SCIENTIFIC REPLIRTS

Lack of IL-17 Receptor A signaling
aggravates lymphoproliferation in
C57BL/6 lpr mice
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Defects in Fas function correlate with susceptibility to systemic autoimmune diseases like autoimmune
lymphoproliferative syndrome (ALPS) and systemic lupus erythematosus (SLE). C57BL/6 Ipr (B6/
Ipr) mice are used as an animal model of ALPS and develop a mild SLE phenotype. Involvement of

. interleukin-17A (IL-17A) has been suggested in both phenotypes. Since IL-17 receptor A is part of

. the signaling pathway of many IL-17 family members we investigated the role of IL-17 receptor

: signaling in disease development in mice with a B6/Ipr background. B6/Ipr mice were crossed with
IL-17 receptor A deficient (IL-17RA KO) mice and followed over time for disease development. IL-
17RA KO/Ipr mice presented with significantly enhanced lymphoproliferation compared with B6/
Ipr mice, which was characterized by dramatic lymphadenomegaly/splenomegaly and increased
lymphocyte numbers, expansion of double-negative (DN) T-cells and enhanced plasma cell formation.
However, the SLE phenotype was not enhanced, as anti-nuclear antibody (ANA) titers and induction
of glomerulonephritis were not different. In contrast, levels of High Mobility Group Box 1 (HMGB1) and
anti-HMGB1 autoantibodies were significantly increased in IL-17RA KO/Ipr mice compared to B6/lpr
mice. These data show that lack of IL-17RA signaling aggravates the lymphoproliferative phenotype in
B6/Ipr mice but does not affect the SLE phenotype.

. Defects in Fas function correlate with susceptibility to several systemic autoimmune diseases such as autoimmune
¢ lymphoproliferative syndrome (ALPS) and systemic lupus erythematosus (SLE)".
: ALPS is characterized by immune dysregulation due to an inability to regulate lymphocyte homeostasis
- through abnormalities in lymphocyte apoptosis or programmed cell death. This defect leads to lymphoprolifera-
. tive disease with clinical manifestations that can include lymphadenopathy, splenomegaly, increased risk of lym-
 phoma and autoimmune disease. Another hallmark for ALPS is expansion of T cells that express the alpha/beta
- T cell receptor but lack CD4 and CD8 (double negative (DN) T cells) in peripheral blood and tissue?. Moreover,
. lupus prone mice, often present with an ALPS like phenotype.
: SLE is a systemic autoimmune disease that is characterized by accumulation of large numbers of DN T cells
: and production of multiple autoantibodies, mostly directed against nuclear antigens. Lupus nephritis is one of
. the most serious manifestations®. The cause of the disease is unknown, but both genetic and environmental fac-
: tors play a role. Anti-nuclear antibodies (ANAs) and immune complexes can promote T cell activation and the
© production of interferon (IFN) type I by plasmacytoid dendritic cells (pDCs)*°. IEN type I expression (signature)
" is increased in approximately half of SLE patients®. Monocyte derived DCs (mDCs) are activated by IFN type
I and can induce T helper cell differentiation, enhanced B cell activation and survival through B cell activat-
ing factor (BAFF) production’. This leads to the production of auto-reactive antibodies, mostly ANAs, which
form immune complexes and deposits in small capillaries in for example the kidneys, inducing inflammation
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and tissue damage®. Tissue damage, or disturbed clearance of apoptotic cells, can lead to the release of damage
associated molecular pattern (DAMP) molecules, such as High Mobility Group Box-1 (HMGB1). HMGBI can
be released from activated, apoptotic and necrotic cells. Recently it was demonstrated that HMGBI levels are
increased in serum and urine of SLE patients and are related to disease activity®™.

Both ALPS and SLE phenotypes can spontaneously develop in Ipr mouse models, carrying mutations in
the Tnfrsf6 gene, encoding the Tumor Necrosis factor (TNF)-family receptor protein FAS or CD95 that has the
capacity to induce apoptosis. These Ipr mice are often referred to as lupus mice and display lymphoproliferation,
expansion of DN T cells and autoimmune nephritis, including anti-dsDNA autoantibodies!. It is known that
MRL/lpr mice are severely affected and develop autoimmune manifestations that both serologically and patho-
logically show similarities to human SLE but also demonstrate the lymphoproliferative phenotype that charac-
terizes ALPS'. C57BL/6-lpr (B6/lpr) mice are also used as an animal model of ALPS and present a milder SLE
phenotype®.

Interleukin 17A (IL-17A) is a pro-inflammatory cytokine implicated in different autoimmune disorders
and can be produced by several immune cells, including several T cell subsets such as T helper 17 (Th17) cells,
CD8+ T cells, natural killer (NK) cells, and DN T cells'”*®. IL-17A is a member of the IL-17 cytokine family and
signals through a heterodimeric receptor complex composed of the IL-17 receptor A (IL-17RA) and IL-17RC
subunits'. The IL-17RA subunit appears to be the common receptor subunit for most if not all IL-17 cytokine
family members although the signalling pathways for IL17B and IL-17D are not fully elucidated'®. Maintenance
of Th17 cells, the predominant producers of IL-17 in autoimmunity, depends on IL-23 signalling®.

Several lines of evidence indicate that IL-17A is involved in ALPS and SLE pathology. In addition, IL-17F and
IL-17C promoted Th17 cell-driven glomerular inflammation and tissue injury?“?2. IL-17A inhibits Fas-induced
cell death and its neutralization enhances lymphocyte apoptosis in patients with ALPS. In MRL/lpr mice anti-IL-
17A antibody treatment ameliorates the autoimmune manifestations and to a lesser extent the lymphoprolifer-
ative phenotype, prolonging survival of MRL/lpr mice'?. In SLE patients, IL-17A plasma levels and numbers of
IL-17A producing peripheral blood mononuclear cells (PBMCs) are reported to be increased and correlate with
disease severity?*-**. Furthermore, IL-17A producing DN T cells have been found in the kidneys of lupus nephri-
tis patients'’. However, there are also studies in SLE patients that do not observe a relation between IL17A and
disease activity*>?’.

