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Abstract

Crescentic glomerulonephritis (GN) is a life threatening renal disease that has been extensively
studied by the experimental anti-glomerular basement membrane glomerulonephritis (anti-GBM-
GN) model. Although T cells have a significant role in this model, athymic/nude mice and rats
still develop severe renal disease. Our aim was to explore further the contribution of intrinsic
renal cells in the development of T cell-independent GN lesions. We induced anti-GBM-GN in 3
strains of immunodeficient mice (Rag2”", Rag2”112rg”" and Rag2”"112rb”") which are devoid of
either T/B cells or T/B/NK cells. Rag2”II2rg” or Rag2”1i2rb” mice harbor an additional
deletion of either the common gamma chain (yC) or the interleukin-2 receptor  subunit (IL-2Rp)
respectively, impairing IL-15 signaling in particular. As expected, all these strains developed
severe anti-GBM-GN. In addition, bone marrow replenishment experiments allowed us to deduce
a protective role for the glomerular-expressed yC during anti-GBM-GN. Given that IL-15 has
been found highly expressed in nephritic kidneys despite the absence of lymphocytes, we then
studied this cytokine in vitro on primary cultured podocytes from immunodeficient mice (Rag2”
112rg” and Rag2”"I12rb”") compared to controls. IL-15 induces downstream activation of JAK1/3
and spleen tyrosine kinase (SYK) in primary cultured podocytes. IL-15-dependent JAK/SYK
induction was impaired in the absence of yC or IL-2Rf. Given that we found yC largely induced
on podocytes during human glomerulonephritis, we propose that renal lesions are indeed
modulated by intrinsic glomerular cells through the yC/IL-2Rp receptor response, to date

classically described only in immune cells.
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Introduction

Human crescentic glomerulonephritis (CG) and rapidly progressive glomerulonephritis (RPGN)
are life threatening immune-mediated diseases'. For many years, the pathogenesis of human
RPGN has been studied using the experimental model of passive anti-glomerular basement
membrane glomerulonephritis (anti-GBM-GN) whereby heterologous anti-glomerular basement
membrane (GBM) serum is injected into rats or mice?. Following injection, there is a strong
inflammatory response, which in a few days leads to severe glomerular and tubulo-interstitial
injuries®*: renal cells become surrounded by lymphocytes, a feature reminiscent of human CG>-
19 The development of anti-GBM-GN lesions in mice has been shown to involve a CD4" T cell
response through either Th1%!-1* or Th17'5!7 pathways, while the T cell subset of invariant
natural killer T (iNKT) cells exerts a protective role independently of T cell polarization's.
Interestingly, other studies have reported that mice or rats born athymic or “nude”, i.e.
constitutively lacking T cells, still develop classical features of GN after anti-GBM serum
injection, which is hypothesis-generating, and provides an opportunity to explore the particular

role potentially played by renal cells, independently from T cells!®2°

, and by intra-renal signaling
pathways or local factors normally used by lymphocytes. We thus induced an experimental
glomerulonephritis in several immunodeficient mice strains: Rag2”", Rag2”II2rg”" and Rag2”
112rb”" which are devoid of either T/B cells or T/B/NK cells. Compared to Rag2”- mice, Rag2”"
112rg”~ and Rag2”1I2rb”" strains carry the additional deletion of either the interleukin IL-2
receptor common gamma chain (yC) gene (Rag2”112rg”) or the IL-2 receptor B subunit (IL-2RB)
gene (Rag2”"112rb”"). Several interleukin receptor complexes share the yC subunit (IL-2, IL-4, IL-

7, IL-9, IL-15, and IL-21)?!. Importantly, IL-15 and IL-2, together with an IL-15Ra or IL-2Ra

co-receptor respectively, have their action further restricted to the  subunit. The trimeric IL-15



receptor (IL-15Ra, IL-2Rp, yC) is necessary for NK cell ontogeny and explains the absence of
NK cells in Rag2”Il2rg”~ or Rag2”II2rb”- mice. In this paper we show that yC/ IL-2RP
complexes expressed at the surface of intrinsic renal cells play an important role in the

organization of renal lesions during severe immune-mediated glomerulonephritis.



