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Abstract

Systemic lupus erythematosus (SLE) is an autoimmune disease of complex etiology in which B
cells play a central role. An expanded number of B-1a cells have been consistently associated with
murine lupus, and more recently with human SLE. We have identified CdKn2c, a gene that
controls cell cycle progression, as a key regulator of B-1a cell numbers, and have associated
Cdkn2c deficiency with autoimmune pathology, including the production of autoantibodies and
the skewing of CD4* T cells toward inflammatory effector functions. We review the genetic
studies that have led to these findings, as well as the possible mechanisms by which B-1a cell
expansion and Cdkn2c deficiency are related to SLE pathogenesis.
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Introduction

Systemic lupus erythematosus (SLE), an autoimmune disease of complex etiology that
presents with considerable clinical heterogeneity and production of pathogenic
autoantibodies that cause tissue damage and associated pathology. Several spontaneous and
induced mouse models of SLE have been developed over the years.> Although none of these
models represents the full spectrum of clinical SLE, early studies have established that
lupus-prone mice reproduce all the major components of SLE immunopathology, albeit with
a reduced complexity of end-organ presentation.2 Moreover, lupus mice are excellent
models of the genetic architecture of human SLE. This notion has been greatly strengthened
by the convergence of three functional pathways, processing of apoptotic cells, B cell
receptor signaling, and Toll-like receptor (TLR)/type I interferon signaling, that are
defective in both human and murine lupus.® 4 Within these pathways, variants in a number
of genes, some identical and some in different positions in a same pathway, have now been
shown to be directly associated with lupus in both species.> 6
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We have used the NZM2410 mouse model, which is a recombinant inbred strain from the
classic (NZB x NZW)F1 (NZB/W) model.” The NZM2410 strain is by far the model in
which the genetic characterization is the most advanced, 8 with first the identification of
three major genomic loci, Slel, Sle2, and Sle3, that are necessary and sufficient in
combination to induce clinical lupus, as well as the consequent identification of
susceptibility genes within these three loci.”- @ This review summarizes the studies that have
characterized the genetic basis of the accumulation of B-1a cells in NZM2410 mice, as well
as the role that these cells play in lupus pathogenesis.

and murine lupus

Pathogenic autoantibodies are the effector molecules responsible for tissue damage in SLE.
This has led to a large body of lupus research conducted on B cells, including the regulation
of B cell tolerance and differentiation to antibody producing cells.1® This central role of B
cells in lupus has also placed these cells at the center of experimental targeted therapies.
Specifically, clinical trials have been recently completed or are on-going to assess the
therapeutic efficacy of B cell depletion with antibodies against CD20 or CD22, inhibition of
B cell survival with BAFF blockade, or inhibition of B:T cell co-stimulation by blocking the
CD40-CD40L, CD28-CD80/CD86, or ICOS-ICOSL pathways.1! Despite enormous effort,
the results of B cell targeted therapies have been mixed at best,2 with anti-CD20 depletion
with rituximab not meeting clinical trials end-points, anti-soluble BAFF (belimumab)
receiving FDA approval but showing a small therapeutic effect, and soluble and membrane
anti-BAFF tabalumab being discontinued from phase 111 clinical trials.13 One potential
reason for these mixed results is that either anti-CD20 depletion or BAFF blockade are not
equally effective against all types of B cells, and some of the spared subsets may strongly
contribute to lupus pathogenesis. This includes the subset of B1-a cells, which rely on BAFF
relatively less than conventional B cells for their survival.14 The efficacy of anti-CD20
treatment to deplete B-1a cells is unknown, but the predominate location of B-1a cells in
serous cavities may protect them from the depleting antibodies.

An expanded number of B-1a cells has been consistently associated with murine lupus, with
early studies showing that genetic or physical ablation of B-1a cells reduced disease severity
in the NZB/W model (reviewed in Ref. 15). There are several mechanisms by which B-1a
cells could contribute SLE pathogenesis, as summarized in Table 1. As detailed below, no
formal causal relationship has been established yet between B-1a cells and lupus. The
potential pathogenic mechanisms for lupus pathogenesis are therefore considered if they are
either a part of the normal functional repertoire of B-1a cells and/or are enhanced in mouse
models of lupus and lupus patients.

