Wenclude the CD45E613R mutation dictates
ERK hyperphorphorylation in response to BCR stiriafaregardless of genetic background. In
contrast, the B6 background dictates ERK hypergiamgation in response to TLR9 stimulation

regardless of the presence or absence of the CO&EButation.

TLRO prevents CD45E613R.B6 mice from ANA development
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Given the essential role for TLRs in autoreactiveeB activation (23), we expected to
observe increased TLR9 signaling in B cells froneerthat develop anti-dsDNA IgG. However,
we observe the opposite: mice with stronger TLR@alis, CD45E613R.B6, are resistant to
serum ANA production while mice with weaker TLR@sals, CD45E613R.BALB/c, develop
ANA. How do we reconcile this paradox? Recent sisidiave demonstrated an important role
for TLR9 in negative regulation of TLR7-mediateda@antibody development (53, 55, 65). We
hypothesized that perhaps elevated TLR9-mediatgdhbng in CD45E613R.B6 mice is
protective and negatively regulates ANA. To tei, thve generated TLRY, TLR9"" and TLR9
"CD45E613R.B6 mice.

As previously observed (21, 22), TLR®D45E613R.B6 mice did not develop ANA
(Fig 6A,B). However, loss of one allele of TLR9 pefted ANA in aged TLRY
CD45E613R.B6 mice, and complete deficiency for Tlge@mitted ANA production in 2 of 8
mice tested (Fig 6A,B). An additional 4 TLRED45E613R.B6 mice developed anti-
cytoplasmic antibodies, similar to observation§ bR9"MRL/Ipr mice (43) and TLRY
CD45E613R.BALB/c mice (Fig 6A). Further analyseAA specificity revealed that both
TLR9"" and TLRY" CD45E613R.B6 mice failed to develop high titeri-@sDNA antibodies
(Fig 6C). However, significantly more TLRID45E613R.B6 mice than
TLR9"*CD45E613R.B6 mice developed anti-RNP 1gG. A simitand was observed in TLR9
CD45E613R.B6 mice, but did not reach statistiogihificance (Fig 6D). While ANA penetrance
was incomplete, these data clearly demonstrateddwatasing the gene dosage of TLR9 confers
a permissive capacity for autoantibody productiod supports the argument that strong TLR9
signals are protective while weak TLR9 signalspanissive. The observed increase in anti-

RNP IgG is consistent with TLR7-driven activationaoitoreactive B cells in the absence of
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sufficient tolerogenic TLR9 signaling in CD45E618B.mice. Contrasting its role as a positive
regulator of ANA in autoantibody-sensitive CD45ERIBALB/c mice, we conclude that TLR9

acts as a negative regulator of ANA productionutoeeactivity-resistant CD45E613R.B6 mice.

TLR9 negatively regulates CD45E613R.B6 but not CD45E613R.BALB/c B cell
development in a competitive microenvironment.

Hyper-responsive BCR signaling alters B cell ssb®cin several murine models,
including CD45E613R (14). We previously observeat tiD45E613R.B6 mice with an
unrestricted BCR repertoire have decreased mataedl Bumbers relative to controls. However,
restricting the repertoire with a BCR transgenelltesn increased antigen specific B cell
numbers in the absence of cognate antigen butassieantigen specific B cell numbers when
exposed to cognate antigemvivo (19). These data support a model where increasé&t sghal
strength conferred by the CD45E613R mutation resalenhanced deletion of mature B cells by
endogenous ligands. Based on the observation3 iR signaling is elevated in B6 compared
to BALB/c B cells and TLR9 deficiency permits awgactivity in CD45E613R.B6 mice (Fig 4,6),
we hypothesized that the combined strength of igom the BCR and TLR9 alters B cell
tolerance checkpoints in CD45E613R.B6 but not COER.BALB/c mice.

We analyzed B cell development in the bone marspleen, or lymph node of 8-week-
old TLR9"*, TLR9", or TLR9"CD45E613R.B6 mice directlgx vivo but failed to observe any
TLR9-mediated differences (data not shown). To ielate potential interference of
compensatory B cell expansion, we tested our hygsashin a more stringent setting: the

competitive microenvironment of mixed bone marrdwneeras. We generated chimeras in both
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the B6 and BALB/c genetic backgrounds using a at® rof congenically marked CD45WT
(CD45.1) to TLRY* or TLR9"CD45E613R (CD45.2) marrow.

An important B cell development checkpoint occurshie spleen, where immature
autoreactive B cells are eliminated or anergizetirevented from becoming follicular mature
B cells (66). While there was a CD45E613R-medi#ted of cells at the splenic transitional-
mature B cell checkpoint relative to CD45WT in bgdnetic backgrounds, it was not affected
by TLR9 (Fig S1). We next examined the centralrislee checkpoint between pro- and pre-B
versus immature B cells in the bone marrow. Wedatsignificant decrease in the
reconstitution efficiency of IgMgD CD19" immature B cells compared to IgiD" CD19" pro-
and pre-B cells in chimeras generated using TI'R®D45E613R.B6 marrow that was not
observed in chimeras containing TLROD45E613R.B6 marrow (Fig 7A,B). In contrast, a
TLR9-mediated decrease at this checkpoint was losgrved in BALB/c chimeras (Fig 7C).
These differences were even more striking whenaleutated the engraftment ratio of
CD45E613R immature to pro- plus pre-B cells. Thtsorwas significantly increased when the
CD45E613R cells lacked TLR9 in the B6 but not BAtBEnetic background (Fig 7D). In the
bone marrow of both strains, the CD45E613R-derreetrculating mature IgbgM™ B cell
fraction was decreased compared to the'lgi"® T2-like B cell compartment, consistent with
the CD45E613R-mediated loss of follicular cellshe spleen (Fig S1).

