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Abstract Biases in the distribution and phenotype of T, B,
and antigen-presenting cell populations are strongly connect-
ed to mechanisms of disease development in mouse models of
systemic lupus erythematosus (SLE). Here, we describe lon-
gitudinal changes in lymphoid and antigen-presenting cell
subsets in bone marrow, blood and spleen from two lupus-
prone strains (MRL/Ipr and B6.Slel.Sle2.Sle3 tri-congenic
mice), and how they integrate in our present understanding
of the pathogenesis of the disease. In particular, we focus on
(autoreactive) T cell activation patterns in lupus-prone mice.
Break of T cell tolerance to chromatin constituents (histone
peptides) is key to the development of the disease and is re-
lated to T cell intrinsic defects, contributed by genetic suscep-
tibility factors and by extrinsic amplificatory mechanisms, in
particular over-stimulation by antigen-presenting cells. We al-
so describe shifts in B cell sub-populations, going from
skewed immature B cell populations as an indication of dis-
turbed central and peripheral tolerance checkpoints, to
enriched long-lived plasma cells, which are key to persistent
autoantibody production in the disease. B cell activation
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mechanisms in SLE are both T cell-dependent (break of toler-
ance and production of specific autoantibodies) and -
independent (polyclonal B cell activation, production of auto-
antibodies by long-lived plasma cells). By providing a com-
prehensive evaluation of B and T cell surface markers in two
major mouse models of SLE and a description of their changes
before and after disease onset, this review illustrates how the
study of lymphoid cell phenotype delivers key information
regarding pathogenic pathways and supplies tools to assess
the beneficial effects of novel therapeutic interventions.

Keywords Systemic lupus erythematosus - Autoimmunity -
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Introduction

Mouse models of systemic lupus erythematosus (SLE) are
widely used in order to test pathogenic hypotheses or acquire
pre-clinical data on specific drugs. While these models share
common phenotypes in terms of autoantibody profiles leading
to end-organ involvement (e.g., nephritis), mechanisms of dis-
ease differ from strain to strain, and, most notably, from the
human situation. Acquiring thorough knowledge of the main
pathogenic features of each mouse model is therefore an im-
portant step in order to instruct adequate experimental inter-
ventions and help with their interpretation.

In the present review, we intend to describe key character-
istics of common lupus-prone strains of mice (e.g., BWF1 and
derived strains, MRL/Ipr, and BXSB), in terms of pathogenic
mechanisms leading to the development of autoimmunity, and
also in terms of aberrant distribution and functions of lym-
phoid and myeloid cell populations.
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Genetic Susceptibility to SLE in Mouse Models
of the Disease

By definition, genetic factors play a determinant role in the
development of SLE in inbred models of the disease. In these
models, and also in humans, it is generally accepted that ge-
netic susceptibility impacts the development of autoimmunity
at different stages of a multi-step process, i.e., impaired clear-
ance of immune complexes and apoptotic cells leading to a
loss of tolerance to autoantigens (e.g., anti-chromatin autoan-
tibodies), amplification of the T and B cell autoimmune re-
sponse, and finally susceptibility to end-organ involvement
(Fig. 1).

Genetic requirements to reach the first level (loss of toler-
ance to autoantigens) are frequently met in mice and humans,
as illustrated by the detection of anti-nuclear antibodies in up
to 5% of healthy individuals under normal conditions, or at a
higher rate after disruption of immune homeostatic mecha-
nisms (by a viral infection in humans, or a genetic knock-out
or transgenic modification in mice). Even when a strong ac-
celerator is present (e.g., /pr mutation leading to MRL/lpr
mice or Yaa-containing Y chromosome in BXSB animals),
genetic susceptibility to SLE is polygenic. Susceptibility is
related to the additive or synergistic effects of frequent gene
variants that, taken individually, only display a modest effect
on the mechanisms leading to the development of autoimmu-
nity, but have the ability to push the immune system beyond a
(theoretical) autoimmunity threshold, when combined in the
same genome [1, 2]. Interestingly, susceptibility variants that
push the immune system toward more (auto)immunity might
have been subjected to positive evolutionary pressure, due to
their favorable effect on immune responses to infectious trig-
gers [3]. This potentially explains why so many mouse strains

Genes Mechanisms Consequences

Production of antinuclear
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Break of tolerance to
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v

Sle2, Sle3, Yaa (TLR7), Ipr Amplification of the
(Fas) autoimmune response

Vv
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Fig. 1 The development of SLE is a multi-step process. Genetic
susceptibility to SLE is related to the additive or synergistic effects of
allelic variants of numerous genes involved in the regulation of the
immune system. This non-exhaustive list (restricted to mouse
susceptibility genes) illustrates how these variants impact the
development of the disease in a multistep process

Slelb, SAP/Ly108

Increased T and B cell
autoreactivity

kidney, skin, heart, lung,
hematopoietic, and
nervous manifestations

SLE3, kallikrein
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(e.g., 129, MRL, NZB, and NZW) readily develop autoim-
mune features (production of autoantibodies) in various ex-
perimental conditions.

Conversely, the same autoimmune phenotype may be due
to different combinations of genetic variants in different
mouse species and in humans, and it is therefore not a surprise
that genetic association studies in murine models of SLE led
to the identification of very different susceptibility loci accord-
ing to the strain explored. That genetic susceptibility to SLE is
complex is well illustrated in human genetic association stud-
ies, in which high prevalence of susceptibility alleles in con-
trols, and the possibility of developing the disease based on
alternative sets of genetic variants (a definite probability when
the patients belong to different ethnic backgrounds), result in
overall low genetic effects (odd ratios between 1.1 and 1.5,
except for HLA alleles that can have odd ratios >2) for indi-
vidual candidate genes, even for those having important
mechanistic roles. In humans, variations in epigenetic and
environmental factors are additional layers of complexity in
our understanding of the development of the disease [4—7].

