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Abstract

Purpose of the review—The complexity and heterogeneity of the clinical presentation in
systemic lupus of erythematosus (SLE), combined to the inherent limitations of clinical research,
have made it difficult to investigate the etiology of this disease directly in patients. Various mouse
models have been developed to dissect the cellular and genetic mechanisms of SLE, as well as to
identify therapeutic targets and to screen treatments. The purpose of this review is to summarize
the major spontaneous and induced mouse models of SLE and to provide an update on the major
advances they have contributed to the field.

Recent findings—Mouse models of SLE have continued to contribute to understand the
cellular, signaling and metabolic mechanisms contributing to the disease, and how targeting these
pathways can provide therapeutic targets. Whenever possible, we discuss the advantage of using
one model over the others to test a specific hypothesis

Summary—Spontaneous and induced models of lupus models are useful tools for the study of
the etiology of the disease, identify therapeutic targets and screen treatments in pre-clinical
studies. Each model shares specific subsets of attributes with the disease observed in humans,
which provides investigators a tool to tailor to their specific needs.
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Introduction

Systemic lupus of erythematosus (SLE) is a chronic disorder that is characterized by the
over-production of antinuclear autoantibodies (ANA) resulting in the formation of immune
complexes (IC) that induce tissue inflammation and destruction in multiple organs, including
the kidneys (1). The exact etiology of SLE is still unknown, but there is a strong evidence
that a combination of environmental exposures, genetic predisposition, cellular dysfunctions
and hormonal factors lead to the development of SLE (2). Given the high degree of clinical
heterogeneity in SLE patients, preclinical mouse models summarized below (Table 1) have
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been very valuable to investigate the etiology of SLE as well as to identify and validate
therapeutic targets.

These mouse models of SLE are either spontaneous or induced, but none of them fully
represents the entire clinical spectrum found in SLE patients. However, each model presents
an overlapping subset of human lupus phenotypes, and offers specific features of interest to
address specific preclinical purposes. In addition to polygenic models, a number of mouse
models are based on a single gene knock-out or transgenic expression of genes which result
in lupus-like phenotypes (11). These strains have been instrumental in delineating functional
pathways in SLE as well as the involvement of specific genes in maintaining systemic
immune tolerance, and preventing immune complex (IC)-induced inflammation. There have
been numerous reviews of mouse models of SLE starting from the foundational work
published over 30 years ago (12) that has been followed by many updates. Many reviews
have focused on specific aspects of these models, such as the genetic links between human
and mouse SLE (11), or the mechanisms leading to systemic autoimmunity and clinical
lupus in these models (13). The present review will briefly summarize the most common
mouse of SLE, stressing their unique features. We will then provide an update on the major
advances they have contributed to the field, and whenever possible, we will discuss the
advantage of using one model over the others to test a specific hypothesis.

Spontaneous Mouse Models of SLE

1. NZB/W F1

2.NZM

In the 1960s, the NZB/W F1 model of lupus refers to the F1 hybrid between the NZB and
NZW strains (3). NZB mice show limited hemolytic autoimmune anemia while NZW mice
are non-autoimmune. However, their F1 hybrids develop severe lupus-like phenotypes
including a strong female bias, splenomegaly, elevated serum ANA mostly directed against
DNA. IC-mediated nephritis develops by 5-6 months of age, leading to renal failure and
death at 10-12 months of age (12). Overall, NZB/W F1 is a classic model used to study the
genetic underpinning of SLE (11) as well as drug responses in many preclinical studies,
including the inhibition of BAFF (14), the role of type 1 IFN (15), and the identification of
biomarkers of lupus nephritis (16).