Our observation that TLR9 modulates the centra¢Bdevelopment checkpoint for B
cells reacting with nuclear antigens is consistéttt the peak inflr9 expression reported in
Hardy Fraction E immature B cells of B6 mice by thenunological Genome Project
Consortium (67). We propose that the increasedabsgirength via TLR9 is sufficient to

eliminate autoreactive immature CD45E613R B cellthe bone marrow of B6 but not BALB/c.
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Our results indicate a previously unappreciateeréaenic role for TLR9 during B cell

development that depends on genetic context-detedni LR9 signal strength.
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Discussion

Autoantibodies against nuclear antigens are bdtmhaeks of SLE and mediators of
disease pathogenesis (1). To become activatedeanets pathogenic ANA, autoreactive B cells
require a second signal from endosomal nucleic-seising TLRs in addition to BCR signals
(23). Here, we demonstrate that the endosomal icLeted-sensing TLR9 is a positive regulator
of ANA in CD45E613R.BALB/c mice. However, we alsmpide genetic evidence that TLR9
can negatively regulate autoreactivity, since aahedf one or both copies dir9in
CD45E613R.B6 mice permits autoreactivity. In B6dlls; the strength of signal downstream of
TLR9 activation is elevated compared to BALB/c BseFurthermore, TLRY'CD45E613R.B6
B cell precursors are eliminated to a greater esttem TLR9 CD45E613R.B6 B cell
precursors when competing with CD45WT B cells. Blase these data, we propose that TLR9
can negatively regulate autoreactivity at the @mrcell tolerance checkpoint. This capacity to
promote B cell tolerance depends on strength of T &ignal, where TLR¥ is sufficient but
TLR9PABC s not for tolerance against anti-nuclear antigartee context of hyper-responsive
BCR signaling.

Controversy over the role of TLR9 in autoreacti\stgms from several groups reporting
different alterations to autoantibody specificifyom genetic ablation of TLR9 in several mouse
models of SLE (43, 50-52). However, in these modblation of TLR9 did not alter the
susceptibility of lupus-prone mice to autoreacyiviiut instead shifted the specificities of their
circulating autoantibodies. Here, we demonstraaeltiss of TLR9 can shift the permissiveness
of mice to autoreactivity in addition to alteringeificity. Therefore, we conclude that TLR9

has a previously unappreciated role in B cell totee that depends on genetic background. We
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find that genetic ablation of the same moleculeRYLin the context of the same risk allele,
CD45E613R, results in completely opposite phenatypawo distinct genetic backgrounds. Our
results highlight the importance of understandimgdenetic context in which risk alleles exist
for their function. In human populations, TLR9 polgrphisms have been shown to be risk
alleles for SLE in some populations, but meta-asedyof these studies have generated
conflicting results (68-70). Perhaps the human palgphisms inllr9 have opposing effects in
the context of other risk alleles, similar to theuse models described here.

In the B6 genetic background, loss of one or botties of TLR9 permits the
development of anti-RNP and cytoplasmic autoanigmaonsistent with TLR7-driven
autoantibodies described in other TR@wurine lupus models (53, 55, 65). SLE phenotypes a
also promoted in mice by increasing the gene dosb@&R7 (44-46) or by introducing a point
mutation into the trafficking adapter UNC93B1 tpabmotes TLR7 at the expense of TLR9,
causing lethal systemic inflammation (41). We obsehat TLR9 heterozygosity in
CD45E613R.B6 B cells permits development of auibadies of TLR7-associated specificities.
Our results are consistent with a model in whictoaaactivity is determined by the balance of
TLR9 and TLR7 signaling, where loss of one alldl@bR9 or increasing the gene dosage of
TLR7 can cause disease. It is unclear why the aleseinTLR9 does not permit TLR7-mediated
anti-RNP 1gG in TLRYCD45E613R.BALB/c mice. Other TLRs differ between &l BALB/c
(71), so perhaps the BALB/Kr7 allele is not sufficient for autoreactivity. Accling to
expression data from the Immunological Genome Br@ensortiumTir9 is highly upregulated
in immature bone marrow B cells, whilé&r7 expression remains much lower (67). Since this
expression data was collected in B6 mice, it walldf interest to assess the expression levels of

TIr7 andTIr9 in B cell subsets and precursors in BALB/c ancepthurine strains.
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We observed loss of TLRICD4A5E613R.B6 B cell precursors in the bone marrbthe
IgM*IgD"CD19" immature B cell stage of development when in cditipe with WT cells.
However, it remains unclear how TLR9 negativelyulages autoreactive CD45E613R B cells in
a non-competitive microenvironment. A possibiligythat self-reactive pre-B cells stimulated via
TLR9 undergo receptor editing, leading them to beacompeted in mixed bone marrow
chimeras but not in unmanipulated animals. Howewerdid not observe TLR9-mediated
changes in the frequency of mature B cells thatesged surface IgL lambda chain in
CD45E613R.B6 mice, though we did observe increasedf lambda in CD45E613R B cells
compared to CD45WT in both genetic backgroundsa(dat shown). While this observation
does not formally rule out the possibility of TLR®ediated increased receptor editing in
CD45E613R.B6 B cell precursors, we believe it iskety.