Results

Rag2”I12rg”" mice are more susceptible than Rag2”" mice to anti-GBM serum

Experiments were first carried out to test the effect of anti-GBM serum in Rag2” mice devoid of
T/B cells, Rag2”112rg”~ mice devoid of T/B/NK cells, and wild type (WT) mice from the same
C57BL/6J background. Administration of anti-GBM serum impaired renal function parameters
and induced lesions typical of glomerulonephritis in WT, Rag2”~ and Rag2”112rg”~ mice (Figure
1A) evaluated at day 9. No marked differences were observed in the levels of blood urea nitrogen
(BUN) and percentage of pathologic glomeruli between anti-GBM treated WT mice and Rag2”
mice (Figures 1B & 1C). However, the score of interstitial lesions, assessed by tubular dilations
and epithelial atrophy, was lower in anti-GBM treated Rag2”- mice compared to anti-GBM-GN
treated WT mice (Figure 1D). The levels of plasma urea, proteinuria and the severity of renal
histological lesions were even greater in anti-GBM treated Rag2”"112rg”" mice than in anti-GBM
treated Rag2” mice (Figure 1B-E). Anti-GBM-GN treated Rag2”’1l2rg”~ mice consistently
exhibited more significant tubulo-interstitial lesions, CD44 de novo staining (Supplemental
Figure 1), a higher percentage of pathologic glomeruli (Figures 1C & 1D) and a more important
decrease in the podocytic marker podocalyxin (Figure 1F) than anti-GBM treated Rag2” mice.
Therefore, Rag2”- mice appeared only partially protected against anti-GBM-GN, while Rag2”

I12rg”" mice were found to be more susceptible to anti-GBM serum than WT or Rag2”” mice.

NK cells have no protective role against renal lesions induced by anti-GBM serum
Rag2”" mice have been shown to have a significant proportion of circulating NK cells (around
25% vs 5% in WT mice), while Rag2”"I12rg”- mice totally lack NK cells?>. To determine the role

of NK cells in the results shown above, Rag2”112rg” mice were replenished by NK cells (1x10°



cells/mouse), isolated from the spleen of WT C57BL/6J mice, and injected together with anti-
GBM serum. At day 7, flow cytometry analysis showed that ~ 2% of circulating cells in Rag2”
112rg” mice were NK cells (Figure 2A). At day 9, NK cells were also detected in the mice
kidneys (Figure 2B), where an increase in mRNA expression of the Nkg2b/Cd159a NK cell
receptor (Figure 2C) was detectable. Despite that, plasma urea levels and renal lesions were
similar to non-replenished Rag2”II12rg” mice (Figures 2D to 2F). These findings suggest that

NK cells do not account for the severity of glomerulonephritis in Rag2”112rg”" mice.

The lack of yC expression in renal cells worsens renal lesions induced by anti-GBM serum

Using bone marrow graft experiments we then analyzed the role of kidney-expressed yC in the
development of renal lesions in anti-GBM-GN. Bone marrow cells isolated from WT or Rag2”
CD45.1" mice were grafted into irradiated Rag2”"[12rg”- CD45.2" (referred to as ep.yc”") mice, in
order to obtain chimeric mice knockout only for the yC chain in non-immune cells. Six weeks
after bone marrow transplantation at least 90% of circulating cells expressed the CD45.1" marker
in Rag2”112rg”- CD45.2" recipients (Supplemental Figure 2A). NK cell counts measured after
bone marrow transplantation are represented in Supplemental Figure 2B. In all anti-GBM-GN
induced ep.yc”~ chimeric mice, plasma urea levels were consistently higher than in mice with WT
epithelia (Figure 3A). All ep.yc”" chimeric mice exhibited significantly severe glomerular lesions
with numerous extra-capillary crescents (Figures 3B and 3E) and proteinuria (Figure 3D). In
addition, the tubulo-interstitial lesions were more severe in ep.yc”” mice than in mice with WT
epithelia, independent of the origin of the bone marrow (WT or Rag2”) (Figures 3C and 3E).
These findings suggest that yC expressed on renal cells plays a protective role during anti-GBM-

GN.



Despite the absence of lymphocytes, IL-15 appears as the main effective ligand of yC in the
renal cortex during glomerulonephritis

We next analyzed relative expression levels of cytokines (e.g. IL-2, IL-4, IL-7, IL-9, IL-15, and
IL-21) acting through receptor complexes containing the common yC subunit in the renal cortex
of WT, Rag2” or Rag2”yc”" mice (Figure 4A) after anti-GBM-GN. In all cases, IL-21 and IL-4
mRNA were undetectable. The level of IL-2 mRNA remained very low in all mouse strains
(Figure 4A). IL-7 and IL-9 mRNA were detectable in the renal cortex, but no difference was
observed between WT, Rag2”, or Rag2”-I12rg”" mice. Interestingly, IL-15 mRNA was found to
be highly expressed in the renal cortex after anti-GBM-GN in the absence of T/B lymphocytes
(Rag2”" mice) or even in the absence of T/B/NK cells in Rag2”[I2rg”- animals (Figure 4A).
Thus, and as described by others?®, IL-15 is abundantly produced by intrinsic renal cells, which
we confirmed by immunohistochemistry of the renal cortex (Figure 4B). We also showed that
from cytokines classically associated with the yC response, only IL-15 plasma levels were found
to be higher in Rag2”112rg”~ mice compared to WT animals (Supplemental Figure 3A). To
explore the role of IL-15, we challenged Rag2”1l15" and Rag2” littermates with anti-GBM
serum: plasma urea and proteinuria were found to be higher in Rag2”"11157- mice compared to
Rag2” mice (Supplemental Figures 4 A, B, C). Next, we induced an anti-GBM-GN in Rag2”
I12rb”" mice lacking the yC co-receptor IL-2RB. Again, Rag2”"I12rb”" mice were found to be
highly sensitive to anti-GBM serum when compared to Rag2”" mice. Both strains developed
acute renal failure, yet plasma urea levels (Figure 4C), tubulo-interstitial lesions (Figures 4E/G)

and proteinuria (Figure 4F) were significantly greater in Rag2”1I2rb”" than in Rag2”" mice