An accidental backcross between NZB/W F1 and NZW followed by brother-sister mating
generated 27 different recombinant inbred strains of New Zealand Mixed (NZM) mice
among which NZM2328 and NZM2410 are now used as lupus models (4-6). The clinical
manifestations in NZM strains are similar to that of NZB/W F1 mice, although there are
some differences in renal pathology (16, 17), and the response to BAFF inhibition (18). The
main advantage of the NZM strains over NZB/W F1 is that they have homozygous genomes,
which has facilitated genetic analyses (11). From the NZM2410 strain, a novel congenic
model has been produced that combines the three susceptibility loci, S/eZ, S/e2, and Sle3,
that are necessary and sufficient to induce a lupus phenotype on a non-autoimmune
C57BL/6 (B6) genetic background (19). The B6.NZM2410.5/e1.5/e2.5/e3 has the unique
advantage to share 95% of its genome with B6, providing a robust control for
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immunological and genetic studies. The corresponding single (mostly S/eZ) and bi-congenic
(Sle1.5/e3) are well suited to breed to B6-based gene knock-outs. For instance, deletion of
the plasmacytoid dendritic cells (pDC)-specific transcription factor 7cf4in B6.5/e1.5/e3
mice provided genetic evidence that pDCs are critically involved in the development of SLE
(20) *.

The MRL strain was developed by crossing several stains including LG/J, C3H/Di,
C57BL/6, and AKR/J (12). One of the MRL substrains carrying a spontaneous mutation
named /Jpr for lymphoproliferation developed an SLE-like phenotype characterized by
accumulation of double negative (DN: CD4~CD87) B220* T cells. DN T cells are
autoreactive (21) and expanded in SLE patients (22), making this model specifically relevant
to SLE pathogenesis. Lprcorresponds to non-functional transcripts of the Fas gene, a major
regulator of apoptosis in immune cells (23). Both male and female MRL//pr mice are
affected and produce of autoantibodies against dsSDNA and Sm, leading to large amounts of
IC that induce renal and skin pathology (7). MRL//or mice develop a massive
lymphadenopathy that is not observed in SLE patients. However, in addition to expanded
DN T cells, this model has the advantage of a rapid and severe disease development as
compared to the other spontaneous models. Notably, the MRL//pr strain has been used to
dissect the role of TRL7 and TLR9 in lupus (24), to compare TLR activation in B cells and
dendritic cells (25), and to dissect the development of extrafollicular autoreactive B cells
(26) *. In addition, B6./or mice, which develop systemic autoimmunity without clinical
pathology and a reduced lymphadenopathy, have been used to investigate various pathways,
including the involvement of Th17 T cells in lupus (27).

A recombinant inbred strain derived from the backcross of (B6 X SB/Le) F1 to SB/Le,
termed BXSB/Mp (BXSB/ Yaa), develops a lupus-like disease with lymphoid hyperplasia,
IC-mediated nephritis, ANA and high-serum retroviral glycoprotein gp70 titers (7, 28).
Nephritis leads to the death of BXSB/ Yaa males in about 5 months and BXSB females in 14
months. The rapid-onset disease in males is attributable to the Y-autoimmune accelerator
('Yaad) locus, which is due to a translocation from the X to the Y chromosome, duplicates 16
genes, including TLR7 (29, 30). TLR7, regulates the activation of the type 1 IFN pathway
by ribonucleic acid complexes, a critical pathway in SLE pathogenesis (31). Therefore, in
spite of its presentation in males, the BXSB/ Yaa strain is uniquely suited to model the
consequences of an overeactive TLR7/Type 1 IFN pathway.

Induced mouse models of SLE

1. Pristane-Induced lupus

Pristane is an isoprenoid alkane found at high concentration in mineral oil. Intraperitoneal
injection of pristane is a standard method to obtain ascitic fluid enriched in monoclonal
antibodies. Anti-ribonucleoprotein, anti-DNA and anti-histone autoantibodies are found in
BALB/c mice after pristane injections. Pristane-treated mice also have IC deposition in the
kidney causing severe nephritis (32). Strain differences in the response to pristane have been
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observed (33), illustrating the role of gene/environment interactions in lupus susceptibility.
Pristane-induced lupus is more severe in females than in males, at least in the SJL strain
(34). Pristane-induced lupus is driven by a strong type 1 IFN response (35), and this model
is therefore well-suited to investigate the type 1 IFN signature present in many SLE patients,
but much weaker in spontaneous mouse models of this disease. This model is also useful to
test the impact of a specific gene on lupus development directly in a non-autoimmune strain,
such the protective effect of TLR9 evaluated in BALB/c.TIr9™/~ mice treated with pristane
(36)*.