Thus, genetic association studies performed in SLE-prone
mice resulted in the identification of numerous susceptibility
loci, containing one or sometimes several susceptibility genes.
The telomeric end of chromosome 1, one of the non-MHC
loci displaying the strongest association with the development
of the disease across different strains of mice (and also in
humans), is such a cluster of numerous candidate genes.
Using NZM2410 lupus-prone mice, a homozygous strain de-
rived from the prototypical (NZB x NZW)g; (or BWF1) mod-
el, Morel et al. identified, in addition to the H-2 locus, Slel on
the telomeric end of chromosome 1, and also S/e2 on chromo-
some 4 and Sle3 on chromosome 7, three chromosomal re-
gions that are strongly associated with the development of the
disease [8]. It is important to note that C57B1/6 mice congenic
for each of these loci do not develop SLE [9], but display
patterns of immune cell activation that will be further de-
scribed in the next paragraphs. By contrast, transfer of the
three loci in the C57Bl/6 genome is sufficient to induce full-
blown SLE, with a very high penetrance of immune complex-
mediated nephritis [10].

Amplification of the autoimmune response is the step in
which loss of tolerance to chromatin translates into pathogenic
events, e.g., due to the maturation of the autoantibody response,
and the production of high-affinity autoantibodies. In humans,
type I interferons (IFN) play such amplificatory roles on
autoreactive T and B cell activation, and several strategies are
being developed in order to block these cytokines in SLE pa-
tients [11-14]. By contrast, a strong IFN bias is not spontane-
ously observed in most common mouse models of SLE.
Clinical disease is exacerbated in SLE-prone mice overexpress-
ing IFN« after injection of a recombinant adenoviral vector
[15-17], and this experimental strategy was used in order to
obtain pre-clinical data on IFN blockade in SLE animals.
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The lymphoproliferation (Ipr) trait of MRL/Ipr mice is due
to a Fas mutation, resulting in the accumulation of immune
cells in secondary lymphoid organs, including autoantibody
producing B cells. In humans, the Fas mutation also results in
a lymphoproliferative disease (Canale-Smith syndrome), but
very few of these patients display autoimmune features.
Similarly, C57Bl/6 mice carrying the Fas mutation only de-
velop minor autoimmune manifestations [18]. This observa-
tion emphasizes that /pr is an amplifier, rather than the cause
of autoimmunity in MRL//pr mice, and led to the identifica-
tion of multiple susceptibility loci, associated with the devel-
opment of the disease in MRL/Ipr strain [18-24].

In BXSB mice, SLE symptoms are more prevalent in
males, a very unique situation for a disease with such a strong
female bias, due to the presence of the chromosome Y-
associated accelerator (vaa). A few years ago, it appeared that
yaa was related to the translocation on the Y chromosome of a
fragment of chromosome X, resulting in a duplication of 16
genes, including the Toll-like receptor 7 (Tlr7) gene in the
genome of male animals [25, 26]. In BXSB mice, 7/r7 dupli-
cation in male is strongly associated with the development of
the disease, and the contribution of 7LR7 is further substanti-
ated by in vivo experiments indicating that overexpression or
downregulation of 7LR7 gene expression in lupus-prone ani-
mals worsens or improves disease manifestations, respectively
(see below).

In SLE, end-organ involvement is dependent on the auto-
antibody profile, e.g., anti-double stranded (ds)DNA antibod-
ies are associated with renal involvement [27-29]. However,
some data indicate that genetic factors are also involved. Thus,
injection of rabbit anti-glomerular basement membrane neph-
rotoxic serum leads to more severe renal disease and patho-
logical changes in NZW compared to other control strains
(C57Bl/6, BALB/c), despite similar glomerular deposits of
the pathogenic antibodies [30], an observation that points to
the presence of inborn mechanisms of end-organ reactivity to
autoimmune aggressions. Similarly, the Sle3 variant of the
gene encoding kallikrein on chromosome 7 is characterized
by a decreased renal expression of kallikrein in response to
anti-GBM antibody challenge in B6.S/e3 mice (C57Bl/6 mice
congenic for Sle3), and exogenous administration of kallikrein
using an adenoviral vector has a protective effect on disease
progression in these animals [31].

T Cell Phenotype in SLE Mouse Models

That the production of anti-dsDNA antibodies is CD4 T cell
driven was one of the most important discoveries of the early
nineties in the field of SLE. Thus, Mohan et al. isolated CD4 T
cell clones from (SWR x NZB)g; (or SNF1) lupus-prone
mice, based on their ability to provide help in the production
of anti-dsDNA antibodies by syngeneic B cells, and found

that these CD4 T cells were specifically stimulated by nucle-
osomes. The authors further demonstrated that purified splen-
ic CD4 T cells from not only SNFI1, but also BWF1 mice
proliferated in response to purified nucleosomes or histones
presented by syngeneic splenic antigen-presenting cells
(APC) from 1-month-old (disease-free) animals. Finally, im-
munization of young SWF1 mice with nucleosomes signifi-
cantly accelerated the development of nephritis [32]. Thus, in
these mice, anti-dsDNA antibody-producing B cells capture
nucleosomes, process them, and present histone peptides to
histone-specific T cells, which in turn provide bystander help
in the production of anti-dsDNA antibodies. Similar reactivity
against histones or non-histone chromosomal proteins was
reported in human CD4 T cells isolated based on their ability
to stimulate the production of anti-dsDNA antibodies [33].

Not surprisingly, chronic administration of inhibitory anti-
CD4 monoclonal antibodies to BWF1 mice efficiently pre-
vents or treats nephritis, through decreased production of
IgG anti-dsDNA autoantibodies [34—37]. Similar effects of
in vivo CD4 T cell inhibition were observed in the production
of (both IgM and IgG) anti-dsDNA antibodies in MRL/lpr
mice, although treated mice finally do develop nephritis in this
model [38—40]. [FN«-induced acceleration of disease in 3-
month-old BWF1 mice is also significantly prevented by the
injection of a depleting anti-CD4 monoclonal antibody that, in
particular, impacts production of IgG anti-dsDNA autoanti-
bodies and renal disease [15].