B1l-a cells are autoreactive

The B-1a cell repertoire is autoreactive;16 however, these cells produce low affinity IgM
natural antibodies, while pathogenic lupus autoantibodies have a high affinity and are class-
switched. The inflammatory environment present in lupus has been shown to change both
B1-a cell location and their autoantibody repertoire. Indeed, NZB/W B-1a cells migrate to
the sites of inflammation, notably the kidneys, where they class-switch and produce anti-
dsDNA IgG, a hallmark of lupus autoantibodies.1” We have confirmed this finding in the
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NZM2410 model (unpublished results). The migration of B-1a cells to inflamed tissues is
mediated by CXCL13,18 and this process has been shown to play a direct role in lupus
nephritis in the MRL model.1? In addition, B-1a cells constitutively express plasma cell
differentiation markers.20 Although this has not been formally shown for class-switched
B-1a cells, it could result in an accelerated and less regulated production of autoantibodies.

Production of IL-10

B-1 cells produce large amount of 1L-10,21 a cytokine that has been shown to both inhibit22
and exacerbate?3 systemic autoimmune disease in mice as well as in SLE patients.24 25 A
specialized population of IL-10-producing B cells (B10 or Byeg cells) has been characterized
with regulatory functions.26 These Breg Cells are both phenotypically and functionally
different from B-1 cells, in spite of sharing the capacity to secrete IL-10.

Increased antigen presentation and costimulation

B-1a cells have a higher antigen presentation capacity and CD4" T cell co-stimulatory
ability than conventional B cells.2”- 28 These functions are dependent on the expression of
CD86 and PDL-2, two markers that are expressed at higher levels on the B1-a cells in lupus
mice.2% 30 |t should be noted, however, that these studies have been performed in vitro, and
there is no (so far) direct evidence for B-1a:T cell interactions in vivo besides the expression
of ligands on B-1a cells with corresponding receptors on T cells. In non-autoimmune mice,
B-1a cells are most abundant limited to the peritoneal and thoracic cavities, in which T cells
are infrequent. The antigen-presentation capacity of splenic B-1a cells has not been formally
evaluated due their low numbers, but L2pB1 cells (B-1a cells that express PDL-2) are
preferentially found in the peritoneal cavity (PerC).3! Therefore, interactions between B-1a
cells and CD4* T cells may not represent a major contribution to immune activation in non-
inflammatory conditions. However, when inflamed B-1a cells migrate to tissues in which T
cells are abundant, such as the blood, the thymus and the kidneys, the high co-stimulatory
capacity of B-1a cells is most likely to amplify the activation of pathogenic T cells.

Increase in Th17 cell polarization

B-1a cells

B-1a cells polarize CD4* T cells to a Th17 effector phenotype, while conventional B cells
skew T cell toward a regulatory phenotype.2?: 32 These results were obtained in vitro with
strong alloreactive stimulation. They are provocative, however, as increasing evidence
suggests that Th17 cells contribute to SLE pathogenesis by providing help to autoreactive B
cells in lupus mice33 and lupus patients,3* and by contributing to the inflammatory cascade
in lupus nephritis.3> 36 As detailed below, we also have indirect evidence that B-1a cells
skew T cells toward Th17 polarization in the NZM2410 model.3’