To our surprise, genetic ablation of one cop¥lo® in CD45E613R.B6 resulted in a
higher frequency of mice developing ANA compared t&R9’" CD45E613R.B6 mice. This is
likely due to the importance of TLR9 signaling hetactivation and expansion of autoreactive B
cells in the periphery. The B cell intrinsic regunrent for TLR9 for autoreactivity in
CD45E613R.BALB/c is also likely due to the roletbis receptor in peripheral activation of
autoreactive B cells (23). The observation that 9ldan negatively regulate CD45E613R.B6 B
cell development in a competitive microenvironmisritonsistent with published data indicating
that TLR signaling can regulate the developmentnding of autoreactive B cells (57, 72).
Patients deficient for MYD88, IRAK4, or UNC93B1, rartant downstream signaling and
trafficking adapters for endosomally restrictedleiccacid sensing TLRs, have defects in
purging autoreactive B cells at the central B tdrance checkpoint (57). Consistent with these

human studies, we also observe TLR9-mediated lb€O45E613R.B6 B cell precursors at the
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central B cell tolerance checkpoint in the contebhd competitive microenvironment. Patients
deficient for these TLR-associated proteins alsaatadevelop serum autoantibodies, since these
signaling and trafficking adapters are also neggdsa activation of autoreactive B cells. This
may parallel the role of TLR9 in CD45E613R.BALB/¢am, where we observe loss of
autoreactivity in the absence of TLRO.

Currently many SLE patients are treated with hyglatoroquine, an inhibitor of
endosomal acidification that prevents activatios@feral endosomal nucleic acid-sensing TLRs,
including TLR9 and TLRY7. It has also been demomstr#hat activation of endosomal nucleic
acid-sensing TLRs contributes to glucocorticoidstasmce in SLE patients via increased type |
IFN production (73). For these reasons, there bas Increased interest in more specific TLR7
and TLR9 antagonists as possible therapeutics E&te, we demonstrate an important
tolerogenic role for TLR9 in B cell developmentammurine lupus model. Our results indicate
that distinct alleles of TLR9 can have opposinge on the development of ANA, an
important mediator of tissue damage in SLE. Theesfturther research into possible negative

repercussions of TLR9 inhibition on B cell develapris warranted.
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Figure 1. TLR9isnecessary for ANA in CD45E613R.BALB/c mice.

(A) Representative ANA staining pattern (original mégation 40X) of 1:40 diluted sera and

(B) staining intensity of serum collected from 6-8 oitte of the indicated genotypes on the

BALB/c background relative to pooled 6-8 month CE433R.BALB/c positive control sera.

(C) Anti-dsDNA 1gG andD) Anti-RNP IgG titers from the same mice relativeptmled 6-8

month CD45E613R.BALB/c as assessed by ELISA. Daggaoled from three independent

aging cohorts. $<0.05; *** p<0.005; **** p<0.001
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Figure 2. B cell intrinsic CD45E613R isnecessary for ANA in CD45E613R.BAL B/c mice.

(A) To determine whether ANA are CD45E613R B cell mgit, mixed bone marrow chimeras
were generated from IHCD45WT and Igi CD45E613R.BALB/c donors. HEp-2 cells were
incubated with recipient sera and detected by éscent anti-lg&or anti-lg@ secondary

antibodies. Representative ANA staining pattermg{oal magnification 40X) of 1:40 diluted
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sera is shown for two independent experimentsmafce. (B-C) Mixed bone marrow chimeras
were generated using the scheméinower panel) to examine the role of CD45E613R B cells
in autoreactivity(B) Anti-dsDNA 1gG serum titers detected by ELISA framimeras 24-32
weeks after marrow transfer relative to pooledédéhth CD45E613R.BALB/c positive control
sera.(C) Composition of splenic B cell and monocyte popata from the same chimeras 24-32
weeks after transfer. Data are pooled from two pedelent experiments of 3-4 mice per
condition.(D-E) Bone marrow chimeras were generated using thexsche(D, lower panel) to
examine the role of CD45E613i8 T cells in autoreactivityD) Anti-dsDNA 1gG serum titers
from indicated chimeras at 20-24 weeks after matrawsfer relative to pooled 6-8 month
CD45E613R.BALBI/c positive control ser@) Blood composition of congenically marked
CD45WT (CD45.1) and CD45E613R (CD45.2) B and Tscithm the chimeras (D) at 8

weeks after marrow transfer. Data are pooled fioreet independent experiments of 2-3 mice

per condition. **p<0.02
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Figure 3. CD45E613R.BALB/c B cedlsrequire TLR9 for anti-dsDNA 1gG production. (A-
D) To test whether non-hematopoietic TLR9 contribtite8NA, TLR9* or TLRY"

Actin.GFP'CD45E613R marrow was transferred into lethallydiagéed TLRY™ or TLR9"
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CD45WT.BALB/c hosts as indicate(®) Representative ANA staining pattern (original
magnification 40X) of 1:40 diluted sera afR) quantification of relative fluorescence intensity
of sera from individual chimeras of the indicateshgtypes(C) Relative anti-dsDNA 1gG ofD)
anti-RNP IgG titers determined by ELISA as in figur. Data are pooled from two independent
experiments of 2-4 mice per conditigk-G) To test whether CD45E613R B cells require TLR9
for autoreactivity, bone marrow chimeras were gateelr with CD45E613R marrow of the
indicated TLR9 genotypes transferred into lethatigdiated CD45WT hostsE) Scheme of
mixed bone marrow chimeras aff) anti-dsDNA IgG oG) anti-RNP IgG serum titers from
20-30 weeks following marrow transfer. Data arelpddrom three independent experiments. *

p<0.05; ** p<0.01; *** p<0.005; **** p<0.001
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Figure4. TLR9 signaling differsin B cells depending on genetic background. Lymph node