(Figure 4D). Taken together, these results suggest that in the absence of lymphocytes, IL-15 and

its co-receptors yC and IL-2Rf have a protective role during anti-GBM-GN.

IL-15R0, yC and IL-2Rp receptor subunits are expressed in renal cells during anti-GBM-

GN

Immunohistochemical studies evidenced noticeable intra-renal expression of yC and its co-
receptor complexes, IL-2Rf3 and IL-15Ra. Interestingly, yC and IL-15 co-receptors IL-15Ra and
IL-2R were not expressed at the basal state in glomeruli. Nevertheless, they are induced during
anti-GBM-GN (Figures 5A to C). Co-localization studies in Rag2”~ mice showed that yC is
mainly induced in podocytes during anti-GBM-GN (Figure 5D). These findings indicate that yC,
IL-2RP and IL-15Ra are expressed in renal epithelium and in particular by injured glomeruli
during anti-GBM-GN. We also demonstrated the presence of IL15Ra and IL2R[ proteins from
the renal cortex by immunoblot (Supplemental Figure 3B).These receptors were not kidney-
specific 112rg (yC) or I12rb splice variants. In particular, RNA-Seq analysis revealed that all
“classical” transcripts and exons of yC, originally described in lymphocytes, are expressed in the

kidneys of Rag2” mice (Supplemental Figures 5 A, B, C).

Renal epithelial IL-15 signaling is impaired in the absence of YC or IL-2Rp

In vitro experiments were carried out on primary cultured podocytes in which yC has been
demonstrated to be highly expressed. Mice primary podocytes from the Rag2”1i2rb”, Rag2”
I12rg” or WT kidney cortex were cultivated from glomerular extracts and stimulated by 1L-15
(Figure 6A). The purity of glomerular extracts was also confirmed by microscopy (Figure 6B).

To confirm the functionality of IL-15 receptors we studied downstream effectors classically



known in lymphocytes: phosphorylated JAK 1/3 and spleen tyrosine kinase (SYK). As described
in immune cells, IL-15 induced JAK1/3 and SYK phosphorylation in primary cultured podocytes
(Figures 6A/C/D/E). However, despite the absence of yC, JAK1/3 was still induced in primary
podocytes from Rag2”112rg” mice (Figures 6A/C/D), while SYK phosphorylation dramatically
decreased (Figures 6A and 6E). There was no JAK and SYK phosphorylation in the absence of
IL-2RpB (Figures 6A/C/D/E). Thus, IL-15 signaling on primary podocytes appears to be more

dependent on IL-2Rp than on yC.

Common v chain is also induced in human podocytes during glomerulonephritis

We finally analyzed the expression of yC on human renal biopsies from patients with crescentic
glomerulonephritis, using pristine 3-month post-transplant renal biopsies as controls.
Interestingly, yC was weakly expressed in control biopsies, but was largely induced in glomeruli
during glomerulonephritis. Despite being weaker than in its severe form, the expression of yC
appears at the early stage of glomerulonephritis and is visible on fibrotic glomerular lesions
(Figure 7A). We determined that yC was expressed by human podocytes during
glomerulonephritis, indeed yC co-localized with nephrin and synaptopodin (Figure 7B). These
results suggest that yC could be an early danger signal expressed by podocytes during

glomerulonephritis.



Discussion

Previous studies have described the role of immune cells during the development of renal
injury in the passive experimental model of anti-GBM-GN*!3:172425 To date, many studies
support a central role for T lymphocytes in the generation of renal lesions*?°. Because renal
lesions are observed despite the absence of B and T lymphocytes in mice, we propose that
intrinsic renal cells play a central role in the development of anti-GBM-GN?7-3%, Our findings are
also in agreement with those of earlier studies that evaluated passive anti-GBM-GN lesions in
nude animals!®2°, Similar observations regarding glomerular injury in the absence of T cells were
also made in Ragl” mice in another experimental model (Alport’s Syndrome) in which
inflammatory cells are believed to contribute to renal lesions. In this latter study, T cells were not
required for the emergence of glomerular injury, but may have contributed to the development of
tubular lesions®!. In our study we find similar results in the passive anti-GBM-GN model, as
tubulo-interstitial lesions appear less severe in Rag2”- mice compared to those observed in WT
mice.