and human SLE

On the basis of antibody repertoire and gene expression profile, human FCRL4* CD21'° B
cells have been proposed to be the equivalent of mouse B-1a cells,38 and this population of
human B cells is expanded in the peripheral blood (PB) of SLE patients.3° More recently,
human CD27* CD43* CD70~ B cells have been identified as the functional equivalent to the
murine B-1a cells on the basis of spontaneous IgM secretion, tonic B cell receptor signaling,
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and ability to activate T cells.*? A subset of these B1 cells expressing CD11b (which also
express on murine PerC B-1a cells) is expanded in the PB of SLE patients and possesses a
greatly enhanced T cell activation ability.*! This suggests that human B1 cells may
contribute to SLE through their interaction with T cells rather than by the production of
autoantibodies and, by extension, that this may be also the case for murine lupus. The
absence of a single lineage marker for B-1 cells makes it impossible to selectively deplete
B-1 cells in vivo, either in experimental models to assess directly their contribution to
disease, or potentially as a therapeutic approach in lupus patients. For this reason, the role of
B-1 cells in lupus (or any other disease) has been thus far assessed by association rather than
causality.

The expansion of B-1a cells maps to the Sle2 locus in the NZM2410 mice

The characterization of congenic mice carrying each of the Slel, Sle2, or Sle3 susceptibility
loci on a non-autoimmune C57BL/6 (B6) background showed that the accumulation of B-1a
cells mapped to Sle2.42 This locus is also linked with B cell hyperactivation and the
production of polyreactive antibodies. The comparison of the bi-congenic to the triple
congenic combinations of the Sle loci indicated that the addition of Sle2 to the Slel/Sle3
combination doubled the incidence of fatal lupus nephritis.® This demonstrated that although
Sle2 is not pathogenic by itself, it contributes significantly to disease outcomes. This
analysis also indicates that the role of Sle2 is to amplify immune dysfunctions induced by
the combination of Slel and Sle3, rather than to initiate the autoimmune process.

The majority of B-1a cells are produced by fetal specific progenitors (B1P).43: 44 Mixed
chimeras combining fetal livers originating from B6 and B6.Sle2 mice showed that the
expansion of B-1a cells by Sle2 expression was cell intrinsic and that fetal B1P precursors
expressing Sle2 provided, over time, a greater output of B-1a cells than B6 control B-1a
cells.# This could be due to either a higher number of B1Ps or a greater number of B-1a
cells differentiated from each B1P, an issue that, to be answered, will require transplantation
of a known number of B1Ps. We have also shown that bone marrow (BM) from adult
B6.Sle2 mice gave rise to a subtantial number of B-1a cells after transplantation into a
lethaly irradiated host, while control B6 BM yielded only conventional B cells, suggesting
that either fetal B1Ps are maintained in the adult B6.Sle2 BM or B1Ps can be reprogrammed
from adult BM in a lymphopenic setting (but still in competition with conventional B cell
precursors). Finally, we have shown that B-1a cells from B6.Sle2 mice proliferate more
spontaneouly in vivo and in vitro in response to LPS and were subject to lower rates of
apoptosis, compared to control B-1a cells. Overall, these results sugested that the age-
dependent accumulation of B-1a cells mediated by the lupus susceptibility locus Sle2 results
from mutiple mechanisms: a greater output from fetal B1Ps, carry-over of B1Ps in adult
BM, greater proliferation of adult B-1a cells, and reduced apoptosis, all resulting in the
gradual expansion of PerC B-1a cells to the point that they become the dominating
lymphocyte population in a percentage of aged B6.Sle2 mice.
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Cyclin-dependent kinase inhibitor Cdkn2c regulates B-1a cell numbers