B cells from 8-10 week old mice of the indicateshgiypes were stimulated for 20 minutes with
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the indicated concentration of CpG 1668, fixednpeabilized, and stained fatBgor pERK.
(A) Representative histograms &Bla expression in B220+ LN B cells following stimulzri
with indicated dosage of Cp@) Geometric mean fluorescence intensity (GMFD@Bd for
each CpG dosage was divided by GMFI of unstimula&#id from the same mouse and plotted
as the meatt SD of three mice/genotyp€C) Representative histograms of pERK in B220+ LN
B cells following stimulation with indicated dosageCpG.(D) GMFI for each CpG dosage was
plotted as meath SD of three mice/genotype. Data are representafiat least two independent

experiments. P<0.05; ** p<0.01; comparing CD45WT.B6 to CD45WT.BALB/c using

student’s test at the indicated time point.
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Figure 5. BCR and TLR9 co-stimulation does not alter the magnitude or kinetics of ERK
phosphorylation. Lymph node B cells from 8-10 week old mice of thdicated genotypes were
stimulated with gM CpG 1668 or 1Qg/ml anti-lgM F(ab)and stained for pERKA)
Representative histograms of pERK expression irOBRRI B cells of the indicated genotypes
following stimulation with anti-lgM(B-D) Time course of GMFI of pERK in B22@® cells
following 10ug/ml anti-IgM (B), 3uM CpG 1668(C), or both(D). Data points represent mean
SD of three mice/genotype and are representatie¢ lefist three independent experiments. In
(B), * p<0.05 comparing CD45WT and CD45E613R regardless of gebatkground. Ir{C,

D) ** p<0.01 comparing B6 to BALB/c regardless of CD45WT or GE413R status.
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Figure 6. TLR9 protects CD45E613R.B6 mice from ANA. (A) Representative ANA staining
pattern (original magnification 40X) of 1:40 dildtsera and@B) staining intensity of serum
collected from 6-8 old mice of the indicated gempety on the B6 background relative to pooled
6-8 month CD45E613R.BALB/c positive control s€f@) Anti-dsDNA IgG andD) anti-RNP
IgG titers as assessed by ELISA from sera frons#ime mice relative to pooled 6-8 month
CD45E613R.BALB/c positive control sera. Data arelpd from at least three independent

aging cohorts. $<0.05; **** p<0.001
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Figure7. TLR9 negatively regulates CD45E613R.B6 but not CD45E613R.BALB/c B cell

development in a competitive microenvironment. Bone marrow chimeras were generated
using 40% CD45WT (CD45.1) and 60% TLR%r TLRI"CD45E613R (CD45.2) marrow

transferred to lethally irradiated B6 or BALB/c CRA/T hosts (heterozygous for the CD45.1/2
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congenic markersjA) B cell developmental subsets in the bone marrovewefined using
IgM and IgD staining of cells in the CD1@ate. The frequency of CD45.(CD45WT) and
CD45.Z (CD45E613R) cells in the indicated B cell subsasthen assessd®) Frequency of
CD45.7Z cells in each B cell compartment of chimeras gateerusing TLRY" (left) or TLR9"
CD45E613R (right) marrow on the B6 backgrouft@). Frequency of CD45 Xells in each B
cell compartment of chimeras generated using TUREft) or TLR9"CD45E613R (right)
marrow on the BALB/c backgroun(D) Ratio of the CD45.2frequency of immature (IgigD
CD19) to pro- plus pre-B (IgMgD'CD19) cells for chimeras of the indicated genotype.aDat
in (B) are compiled from three independent experimenis i@(C) from two independent

experiments. **p<0.005
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Figure S1. TLR9-independent negative regulation of CD45E613R B cell development in a
competitive splenic microenvironment. Bone marrow chimeras were generated as descrnbed i
Fig 7.(A) The CD45E613R proportion of developing B cell subse spleen was determined by
CD45.2 frequency of cells in the indicated compartmest&lantified by IgM/IgD staining of
cells in the CD19gate in the spleen according to gating strategwah(B) CD45.2 frequency

of the indicated B cell compartment in spleenstomeras of the indicated genotypes on the B6
background(C) CD45.2 frequency of indicated B cell compartment in spleéchimeras of

the indicated genotypes on the BALB/c backgrob).CD45.Z frequency of follicular (FO)

compartment was divided by CD45fequency of the T2/3 compartment for each chinaech
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plotted as ratio. Data ifB) are compiled from three independent experimenis,ja(C) from

three independent experimentg<0.05.
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CHAPTER I11. CONCLUSIONS AND FUTURE DIRECTIONS

Dissecting the cell lineages responsible for loss of tolerancein CD45E613R.BAL B/c mice

Several cell lineages have been implicated in thii+step pathogenesis of SLE(4).
Since the initial break in central tolerance andptesral amplification steps are almost
exclusively caused by perturbations to immune ctiis CD45E613R model is particularly
useful because CDA45 is expressed in all nucleatsathtopoietic cells(16). The differences in
phenotypic consequences between CD45E613R micédhigthe importance of genetic
modifiers on SLE pathogenesis in the context ofstie activating mutation and provide a
model system in which to better understand theitrdoution. Furthermore, the
CD45E613R.BALB/c model provides a useful systemstadying the contributions of
CD45E613R (and thereby dysregulated ITAM-contaimggeptor signaling) to SLE in several
immune lineages.

Since B cells are the source of autoantibodie|Baerance has been a heavily studied
aspect of this disease(5). B cells from CD45E613€eraxhibit altered signaling, with elevated
C&" and Erk phosphorylation downstream of BCR engagefh®). B cell development is also
altered in CD45E613R.B6 mice, resulting in decrdasembers of follicular mature naive B
cells, increased numbers of B1-a cells, and adbdse marginal zone (MZ) B cell
population(19). We have observed similar alterationB cell development in the BALB/c
background (data not shown) and signaling (Chahpt&rgure 5). Also, regardless of genetic
background, B cells from aged CD45E613R mice héavated CD69 and CD86 levels,
indicative of increased activation (data not showtgwever, the phenotypic consequences of

introducing CD45E613R differ between B6 and BALB&Netic backgrounds. We sought to
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determine which cell lineages require CD45E613RAMB/c mice to better understand the
break in tolerance that allows for the developnoéraiutoreactivity.