2. Chronic graft-versus-host disease (cGVHD) models

Induced cGVHD models require injections of donor lymphocytes into a semi-allogenic
recipient to induce a lupus-like syndrome. In the parent — F1 model, DBA/2 strain spleen
cells are injected into (C57BL/6 X DBA/2) F1 (BDF1) recipients while in the other, B6
spleen cells are injected into class 1 MHC-missmatched B6.bm12 recipients or reversely. In
both models, donor CD4* T cells react to host B cells triggering the polyclonal activation of
autoreactive B cells, and eventually, lupus-like syndrome (10). Compared with the other
models, cGVHD is easy to control, adjustable to investigator’s needs, and generally presents
with a reduced inter-individual variability. In addition, autoimmune and clinical
manifestations of SLE develop relatively rapidly over a period of weeks, instead of months
for the other models. Finally, because the activation and expansion of donor T cells play an
essential role in cGVHD response, it is easy to track them relative to host cells by flow
cytometry. These models also allow the study of the effect of treatments or genetic
modifications in donor cells to alter the course of the cGVHD response. The bm12 model is
particularly useful to test the effect of single genes or alleles on the development of systemic
autoimmunity on a B6 genetic background. This approach has been used to evaluate Slamfé
isoforms as lupus susceptibility alleles for the S/eZb locus (37, 38), and to identify the
association of a naturally occurring polymorphism in the G-CSF gene with resistance to
autoimmune activation (39, 40).

Recent investigations of therapeutic targets with mouse models of lupus

Table 2 lists recent treatments or genetic approaches that have been used in mouse models of
lupus.

1. T cell targets

Cellular metabolism has been identified as a major checkpoint of CD4* T cell effector
functions (67). Consequently, manipulating T cell metabolism may be a promising avenue to
treat immune-related diseases (68). In lupus mice as well as SLE patients, CD4* T cells have
an elevated metabolism. Treatment with a combination of metformin and glucose inhibitor
2-deoxyglucose normalized T cell metabolism and reversed disease in several mouse models
of SLE (41**, 42*). Natural compounds isogarcinol and quercitrin ameliorated disease in a
cGVHD mouse model by decreasing CD4* T cell activation as well autoantibody production
(43, 44). Quercitrin is a derivative of quercetin, a glycolytic inhibitor, suggesting that
metabolic inhibition was a mechanism responsible for the therapeutic effect.
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The interactions between B7-1 and 2 on the B cell/antigen presenting cell side and CD28/
CTLA-4 on the T cell side are cardinal regulatory pathway of the immune response, and
there have been numerous attempts to target them therapeutically (69). Based on studies in
mouse models, CTLA-4-1g (abatacept) is now in clinical trial for the treatment of lupus
nephritis (70). In the pristane-induced lupus model, the specific blockade of the interaction
between B7-1 and CD28 decreased serum ANA and anti-dsDNA IgG (45).