When re-examining the role of T lymphocytes during the generation of anti-GBM-GN lesions it
appears that several points could in fact reconcile our findings with previous studies.

First, active and passive experimental anti-GBM-GN models are often unintentionally
scrambled. The passive form, used in our study, results from the injection of a heterologous anti-
GBM serum, whereas the active model is the result of the “active” immunization of the host
against glomerular extracts or specific GBM epitopes breaking self-tolerance®-**. The active
model is largely dependent on cell-mediated immunity (CMI) whilst our work demonstrates that
the passive model is not dependent in this way. Second, the very first studies demonstrating the

role of CMI during passive anti-GBM-GN were made using either depleting antibodies, with

10



potential off-target effects, or an unstable genetic background®>-*. Third, some passive-anti-
GBM-GN phenotypes, acquired in mutant mice engineered with defective CMI effectors, could
be explained by a defect in renal cells per se or the unsuspected direct action of
immunosuppressive drugs on renal epithelial cells**. This defect in intra renal CMI effectors
would be evident only during the disease state and has been observed in STAT3 or B7-1 knock
out animals. STAT3 signaling has been shown to be engaged in the immune process and during
experimental anti-GBM-GN*. B7-1/CD80 was first demonstrated to be an important CMI
effector expressed on immune cells acting as costimulatory molecules. Later, B7-1 was found
expressed on podocytes and regulating the filtration barrier in immune-mediated kidney
diseases*'. Our work also illustrates this point. Indeed, we demonstrate that yC plays an important
role in epithelial cells only during glomerulonephritis.

Using double knockout animals (Rag2”112rg”") and bone marrow graft experiments, we
demonstrate that the expression of yC in the kidney plays a major role in the development of
passive anti-GBM-GN. To our knowledge ours is the first study to show a role of a tissue-
expressed YC chain. This result is obtained in the absence of lymphocytes. Several interleukin
receptor complexes (IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21) share the yC subunit?!. As with yC,
IL-2R is also part of the co-receptor complex that signals only for IL-2 and IL-15%. But IL-2 or
IL-15 signaling requires an additional a subunit leading to functional receptor complexes formed
with IL-2Ro/IL-2RB/y, or IL-15Ra/IL-2RB/y. To date, yC or IL-2RP expressions have been
reported in primary cultured tubular epithelial cells or renal tumoral cells but not in glomerular
cells (e.g. endothelial, mesangial or even visceral epithelial cells) in mice or humans*3#4,

Given either their absence or very low level of expression during anti-GBM-GN, we did

not consider that IL-2, IL-4, IL-7, IL-9 — or even IL-21 — played an important role during anti-
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GBM-GN. These results and the severity of the anti-GBM-GN observed in Rag2”I12rb”" mice
pointed to IL-15 in particular. We demonstrate that IL-15 per se confers a powerful protective
effect against anti-GBM-GN in the absence of lymphocytes. These results are partially in line
with the original study by Shinozaki et al.?3 Using I/157 mice in the same model, this study
demonstrated that IL-15 produces an important anti-apoptotic effect in epithelial cells. However,
as opposed to the hypothesis of Shinozaki et al, our study highlights that the IL-15 epithelial
protective effect appears marginally T cell driven.

Our in vitro data suggest that podocytes use the classical IL-15/JAK/SYK signaling
pathways described in immune cells?!*3*6, Impaired JAK/SYK activation on epithelial cells
could therefore explain the severe renal lesions in mice lacking yC or IL-2R3 compared to their
WT counterparts. Some publications suggest a role for SYK during glomerulonephritis*’43,
Despite the absence of yC, IL-15 unexpectedly induces JAK phosphorylation. We hypothesize
that IL-2RP dimerization could occur in the absence of yC but yet still lead to JAKSs
phosphorylation and thus permit beneficial IL-15 downstream events. Inhibition of SYK with a
non-selective SYK inhibitor (fostamatinib) has been shown to confer protection in WKY rats,
both during nephrotoxic nephritis*’ and experimental autoimmune nephritis*. One of the
hypotheses put forward in these papers has been the reduction of SYK activity following Fc
gamma Receptor I and III activation. In both studies we cannot exclude the possibility that, in
spite of serious SYK inhibition, IL-15 levels have been augmented by favorable off-target effects.
Moreover, given its action on FLT3, JAK, LCK and c¢-Kit>°, fostamatinib appears as a non-
specific inhibitor of SYK, limiting its value. Thus, according to these data, it is hard to reconcile
our findings with previous works, given that IL-15 levels were not evaluated coupled with the

pleiotropic effects of SYK. Moreover, our results show that IL-15 induces a protecting signal by
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activating SYK in the epithelium. We think that global inhibition could affect both immune cells
and the epithelium which play different roles in shared SYK signaling. Further studies are
required in order to analyze the nature of SYK-associated epithelial signaling.