In murine models of SLE increased levels of IL-17A, and IL-23 receptor-positive cells have been observed?®?.
It was demonstrated that B6/lpr mice lacking IL-23 receptor (IL-23R) signalling were completely protected
against SLE development®. These mice had decreased numbers of IL-17A producing cells in the lymph nodes
and decreased anti-DNA antibody production, suggesting a crucial role for the IL-23/IL-17A axis in SLE patho-
genesis in this model®.

Since the IL-17RA subunit is a common receptor unit for most if not all IL-17 family members!?, we inves-
tigated the phenotype in aging B6/lpr mice lacking IL-17RA. Our data show that B6/lpr mice lacking IL-17RA
develop a severely lymphoproliferative phenotype without effecting ANA levels. Furthermore, an increase in
serum HMGBI was noted, indicating that activated immune cells might secrete HMGB1.

14-16

Results

Increased cell numbers in lymphoid organs of IL-17RA KO/Ipr mice compared to B6/Ipr mice.
B6/lpr and IL-17RA KO/Ipr mice were followed over time and sacrificed at 10 weeks (no disease development in
B6/lpr), 20 weeks (sub-clinical development of disease in B6/lpr mice) and 30 weeks of age (established disease in
B6/lpr mice). At 30 weeks of age, the spleens and lymph nodes from IL-17RA KO/lpr mice were greatly enlarged
compared to spleens and lymph nodes of B6/lpr mice (Fig. 1A). The total number of splenocytes was comparable
between C57BL/6 (B6) wild-type and IL-17RA KO mice without the Ipr mutation at 10, 20 and 30 weeks of age,
and increased mildly over time in B6/lpr mice. However, the number of splenocytes in IL-17RA KO/Ipr mice
increased significantly over time to about twofold compared with B6/Ipr mice at 30 weeks of age (Fig. 1B).

Increased numbers of DNT and CD4+ T cells in IL-17RA KO/Ipr mice. Both DN T and CD4+ T cells
have been shown to play a role in the pathogenesis of SLE in patients®!. To determine whether these subpopula-
tions were increased in IL-17RA KO/lpr mice, we analyzed the splenic T cell compartment of these mice by flow
cytometry. At weeks 20 and 30, an increase in the number of T cells was found in IL-17RA KO/Ipr mice compared
to B6/Ipr mice (Fig. 2A). This was due to an increase in the total numbers of DN T cells, and to a lesser extent of
CD4+ T cells (Fig. 2B,C). To further characterize the DN T cells, DN TCR@3+ analysis was performed. At week
20, higher numbers of DN TCR@3+ cells in B6.Ipr were noted compared to C57BL/6 and IL-17RA KO mice which
decline at week 30. In addition, the numbers of DN TCR3+- are higher in the IL-17RA KO/lpr compared to B6.lpr
mice at week 20 but not at week 30 (Fig. 2D). There was also an increase in numbers of IL-17A-producing DN T
cells and CD4+ T cells in IL-17RA KO/Ipr mice (Fig. 2B,C). At week 20, IL-17A+ DN TCRB+ cells were elevated
in b6.1pr and IL-17RA KO/lpr mice that decline to background levels at week 30 (Fig. 2D). These data indicate
that lack of IL-17RA influenced the proliferation of CD4+ and especially DN T cells. The numbers of IFN-+ and
IL-4 producing DN T cells and CD4+ T cells were similar in IL-17RA KO/Ipr and B6/lpr mice (data not shown).

Serum cytokine levels are increased in IL-17RA KO/Ipr mice. To further asses the cytokine profile
in B6.lpr and IL-17RA KO/Ipr mice, serum cytokine levels were measured by multiplex assay. As expected, levels
of IL-17A were significantly increased in IL-17RA KO/lpr mice at 10 weeks of age (Fig. 3). In addition, in young
IL-17RA KO/lpr mice, IFN-~, TNF-o and IL-22 were increased (Fig. 3). IL-6 was significantly increased at week
20, but surprisingly none of the other cytokines analysed were significantly different between the two groups of
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Figure 1. Increased spleen and lymph node size in IL-17RA KO/Ipr mice. (A) Spleens and cervical lymph
nodes from 30 week old B6/lpr (left and top) and IL-17RA KO/Ipr (right and bottom). (B) Total number of
splenocytes (all live cells in spleen) at different ages. Bars depict wild type B6 (grey stripe), wild type IL-17RA
KO (open stripe), B6/Ipr (black), and IL-17RA.KO/lpr (open) mice at 10, 20 and 30 weeks of age. Mean and
SEM are shown for n = 3-21 mice per group; *p < 0.05; **p < 0.01.

mice at week 30, despite the difference in disease phenotype at that age. No difference was observed for IL-4 (data
not shown), and IL-10 (Fig. 3).