T follicular help cells (Tfh) are a CD4" helper T cell subset specialized for provision of help
of B cells which plays an essential role in germinal center (GC) formation, affinity
maturation and the development of most high-affinity antibodies (71). Tfh cells are
expanded in mouse models of lupus, and the level of circulating Tfh cells correlates with
disease severity in SLE patients (72). Consequently, therapeutic targeting of Tfh cells has
been proposed for SLE patients and lupus mouse models through the 1L-21, ICOS, OX40
pathways,. Genetic approaches or a soluble IL21R-Fc protein have demonstrated that
blocking the IL-21 pathway prevented or greatly ameliorated disease in several mouse
strains (52*, 73). A recent pre-clinical study showed that treatment of B6.Slel. Yaa mice
with an anti-IL-21 antibody reduced GC B cells, CD138" plasmablasts, IFN-y-dependent
IgG2c production, and autoantibodies, indicating that Tfh cell-derived IL-21 is critical for
pathological B cell cues in lupus (49). However, targeting the IL-21 pathway may have
unintended consequences in CD8* T cells. In BXSB.Yaa, IL-21 signaling is essential for the
maintenance of CD8* suppressor T cells (74). Moreover, in the parent — F1 cGVHD
model, treatment with IL-21 strongly promoted donor CD8* T cell expansion and rescued
defective donor anti-host CTLs, resulting in host B cell elimination, decreased autoantibody
levels, and attenuated renal disease, despite evidence of concurrently enhanced CD4* T cell
help for B cells (50*). Another approach to eliminate Tfh cells has been to target ICOS/
B7RP-1 interactions. Treatment of NZB/WF1 mice with an anti-B7RP-1 antibody decreased
the number of Tfh cells and GC B cells and ameliorated disease manifestations (47). It is
also been reported that the selective ablation of ICOS ligand in CD11c*cells, but not in B
cells, dramatically ameliorated kidney and lung inflammation in MRL//pr mice (48)**.

2. B cell targets

BAFF is a cytokine that is required for B-cell development and survival. Largely based on
studies in mouse models (75), BAFF blockade has been the first and only biologic treatment
approved to treat lupus. BAFF also plays a previously unappreciated role in lupus nephritis
by inducing renal tertiary lymphoid structures and regulating the position of T cells in the
glomeruli of MRL//pr mice (54). Moreover, genetic approaches in the NZM2328 mice
demonstrated that the three BAFF/APRIL receptors (BAFF-R, TACI and BCMA) have
compensatory roles, suggesting a therapeutic benefit to target multiple receptors (55).

Bruton’s tyrosine kinase (BtKk) regulates signaling downstream of the B cell receptor and
Fcy receptor and it is also involved in TLR signaling. Treatment with Btk inhibitors alleviate
lupus symptoms in MRL//or (56), NZB/WF1 (57, 58), B6.5/e1.5/e3(76), and BXSB.Yaa
mice (59) as well as in pristane-induced lupus (59). Overall, based on these pre-clinical
studies, FDA-approved Btk inhibitor ibrutinib has great potential as a therapeutic agent in
SLE.
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Finally, two miRNAs have been identified as potent regulators of B cell tolerance. Elevated
miR-148a expression impaired B cell tolerance by promoting the survival of immature B
cells after engagement of the B cell receptor by suppressing the expression of the
autoimmune suppressor Gadd45a., the tumor suppressor PTEN and the pro-apoptotic protein
Bim. Increased expression of miR-148a, facilitated the development of lethal autoimmune
disease in MRL//pr mice (60)**. Reduction of miR-148a expression upregulated PTEN in
the glomeruli and improved renal function in MRL//pr mice. (77). Conversely, miR155 is
overexpressed in B cells from B6.Jor mice, and miR155 deletion decreased B cell activation,
autoantibody production and autoimmune pathology (61).

3. Other targets

Abundant ICs can trigger the activation of the NLRP3 inflammasome in macrophages in
SLE patients and in mouse models, leading to cell dysfunction and tissue damage (78). In
the NZB/WF1 model, a NLRP3 inhibitor termed “Citral” alleviates lupus symptoms by
inhibiting levels of ROS, NAPDH and COX-2 (63). In the pristane-induced model, a more
severe lupus-like syndrome developed in mice carrying the NIrp3~R258W gain-of-function
mutation, providing evidence that NLRP3 plays a role in the development of SLE (64). In a
related pathway, serine/threonine kinase IL-1R—-associated kinase (IRAK)4 is a regulator of
innate immunity involved in TLR signaling. Treatment with an IRAK4 inhibitor ameliorate
lupus symptom in NZB/WF1 and MRL//pr mice (65). Finally, It has been proposed that
topoisomerase | plays a role in anti- dsDNA antibody binding, and treatment with a
topoisomerase inhibitor prevented proteinuria and prolonged survival in MRL//Jpr mice (66).