In order to class switch and differentiate intcaaibody secreting plasma cell, B cells
usually require help from T cells in a germinal tegneaction(75). Under some circumstances B
cells can class switch and produce antibodies wttfiacell help(76), but the prevailing view in
the field is that the autoantibodies observed trepgs are the result of T cell help. T cells also
become inappropriately activated in SLE, contribgtio disease pathogenesis(l, 14). Here we
sought to better understand the contribution®fT cells in the CD45E613R.BALB/c model of
autoreactivity through mixed bone marrow chimehalsas been previously established that
altering T cell activity can contribute to a luplikee phenotype in CD45E613R.B6 mice. In the
absence of Pep, the murine homolog of PTPN22, CB43E.B6 mice develop autoimmunity,
presumably due to the combination of hyporesponEigells due to Pep deficiency and
hyperresponsive B cells due to CD45E613R(22). CIA3R also alters T cell signaling,
rendering peripheratf T cells hyporesponsive compared to CD45WT T cefis(albeit to a
lesser degree than Pefnterestingly, we observed ANA in bone marrownekias in the
BALB/c background that contained only CD45W(B T cells, while the rest of the
hematopoietic compartment was partially of CD4588D8igin (Chapter 2, Figure 2D).
Furthermore, the presence of CD45W[ T cells did not affect autoreactivity incidencetlese
mixed bone marrow chimeras, indicating that CD45#6BALB/c B cells do not require
hyporesponsivef3 T cells to break tolerance.

Inappropriate activation of myeloid cells, espdygiakutrophils, has been implicated in
SLE disease pathogenesis as well(77). Dysreguiayedbid cells can secrete high levels of

cytokines that promote the survival or activatidmoatoreactive B cells, promoting their break in
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tolerance(62). We were surprised that the CD45EGh$Roid cell population did not expand in
aged mixed bone marrow chimeras generated to exanhether CD45E613R in B cells was
sufficient for autoreactivity (Chapter 2, Figure)2@8ged CD45E613R.BALB/c mice have an
expanded CD11b+ population that contributes torgpteegaly (data not shown), and we
expected a similar phenotype in chimeras. Howe¥Br}5E613R CD11b+ cells were somewhat
out-competed in these chimeras, perhaps by pregetation by a population of CD45WT cells.
It may be of interest to further investigate how45WT cells negatively regulate CD45E613R
myeloid cells, and whether this contributes to eraotivity or autoimmunity in this model.

The CD45E613R mutation can also contribute to lygathogenesis and cooperate with
other lupus risk alleles to break tolerance andgeausevere lupus-like disease in B6 mice.
When combined with the F8smutation, CD45E613R caused a B cell-driven lujikes |
phenotype in the B6 genetic background(21). Hersheav that the anti-dsDNA antibody
phenotype in CD45E613R.BALB/c mice requires CD45E® B cells, which may be sufficient
for the phenotypic consequence (Chapter 2, FigurBésed on these observations in mixed
bone marrow chimeras, the CD45E613R risk allelenotes B cell activation and hyper-
responsiveness, which is sufficient for ANA prodaotin the BALB/c genetic background but

not the B6 genetic background (Chapter 3, Figure 1)

CD45E613R modulates peripheral B cell tolerance independent of genetic backqground

Since B cells play such an essential role in theeld@ment of autoreactivity in
CD45E613R.BALB/c mice, we sought to determine waetbD45E613R differentially
mediated B cell development in the resistant B6 sartsitive BALB/c genetic backgrounds. In

mixed bone marrow chimeras, we find that CD45E618pairs splenic B cell development in
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the context of a competitive microenvironment. CB8%3R B cells are outcompeted by their
CD45WT counterparts during splenic developmentaith BALB/c and B6 genetic backgrounds
(Chapter Il, Figure S1). This observation is caesiswith recent evidence that has
demonstrated that the CD45E613R mutation alterspkeificity of this phosphatase for
individual Src family kinases (20).

In B cells, the E613R mutation impairs CD45 intéi@n with and activation of the SFK
Lyn. Lyn is unique among SFKs in B cells, as it pasitively regulate BCR signaling, but also
has a negative regulatory role(78). While Lyn’s\ating functions are redundant with other B
cell SFKs Fyn and BIk, its inhibitory functions areique. Following activation, Lyn
phosphorylates both the ITAMs in CD79a and b, led ahosphorylates ITIM-containing
receptors like CD22 and #RIIB. ITIM phosphorylation recruits the phosphaw&HIP-1 and
SHP-1, which then dephosphorylate ITAMs and end BfgjRaling(78). Without this negative
regulation, BCR signaling is elevated and sustgiasabserved in Lyn-deficient and, to a lesser
extent, CD45E613R B cells.

Unlike CD45E613R, Lyn deficiency in B cells is daifént for autoantibody production
and end organ damage in the B6 genetic backgro@nd(yn alters B cell tolerance, and
deficiency for Lyn reduces follicular mature B cellmbers(80). Recent studies have
demonstrated that Lyn deficiency impairs B cell mnation and survival in the spleen due in part
to developmentally regulated acquisition of the QERHP-1 inhibitory pathway(81, 82). SHP-1
and SHIP-1 mediated dephosphorylation of BCR ITAdMurther upregulated in germinal
center B cells and thought to contribute to inaregaaffinity during the germinal center reaction
(83). Clearly, developmental differences in theregpion of negative regulators contribute to the

capacity of Lyn to negatively regulate BCR signgliit is likely that these differences contribute
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to the differential consequences of BCR engageimaihéveloping B cell subsets. Since the
E613R mutation impairs the capacity of CD45 tovate Lyn and its inhibitory consequences, it
is likely that CD45E613R exerts differential effecin BCR signaling depending on the
maturation state of the B cell and the level ofate@ regulation of BCR signaling necessary to
prevent autoreactivity. While we did observe a los€D45E613R B cells between the T2/3 and
FO developmental stages in our mixed bone marromenas, this loss was not modulated by

TLR9. Instead, TLR9 modulated the central B cdiétance checkpoint in the bone marrow.