All these findings contribute to our understanding of epithelial-specific IL-15 signaling
and suggest that yC and IL-2RB may modulate different downstream survival events. IL-
2RP/JAK interactions have been studied mainly in vitro as part of the IL-2 response rather than
that of IL-15°!. Similar to the observed effects in anti-GBM-GN-induced renal lesions, IL-2/IL-
15 receptors have been reported to be a key anti-apoptotic factor in both immune and epithelial
mammary cells>2. Altogether, the intra-renal expression of IL-15 signaling may represent a key
functional modus operandi that limits epithelial lesions associated with glomerulonephritis. These
effects may be related to STATS action or to other signaling proteins such as SYK which are
involved in the IL-15 response>*->4. Further studies are needed to determine more precisely the
intra-renal role of downstream IL-15 signaling effector events in the model of anti-GBM-GN.

NK cells are notably expanded in Rag2”~ animals and have been shown to produce large
amounts of IL-15%, which may lead to some beneficial effects, in tubular cells in particular. This
might explain why Rag2” mice present fewer tubulo-interstitial injuries than their WT
counterparts. But the effect, if any, should be local and dependent on IL-2Rp. Indeed, the
reintroduction of NK cells in Rag2”[I12rg”- mice was insufficient to protect them against anti-
GBM serum in glomeruli but seems to have a protective effect in tubular cells in which only IL-
2RB could have relayed the IL-15 signal. Similarly, in Rag2”" animals, we cannot exclude a
possible role for innate lymphoid cells (ILC) which might afford protection by promoting IL-15
production in NK cells as hypothesized above. Further studies are needed to specifically address

these questions.
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In conclusion we demonstrated that significant renal lesions occur in the absence of T and
B or even NK cells during experimental passive anti-GBM-GN. We also showed that epithelial-
expressed immune receptors such as yC and its IL-2Rp co-receptor can largely modulate the
protective effect of IL-15, an interleukin which is highly expressed by the kidney epithelium. We
also confirmed that human podocytes express YC during glomerulonephritis suggesting that renal-
expressed immune receptors such as YC/IL-2Rp per se might represent unsuspected targets during

glomerulonephritis.
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Methods

Animals

C57BL/6J WT mice were obtained from the Charles Rivers Laboratory (L'Arbresle, France).
C57BL/6J Rag2”112rg’"CD45.1 mice were kindly provided by S. Ezine and F.Vasseur (Inserm
U1020, Paris, France). C57BL/6J Rag2”-CD45.2 mice and Rag2” 112rg” mice were provided by
J.C. Bories (Centre Hayem EA 3963, Paris, France). C57BL6J Rag2”112rb”mice and Rag2”"Il15

“mice were provided by J. Di Santo (Institut Pasteur, Paris, France). Description of the

immunological phenotypic of these different mice strains has been previously described>-°.
Mice submitted to sanitary control tests to ensure proper pathogen-free status were housed in the
same animal facility before any experiments. All mice were backcrossed at least 12 times into a
C57BL/6J background to ensure a similar genetic background. We provide body weights and
basal renal phenotypes in Supplemental Table 1. All mice were held in the same SPF conditions
during breeding.

Experimental anti-GBM glomerulonephritis

Passive experimental anti-GBM-GN was induced using decomplemented sheep anti-rat GBM
serum prepared as previously described!8. Passive non-accelerated anti-GBM-GN was induced by
daily intravenous administration of 1.5 mg total protein/ g body weight for three consecutive days
as previously described®. Renal injury was evaluated on day 9 following the last injection of anti-
GBM serum. As controls, mice were injected with phosphate buffered saline (PBS) or normal
sheep serum. BUN, urinary protein and creatinine levels were measured using a Konelab

enzymatic-spectrophotometric analyzer (Thermo Scientific).

NK cells isolation and transfer in Rag2”"I12rg”"mice

15



NK cells were isolated from C57BL/6J WT mice spleen cell suspension using the NK Cell
Isolation Kit, an LS Column, and a MidiMACS™ Separator according to the manufacturer’s
instructions (Miltenyi Biotec). The NK cells were then injected intravenously (1.10° cells in 100
ul in sterile PBS per mouse) to Rag2”112rg” mice.