Conclusions

The use of murine models has led to discovery of potential therapeutic targets in diverse
signaling pathways dysregulated in SLE. Immune cells including T cells, B cells, antigen
presenting cells and macrophages, are all potential targets in different models of SLE
(Figure 1). Clinical lupus is an extremely complex and diverse disease, and establishment of
a mouse model with all features of the disease is very difficult. Various mouse models of
SLE, spontaneous, induced or genetically engineered, have been used during the past 30
years, to answer the question of how the alteration of the immune system and target organs
leads to break of tolerance to self.
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Key Points

. Spontaneous and induced models of lupus models are useful tools for the
study of the etiology and mechanisms of the disease.

. Mouse models of lupus have advanced the field through the identification
therapeutic targets and the evaluation of corresponding treatments in pre-
clinical studies.

. Each model shares specific subsets of attributes with the disease observed in
humans, which provides investigators a tool to tailor to their specific needs.
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Figure 1.
Potential therapeutic targets investigated in mouse models of SLE.

Curr Opin Rheumatol. Author manuscript; available in PMC 2018 September 01.



Page 14

Lietal.

(1uapuadap
1199 1 +¥Q2 Jouop) elnuialoid ‘UoITeAIde [|32- puk |]89-g [euojaAjod ‘NS ‘qyoiny

alewaS

(s1180 usa|ds o uonosfur) zTwg 9d <-> 94 (¢

(wuapuadap 182 1 +8@D) elNuIBloAd ‘UoIRAINDR [90-1 pUE [139-g [euo]doAjod ‘ND ‘gyoIny aews4

(s1192 uae)ds yo uonoslur) T4ag <- vaa (1

SGDI>OQ

(quapuadap ure.is) sIS0Jas ‘elWaUR ‘SLIYLe ‘NO ‘qy0Iny ‘parelpaw uoiapaiul | adAL alewsa aurystid Jo uonoalur a7 (6)Sndnj paonpuj-aueistid
Sjapopy paanpuy
"N pareipaw Q| ‘sisoikoouow ‘sqyomne 02d6 pue wNY ‘WNa-nue ‘AyredouspeydwA 3N 87/GS 01 T4 (371/9S X 99) 40 ss0493j0eg (©PEA 18SXd
SIITeWIsp pue N9 peleIpaw-O| ‘salpogiueoine
Pa19aJIpP-YNY PUe WNQ ‘S1199 1 ,0229 NQ 40 uorejnwnade 0} anp AyredouspeydwA pog punoJBoeg YAl U0 auab se ul uoleINw /aj WIMaN

T4 MW/EZN yum sdepssro

Bunew Jaisis

alewaS -1aypoaq Ag pamojjoy MZN Pue T4 AM/ZN Ussmiag ssooxoeq

(o-v)8CEC/OTVCINZN

NO parelpaw-9| ‘9b| wNasp-nuy ‘Ajefawous)ds ‘AyredouspeydwA alewa surens M\ZN pue gZN usamiaq prgAy T4 (e)Td \WEZN
S|apopy snoauelLods
SuoIRISBLIURIA [eIIUID UIRIA _ selg xas _ 1020104 d/Uonelauss) |9POIA 8SNON
.m:Q:_ JO S|9pow asnow |ealsse|d
T 3lgqel

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Curr Opin Rheumatol. Author manuscript; available in PMC 2018 September 01.



Page 15

Lietal.