Phenotype and function of CD4 T cells were extensively
studied in C57Bl/6 animals carrying congenic NZM2410-
derived SLE susceptibility fragments. Thus, B6.Sle/ mice
have elevated IgG anti-chromatin autoantibodies but do not
develop renal disease. Spleens and lymph nodes from B6.S/e!
mice have higher percentages of activated (CD69-positive)
CD4 T cells. In addition, purified B6.Sle/ spleen and lymph
node T cells proliferate and produce IFNy in response to pu-
rified histones (H2A, H2B, H3, and H4) [41]. T cell activation
in these mice is still present in B6.Sle/.uMT mice with no
circulating B cells, suggesting an intrinsic effect of Sle/ on
T cells [42]. However, in B6 radiation chimera receiving
mixed bone marrows from C57B1/6 and B6.Slel mice, in-
creased expression of CD69 is also found in CD4 T cells of
C57Bl/6 origin, thereby indicating that T cell activation is at
least partly secondary to loss of tolerance in the B cell com-
partment of B6.Sle/ mice [43]. Slel is a cluster of 4 sub-loci
(Slela to d) among which Slelb recapitulates many of the
features typical of Sle/, due to the presence of an activating
polymorphic variant of SLAM family member 6 (SAP/Ly108),
a cell surface receptor expressed on NK, T, and B cells [44]. In
addition to increased percentages of splenic activated
CD4*CD69" cells compared to C57Bl/6 controls, B6.Slelb
female mice have larger proportions of splenic
CD4*CD44MePCD62L" 18" effector memory and
CD4"CD44"e"CD62L'Y short-lived effector T helper cells.
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Percentages of CD4*CXCR5""PD-1"" T follicular helper
cells are also higher in B6.Sle/b compared to C57Bl/6 control
mice, in parallel with increased numbers of germinal centers
observed in their spleens [45]. T follicular helper cells are key
in the selection and affinity maturation of autoantibody-
producing B cells in germinal centers. Numbers of circulating
CD4*CXCRS5* ICOS™ or PD-1* T follicular helper cells are
significantly increased in SLE patients compared to controls
[46, 47].

B6.Sle3 congenic mice also have larger numbers of
CD4*CD69" activated T cells in the spleen, in particular when
they are aging, and an increased CD4/CD8 ratio in spleen and
lymph nodes. In vitro expansion of CD4 T cells upon anti-
CD3 stimulation is significantly higher in B6.Sle3 compared
to control C57Bl/6 mice, due to increased proliferation and
reduced activation-induced cell death [48]. This phenotype is
not due to an intrinsic T cell defect, but results from the Sle3-
dependent activation of antigen-presenting cells (see below).

Activated T cells are not only found in secondary lymphoid
organs in SLE-prone mice, but also in the kidney. This is also
reflected in high-throughput transcriptomic studies performed
on the kidneys of nephritic BWF1 animals, in which T cell and
plasma cell gene expression signatures are predominant [49,
50]. Fairhurst et al. studied the profile of infiltrating inflam-
matory cells in the kidneys of B6.Slel.yaa (C57Bl/6 mice
congenic for both Slel and yaa) nephritic mice and found a
predominant population of CD4 T cells and Gr1™&" mono-
cytes. CD4 T cells were activated, as demonstrated by in-
creased expression of ICOS and PD-1. GR1™&" monocytes
also had an activated phenotype, overexpressing CD69 and
CXCR4, and this was also the case for infiltrating B cells.
TLR7 played a role in this renal phenotype, and 7LR7 deletion
on the X chromosome, resulting in a 2-fold decrease in the
TLR7 copy number in B6.Slel.yaa. TLR7-mice, prevented the
development of nephritis and kidney infiltration by inflamma-
tory cells, despite the persistence of high titers of IgG antinu-
clear antibodies [26]. Conversely, transgenic overexpression
(4- to 8-fold) of TLR7 in a non-autoimmune background leads
to the development of an SLE-like disorder, characterized by
the production of anti-RNA autoantibodies, expansion of
CD11c¢* MHCII'myeloid cells, and immune complex-
mediated nephritis [51]. Interestingly, moderate (two-fold,
i.e., similar to the level of over-expression observed in yaa
mice) overexpression of TLR7 in a C57BI/6 background does
not lead to any symptoms, but when combined with Sle/ in
B6.Slel.Tg7 animals, increased TLR7 expression led to se-
vere nephritis similar to the B6.Sle!.yaa strain [52].

By contrast to the overwhelming evidence demonstrating
the role of CD4 T effector cells in SLE-prone mice and pa-
tients, characterization of T regulatory (Treg) cell number and
function did not deliver concordant results across the studies,
probably in view of the methodological difficulties related to
the identification and functional analyses of these cells.

@ Springer

Percentages of CD4*CD25"CD6IL™E" or CD4*Foxp3™ Treg
cells are decreased in spleens and lymph nodes of BWF1
mice, at least in pre-diseased animals, but this is not the case
in older mice [53, 54] or in the MRL/Ipr lupus-prone strain, in
which Treg cells are rather increased [55, 56]. Using B6.Sle/a
congenic mice, the group of Laurence Morel found that de-
creased Treg cell numbers and function in this strain were not
intrinsic to Treg cells themselves, but were instead related to
increased IL6 production by bone marrow dendritic cells [57,
58]. In any case, Treg cell modulation in lupus-prone mice,
either by injection of purified Treg cells, or by administration
of low-dose IL2, resulted in significant improvements in dis-
ease activity [53, 59, 60]. Interestingly, preliminary studies in
patients with SLE also indicated that low-dose IL2 adminis-
tration resulted in increased circulating Treg cells, which au-
gurs well for potential clinical benefits of this therapeutic strat-
egy [61].