Bone marrow transplantation

CD45.2" WT C57BL/6] mice and Rag2”1l2rg”- mice were X irradiated (700 rad/mouse) to
deplete bone marrow progenitors, and then reconstituted 24 h later by intravenous retro-orbital
injection of 10 x 10° bone marrow white cells obtained from flushed femurs and tibias derived
from donor CD45.1" mice. Mice were then left for six weeks for bone marrow reconstitution.
Histological and immunohistochemical studies

Kidneys were fixed in formalin solution (4%), and embedded in paraffin. Sections (4-pum thick)
were stained by Masson’s trichrome to determine proportion of positive glomeruli which were
defined by crescent formation (defined as glomeruli exhibiting >2 layers of cells in Bowman's
space, with or without podocyte injury, as indicated by ballooning, necrosis, or cyst formation)
and/or fibrin deposition. The proportion of glomeruli affected was determined by a blinded
examination on at least 50 glomeruli per section. Tubular lesions were evaluated semi-
quantitatively as follows: 0, no tubular dilation; 1, dilation in 1-25% of the tubules analyzed; 2,
dilation in 26-50% of the tubules analyzed; 3, dilation in 51-75% of the tubules analyzed; 4,
dilation in >76% the tubules analyzed.

Immunohistochemical studies were performed on dewaxed kidney 4-um sections which were
incubated for 30 minutes at 95°C in the target retrieval solution (Dako), then in peroxidase
blocking reagent (Dako), blocked in PBS containing 5% BSA and immunostained against IL-15

(R&D Systems), yC (Biolegend), IL-2Rp (Novus Biologicals), IL-15Ra (Novus Biologicals),
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CD44 (Abcam) and podocalyxin (R&D Systems). Specific staining was revealed using Histofine
reagents, which contained anti-rabbit or anti-rat immune-peroxidase polymer.

For NK cell and IL-2Ryc stainings, 4-um kidney cryosections were blocked with 5% BSA-PBS
for 10 minutes at room temperature Kidney sections were then incubated with anti-Ly49G2 (BD
Biosciences Pharmingen) or anti-IL-2Ryc (Biolegend) antibodies overnight. For Ly49G2 staining
kidney sections were then incubated sequentially with biotinylated secondary antibody, avidin-
biotin-peroxidase complex (ABC-Elite; Vector Laboratories), and 3,3'-diaminobenzidine (with
nickel chloride enhancement). For IL2Ryc specific staining was revealed using Histofine anti-rat
secondary antibody and AEC (Dako). Images were obtained with optical microscopy (Olympus,
Hamburg, Germany).

Immunofluorescence assay and confocal microscopy

Rabbit anti-IL2Ryc (Biolegend), rabbit anti-synaptopodin (Santa Cruz) and rabbit anti-nephrin
(LifeSpan BioSciences Inc.) antibodies were incubated overnight on frozen kidney slides after
blocking with PBS containing 5% BSA. Kidney sections or human tissues were then incubated
with anti-rat Alexa Fluor 488, or anti-rabbit Alexa Fluor 546 conjugated secondary antibodies
(Invitrogen). The nuclei were stained using DAPI (Invitrogen). Images from mice tissues were
obtained with laser scanning confocal microscopy (TCS SP2 AOBS, Leica, Wetzlar, Germany).
Acquisition software used was Leica Confocal Software and images (x630) were processed using
Image J®. Images from human tissues were obtained with a wide-field light microscope (IX83,
Olympus) and processed using Image J®.

Flow cytometry

Blood samples (50ul) from mice were incubated for 1 h at 4°C with anti-mouse CD45.1, CD45.2
or Ly49G2 primary antibodies or corresponding isotype controls (BD Biosciences Pharmingen).

After washing, cells were then incubated with alexa488-coupled anti-rat IgG (Invitrogen) for 30
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min at 4°C. Red cells were then lysed and resuspended cells were analyzed using a FACScanto 11

flow cytometer (BD Biosciences Pharmingen).
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Quantitative RT-PCR

RNA was extracted from whole kidneys using TRIzol solution (Life Technologies). Residual
genomic DNA was removed by DNase I treatment (Fermentas). RNA samples (1 pg) were
reverse-transcribed using a Revert Aid H minus First Strand DNA Synthesis kit (Fermentas).
Beta-Glucuronidase (Gusb) and Hypoxanthine-guanine phosphoribosyltransferase (Hprtl) genes
were used as endogenous reference housekeeping genes. The specific PCR primer sequences
used are listed in Supplemental Table 2. Normalization of the quantitative PCR (qPCR) data
PCR analysis obtained using a LightCycler 480 (Roche Diagnostics) was performed using the
Roche LightCycler 2.0 software (Roche Diagnostics). Data were expressed as 2°P where Cp
corresponds to the cycle threshold number.

In vitro assays in cultured podocytes

Freshly isolated renal cortex from WT, Rag2”II2rg” or Rag2”1l2rb” mice were mixed and
digested by collagenase I (1 mg/ml; Gibco) in RPMI 1640 (Gibco) for 2 minutes at 37°C. Next,
collagenase I was inactivated with RPMI 1640 plus 10% FBS (Hyclone). Tissues were then
passed through a 100-um cell strainer and a 40-um cell strainer (BD Falcon) in PBS (Euromedex)
with 0.5% BSA (Euromedex). Glomeruli, adherent to the 40-um cell strainer, were removed from
the cell strainer with PBS with 0.5% BSA injected under pressure, and finally washed twice in
PBS. Freshly isolated glomeruli purity was analyzed by light microscopy (Figure 6B) and then
were plated in six-well dishes in RPMI 1640 with 10% FBS, 2% HEPES buffer (Gibco), and 1%
penicillin/streptomycin (Gibco). Two days after seeding, glomeruli became adherent to the dish,
and podocytes spread out from glomeruli.