Plasma cell formation is enhanced in IL-17RA KO/Ipr mice. As we found increased IL-6 levels in
serum of IL-17RA KO/lIpr mice at early disease onset and increased B cell numbers in these mice (Fig. 4A),
we further analyzed activation of the splenic B cell compartment. Analysis of CD21 and CD23 expression by
flow cytometry®* showed that the increase in number of B cells could be attributed primarily to an increase in
the number of follicular B cells (CD19+ B220+ CD21— CD23+) and marginal zone B cells (CD19+ B220+
CD21+ CD23—) (Fig. 4B), although at week 30 also the size of the transitional B cell fraction (CD19+ B220+
CD21— CD23—) was increased in IL-17RA KO/Ipr mice (Fig. 4B). Analysis of germinal centre formation showed
that after an initial rise at 20 weeks of age the numbers of germinal centre B cells (PNA+ CD95+ CD19+) were
decreased in B6/Ipr mice at 30 weeks of age, but not significantly lower than in IL-17RA KO/Ipr mice (Fig. 4B).
However, flow cytometry analysis for Ig subclasses showed that the numbers of IgM, IgG1 and IgG2 plasma cells
present in the spleen at 30 weeks of age was significantly higher in IL-17RA KO/Ipr mice compared with B6/lpr
mice (Fig. 4C). Together, these data show increased B cell activation in the absence of IL-17RA signalling in B6/
Ipr mice.

Autoimmune pathology is not enhanced in B6/Ipr mice in absence of IL-17RA signalling. To
investigate whether the increase in cytokine producing T cells and plasma cells in the spleen was associated with
enhanced kidney pathology in IL-17RA KO/lpr mice, kidney slides were specifically stained and evaluated. By
light microscopic analysis no thickening of the glomerular basal membrane in IL-17RA KO/lpr mice could be
observed, indicating absence of kidney damage (Fig. 5A). Moreover, no increased influx of CD3-positive cells was
seen in kidneys from IL17RA KO/Ipr mice compared to B6/lpr mice (Fig. 5A). In addition, we found no enhanced
C3 complement deposition and no enhanced IgG antibody deposition in kidneys sections from 26-week-old
IL-17RA KO/lpr mice compared to B6/lpr (Fig. 5B,C). To further investigate renal inflammation, mRNA levels of
the pro-inflammatory cytokine MCP-1 and the renal injury-related biomarkers NGAL and KIM-1 were assessed
in kidneys. Moreover, mRNA levels of CD68 were measured to determine influx of macrophages. There was no
significant difference in expression of NGAL and KIM-1 in kidneys of B6/lpr compared to IL17-RA KO/lpr com-
pared, indicating no overt kidney damage in both groups (Table 1), confirming renal histology.

HMGBL1 levels in serum are increased in B6/Ipr mice lacking IL-17RA signalling.  SLE is char-
acterized by circulating ANA and consumption of complement C3. Complement C3 levels did not decrease
over time in B6/Ipr or IL-17RA KO/Ipr mice (data not shown). Serum ANA titers increased with age in both
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Figure 2. Expansion of T cell populations in IL-17RA KO/lpr mice. (A) Total numbers of splenic T cells
(CD3+) in wildtype and Ipr mice. Bars depict wild type B6 (grey stripe), wild type IL-17RA KO (open stripe),
B6/lpr (black), and IL-17RA.KO/lpr (open) mice at 10, 20 and 30 weeks of age. (B) Total numbers of splenic
CD4+ T cells (CD3+ CD4+ CD8—) (left) and IL-17A producing CD4+- cells(right) in B6/lpr (black bars) and
IL-17RA KO/lpr (open bars). (C) Double negative (DN) splenic T cells (CD3+4 CD4— CD8—) (left), and IL-17A
producing DN T cells (right) in B6/Ipr (black bars) and IL-17RA KO/lpr (open bars) mice at different ages. (D)
Double negative (DN) splenic TCR3+ (DN TCRb+) T cells (CD3+ CD4— CD8— TCR3+) (left), and IL-17A
producing DN TCRB3+ (IL-17A in DN TCRb+) T cells (right) for wild type and lpr mice at week 20 and 30.
Mean is shown for n = 9-21 animals per group; *p < 0.05; **p < 0.01.

groups (Fig. 6A), but ANA titers were not significantly higher in IL-17RA KO/Ipr mice than in B6/lpr mice at any
age. HMGBI levels were determined in serum by Western blot (see Fig. 6C for a representable example of the
Western blot). HMGB1 was low in control C57BL/6 wild type or IL-17RA KO mice (Fig. 6B). Remarkably, at 10
weeks of age HMGBI levels were already increased in IL-17RA KO/Ipr mice compared to B6/lpr mice (Fig. 6B).
Furthermore, anti-HMGBI antibody levels, which were low in C57BL6 and IL-17RA KO mice (Fig. 6B) increased
in IL-17RA KO/lpr mice with age and reached a significantly higher level than in B6/Ipr mice (Fig. 6B). To inves-
tigate the source of HMGBI, both kidney and spleen sections of (the same) mice were stained for HMGB1
(Fig. 6D). Similar nuclear HMGBI expression, no cytoplasmic HMGB1 and no apparent release of extracellular
HMGBI due to activation were observed in kidneys of both IL-17RA KO/lpr and B6/lpr mice (Fig. 6D). In spleen
sections however, we did observe extracellular HMGB1. Moreover, HMGB1 negative nuclei (blue staining) were
present, which suggests active release of HMGBI1 from these cells, but there was no difference in HMGB1 expres-
sion between IL-17RA KO/Ipr and B6/Ipr mice (Fig. 6D).

Discussion

This study demonstrates that deletion of IL-17RA signaling markedly aggravates the lymphoproliferation in B6/
lpr mice, but does not affect SLE pathology. The greatly increased spleen and lymph node size in IL-17RA KO/lIpr
mice, characterized by expansion of CD4+ T cells, CD8+ T cells, DN T cells and B cells indicates an important
role for IL-17RA signaling in limiting the lymphoproliferative phenotype in B6/lpr mice. Remarkably however,
neither serum ANA titers, antibody deposition in the kidney nor kidney damage were different between IL-17RA
KO/lIpr and B6/lpr mice, showing that these hallmarks of SLE are independent of IL-17RA signaling in this model.
Furthermore, increased serum HMGBI levels followed by elevated anti-HMGB1 antibody levels were seen in
IL-17RA KO/Ipr mice compared to B6/Ipr mice.