Natural killer T (NKT) cells are cells from the lymphoid
lineage with innate, but also adaptive functions due to the
expression of T cell receptors. While type Il NKT cells display
adiverse TCR repertoire, type I or invariant NKT (iNKT) cells
express an invariant TCRo chain that recognizes CD1d mol-
ecules. Again, inconsistent results were reported on the role
and functions of these cells in mouse models of SLE. Thus,
numbers of iNKT cells in blood and spleen of 7-, 14-, and 24-
week-old BWF1 mice are similar compared to age-matched
Balb/c animals. Yet, cytokine production, either directly by
iNKT themselves or by transactivated T and B cells, is lower
in BWF1 compared to Balb/c animals in response to o-
GalCer, a typical iNKT cell ligand, and this effect is more
pronounced in younger animals [62]. Functional defects in
iNKT cell functions might be relevant in the pathogenesis of
SLE, in view of their contact- and CD1d-dependent inhibitory
effects on autoantibody-producing B cells (by contrast to their
rather Th2 cytokine-dependent stimulatory effects on non-
autoantibody producing B cells that express less CD1d) [63,
64]. Nevertheless, injections of x-GalCer to lupus-prone mice
generated contradictory results according to the injection
schedule and age of the recipients: disease worsening in older
mice receiving repeated injections, versus protective effect in
younger animals after short-term treatment [65, 66].

Finally, this chapter on T cells would not be complete with-
out addressing the dual role of CD8 T cells in the pathogenesis
of SLE. In BWF1 mice, CDS8 T cells expand less compared to
CDA4 T cells, resulting in decreased CD8 T cell percentages
and increased CD4/CDS ratios in secondary lymphoid organs
[67]. While in vivo CD4 T cell inhibition prevented disease
progression in BWF1 mice, injection of anti-CD8 antibodies
resulted in increased disease severity, due to the blockade of a
CDS8 T cell sub-population with suppressive properties [68].
CD8 T suppressor cells are CD44*CD122*Ly49" CD8 T cells
that inhibit the expansion of CD4 T follicular helper cells and
the production of autoantibodies through recognition of Qa-
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1 at the surface of T follicular helper cells. Qa-1 deficient mice
develop a lupus-like disorder characterized by the presence of
dysregulated T helper follicular cells, autoantibody produc-
tion, and nephritis [69]. Conversely, suppressor function of
CD44*CD122*Ly49" CD8 T cells is significantly impaired
in B6.yaa lupus-prone mice, underscoring the role of suppres-
sor CD8 T cells in regulating autoimmune mechanisms at the
systemic level [70]. By contrast to these immunosuppressive
effects at the systemic level, CD8 T cells locally amplify renal
inflammatory mechanisms in mouse models of immune glo-
merular injury [71] and are also involved in periglomerular
and tubular cell damage, e.g., after rupture of the Bowman’s
capsule and cross-presentation of cryptic glomerular antigens
by resident interstitial antigen-presenting cells [72]. In humans
with lupus nephritis, increased CDS8 T cell numbers in kidney
biopsies are associated with poorer response to therapy, an
observation in line with a pathogenic role for CD8 T cells in
the target organ [73].

In order to illustrate alterations in T cell phenotype in SLE-
prone mice, both of our groups used flow cytometry panels in
order to compare MRL/Ipr versus C57Bl/6 (in Brest) and
B6.Slel.Sle2.Sle3 versus C57B1/6 (in Brussels) mice before
and after disease onset (disease manifestations are apparent at
age 5 months in B6.Sle/.Sle2.Sle3 mice and at age 12 weeks
in MRL/Ipr animals). Although the flow cytometry data are
presented in the same figures, they were not generated using
the same antibody panels, as indicated in the figure legends
and summarized in Tables 1, 2, and 3. In B6.Slel.Sle2.Sle3
mice, results were expressed as percentages of positive cells
compared to a reference population, while absolute numbers
were used in MRL/Ipr experiments. Despite these differences
in our methodological approaches, the data displayed in the
figures are representative of the changes observed in these
mice, as discussed in the above paragraphs. Thus, our results

confirmed the presence of activated (i.e., CD69-positive) CD4
and CD8 T cells in the blood of B6.Sle!.Sle2.Sle3 compared
to C57Bl/6 mice, from disease onset (5 months) to later stages
of the disease. In B6.Slel.Sle2.Sle3 mice, percentages of
blood CD4 and CDS8 T cells were not different compared to
C57Bl/6 controls. Percentages of CD8 T cells were lower in
the spleens of B6.Slel.Sle2.Sle3 compared to C57B1/6 mice.
In MRL/Ipr mice, sheer numbers of conventional CD4 and
CDS8 T cells were more elevated in peripheral blood, spleen,
as well as in thymus and lymph nodes compared to C57Bl/6
animals (Figs. 2 and 3, and data not shown).

B Cell Phenotype in SLE Mouse Models

SLE is not only characterized by the production of specific
CDA4 T cell-driven anti-chromatin autoantibodies, but also by a
polyclonal B cell activation and hypergammaglobulinemia
[74=77]. In SLE patients, circulating B cells have an activated
phenotype (overexpression of CD95, HLA class II, and co-
stimulatory molecules) and display a skewed differentiation
pattern characterized by a decrease in naive and unswitched
memory B cells, and an increase in switched memory, double-
negative B cells, and in plasmablasts [78, 79]. B cell develop-
ment occurs in the bone marrow, where two thirds of
autoreactive B cells are eliminated. B cells leave the bone
marrow as transitional B cells, and this stage of development
is also an important autoreactivity checkpoint, with reported
alterations in SLE patients. In particular, proportions of
CD24Me"CD38"e" transitional B cells are higher in SLE com-
pared to control individuals [80]. Last but not least, qualitative
and quantitative modifications of the CD5" B1 cell subsets are
also reported in SLE patients [81, 82].