Primary podocytes were cultured on RPMI 1640 with 1% FBS for 12 hours and then stimulated 7

days after seeding with mouse recombinant IL-15 (ref. PMP47, Bio-Rad AbD Serotec), at 50

19



ng/ml for 30 minutes and then mixed in RIPA buffer (Santa Cruz) with orthovanadate, PMSF,
protease inhibitor cocktail (Santa Cruz) and NaF and frozen at —80°C for protein extraction.
Western blot analysis from cultured primary podocytes

After extraction from podocytes with lysis buffer, samples were fractionated by SDS-PAGE
NuPAGE 4/12% gels (Invitrogen) under reducing conditions and then transferred to a
polyvinylidene difloride membrane. Membranes were incubated with the appropriate primary
antibodies: anti-phosphorylated JAK1 (Cell Signaling), JAK3 (Cell Signaling), SYK (Novus
Biologicals), anti-IL15Ra (Novus Biologicals), anti-IL2R (Novus Biologicals). Protein loading
was monitored by using the rabbit anti-GAPDH antibody (Sigma). Secondary antibody was
horseradish peroxidase-conjugated goat anti-rabbit or anti-rat IgG (Amersham). Antigens were
revealed with enhanced chemiluminescence (ECL)-plus (Amersham) on autoradiography films
(Fuji). Relative quantification was made using Image J® software.

Plasma cytokine measurement

Frozen plasma from WT, Rag2”~ and Rag2”II12rg”" mice were collected at day 9 following anti-
GBM-GN induction. yC-associated cytokine plasma levels were measured using a ProcartaPlex
Mix&Match Mouse 6-Plex (Ebioscience SAS, Affimetrix) according to the manufacturer's
protocol.

Human tissues

Frozen renal biopsy specimens were obtained from the Hopital Tenon, Assistance Publique-
Hopitaux de Paris, Paris, France, according to local procedures. Only renal biopsy specimens
with a sufficient amount of tissue remaining after completion of diagnostic workup were included
for immunohistochemical evaluation.

High throughput RNA-Sequencing, demonstration of absence of specific kidney splice

variants
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RNA samples from non-nephritic kidneys from Rag2” (and Rag2”II2rg” kidney cortex as a
negative control) (n=2 per group) of high quality (RNA Integrity Number >6) were processed to
create a mRNA library using TrueSeq reagents (Illumina). Clusters were created for Illumina
RNA-Sequencing using a CBot system and sequencing was carried out on one lane of HiSeq2000
to produce paired-end reads (75 bases length, 29 to 35 million of reads per sample). After
demultiplexing, bar-coding removal, quality control and paired-end reads were processed from
Fastq Sanger format to compact-reads format and then aligned with STAR (default parameters) to
the mouse reference genome (mMGC37/mm9) in order to seek putative kidney specific splice
variants. Data alignment and analysis were performed using the GobyWeb interface and
examined visually at the [/2rg locus in the Integrative Genomic Viewer

(http://www.broadinstitute.org/igv/) respective of Ensembl Annotation (Ensembl version 55).
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Statistics

Values are given as means = SEM. Statistical analysis was performed using the GraphPad Prism
program. The Mann-Whitney test was used to compare two groups. Kruskal-Wallis test analyzed
the distribution of three or more groups. A p value<0.05 was considered significant.

Study approval

All mouse studies were submitted to, and approved by, the French Institutional Animal Care and
Use Committee (Hopital Tenon, AP-HP, Paris, France) and the Ethics Committee Charles
Darwin (Paris, France) (ref n° 5 ECCD).

Disclosures

The authors have declared that no conflict of interest exists.
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Figure legends

Figure 1. Mice lacking lymphocytes develop typical lesions of glomerulonephritis following
the administration of the anti-glomerular basement membrane (GBM) serum.