A strong lymphoproliferative phenotype was found in IL-17RA KO/lpr mice leading to visible lymphadeno-
megaly. The phenotype was accompanied by increased lymphocyte numbers of which enhanced DN T cell pro-
liferation was most prominent. Total numbers of IL-17A-cytokine producing DN T cells and CD4+ T cells were
increased at 20 and 30 weeks of age in IL-17RA KO/Ipr mice compared with B6/lpr mice. This increase is most
likely a consequence of loss of a negative feedback loop limiting IL-17A production through IL-17RA signalling.
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Figure 3. IL-17A, IL-6, IL-10, TNF-q, IFN-~, and IL-22 levels in B6/Ipr and IL-17RA KO/lpr mice. Serum
cytokine levels as measured by multiplex at 10, 20 and 30 weeks of age in B6.1pr (black circles) and ILI7RA KO/
Ipr (open circles); *p < 0.05; **p < 0.01.
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Figure 4. Expansion of B cell populations in IL-17RA KO/Ipr mice. (A) Total numbers of splenic B cells
(CB19+) in wildtype and Ipr mice. Bars depict wild type B6 (grey stripe), IL-17RA KO (open stripe), B6/lpr
(black), and IL-17RA.KO/Ipr (open) mice at 10, 20, and 30 weeks of age. [B] Total numbers of splenic follicular
B cells (CD19+ B220+ CD21— CD23+),marginal zone B cells (CD19+ B220+ CD21+ CD23—), transitional
B cells (CD19+ B220+ CD21— CD23—), and germinal centre B cells (CD19+ B220+ PNA+ CD95+) in B6/
Ipr and IL-17RA KO/lpr mice at different ages. (C) Total numbers of IgM, IgG1 and IgG2 producing CD138+
plasma cells at different ages. Mean and SEM are shown for n =9-21 animals per group; *p < 0.05; **p < 0.01;
#kp < 0.001.
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Figure 5. No induction of kidney damage in both IL-17RA KO/Ipr and B6/lpr mice. (A) Representative PAS
staining, HE staining, CD3 staining, in kidneys of 30 week old B6.lpr and IL-17R KO/Ipr (10x). Inserts show a
glomerulus in detail (40 x ). Representative pictures are shown for n =6 animals per group. (B) Representative
staining of C3 and IgG deposition in kidneys of 30 week old B6/lpr and IL-17R KO/Ipr (10x). (C) Quantitative
analysis of C3 and IgG deposition in kidney sections of 30 week old B6.Ipr and IL-17R KO/lpr. Box and
Whiskers plot, median and interquartile range are shown for n=>5-9 mice per group.

CD68 0.0009 (0.0003-0.027) 0.007 (0-0.024)
MCP-1 0.0002 (0-0.003) 0.0005 (0-0.009)
NGAL 0.0001 (0-0.018) 0.001 (0-0.018)
KIM-1 0.0001 (0-0.0221) 0(0-0.0221)

Table 1. IL-17RA KO does not affect renal mRNA levels of CD68, MCP-1, NGAL or KIM-1. mRNA analysis
in kidney tissue of b6/lpr and IL-17RA ko/lpr for CD68, MCP-1 (monocyte chemotactic protein-1), KIM-1
(kidney injury molecule-1), NGAL (neutrophil gelatinase-associated lipocalin). Data are presented as median
(range) of relative expression compared to GAPDH (glyceraldehyde-3-phosphate dehydrogenase).

This indicates that IL-17RA signaling plays a more significant role in generating negative feedback to regulate
the IL-17 inflammatory response rather than functioning in effector signaling to aggravate or initiate disease in
these mice. It might be that IL-17RA signaling can limit cell proliferation or survival of CD4+ and DN T cells in
particular. In normal transgenic IL-17RA KO mice, loss of this regulatory function can apparently be rescued by
other factors, however, additional loss of FAS-FASL signaling induces expansion of immune cells.

A role for IL-17RA signaling has been shown in disease progression in lupus prone BXD2 mice®****. When
crossed with IL-17RA KO mice, BXD2 mice are partially protected against disease development. This can be
attributed to impaired germinal center reactions in these mice. In the present study, no decrease in the number of
PNA+ germinal center B cells in the spleens of IL-17RA KO/lpr mice was found at any age. Instead, the number
of germinal center B cells appeared to be slightly increased, albeit not significantly. Importantly, ANA titers are
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Figure 6. HMGBI levels are increased in serum of IL-17RA KO/Ipr mice. (A) Serum ANA titers by
immunofluorescence for B6/lpr mice (black bars) and IL-17RA KO/Ipr (open bars). Mean and SEM are shown
for n=>5-9 animals per group. (B) Serum HMGBI levels measured by Western Blot and serum anti-HMGB1
levels measured by ELISA in wildtype B6 mice, B6/lpr, and IL-17RA KO/lpr mice at different ages. Line
indicates median. (C) Representative Western blot of HMGBI in sera of lpr mice, 1 = positive HMGBI control,
2= Biorad molecular weight marker, 3-18 =mouse lpr sera. (D) Kidney and spleen HMGBI staining 30 week
old B6/Ipr and IL-17R KO/lpr (10 x ). Representative pictures are shown for n = 6 animals per group. *p < 0.05;
#3kp < 0.01; #%p < 0.001.

not decreased in IL-17RA KO/lpr mice, suggesting that in B6/Ipr mice ANA development is IL-17RA independ-
ent. As BXD2 mice have a mixed C57BL/6 and DBA genetic background, it is possible that strain specific genes
can explain these discrepancies, as normal germinal center formation in IL-17RA KO mice on a C57BL/6 back-
ground in collagen induced arthritis and after influenza infection were found™.