To identify the gene(s) responsible for the B-1a cell expansion in NZM2410 mice, we
generated Sle2 congenic recombinants. From this we found that a telomeric region of Sle2,
Sle2c, was the locus most strongly associated with the PerC B-1a cell expansion.*®
Interestingly, this region is of NZB origin, and NZB was the strain in which B-1a cells were
first reported to be largely expanded in number.#6 Sle2c congenic recombinants were
generated and screened for expanded numbers of PerC B-1a cells. The combination of high
resolution mapping and the comparison of gene expression profiles between B6.Sle2c and
B6 B-1a cells identified Cdkn2c as the most likely gene responsible for the increased
number of B-1a cells.*” Cdkn2c expression was reduced in B6.Sle2c splenic (sB) cells and
PerC B-1a cells to 5-35% of that found in B6 B cells. We identified a novel =74 C/T SNP in
a highly conserved region of the Cdkn2c promoter, and luciferase assays demonstrated that
the T allele led to decreased Cdkn2c expression, compared to the C allele.*” While the -74
C — T polymorphism results in the loss of a binding site for the transcription factor NRF2,
it also creates a binding site for YY-1 that is adjacent to an already existing Y'Y-1 site. YY-1
SiRNA eliminated the difference in promoter activity between the two alleles, indicating that
Y'Y-1 expression was responsible for the difference in Cdkn2c expression, which was
confirmed by ChIP assays.*8 Thus, YY-1 is a direct regulator of Cdkn2c expression in an
allele-dependent fashion that is consistent with the lupus-associated T allele inducing a
lower p18 transcriptional activity by increasing Y'Y-1 binding. We have therefore
established that the =74 C/T SNP is the causal variant for the low Cdkn2c expression in
Sle2cl B cells.

Cdkn2c encodes for p18!NK4C (p18), one of the four cyclin-dependent kinase inhibitors that
regulate cell cycle in the G1-to-S phase; p16/NK4a p15INK4b 118INK4C and p19INKd prevent
Cdk4 and Cdk6 from binding to the D cyclins and thereby block cell cycle progression at the
restriction point (R). p18 is essential for G1 arrest in mouse and human B cells and thus for
promoting their maturation into plasma cells.*% 50 Consequently, p18~/~ mice have defective
immune responses due to a greatly reduced immunoglobulin production by plasma cells.?!
Low p18 expression has also been implicated in the development of human B cells
tumors.>2 p18 promotes B cell differentiation from hematopoietic stem cells>3 and regulates
B cell homeostasis in opposition to BAFF by preventing early cell cycle entry by binding to
cyclin D2-Cdk4 complexes.>*

B-1a and B2 cells have different cell cycle regulation mechanisms,>® with B-1a cells
maintained by self-renewal while B2 cells proliferate in response to B cell receptor
signaling. Comparing cell cycle regulation of these two B cell populations has established
that they have different requirements for and kinetics of the cyclin D2 or D3-Cdk4
complexes.®® Briefly, cyclin D2 deficiency leads to a selective ablation of B-1a cells,?® and
D2-Cdk4 complexes accumulate early in B-1a, but not in B2 cells stimulated with phorbol
myristate acetate (PMA).%” Cyclin D3-deficient mice have reduced numbers and impaired
function of B2 cells, but normal B-1a cells, owing to the compensatory role of cyclin D2.58
In normal B-1a cells, however, disruption of D3—-Cdk4/6 complexes blocks B-1a cell
proliferation, demonstrating a complex, non-overlapping role for these two cyclins. The role
of cyclin-dependent kinase inhibitors has not been investigated in this process. Consistent
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with these results, however, we found defective G1 cell cycle arrest in Sle2c sB cells, and
increased spontaneous proliferation and IgM production of Sle2c PerC B-1a cells. We have
also found, as predicted by the model, that cyclin D2 deficiency eliminated the accumulation
of B-1a cells in B6.Sle2c mice.> Therefore, our results are consistent with p18 being a
major regulator of B-1a cell homeostasis, with decreased p18 levels resulting in increased
cyclin D2—dependent cell cycle activation in these cells and, consequently, accumulation of
B-1a cells. Our results also predict, because of p18 function in stem cells, that B1Ps
expressing low p18 levels would lead to differentiation to B-1a cells, which is consistent
with our BM transfer experiments.