TLR9 and CD45E613R cooper ate to modulate central B cell tolerance

We found that TLR9 is a genetic modifier of autateaty between resistant
CD45E613R.B6 and sensitive CD45E613R.BALB/c mickg@er 2, Figure 1, 6). Furthermore,
TLR9 strength of signal contributes to central B t@erance in the context of CD45E613R
(Chapter 2, Figure 4,5). In competitive mixed bamarow chimeras, loss of CD45E613R
TLR9™*.B6 precursors primarily occurred between the PRye-B cell subset and the immature
IgM+IgD- subset. We did not observe differencethim frequencies of B cell precursors in
unmanipulated CD45E613R.B6 mice upon genetic alaif TLR9. However, autoreactive B
cells in the immature bone marrow subset usua#ynat eliminated, but instead primarily
undergo receptor editing(5)o broadly examine whether CD45E613R B cells und@ngreased
receptor editing compared to CD45WT B cells, wénstéhbone marrow and splenic B cell
subsets with Iglk and IgLA specific antibodies and measured their frequermpydtow
cytometry. We did observe increased levels of usdgiee IgL A chains in CD45E613R B cells,
indicating that CD45E613R B cells undergo increaseeptor editing compared to CD45WT B

cells. We did not observe TLR9-mediated differernindglL A usage that would indicate TLR9
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mediates receptor editing. However, these expeitsngare performed in mice with an
unrestricted BCR repertoire. It is possible thatfiequency of ANA-specific B cell precursors
that would be selected against at this point isdetéctable. It the future, it may be of interest t
determine the role of TLR9 in mediating anti-DNACBII tolerance in CD45E613R mice using
the anti-DNA 3H9 and 56R heavy chain transgenic eldPrevious studies utilizing BCR Tg
mice specific for a neo-self antigen have demotexdrthat CD45E613R B cells undergo
increased negative selection in the spleen inongext of cognate antigen, at least in the B6
background(19). We hypothesized that the decreasddre B cell numbers observed in the
spleen of non-transgenic mice were due to negasiaxtion against self-antigens. With anti-
DNA BCR Tg models, perturbations that are maskeatiéncontext of an unrestricted repertoire
might be detectable.

In the 3H9 transgenic model, the 3H9 heavy chairegees anti-DNA antibodies when
paired with most light chains. An introduced pamitation altering residue 56 to arginine (56R)
generates anti-DNA B cells with higher affinity fDNA(84, 85). Previous studies have
demonstrated that TLR9 mediates transgenic anti-BN\o&Il development in a lupus-prone
mouse model. Introducing 3H9 on MRL/lpr lupus-praemetic background accelerates disease
in a TLR9-dependent fashion(56). In fact, thoughRBlwas dispensable for receptor editing,
TLR9 promoted an anergic phenotype in DNA-spedficells. However, in aged animals, TLR9
was necessary in B cells for the production of-BMIA antibodies. In this model, an anti-
idiotype antibody can detect these anti-DNA spedificells bearing the introduced heavy chain
transgene paired with theAg light chain. Interestingly, anti-DNA B cells ugithis receptor
have different phenotypes in the MRL/Ipr, MRL, eéB@LB/c backgrounds(86). In the BALB/c

background, transgenic B cells maintained an imnegthenotype, were excluded from the

52



follicle, and did not secrete serum anti-DNA andlss. In contrast, MRL/Ipr B cells had a
mature phenotype, were not excluded from the felliand secreted anti-DNA IgG into the
serum. Interestingly, in the absence of thePFamutation, MRL-background anti-DNA B cells
were excluded from the follicle and did not prodseeum anti-DNA IgG, but had a mature
phenotype(86), indicating that other genetic medsiprevent the maturation of Ag-experienced
anti-DNA B cells between the MRL and BALB/c backgnals. Therefore it would be of interest
to sequence TLR&" to assess whether it is more similar to TERSr TLRF2'® and might
contribute to the genetic differences that dictagse altered phenotypic consequences.

The higher affinity 56R anti-DNA transgene modediso sensitive to genetic modifiers
in the non-lupus prone backgrounds examined hdreravthe 56R transgene undergoes
effective tolerance in BALB/c mice but not in B&3{8This is due to acquisition of an editor
light chain in the BALB/c but not B6 background. Agonsequence 56R.B6 B cells are not
efficiently excluded from the follicle, leading teappropriate activation and autoantibody
production. In the B6 background, SLE-associateddan accelerate 56R-mediated disease, as
demonstrated bge2.56R.B6 mice(87). Like CD45E613R, tBee2 locus is associated with
abnormal B cell differentiation, promoting Bla deyment or expansion in the B6
background(19), so one might predict that CD45E6268R.B6 mice might have accelerated
disease similar t8le2.56R.B6 mice. Furthermore, it may be of interestamine how the
phenotypic consequences of CD45E613R are modubgtedroduction of anti-DNA heavy
chain transgenes of differing affinity. If CD45E@ 3lters tolerance by increasing BCR signal
strength, one would predict that introducing th@3téavy chain into CD45E613R.BALB/c

mice would phenocopy the increased editing observé@R.BALB/c mice.
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This model system might also be useful in dissgdtioww TLR9 and BCR-induced
signals are able to alter B cell development. Hermegstablish differences in the kinetics of Erk
phosphorylation downstream of activation via theRB&hd TLR9 in mature naive B cells with
an unrestricted BCR repertoire (Chapter 3, FigQrdt is possible that these kinetically distinct
waves of Erk phosphorylation represent differerdlp@f Erk within the B cells. Activation of
different pools of Erk via different mechanismghsught to result in different cellular outcomes.
For example, in bone marrow immature and transifi@hcells, CA" mediated Erk activation
downstream of BCR activation leads to apoptosiereéis DAG-mediated Erk activation
downstream of BCR activation in mature B cells taproliferation and survival(88). Clearly
BCR-mediated activation of Erk via different mecisams leads to different cellular outcomes
depending on the maturation state of the B celidparctivated. If the kinetic differences between
BCR and TLR9-mediated Erk activation corresponditi@rent mechanisms of Erk activation,
they may have different functional consequenceghEtmore, it will be of interest to examine
whether immature and transitional B cell subsetelanetic differences in Erk activation that
might represent different mechanisms of Erk adivatleading to different functional outcomes
in less mature cells.