A recent study demonstrated that IL-17 signaling drives type I interferon induced proliferative crescentic
glomerulonephritis (cGN) in lupus prone mice®. Impaired infiltration of alternatively activated macrophages
into the kidney was observed. However, no signs of enhanced lymphoproliferative phenotype was reported in the
IL-17RA deficient B6.Ipr mice which may be due to the poly I:C induced TLR3 stimulation with enhanced type I
interferon induction in this cGN lupus model before significant lymphoproliferation starts to develop spontane-
ously as we have shown in this study.

Schmidt et al. reported that IL-17A deficiency did not affect the morphologic or functional parameters in
MRL/Ipr mice with lupus nephritis, nor did IL-17A neutralization affect the clinical course of nephritis in NZB/
NZW mice®’, which is in line with our results.

In MRL/Ipr mice, HMGBI levels correlate with disease progression®. In the present study HMGB1 and
anti-HMBGT] levels were significantly increased in Ipr mice lacking IL-17RA while no difference in ANA levels
were observed between IL-17R KO/Ipr and B6/Ipr mice. A morphological hallmark of human and experimental
lupus nephritis is the trafficking of inflammatory cells into the kidneys which was not observed in both B6/lpr and
IL-17RA KO/lIpr mice during the time span of our study. Thus, in both B6/lpr and IL-17RA KOL/Ipr mice there
was no induction of lupus nephritis which suggests that there is no direct involvement of HMGB1 and potential
immune complex formation with anti-HMGBI in driving nephritis in these models. HMGBI can be released
from the spleen as was observed in IL-17RA KO/Ipr mice. Subsequently, HMGBI can have an effect on apoptosis
of cells or interfere in phagocytosis of apoptotic cells**~*! which may partly explain the enhanced lymphoprolifera-
tive phenotype in IL-17RA KO/lpr mice. Importantly, in a sepsis induced mouse model it was shown that admin-
istration of recombinant HMGB1 induced splenomegaly, lymphocytosis and splenocyte priming**. Previously,
arole for IL-23 and IL-23R signaling in the SLE phenotype of B6/lpr and MRL/lpr mice was reported?***+. In
IL-23R KO/Ipr mice, which do not develop lupus, the total number of DN T cells as well as the total number of
IL-17A producing DN T cells and CD4+ T cells was decreased. This was accompanied by lower serum IgG and
ANA levels, decreased IgG and complement deposition in the kidneys and absence of kidney damage™. These
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data suggest an important role for IL-17A in the IL-23 targeting approach of SLE although direct effects of IL-23
in disease development cannot be excluded.

By deletion of IL-17RA potentially several IL-17 family members are not functional as this subunit is involved
in signaling of many if not all IL-17 family members. Therefore, this study goes beyond the role of IL-17A alone.
Interestingly, IL-23 signaling is not deficient in the IL-17RA KO/lIpr mice. It has been shown that CISK (Act1)
knockout mice on a FcyRIIB background showed greatly improved survival and were largely protected from
the development of glomerulonephritis*. CISK (Actl) is part of the IL-17 receptor signaling pathway and loss
of CISK blocks signaling by all IL-17 cytokines and to a lesser extent loss of IL-17A*. However, BAFF can acti-
vate B cells and myeloid cells via the BAFF receptor to activate CISK (Actl), indicating that the CISK/Actl KO
may have a broader impact in different signaling pathways in the development of SLE than the IL-17RA KO/
lpr in our study™. A proposed mechanism is that IL-17RA deficiency induces enhanced lymphoproliferation
and that this leads to release of HMGBI from activated or dying cells in spleens and lymph nodes, inducing a
pro-inflammatory loop. However, evidence for this mechanism is not investigated in the present study. It is also
possible that other IL-17 family member(s) are involved in controlling the lymphoproliferative phenotype in B6/
lpr mice. Further studies are needed to identify these mechanisms. However, our data clearly demonstrate that
IL-17RA signaling is involved in the regulation of the lymphoproliferative phenotype in B6/lpr mice indicating
that caution should be taken to modulate IL-17RA signaling in lymphoproliferative prone individuals.

Materials and Methods

Mice. C57BL/6-lpr/lpr (B6/lpr) mice were purchased from The Jackson Laboratory, USA, and IL-17
receptor A knock-out (IL-17RA KO) mice on a C57BL/6 background were kindly provided by dr. J. Tocker,
Amgen, Seattle, USA. For genotyping of the IL-17RA construct, 5'- CTTGTGTAGCGCCAAGTG,
5-AGCTGCTGTTAGCACTTTGC and 5'- CGTACGCACACACTCTCGA primers were used. For genotyp-
ing of the Ipr construct, 5'- GTAAATAATTGTGCTTCGTCAG, 5'-TAGAAAGGTGCACGGGTGTG and 5'-
CAAATCTAGGCATTAACAGTG primers were used. The mouse lines were crossed to generate IL-17RA KO
B6/Ipr mice. Mice were housed under SPF conditions in the Erasmus Medical Center Animal Facility (EDC) and
provided with food and water ad libitum. All experiments were approved by the Erasmus MC Animal Ethical
Committee (DEC) and were performed according to strict governmental and international guidelines on animal
experimentation. Mice were sacrificed at the age of 10, 20 or 30 weeks. Blood was drawn for collection of serum
and spleens, kidneys and cervical lymph nodes were harvested.