Table 1 Peripheral blood T cells,

B cells, and dendritic cells (DC) Subset Phenotype B6.Slel, Sle2, Sle3 vs C57Bl/6 Mil/lpr vs C57Bl/6
in lupus-prone mice
CD4 T cell CD4* normal expanded
Activated CD4*CD69* expanded NT
Treg CD4"CD25*CD127Y NT normal
CDS8 Tcell CD8* normal expanded
Activated CD8*CD69* expanded NT
B cells CD19" or B220*/CD138- normal normal
Immature/T1 B220™ CD21-CD23-IgM* NT expanded
Mature B220"ENgM* NT normal
Activated CD19*CD69* normal NT
Plasmablasts CD19*CD138"* reduced NT
Plasma cells CD19-CD138* expanded NT
B220*CD138* NT highly expanded
DC CDl11¢*CDI11b* NT reduced
pDC CDl11c*SiglecH" expanded NT
NT not tested
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Table 2 Spleen T cells, NK cells,
B cells, and dendritic cells (DC)
in lupus-prone mice

In mouse models of SLE, increase in the percentage of
(CD19*IgM*CD43*CD5") Bla cells is one of the most com-
mon features of the disease [83—85]. Enrichment in Bla cells
is under genetic control and is a major characteristic of

Table 3 Bone marrow B cells in
lupus-prone mice

@ Springer

Subset Phenotype B6.Slel, Sle2, Sle3 vs Mrl/lpr vs C57Bl/
C57Bl/6 6
CD4 Tcell CD4" normal expanded
Treg CD4*CD5*CD25+ normal NT
Treg CD4*CD5*CD25"CD127"% NT expanded
CD8 Tcell CDS8" reduced expanded
NK cells CD49b CD5- normal NT
NKI1.1* NT reduced
B cells CD19" or B220+ normal normal
Tl CD19'B220"CD93*CD23-IgM+ normal NT
B220*CD21-CD23-IgM+ NT normal
T2 CD19"B220"CD93*CD23 IgM+ normal NT
B220*CD21"CD23*IgM+ NT reduced
T3 CD19"B220"CD93"CD23*IgM- reduced NT
Mantle B220"CD93-CD21*CD23- normal NT
zone
B220"CD21*CD23-IgM+ NT expanded
Follicular B220*CD93-CD21™CD23+ reduced NT
B220*CD21™CD23*IgM!*™ NT reduced
Bla B220"CD93-IgM*IgD-CD21-CD23-CD5"  expanded NT
Plasma B220"CD138+ expanded highly expanded
cells
DC CD11c*CD11b+ NT expanded
pDC CDI1l1c*SiglecH+ normal NT
¢DC CDI1l1c*SiglecH- normal NT
NT not tested

B6.Sle2 congenic mice. Sle2 is a cluster of 3 susceptibility
loci, one of which is characterized by a decreased expression
of the protein encoded by the Cdkn2c gene: cyclin-dependent
kinase inhibitor p18, found to be a regulator of the Bla cell

Subset Phenotype B6.Slel, Sle2, Sle3 vs C57Bl/6  Mrl/lpr vs C57Bl/6
B cell lineage B220" normal reduced
Pre/Pro B B220"CD24™CD43+ normal NT
B220*CD43"en NT normal
Developing B B220"CD24"#'CD43- reduced NT
Pro B/Pre B B220*CD24"¢"CD43-IgD-IgM- expanded normal
Pro B B220*CD43™ NT reduced
Pre B B220*CD43- NT reduced
Immature B220"CD24"¢"CD43-IgM™[gD-  expanded NT
B220*IgM*IgD- NT normal
Transitional B220*CD24"¢"CD43-IgM*IgD-  expanded NT
B220*IgM*IgD™ NT normal
Mature B220*IgM*IgD"e" NT reduced
Early mature  B220*CD24"€"CD43-IgM*IgD+  reduced NT
Late mature B220*CD24""CD43-IgM-IgD+  expanded NT
Plasma cells CD138+ normal expanded

NT not tested
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Fig. 2 Blood CD4 and CDS8 T cells in lupus-prone mice. a Blood
samples from B6.Slel.Sle2.Sle3 and C57Bl6 mice were harvested at the
indicated time points and stained with a viability dye and the following
antibodies: CD5, CD4, CD8a, and CD69. Cell activation was defined
based on CD69 expression. Percentages are calculated in reference to
the population indicated on the Y axis. 8/10: 8-month-old

pool [86, 87]. Bla cells are self-renewing, natural IgM
antibody-producing cells, and their contribution to disease
pathogenesis is not fully understood [88]. Natural antibodies
may display a low affinity to autoantigens, thereby potentially
giving rise to high affinity autoantibodies in specific condi-
tions (e.g., in the presence of an autoimmune accelerator).
However, autoantibody production is not restricted to CD5*
B cells in BWF1 mice, as evidenced by in vitro or in vivo
reconstitution experiments with either CD5~ or CD5" B cells
[89]. Other than antibody-producing cells, Bla cells also play
a role as antigen-presenting cells, due to their expression of
co-stimulatory molecules (B7.1, B7.2, CD24, LFA-1, ICAM-
1) [83], and are also known to produce IL-10, a cytokine
strongly overexpressed in SLE patients, and in mouse models
of the disease [81, 90-92].