(99) ASUOIS8] unys pue snuydau Jojqyui | aseawosiodo] 101 THN Buipuig wNasp | asesawosiodo|
(59) ANO ‘tVYNasp ‘tenuiajold Jouqyut v Ml S0 THN ‘TAME Remuyyed Y11 IV
»9) N9 pue jeunuisjoid uonouny-ureh 44N paonpul-auelstd sabeydouoey €dYIN
(€9) N9 12-X00/HAdVYN/SOY Jouquyut €dyIN T4Mma safeydoioe|n €ddIN
spbrel Yo
(z9) LBAIAINS “AND “tYNV Jo)quyus wosesoid JGMEN TAME S|190 BWSE|d aLiosesoid
(19) 1Burreubs 1199 g tVNV OM §STHIW 10599 s|190 g GST-YIw
(09) tND 8yTHIW pasea.ou] J0I N sl1e0 g gyT-diw
asxg
(65-99) 101 VYNV ‘tND uoRIgIyuI Xjig snotieA ‘paonput-sueistid Yaf/THIN ‘TAMd s 4 Mlg
‘37S 01 8INQLIIU0d
(s9) SUOHBUIGUI0D |DVL-44Vd J0/pue YINOF-44vd VINOE 10 IOV.L UM €409 O 8ZETNZN s|190 g 4dvd
(¥s) ssnuydeu pue saimonns proydwA| Arenua) 94 ¥-44vd 20 TEN s|190 g 44vd
spbre) |po g
(e5-19) AVNQsp-nue ‘tennuialold 490 o4 dTZ- I asxd ‘T4Ma Y0/ TN UL 1271
(0s) 19SE3SIP [euas ‘4Apogiueolne ‘41199 g 1soy T2-11 AHAD? UL Tl
(6%) tsaipoqnueoine ‘40zobI11IygeTAD 151199 g 09 avIN TZ-T1-BuY €BA'T2]S'9¢ Wl 1271
(8y) fuoewweul Bunj/Asupry S1189 ,9TT@D Ut puebi| SOJI Jo uolye|ge 20/ T4IN Uil T-d¥/.9-S0O2l
(v) 1961 YNQsp-nue ‘1eunuisiold T-d¥d.8-SODI-uY T4Ma WL T-d¥.8-S02I
(9¥ ‘sv) 1961 YNAsp-iue ‘1YNY avw T-28-hue pue YNYYS T-29 paonpul-auelstid uoNoRIBIII OdV-|189-L 1-/9
(wv) AN '1qV0INe ‘telnuisiold uLNIENd aHAD sI190 L ¥ad Wwstjogelsw Jejnfjad
(ev) AND ‘1qv0Ine ‘reunuisiold Jourosefios| AHAD? sI190 L a2 wst|ogelsw se|n|jad
(ev 'Tv) UOIIBAIIOR SUNWIWITND ‘Agv/oINne 8500n]6Ax08p-Z UIWIONBIN 10]°99T4MEERIS Z3IS TAIS 98 sI190 L ¥ad wstjogelsw Jejnjjad
sphirel o |
19y suoleIsajiuew uren 1uswiyeal | 19PON 196.e] 19D 19646 aus
371S JO S[3pOow 3snow Ul Pa1sal Syuawyeal |
Z 9lqeL

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Curr Opin Rheumatol. Author manuscript; available in PMC 2018 September 01.



	Abstract
	Introduction
	Spontaneous Mouse Models of SLE
	1. NZB/W F1
	2. NZM
	3. MRL/lpr
	4. BXSB/Yaa

	Induced mouse models of SLE
	1. Pristane-Induced lupus
	2. Chronic graft-versus-host disease (cGVHD) models

	Recent investigations of therapeutic targets with mouse models of lupus
	1. T cell targets
	2. B cell targets
	3. Other targets

	Conclusions
	References
	Figure 1
	Table 1
	Table 2