Flow cytometry for B- and T cells.  Spleens were harvested and single cell suspensions prepared using
100 pm filters. Flow cytometry for B and T cells was performed as previously described®®. Anti-CD19, anti-B220,
anti-CD21, anti-CD23, anti-IgM, anti-CD3, anti-CD4, anti-CD8, anti-IL-17A, anti-IL-4 and anti-IFN-~ anti-
bodies were obtained from eBioscience (San Diego, CA, USA), anti-IgD, anti- CD95, anti-CD138, anti-IgG1 and
anti-IgG2ab antibodies from BD BioSciences, anti-IL-10 antibody was purchased from Biolegend (San Diego,
CA, USA) and biotinylated peanut agglutinin (PNA) from Sigma-Aldrich (St Louis, USA).

Samples were measured on a FACS Canto IT HTS or a LSR II flow cytometer (BD BioSciences) and analysis
was performed using Flow]Jo v7.6 research software (Tree Star Inc. Ashland, OR).

Histology. Kidney tissue samples from 30 week-old female IL-17RA KO lpr and B6/lpr mice were fro-
zen in Tissue-Tec O.C.T. Compound (Sakura Finetek Europe B.V) and stored at —80°C or embedded in for-
malin. Two pm sections of formalin-fixed, paraffin-embedded kidney tissues were cut and were routinely
stained with haematoxylin or eosin (H&E) and periodic acid- Schiff (PAS) for evaluation of kidney pathology.
Complement C3 and IgG staining was performed on 5 um frozen kidney sections with 1 pg/ml rabbit anti-C3
antibody (Thermoscientific) followed by goat-anti-rabbit IgG-HRP (Dako). For IgG staining rabbit anti-mouse
IgG-HRP (Dako) was used. Peroxidase activity was detected with DAB and sections were counterstained with
Mayer’s hematoxylin. All sections were scored digitally after examination using a Nanozoomer Digital Pathology
Scanner (NDP Scan U10074-01, Hamamatsu Photonics K.K., Japan) and quantified ((number of positive pixels*
0.5) + number of strong positive pixels/total pixels) with software of ImageScope Viewer (V11.2.0.780 Aperio,
e-Pathology Solution, CA, USA).

HMGBI and CD3 staining was performed on 2 pm paraffin sections using polyclonal anti-HMGB1 (Abcam,
Cambridge, UK) and polyclonal anti-CD3 (Dakocytomation).

RNA isolation. Total RNA was extracted from 20 10 um thin kidney cryo-sections using RNeasy Mini plus
Kit (Qiagen, Westburg, Leusden, The Netherlands) according to the manufacturer’s instructions. Integrity of RNA
was determined by agarose gel electrophoresis. RNA quantity (OD-260) and quality (OD-260/0OD-280) were
determined using an ND-1,000 UV-Vis spectrophotometer (NanoDrop Technologies, Rockland, DE). cDNA
was synthesized from 1 ug RNA using M-MLV Reverse Transcriptase and oligo(dT) 24 (Life Technologies, USA).
mRNA expression of IFN-~, TNF-q, IL-6, HMGB1, MCP-1 (monocyte chemotactic protein-1), KIM-1 (kidney
injury molecule-1), NGAL (neutrophil gelatinase-associated lipocalin) and GAPDH (glyceraldehyde-3-phosphate
dehydrogenase) was measured by the real-time quantitative PCR system (ABI Prism 7900HT Sequence Detection
System, Applied Biosystems, USA) with specific Tagman probes. The amount of target was normalized to an
endogenous reference (GAPDH) and expressed as relative expression (2~2¢T).

Serum analysis. ANA titers were measured by immunofluorescence on HEp-2000 coated glass slides
(Biomedical Diagnostics, Eindhoven, the Netherlands), using serial dilutions of mouse serum in PBS, and rabbit
anti-mouse IgG-FITC (Dako, Glostrup, Denmark) for detection. Complement levels were measured using a com-
mercial ELISA, according to the manufactures instructions (GenWay Biotech, San Diego, USA).
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Serum cytokine levels were quantified with a Multiplex panel (ProcartaPlex Mouse Simplex; Affymetrix
eBioscience, Vienna, Austria) according to the manufacturer’s instructions. Samples were measured on a
Luminex 100 System (Luminex, Austin, TX, USA) and data was analyzed with StarStation software, version 2.3
(AppliedCytometry, Birmingham, UK). The following cytokines were assessed: IL-4, IL-6, IL-10, IL-17A, IL-22,
IFN-~ and TNF-a.

HMGBI levels were measured by Western Blotting as described previously for human serum®. Detection
of HMGBI on blots was performed with polyclonal anti-HMGBI1-biotin (Thermoscientific, Etten-Leur, the
Netherlands), and streptavidin-IRDye800 (LI-COR Biotechnology, Lincoln, NE, USA). Blots were scanned with
an Odyssey infrared Imaging System (LI-COR Biotechnology) and analyzed with Odyssey software. In each blot
a cell lysate made of Jurkat cells was run as a standard. HMGBI levels were presented as the fluorescence intensity
against the standard.

Levels of anti-HMGB1 were measured by in-house ELISA. Costar polystyrene plates were coated with 1 ug/ml
recombinant HMGBI1 (Sigma, St. Louis, MO, USA) and mouse sera were added in dilutions of 20 and 80 times.
Detection of antibodies was done with rabbit anti- mouse IgG-HRP (Dako, Glostrup, Denmark) and TMB color
reaction. Levels of anti-HMGB1 were calculated against a standard curve of a monoclonal anti-HMGBI1 (R&D
systems, Abingdon, United Kingdom).

Statistical analysis. Data was analyzed using Prism software v5.04 (GraphPad Software Inc. La Jolla, CA).
For comparisons, a non-parametric Mann-Whitney U test was used. P-values < 0.05 were considered significant.

References

1. Gravano, D. M. & Hoyer, K. K. Promotion and prevention of autoimmune disease by CD8+- T cells. J. Autoimmun. 45, 68-79 (2013).