16 18 20 12 14 16 18 20
Week Week

B6.Slel.Sle2.Sle3 were compared to 10-month-old C57Bl/6 mice,
*p < 0.05, **p < 0.01 using Mann-Whitney tests. b Blood samples
from MRL/Ipr and C57Bl/6 mice were harvested at the indicated time
points and stained with the following antibodies: B220, CD5, CDS8, CD4,
CD127, and CD25. Treg cells were defined as CD25* CD4*CD127""
cells **p < 0.01 using Mann-Whitney tests

In mice, immature B cells that escaped bone marrow
checkpoints migrate to the spleen as transitional (T1) B cells.
The T1 cell stage is an important tolerance checkpoint, and
many autoreactive B cells are eliminated at this stage. In par-
ticular, T1 B cells with a strong affinity for self-antigens un-
dergo apoptosis, and this mechanism is impaired in NZB [93]
and in TLR7 transgenic mice [94]. Similarly, T1 B cells from
B6.Sle1b animals transgenic for a lysozyme B cell receptor are
efficiently eliminated after strong B cell receptor (BCR) stim-
ulation with the antigen, but they resist apoptosis when weak
antigen stimulation is applied, by opposition to T1 B cells
from BCR transgenic controls not carrying the Sle/b suscep-
tibility interval, thereby emphasizing the role of Sle/b on B
cell tolerance [95]. T1 transitional B cells further differentiate
into T2 cells, next into mature follicular B cells, or, in some
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Fig. 3 Spleen T and NK cells in
lupus-prone mice. a Spleens from
B6.Slel.Sle2.Sle3 and C57Bl6
mice were harvested at the 25
indicated time points and stained
with a viability dye and the
following antibodies: CD5, CD4,
CD8a, CD25, and CD49b. Treg
cells were defined as
CD25"CD5*CD4" cells. NK cells
were defined as CD49b*CD5~
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circumstances, into marginal zone B cells. Marginal zone B
cells are involved in T cell-independent mechanisms of anti-
body production and display higher sensitivity to TLR9 stim-
ulation, while mature follicular B cells will differentiate into
mature naive B cells that further recirculate to secondary lym-
phoid organs and are involved in T cell-dependent responses.
Peripheral tolerance checkpoints can be disrupted in numer-
ous situations, as is the case in BAFF-transgenic mice that are
characterized by increased transitional and MZ B cells and
develop a lupus-like autoantibody-mediated syndrome [96].
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However, increase in overall numbers of transitional and mar-
ginal zone B cells is not a typical feature found in BWF1 mice
themselves. These mice rather display a decrease in mature
follicular cells, as a sign of disrupted B cell development and
tolerance checkpoints. They also display a decrease in transi-
tional T3 cells, a sub-population of anergic B cells with a still
unclear ontology [97].

Sustained autoantibody production in patients or mice re-
ceiving strong immunosuppressive agents (such as corticoste-
roids and cyclophosphamide) led to the identification of the



Clinic Rev Allerg Immunol (2017) 53:181-197

189

role of depletion-resistant long-lived plasma cells in the path-
ogenesis of the disease. Using BrdU in the drinking water of
BWF1 mice in order to track dividing cells in their spleen,
Hoyer et al. demonstrated that the spleen of BWF1 mice
contained anti-DNA antibody producing CD138-positive
plasma cells, which did not divide for at least 12 weeks (the
time of BrdU feeding). An estimated 40% of autoantibody-
producing CD138" cells were such long-lived plasma cells in
the spleen. These cells express low MHC I, by opposition to
short-lived plasma cells, and are resistant to in vivo cyclo-
phosphamide therapy [98]. Not only the spleen, but also bone
marrow and kidneys of BWF1 mice host long-lived plasma
cells [99]. Transfer of BWF1 CD138-positive cells into Rag/
—/— mice results in the establishment of autoantibody-
producing long-lived plasma cells in spleen and bone marrow
of recipient mice and the development of nephritis, thereby
demonstrating the ability of these cells to cause disease man-
ifestations, independent of any additional stimulus [100].

By contrast to conventional immunosuppressive or cyto-
toxic drugs, bortezomib, a proteasome inhibitor, targets both
short-lived and long-lived plasma cells, by activation of the
terminal unfolded protein response. Thus, bortezomib admin-
istration induces a drastic decrease in total and anti-dsDNA
antibody-producing CD138""CD25" intracellular k light
chain®™ plasma cells in spleen and bone marrow of BWF1
mice, resulting in decreased serum dsDNA antibody titers
and prevention of glomerulonephritis [101]. Optimal therapy
was achieved by not only depleting long-lived plasma cells
with bortezomib, but also the pool of precursors from which
they are generated, using cyclophosphamide or anti-CD20
[102, 103].

Rituximab, a depleting anti-CD20 antibody, does not target
plasma cells that are CD20 negative. The drug is commonly
used in the treatment of refractory lupus nephritis, but also
other autoimmune disorders [104—109]. Mahévas et al. report-
ed the presence of autoantibody secreting cells in the spleen of
patients with idiopathic thrombocytopenic purpura, resistant
to rituximab therapy. Intriguingly, transcriptomic profiling of
plasma cells in the spleen from rituximab-treated patients was
different compared to non-treated patients or healthy donors
and characterized by the expression of molecular signatures
associated with a long-lived phenotype (overexpression of
anti-apoptotic genes and negative regulator of the cell cycle
and downregulation of genes involved in positive regulation
of cell cycle). Increased production of BAFF in the superna-
tants of spleen cell cultures from rituximab-treated patients is
suspected to explain the generation of long-lived plasma cells
in rituximab-treated patients [110, 111].