p18 deficiency results in preferential B-1a cell expansion and autoantibody

production

To test the hypothesis that low expression of Cdkn2c is responsible for the Sle2cl
phenotypes, we compared B6.Sle2c to Cdkn2c-deficient (B6.p187/7)* mice. B6.p18~/~ mice
showed an early B-1a cell expansion, which corresponded to preferential homeostatic
expansion of these cells, compared to B2 cells, after transfer into lymphopenic B6.Ragl ™/~
mice. p18~/~ B-1a cells produced more IgM, either spontaneously or after either LPS or
PMA stimulation, than wild-type B6 B-1a cells. Furthermore, a majority of B6.p18~/~ mice
produced anti-dsSDNA 1gG and antinuclear autoantibodies by 6-8 months of age. The
magnitude of these phenotypes was greater in B6.p18~/~ than in B6.Sle2c1 mice that
produce ANA but not anti-dsDNA 1gG, demonstrating that p18 limits the number of B-1a
cells and their functions in a dose-dependent manner. It also suggests that, by itself, a large
expansion of B-1a cell numbers is sufficient for production of lupus-associated
autoantibodies. This occurs, however, only in aged mice, and cannot therefore play any role
in the initiation of disease, which is consistent with the amplification role of Sle2.

Deficiency of p18 may affect the function of immune cells other than B-1a cells, thus
contributing to the autoimmune phenotype. In particular, it is known that p18 sets an
inhibitory threshold for T cell proliferation, and that one function of CD28 co-stimulation is
to counteract p18 binding on cyclin D2/3-Cdk6 complexes®C. Foxp3* CD4* regulatory T
cells (Treg cells) require cell cycle arrest, which is at least partially controlled by an
increased p27KiP expression, which blocks the activation of cyclins E and A by Cdk2%1. A
requirement for an early G1 cell cycle arrest in human Teq cells®2 suggests the possibility
that p18 plays a role in this process. In support of this hypothesis, p18 expression in CD4* T
cells is reduced by about 2-fold in young B6.Sle2c mice, compared to wild-type B6
(unpublished results). B6.p18~/~ T cells spontaneously proliferate more than B6 T cells in
vivo, which is consistent with the higher number of B6.p18~/~ T cells. These unpublished
results suggest that p18 deficiency increases T cell spontaneous proliferation, which may
result in chronic activation independently (or not) from B-1a cell involvement. Accordingly,
B6.Sle2c mice have fewer Treq cells than B6 mice,%” and both B6.Sle2c and B6.p18~/~ CD4*
T cells secrete lower amounts of IL-2 than B6 cells in response to receptor stimulation
(unpublished results), which may be responsible for the reduced number of Teq cells. In
contrast, normal IL-2 production has been reported for p18~~ total LN cells; the
discrepancy between this and our results could be accounted for by a number of factors,
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including differences in stimulatory conditions. Therefore, a formal exclusion of T cells for
being involved in the production of autoantibodies in B6.p18~/~ mice would require a B
cell-specific deletion of p18. Overall, however, the above data demonstrate that p18-
regulation of early cell cycle entry plays a key role in B-1a cell homeostasis, and in the
production of autoantibodies.

Cdkn2c has not been thur far linked to autoimmunity. However, other CDK inhibitors have
been implicated in SLE, including CDKN1B (p27K!P1), which functionally partners with
CDKN2C (p18!NK4c) 53,54 CDKN1A (p21WAFL/CIPL) a5 well as CDKN1B polymorphisms
are associated with SLE susceptibility in humans.53. 64. 65 The decreased expression of
CDKN1A and CDKN1B in the lymphocytes of lupus patients has been associated with
increased activation through AKT phosphorylation.®® In the mouse, p21-deficiency results
in a lupus-like phenotype with the production of activated/memory T cells;87 p21 also
accumulates in G1 cell cycle-arrested memory T cells, and its deficiency prevents disease in
the NZB/W model®8. In addition, B cell homeostasis is regulated by the RAPL-mediated
translocation of Cdkn1b to the nucleus, and the forced sequestration of CDKN1B in the
cytoplasm leads to a lupus-like phenotype®®.