2. Shah, S., Wu, E., Rao, V. K. & Tarrant, T. K. Autoimmune lymphoproliferative syndrome: an update and review of the literature. Curr.
Allergy Asthma Rep. 14, 462-014-0462-4 (2014).

3. Lisnevskaia, L., Murphy, G. & Isenberg, D. Systemic lupus erythematosus. Lancet 384, 1878-1888 (2014).

4. Bjorck, P, Beilhack, A., Herman, E. I, Negrin, R. S. & Engleman, E. G. Plasmacytoid dendritic cells take up opsonized antigen
leading to CD4+ and CD8+ T cell activation in vivo. ] Immunol 181, 3811-7 (2008).

5. Means, T. K. et al. Human lupus autoantibody-DNA complexes activate DCs through cooperation of CD32 and TLR9. ] Clin Invest
115, 407-17 (2005).

6. Bennett, L. et al. Interferon and granulopoiesis signatures in systemic lupus erythematosus blood. J. Exp. Med. 197, 711-23 (2003).

7. Ronnblom, L. & Pascual, V. The innate immune system in SLE: type I interferons and dendritic cells. Lupus 17, 394-9 (2008).

8. Yung, S. & Chan, T. M. Anti-DNA antibodies in the pathogenesis of lupus nephritis-the emerging mechanisms. Autoimmun Rev 7,
317-21 (2008).

9. Abdulahad, D. A. et al. High mobility group box 1 (HMGB1) and anti-HMGB1 antibodies and their relation to disease
characteristics in systemic lupus erythematosus. Arthritis Res Ther 13, R71 (2011).

10. Abdulahad, D. A. et al. Urine levels of HMGBI in Systemic Lupus Erythematosus patients with and without renal manifestations.
Arthritis Res Ther 14, R184 (2012).

11. Theofilopoulos, A. N. & Dixon, E. J. Murine models of systemic lupus erythematosus. Adv. Immunol. 37, 269-390 (1985).

12. Boggio, E. et al. IL-17 protects T cells from apoptosis and contributes to development of ALPS-like phenotypes. Blood 123, 1178-
1186 (2014).

13. Izui, S. et al. Induction of various autoantibodies by mutant gene lpr in several strains of mice. J. Immunol. 133, 227-233 (1984).

14. Lubberts, E. The IL-23-IL-17 axis in inflammatory arthritis. Nat. Rev. Rheumatol. (2015).

15. Martin, J. C., Baeten, D. L. & Josien, R. Emerging role of IL-17 and Th17 cells in systemic lupus erythematosus. Clin. Immunol. 154,
1-12 (2014).

16. Hemdan, N. Y. et al. Interleukin-17-producing T helper cells in autoimmunity. Autoimmun. Rev. 9, 785-792 (2010).

17. Crispin, J. C. et al. Expanded double negative T cells in patients with systemic lupus erythematosus produce IL-17 and infiltrate the
kidneys. J. Immunol 181, 8761-8766 (2008).

18. Harrington, L. E. et al. Interleukin 17-producing CD4+- effector T cells develop via a lineage distinct from the T helper type 1 and 2
lineages. Nat. Immunol. 6, 1123-1132 (2005).

19. Gaffen, S. L., Jain, R., Garg, A. V. & Cua, D. J. The IL-23-IL-17 immune axis: from mechanisms to therapeutic testing. Nat. Rev.
Immunol. 14, 585-600 (2014).

20. Stritesky, G. L., Yeh, N. & Kaplan, M. H. IL-23 promotes maintenance but not commitment to the Th17 lineage. J. Immunol. 181,
5948-5955 (2008).

21. Riedel, J. H. et al. IL-17F promotes tissue injury in autoimmune kidney diseases. J. Am. Soc. Nephrol. 27, 3666-3677 (2016).

22. Krohn, S. et al. IL-17C/IL-17 receptor E signaling in CD4+ T cells promotes Th17 cell-driven glomerular inflammation. J. Am. Soc.
Nephrol. 29, 1210-1222 (2018).

23. Chen, X. Q. et al. Plasma IL-17A is increased in new-onset SLE patients and associated with disease activity. J Clin Immunol 30,
221-5(2010).

24. Yang, J. et al. Th17 and natural Treg cell population dynamics in systemic lupus erythematosus. Arthritis Rheum 60, 1472-83 (2009).

25. Shah, K. et al. Dysregulated balance of Th17 and Th1 cells in systemic lupus erythematosus. Arthritis Res Ther 12, R53 (2010).

26. Cheng, E, Guo, Z., Xu, H., Yan, D. & Li, Q. Decreased plasma IL22 levels, but not increased IL17 and IL23 levels, correlate with
disease activity in patients with systemic lupus erythematosus. Ann. Rheum. Dis. 68, 604-606 (2009).

27. Zhao, X. F. et al. Increased serum interleukin 17 in patients with systemic lupus erythematosus. Mol. Biol. Rep. 37, 81-85 (2010).

28. Wen, Z. et al. Interleukin-17 expression positively correlates with disease severity of lupus nephritis by increasing anti-double-
stranded DNA antibody production in a lupus model induced by activated lymphocyte derived DNA. PLoS One 8, €58161 (2013).

29. Zhang, Z., Kyttaris, V. C. & Tsokos, G. C. The role of IL-23/IL-17 axis in lupus nephritis. J. Immunol. 183, 3160-3169 (2009).

30. Kyttaris, V. C., Zhang, Z., Kuchroo, V. K., Oukka, M. & Tsokos, G. C. Cutting edge: IL- 23 receptor deficiency prevents the
development of lupus nephritis in C57BL/6-lpr/lpr mice. ] Immunol 184, 4605-9 (2010).