Alterations in B cell phenotype in B6.Sle123 and MRL/Ipr
mice are illustrated in Figs. 4, 5, and 6. In our experiments,
terminally differentiated plasma cells were more numerous in
blood and spleens of both B6.Slel.Sle2.Sle3 and MRL/Ipr
mice compared to controls. MRL//pr mice also had increased

numbers of plasma cells in peripheral blood, and even in the
spleen as well as in thymus and lymph nodes (Figs. 4 and 5,
and data not shown). In MRL/[pr mice, numbers of T1 B cells
were significantly increased in the peripheral blood, in line
with similar observations in other strains of lupus-prone mice
and in humans. In the spleens of both lupus-prone strains, we
observed decreased follicular B cells compared to C57Bl/6
mice, as discussed earlier. Percentages of T3 transitional B
cells were also significantly decreased while Bla cells were
significantly increased in B6.Slel.Sle2.Sle3 spleens (Figs. 4
and 5). In the bone marrow (Fig. 6), we found differences in
developing B cell populations between the two lupus-prone
strains, potentially indicative of dysregulated tolerance check-
points. In particular, we observed decreased overall develop-
ing B cells in both lupus-prone strains compared to control
mice, although differences in developing B cell sub-
populations were not entirely overlapping between
B6.Slel.Sle2.Sle3 and MRL/Ipr animals.

Role of Antigen-Presenting Cells in Mouse Models
of SLE

The role of myeloid cells in autoimmune disorders is exten-
sively reviewed in another contribution of this series of re-
views [112]. In the next paragraphs, we focus on reports
highlighting the links between antigen-presenting cell dys-
functions and T or B cell activation in SLE. In humans, im-
paired clearance of apoptotic material by SLE macrophages in
lymph nodes is an important step in the pathogenesis of the
disease, resulting in the availability of nuclear autoantigens for
presentation by professional antigen-presenting cells such as
dendritic cells [113]. Among them, CD11b"CD11¢'CD123*
plasmacytoid dendritic cells (pDC) produce high levels of
IFN« in response to stimulation and are therefore under par-
ticular scrutiny in SLE research. Thus, heterozygous deletion
of Tcf4, a gene encoding E2-2, a transcription factor involved
in the development of pDC, led to a significant improvement
of disease manifestations in TLR7 transgenic mice, i.e., a de-
crease in CD11¢* MHCII” myeloid cells, and decreased renal
deposition of immunoglobulins and nephritis. Similarly, de-
creased T cell activation and production of autoantibodies and
significant improvement of immune complex-mediated ne-
phritis were observed in Tcf4+/— B6.Slel.Sle3 compared to
wild-type B6.Slel.Sle3 lupus-prone animals [114].

However, in vitro depletion experiments using human cells
indicated that pDC are not the sole IFN« producers in SLE
patients [115], underscoring the potential role of
CDI11b*CD11c¢* myeloid DC in the pathogenic process. By
breeding B6.Slel/.Tg7 mice that conditionally overexpress
TLR7 with a CD11c-Cre reporter strain, Celhar et al. normal-
ized TLR7 expression in CD11b-positive conventional DC
(cDC) and pDC, resulting in decreased production of anti-
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Fig. 4 Blood B cells in lupus- A
prone mice. a Blood samples

from B6.Slel.Sle2.Sle3 and
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the indicated time points, and

stained with a viability dye and
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dsDNA and anti-snRNP autoantibodies, inhibition of immu-
noglobulin deposition in the kidney and prevention of nephri-
tis. In addition, TLR7 inhibition in dendritic cells from
B6.Slel.Tg7 mice resulted in normalization of TLR7-
induced changes in cell populations in the spleen, i.e., reduc-
tion in numbers of expanded CD11b-positive myeloid cells,
decreased expression of activation markers on CD4 and CD8
T cells, decrease in the percentage of CD62L°VCD44hieh of.
fector memory cells. Numbers of pDC were not increased in
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B6.Slel.Tg7 mice compared to B6.Sle/ controls and were not
affected by the decrease in TLR7 expression in
B6.Slel.Tg7.CD1c-Cre animals [116].

As discussed previously, B6.Sle3 congenic mice are char-
acterized by the presence of spontancously activated and
hyperproliferative T cells [48]. In B6.Sle3 animals transgenic
for an OVA-specific T cell receptor (TCR), Zhu et al. con-
firmed increased T cell responses to antigenic stimulation
and decreased activation-induced cell death compared to B6
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Fig. 5 Spleen B cell subsets in lupus-prone mice. a Spleens from
B6.Slel.Sle2.Sle3 and C57Bl6 mice were harvested at the indicated
time points and stained with a viability dye and the following
antibodies: CD5, B220, IgD, IgM, CD23, CD21, CD93, and CD138.
T1, T2, and T3 B cells were defined based on CD23 and IgM
expression in B220"CD93* cells. Follicular (FO) and mantle-zone
(MZ) B cells were defined based on CD23 and CD21 expression in
B220"CD93™ cells. Bla cells were identified based on CD5 expression
in B220*CD93-1gM + IgD-CD23-CD21- cells. Plasma cells were

OVA TCR transgenic controls not carrying the Sle3 congenic
interval. However, this T cell phenotype was not intrinsic to T
cells, as demonstrated by adoptive transfer of B6.Sle3 TCR
transgenic T cells in C57B1/6 mice, resulting in the loss of
their activated phenotype. Looking at phenotype and function
of antigen-presenting cells, the authors found increased num-
bers of macrophages and lymphoid dendritic cells in the
spleen of B6.Sle3 mice, and, more importantly, increased ac-
tivation status of all myeloid cell types studied, i.e., increased
expression of the co-stimulatory molecules CD40 and CDS0,
and cell adhesion molecules (VCAM-1/CD106) on
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identified as CD138+ cells. Percentages are calculated in reference to
the population indicated on the Y axis. 8/10: 8-month-old
B6.Slel.Sle2.Sle3 were compared to 10-month-old C57Bl/6 mice,
*p < 0.05, **p < 0.01 using Mann-Whitney tests. b Spleens from
MRL/Ipr and C57BI/6 mice were harvested at the indicated time points
and stained with the following antibodies: B220, CD23, CD21/35, IgM,
and CD138. Plasma cells were identified as CD138+ cells, *p < 0.05
using Mann-Whitney tests

macrophages, neutrophils, lymphoid, and myeloid dendritic
cells, increased expression of Fcy Receptor on neutrophils,
lymphoid, and myeloid dendritic cells, increased expression
of CD86 in myeloid dendritic cells, resulting in increased
activation of antigen-specific T cells [117].