We observed differences in signaling outcomes batweature follicular naive B cells
from B6 and BALB/c genetic backgrounds despite lsinexpression levels of intracellular of
TLRO protein (Chapter 3, Figure 1). However, acaaydo the InmGen database, TLR9 is
highly upregulated at the immature stage of B @ellelopment in the B6 genetic
background(67). This corresponds to the stage inohwilie observe a TLR9-mediated
enrichment of CD45WT.B6 cells at the expense of BBBIL3R.B6 cells in competitive bone

marrow chimeras. Since a similar loss of CD45E61I3RI"*.BALB/c precursors was not
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observed, it will be of interest to examine whethER9 expression is similarly upregulated in

immature bone marrow B cells in the BALB/c gendiackground.

Alldlicvariance of TLR9 from B6 and BAL B/c

Between TLR8® and TLR$"-®, there are five amino acid substitutions (B6/BACB/
325 T/N, 378 L/S, 573 T/A, 579 Q/H, and 867 T/AuFof these polymorphisms map to the
leucine rich repeats in the ectodomain of TLR9, #n@d867 T/A polymorphism maps to the
cytoplasmic domain, just upstream of the TIR dom@lre TIR domain is the primary signaling
domain of TLR9, mediating recruitment of the adapMgD88, which in turn recruits IRAK4
and leads to NikB and MAPK signaling(25).

Comparison to the published human sequence in NiéBlonstrated that three of the
five BALB/c polymorphisms are synonymous with theran sequence: human 377S and
BALB/c 378S, human 572A and BALB/c 573A, and hun8&7A and BALB/c 867A. The
human 324T corresponds to B6 325T, and the hum8R 86esn’t correspond to either B6
579Q or BALB/c 579H. However, a human polymorphistaurs at residue 578, where a
missense mutation changes the R to an H, rendtnimgolymorphism similar to the BALB/c
allele. Overall, the published human TLR9 sequenoee closely resembles the BALB/c variant
of murine TLR9 and no other variants in human TlBSorted by the 1000 genomes map to the
polymorphisms found in TLRS and TLR$*-®. Furthermore, the murine polymorphism in the
cytoplasmic domain, 867 A/T has a synonymous SNRimans and is adjacent to three
synonymous variants in humans: 868L, 870Y, and 8ABRhree of these residues are

conserved between human and murine TLR9 as weithahay indicate functional importance
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of this segment of TLRO. It will be of great valitecompare the individual contributions of the
B6 polymorphisms to the increased MB-and Erk activation we observed in murine B cells.

Experiments are underway to determine which thesgnorphisms affect signaling. An
obvious candidate for mediating differential signglis the cytoplasmic 867 T/A polymorphism.
Since this residue is adjacent to the TIR domalhickvis responsible for recruiting the
downstream signaling adapter MyD88 and initiatiiggnaling, substituting a polar residue for a
non-polar residue might alter the TIR-TIR interantbetween TLR9 and MyD88(25). MyD88
recruitment to TLR9 following stimulation could beeasuredn vitro by immunoprecipitation
of a C-terminal epitope tagged TLR9 allele and Wiesblot for recruited MyD88.

TLR9-mediated interaction with UNC93B1 is also na¢ed in part via the intracellular
domain. Residue 34D in UNC93B1 localizes to N-terhcytoplasmic tail, and altering this
residue to an alanine alters the balance of TLRI7TAiR9 trafficking from the endoplasmic
reticulum to the endosome, favoring TLR7 assoaméibthe expense of TLR9(42). If the TLR9
867 T/A polymorphism affects the capacity of TLRatssociate with UNC93B1, proper
trafficking of TLR9 to the endosome upon activatioay be impaired. This could be examined
by fluorescent microscopy using a C-terminal epttggged TLR9 allele and organelle specific
markers.

If the TLR9 polymorphisms in the ectodomain of TLR®er signaling, they are most
likely to alter ligand recognition, but could alaker TLR9 interactions with the cathepsins and
asparagine endopeptidase that are important fodegtain cleavage in the endosome(30, 32).
The polymorphisms 325 T/N and 378 L/S are locatetthé N-terminal fragment that is cleaved
from full-length TLR9, and 573 T/A and 579 Q/H aetained in the C-terminal fragment (29,

31). Recent evidence demonstrated that the N-taetrnleavage product associates with the C-

56



terminal receptor upon cleavage and both fragmemeteiecessary for proper TLR9 signaling
(89), so any of the ectodomain residues might &tiend interaction and TLR9 activation. It

will be of interest to determine how each of thps/morphisms affects signaling.

Balancing of TLR9 and TL R7 signaling restrains SL E phenotypes

Recent studies have demonstrated an importantaolELR9 in the restriction of TLR7-
mediated pathology(53-55). However, two of thesdiss were performed in the B6 genetic
background, and the other in the MRL/Ipr backgraundne of these recent studies, TCR8
TLR97B6 mice were found to develop TLR7-mediated lufkes phenotypes in the absence of
other lupus-associated loci (55). These authos@bserved partial lupus-like phenotypes in
TLR97B6 mice. We also observed some low titer anti-RH® in the serum of aged TLRB6
control mice, but did not observe similar phenogypethe BALB/c genetic background. Perhaps
the two murine alleles have differential effectslWWMC93B1-mediated restriction of TLR7.