Sle2c and p18 deficiency contribute to lupus

To investigate further how Sle2 contributes to lupus pathogenesis, we characterized the
phenotypes of B6.Sle2.Ipr mice, a strain in which Sle2 is co-expressed with the Ipr mutation
(Fas deficiency), a well-characterized lupus-susceptibility factor.”0 Sle2 dramatically
increased Ipr-induced autoimmune pathogenesis by preferentially expanding T cell numbers,
including CD4~CD8™ double negative (DN) T cells, leading to enhanced polarization to
Th17 cells and infiltration of Th17 cells into the kidneys and the skin37. This synergy
between Sle2 and Ipr mapped to Sle2c. The reduction of Tyeq cell numbers seen in B6.Sle2c
mice was further accentuated by Fas deficiency, but the skewed Th17 polarization was
observed only in combination with Ipr,37 suggesting that the 1L-2 and Treg cell deficiencies
are primary defects induced by Sle2c expression, and that Sle2c¢ enhances Th17 polarization
that is induced by Ipr itself.36

To determine whether p18-deficiency reproduced the synergy between Sle2c and Ipr, we
compared immune phenotypes between B6.p18~/~.Ipr, B6.Sle2c1.lpr, and B6.lpr mice.>®
B6.p18~/~.Ipr mice showed severe lymphadenopathy resulting in significantly shorter
survival compared to B6.Sle2c1.lpr mice; IL-17 production was equivalent in CD4" and DN
CD3* T cells of B6.p18~/~.Ipr and B6.Sle2c1.Ipr mice; however, the renal pathology of
B6.p18~/~.Ipr mice was intermediate between that of B6.Ipr and B6.Sle2c1.lpr mice. The
production of additional Sle2c congenic recombinants crossed to B6.lpr demonstrated the
presence of at least one additional closely linked locus that promotes renal and skin
pathology.”? It should be noted that the level of autoantibodies found in either B6.p18~/~.Ipr
or B6.Sle2cl.Ipr mice was equivalent to that of B6.Ipr mice, indicating that the enhancement
of autoimmune pathology was not antibody-mediated, suggesting a T cell polarization
mechanism.
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Conclusion

The results above demonstrate that, in addition to regulating the size of the B-1a cell
compartment, Cdkn2c contributes to immunopathology. The mechanism by which Cdkn2c
does this is open to interpretation; thus far we have found associations, but no direct causal
effects. Our study combining either Sle2c- or p18-deficiency with Lpr-deficiency is the first
to associate in vivo B-1a cell number increases with T cell polarization toward
inflammation-associated phenotypes. One complicating factor in the interpretation of this
study is that the Ipr mutation is associated with a reduction of the B-1a cell compartment.”2
We have verified this finding in both B6.p18~/~.Ipr and B6.Sle2c1.lpr mice, which have a
low number of B-1a cells, equivalent to B6.Ipr (unpublished results). It is still possible that
B-1a cells expressing low or no p18 in these mice are more pathogenic than those expressing
normal levels of p18. On the other hand, the more inflammatory T cell phenotypes observed
in these mice could be T cell intrinsic. One may also argue that the autoantibody production
observed in p18-deficient mice is not B cell intrinsic.

Together, our studies have identified a gene, Cdkn2c, that plays a major role in regulating
the size of the B1-a cell compartment, and we have shown that deficiency in Cdkn2c leads to
autoimmune pathology, especially in combination with the Ipr mutation. What we have not
established yet is whether the expansion of B-1a cells is a causal factor in the process. The
proposed model shown in Figure 1 summarizes these findings.
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Figure 1.
Proposed model for the p18 regulation of autoimmune pathogenesis in the NZM2410 model

of lupus. Boxes show processes that we have observed in the experiments reviewed here.
Filled arrows shown causal links established by our studies or that of others. Dashed arrows
show potential causal links based on either in vitro studies and/or associations.
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Proposed contributions of B-1a cells to lupus
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Mechanisms Validated in B-1a ceé:ﬁ;?er?];?n—autoimmunemiw Lupus rrzﬁ)glerseﬁnccei)patients
Autoantibody production 16 17,59, 30

I1L-10 secretion 21

Ag-presentation and T cell co-stimulation 27,28, 29, 30 40

Th17 polarization 29,32 37
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