31. Shivakumar, S., Tsokos, G. C. & Datta, S. K. T cell receptor alpha/beta expressing double-negative (CD4—/CD8—) and CD4+ T
helper cells in humans augment the production of pathogenic anti-DNA autoantibodies associated with lupus nephritis. J Immunol
143, 103-12 (1989).

32. Oliver, A. M., Martin, E, Gartland, G. L., Carter, R. H. & Kearney, J. E. Marginal zone B cells exhibit unique activation, proliferative
and immunoglobulin secretory responses. Eur J Immunol 27, 2366-74 (1997).

33. Hsu, H. C. et al. Interleukin 17-producing T helper cells and interleukin 17 orchestrate autoreactive germinal center development in
autoimmune BXD2 mice. Nat Immunol 9, 166-75 (2008).

34. Ding, Y. et al. IL-17RA Is Essential for Optimal Localization of Follicular Th Cells in the Germinal Center Light Zone To Promote
Autoantibody-Producing B Cells. ] Immunol (2013).

SCIENTIFIC REPORTS |

(2019) 9:4032 | https://doi.org/10.1038/s41598-019-39483-w 9


https://doi.org/10.1038/s41598-019-39483-w

www.nature.com/scientificreports/

35. Corneth, O. B. et al. Absence of interleukin-17 receptor a signaling prevents autoimmune inflammation of the joint and leads to a
Th2-like phenotype in collagen-induced arthritis. Arthritis Rheumatol. 66, 340-349 (2014).

36. Ramani, K. & Biswas, P. S. Interleukin 17 signaling drives Type I Interferon induced proliferative crescentic glomerulonephritis in
lupus-prone mice. Clin. Immunol. 162, 31-36 (2016).

37. Schmidt, T. et al. Function of the Th17/interleukin-17A immune response in murine lupus nephritis. Arthritis Rheumatol. 67,
475-487 (2015).

38. Jiang, W. & Pisetsky, D. S. Expression of high mobility group protein 1 in the sera of patients and mice with systemic lupus
erythematosus. Ann Rheum Dis 67, 727-8 (2008).

39. Zhu, X. et al. Cytosolic HMGBI1 controls the cellular autophagy/apoptosis checkpoint during inflammation. J. Clin. Invest. 125,
10981110 (2015).

40. Liu, G. et al. High mobility group protein-1 inhibits phagocytosis of apoptotic neutrophils through binding to phosphatidylserine.
J. Immunol. 181, 4240-4246 (2008).

41. Friggeri, A. et al. HMGBI inhibits macrophage activity in efferocytosis through binding to the alphavbeta3-integrin. Am. J. Physiol.
Cell. Physiol. 299, C1267-76 (2010).

42. Valdes-Ferrer, S. I. et al. HMGBI1 mediates splenomegaly and expansion of splenic CD11b+ Ly-6C(high) inflammatory monocytes
in murine sepsis survivors. J. Intern. Med. 274, 381-390 (2013).

43. Kyttaris, V. C., Kampagianni, O. & Tsokos, G. C. Treatment with anti-interleukin 23 antibody ameliorates disease in lupus-prone
mice. Biomed. Res. Int. 2013, 861028 (2013).

44. Pisitkun, P. et al. Interleukin-17 cytokines are critical in development of fatal lupus glomerulonephritis. Immunity 37, 1104-1115
(2012).

Acknowledgements
We thank H. Moorlag, J. Bijzet, and M.D. Brem for excellent technical support. This project was funded by the
Dutch Arthritis Foundation (Reumafonds, grant no DAA 0801043).

Author Contributions

0.B.].C. and ES. participated in the acquisition, analysis and interpretation of data and drafting of the manuscript.
EL, P.S.A., AM.C.M. and G.H. participated in the acquisition of data. PH., R W.H., ].W. and E.L. participated
in the study conception and design, analysis and interpretation of data and critically revised the manuscript. All
authors read and approved the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-39483-w.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFICREPORTS| (2019) 9:4032 | https://doi.org/10.1038/s41598-019-39483-w 10


https://doi.org/10.1038/s41598-019-39483-w
https://doi.org/10.1038/s41598-019-39483-w
http://creativecommons.org/licenses/by/4.0/

	Lack of IL-17 Receptor A signaling aggravates lymphoproliferation in C57BL/6 lpr mice

	Results

	Increased cell numbers in lymphoid organs of IL-17RA KO/lpr mice compared to B6/lpr mice. 
	Increased numbers of DN T and CD4+ T cells in IL-17RA KO/lpr mice. 
	Serum cytokine levels are increased in IL-17RA KO/lpr mice. 
	Plasma cell formation is enhanced in IL-17RA KO/lpr mice. 
	Autoimmune pathology is not enhanced in B6/lpr mice in absence of IL-17RA signalling. 
	HMGB1 levels in serum are increased in B6/lpr mice lacking IL-17RA signalling. 

	Discussion

	Materials and Methods

	Mice. 
	Flow cytometry for B- and T cells. 
	Histology. 
	RNA isolation. 
	Serum analysis. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Increased spleen and lymph node size in IL-17RA KO/lpr mice.
	Figure 2 Expansion of T cell populations in IL-17RA KO/lpr mice.
	Figure 3 IL-17A, IL-6, IL-10, TNF-α, IFN-γ, and IL-22 levels in B6/lpr and IL-17RA KO/lpr mice.
	Figure 4 Expansion of B cell populations in IL-17RA KO/lpr mice.
	Figure 5 No induction of kidney damage in both IL-17RA KO/lpr and B6/lpr mice.
	Figure 6 HMGB1 levels are increased in serum of IL-17RA KO/lpr mice.
	Table 1 IL-17RA KO does not affect renal mRNA levels of CD68, MCP-1, NGAL or KIM-1.