Another possibility is that TLR7 differs between BGd BALB/c mice. However, no
sequence for a BALB/c allele of TLR7 has been regahrand the SNPs in the region of the X
chromosome that contains TLR7 do not distinguistaBé BALB/c. It may be of interest to
sequencdlr? from these two strains to determine whether sinailielic variations are present
between the two strains that might account foraiheerved differences in TLR7-mediated
autoantibody production in the absence of TLR90Afsnce the BALB/c allele more closely
resembles human TLR9, it may be of interest to exarwhether TLRO restricts TLR7-mediated
pathology in the BALB/c genetic background, perhlapsntroducing theéraa autoimmune locus

that contains duplication of TLR7(45).
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Human implications

Despite strong evidence of the essential role o€l in SLE, B cell depletion therapy
using rituximab did not achieve primary or secogdardpoints in the LUNAR or EXPLORER
trials (6). This result was particularly puzzlingadto the reports of effective use of rituximab in
patients with SLE refractory to conventional immaappression. However, various open-label
trials have provided evidence that rituximab camugeful in refractory SLE with either renal,
CNS, or hematological involvement(90), indicatihgttB cell depletion therapy should not be
abandoned as a possible therapeutic avenue. limglgspatients of African American/Hispanic
ancestry receiving rituximab in EXPLORER had alslignprovement over placebo at the
primary endpoint, with an observed major cliniedponse in 13.8% and a partial clinical
response in 20.0% of treated patients comparedifh @nd 6.3% of placebo treated patients,
respectively(91). Perhaps genetic differenceseasdlgroups predispose them to better responses
to B cell modulation therapeutics. Improved undarding of possible subgroups of SLE
patients and their response to therapy may barotal benefit.

Studies of human B cells have demonstrated twokglw@ats that prevent the escape of
autoreactive naive B cells: a central checkpoirthénbone marrow, where polyreactive B cells
are eliminated, and a peripheral checkpoint insfileen, where nuclear-reactive B cells are
eliminated(72). Humans deficient in MYD88 and UNB33have defects in purging
polyreactive B cells at the central B cell toleramtieckpoint(57, 72). However, these patients
also do not develop serum ANA despite defectsimiehtion of autoreactive B cells during
development, demonstrating the essential role EdRsTin activation of autoreactive human B
cells(57). In contrast, the recently approved 8#&FF agent belumimab is thought to modulate

the transitional B cell checkpoint in the spleenGihce BAFF is primarily produced by stromal
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cells independent of the number of maturing B gadésent, high levels can promote the
inappropriate survival of transitional B cells thaduld otherwise perish. Administration of
belimumab following B cell depletion therapy hasaabeen proposed to alter the
microenvironment in which newly developing B cell® developing to repopulate the B cell
compartment(7). The expression pattern of recefppor8BAFF and a family member, APRIL (A
Proliferation Inducing Ligand), has made modulatidthese B cell survival and growth factors
an attractive target for new therapeutics(7).

Signaling from receptors for BAFF can also altelRTéxpression, indicating that a
potentially complex interplay between these sigiaiascades and BCR stimulation might alter
B cell tolerance in humans and be an attractiveagreutic target. Modulation of endosomal TLR
activity is an attractive therapeutic avenue, simegy patients are treated with the anti-malarial
drug hydroxychloroquine, which inhibits endosomatdication and the activation of
endosomal TLRs like TLR7 and TLR9. Activation oé#e TLRs leads to increased type | IFN
production and inhibits the activity of glucocodids in disease(73). More specific TLR7 and
TLR9 antagonists are being studied as possiblapleeitics to potentiate the activity of
glucocorticoids(74). However, our results suggeat the impacts of potential new therapeutics
that alter TLR activity on B cell development shibalso be examined.

Another approach currently being pursued is modiatf BCR signaling via activation
of CD22 with the monoclonal antibody epratuzumab{®8)s negative regulator of BCR
signaling is thought to be activated by the monoeal@ntibody, promoting B cell tolerance. It is
clear that improved understanding of B cell devaiept will be essential to therapeutic design

strategies in the future, so a greater understgmafithe dual nature of TLR9 signaling on
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autoreactive B cell development and activation &hoantribute to improved therapeutic

strategies.

Summary

ANAs are important mediators of disease in th@iaunune disease SLE. Here we have
demonstrated that TLR9 is a genetic modifier of AprAduction in the context of dysregulated
CD45 signaling in a murine model of SLE. We furtdemonstrate that B cell intrinsic
CD45E613R and TLR9 are necessary for autoreaciivitysensitive genetic background.
However, elevated TLR9 signal strength can negigtregulate autoreactivity by modulating
central tolerance in a resistant genetic backgroOnul results should provide improved
understanding of how nucleic-acid sensing TLRsaltar B cell tolerance and highlight a B

cell-intrinsic role for strength of TLR9 signal modulating tolerance to nuclear antigens.
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Figure 1. Signal strength determines role of TLR9 in B delVelopment and ANA production.
A. Stimulation via TLR9 in B cells from B6 mice retuin increased NkB signals and
increased Erk phosphorylatioB. TLR9 negatively regulates bone marrow B cell depgient

in the B6 and not BALB/c background in the conteikhyper-responsive IgM signals.

Altered B cell selection permits ANA in TLR9 sufignit CD45E613R.BALB/c, but not in TLR9
sufficient CD45E613R.B6. In contrast, eliminatidnooe or both copies of TLR9 in

CD45E613R.B6 permits ANA.
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