Macrophages and dendritic cells also infiltrate nephritic
kidneys of SLE-prone mice. Comparing the transcriptomic
profiles of nephritic BWF1, NZW x BXSB, and NZM2410
mice to their pre-nephritic counterparts, Bethunaickan et al.
found increased expression of macrophage activation-
associated transcripts (CD68, activating Fcy receptors,
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Fig. 6 Bone marrow B cell precursors in lupus-prone mice. a Bone
marrow was obtained from B6.Slel.Sle2.Sle3 and C57BIl6 mice at the
indicated time points and stained with a viability dye and the following
antibodies: B220, CD24, CD43, IgM, IgD, and CD138. Plasma cells
were defined as CD138+ cells. B cell lineage was defined as B220+
cells. PrePro B cells were identified as B220*CD24™™ed#CD43+
cells. Developing B cells were defined as B220*CD24¢8CD43— cells.
Pro B/Pre B, immature, transitional, early, and late mature B cells were
defined based on IgM and IgD expression in B220"CD24"¢"CD43~
cells. Percentages are calculated in reference to the population indicated

FPR2, C type lectins, cathepsins, HLA-DM) in the nephritic
kidneys of all three strains of mice. In the two models with
proliferative nephritis (BWF1, NZW x BXSB), they also
found overexpression of other macrophage or dendritic cell-
associated transcripts (CD11c, IKBKE, FCGR3A, CXCL13)
[50]. Purification of macrophages and dendritic cells infiltrat-
ing BWF1 kidneys showed the presence of different popula-
tions with heterogeneous functional characteristics. The most
enriched population was made of CD11b"e"CD11cMe"F4/
80'™ dendritic cells able to induce the proliferation of alloge-
neic CD4 T cells. CD11b™E"F4/80ME"CD ¢!/ ntermediate
macrophages were also strongly enriched in BWF1 kidneys.
These cells also induced proliferation of allogeneic CD4 T
cells, had a high phagocytic activity, and had increased
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on the Yaxis. 8/10: 8-month-old B6.Sle!.Sle2.Sle3 were compared to 10-
month-old C57Bl/6 mice, *p < 0.05, **p < 0.01 using Mann-Whitney
tests. b Bone marrow from MRL/jpr and C57B1/6 mice was obtained at
the indicated time points and stained with the following antibodies: B220,
CD43,1gM, IgD, and CD138. Plasma cells were defined as CD138" cells.
PrePro B cells were identified as B220*CD43"¢" cells. Pro B cells were
identified as B220"CD43" cells. Pre B cells were identified as
B220"CD43™ cells. Immature, transitional, and mature B cells were
defined based on IgM and IgD expression in B220+, *p < 0.05 using
Mann-Whitney tests

expression of TLR3, TLRS5, TLR9, ITGAM, CCL7, and
CX3CR1 compared to the other cell subtypes. There was also
a slight increase in CD11cMe"CD]plow/intermediatey,
80°“CD103* dendritic cells with high CD4 T cell prolifera-
tion abilities, by contrast to CD11b"E"CD11c'°VF4/80""
macrophages that had little effects on the activation of CD4
T cells [118].

In our flow cytometry data (Fig. 7), numbers of dendrit-
ic cells (DC) in the spleen, lymph nodes, and thymus of
MRL/Ipr mice were higher as compared to C57Bl/6 ani-
mals. We did not find differences in percentages of cDC or
pDC in the spleens of B6.Slel.Sle2.Sle3, but percentages
of pDC in the blood were higher in B6.Sle/.Sle2.Sle3 com-
pared to C57BI1/6 mice.
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Fig. 7 Blood and spleen dendritic cells in lupus-prone mice. a Blood
samples and spleens from B6.Sle!.Sle2.Sle3 and C57B16 mice were har-
vested at the indicated time points and stained with a viability dye and the
following antibodies: CD11b, CDl1c, SiglecH, Grl, CDI115, B220, and
CD8a. pDC were defined as CD11c*SiglecH" cells. In the spleen, cDC
were defined as CD11c*SiglecH— cells. 8/10: 8-month-old
B6.Slel.Sle2.Sle3 were compared to 10-month-old C57Bl/6 mice,
*p < 0.05, **p < 0.01 using Mann-Whitney tests. b Blood samples and
spleens from MRL//pr and C57Bl/6 mice were harvested at the indicated
time points and stained with the following antibodies: CD11b and CDl11c.
DC were defined as CD11¢*CD11b™ cells, in blood and in spleen,
*p < 0.05, using Mann-Whitney tests

Concluding Remarks

Phenotypic changes in lymphoid and myeloid cell populations
in mouse models of SLE are strongly associated with intrinsic
pathogenic events characteristic of the disease and are

frequently used in order to assess the effects of therapeutic
interventions or genetic modifications.

Recently, the development of multi-panel staining strate-
gies contributed to a better identification of lymphoid cell
subsets in the bone marrow and in the periphery. In particular,
skewed distribution of immature B cell populations in mice
and in humans with SLE is indicative of defective central and
peripheral tolerance checkpoints, an essential step in the de-
velopment of autoimmunity. Similarly, activation of myeloid
cell subsets appears to be a necessary step for the activation of
autoreactive T cells in the disease.

The recent identification of long-lived plasma cells in kid-
neys and bone marrow of lupus-prone mice nicely illustrates
how the local-inflammatory—environment shapes the repre-
sentation and function of innate and adaptive immune effec-
tors, and our present ‘systemic’ approach to our understanding
of the mechanisms of disease needs to be adjusted, in order to
consider the important role of these ‘organ-specific’
modifications.
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