(A) Representative images of Masson trichrome stained sections of renal cortex from 8 to 10-
week-old wild type (WT), Rag2”~ and Rag2”"I12rg”- mice 9 days after the injection of anti- GBM
serum. Lower panels show magnification of glomerular crescentic lesions from upper panels.
Scale bar: 50 um. (B) Renal function assessed by plasma urea levels at day 9 after the injection of
anti-GBM serum. (C & D) Percentage of positive glomeruli presenting crescents and/or fibrin
deposition (C), semi-quantitative score of tubular lesions (tubulo-interstitial score or TIS) (D) and
proteinuria to creatininuria ratio (E) in untreated 8 to 10- week-old WT mice (n= 5, control
[CTL]), and anti-GBM serum-treated 8 to 10-week-old WT mice (n=20), Rag2” mice (n=15),
and Rag2”"I12rg’" (n=12). Data represent means + SEM. *p<0.05. (F) Representative images of
podocalyxin staining by immunohistochemistry on kidney sections from 8- to 10-week-old wild
type (WT), Rag2”~ and Rag2”"II2rg’- mice at basal state and 9 days after the injection of anti-

GBM serum. Scale bar: 50um.

Figure 2. Natural killer (NK) cells are not sufficient to protect Rag2”"II2rg”~ mice from anti-
glomerular basement membrane glomerulonephritis (GBM-GN) induced by anti-GBM

serum.

(A) Representative dot-plots (3 independent experiments) of NK cell population (in red)
evidenced by an anti-Ly49G2 staining (right quadrants) in 10-week-old anti-GBM-GN Rag2”
I12rg” mice 7 days after i.v. administration of NK cells isolated from the spleens of wild type

(WT) mice (lower right quadrant) or from Rag2”"II2rg”- mice injected with vehicle alone (upper
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right quadrant). (B) Representative images of Ly49G2* NK cells staining (arrows) by
immunohistochemistry on kidney sections from Rag2”"II2rg”~ mice replenished with NK cells, 9
days after the injection of NK cells (right panel), compared to non-replenished Rag2”"112rg”" mice
(left panel). Scale bar: 100um. (C) Relative levels of Nkg2b mRNA measured by quantitative
polymerase chain reaction (PCR) in renal cortex from naive (control [CTL]) and from anti-GBM-
GN WT, Rag2”, and Rag2”I12rg”- mice, which have been replenished (+) or not with NK cells.
Data represents means = SEM from 3 separate kidneys in each condition tested. * p < 0.05
between groups. (D) Plasma urea levels (the horizontal bar in the graph represents the mean
plasma urea level in C57BL/6J mice at basal state), (E) percentage of positive crescentic
glomeruli, (F) semi-quantitative score of tubulo-interstitial lesions 9 days after injection of anti-
GBM serum into 8-10-week-old Rag2”"112rg” mice either replenished (+) or not with NK cells.
Values are means = SEM from 6 mice in each condition tested. In D to F no significant

differences were observed between groups.

Figure 3: Tissue common gamma chain (yC) is required to maintain kidney function and

renal tissue integrity after anti-glomerular basement membrane (GBM) serum injection.

Bone marrow (BM) cells from 10-week-old wild type (WT) or Rag2” mice (WT BM or Rag2”
BM, respectively) were transferred into sub-lethally irradiated 10-week-old WT (WT BM =>
WT, Rag2”- BM => WT) or into Rag2”112rg”- mice (WT BM => Rag2”II2rg”, Rag2”- BM =>
Rag2"I12rg”" mice). (A to C) Plasma urea levels (the horizontal bar in the graph represents the
mean plasma urea level in C57BL/6J mice at basal state) (A), percentage of crescentic glomeruli
(C) and semi-quantitative score of tubulo-interstitial lesions (B) in chimeric mice (n=5 per group)

9 days after the administration of anti-GBM serum. (D) Proteinuria to creatininuria ratio in
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chimeric mice (n=5 per group) 4 days after the administration of anti-GBM serum. Values are
expressed as means £ SEM (n=5 per group) and * p < 0.05. (E) Representative images of Masson
trichrome stained sections of renal cortex from 16-week-old WT or Rag2”112rg”" mice grafted

with WT BM, 9 days after the last injection of anti-GBM serum. Scale bar: 50 pm.

Figure 4: IL-15 is highly expressed in kidney cortex in a lymphocyte-free environment and
its IL-2RP co-receptor deficiency aggravates anti-glomerular basement membrane

glomerulonephritis (GBM-GN).

(A) Reverse transcription- polymerase chain reaction (RT-PCR) analysis of common gamma
chain (yC) ligands (IL-2, IL-4, IL-7, IL-9, IL-15, IL-21) mRNA expression in renal cortex
homogenates from wild type (WT), Rag2”, and Rag2”"II2rg”- mice analyzed 9 days after anti-
GBM serum injection (means = SEM of 5 mice per group of two independent experiments). (B)
Representative image of the expression of IL-15 by immunohistochemistry in Rag2”~and Rag2”"
11157 mice as negative controls. Scale bar: 50 um. Plasma urea levels in (C) (the horizontal bar
in the graph represents the mean plasma urea level in C57BL/6J mice at basal state), positive
glomeruli (D) and semi-quantitative score of tubulo-interstitial lesions (E) in 10—-12-week-old
Rag2”~ mice and Rag2”li2rb” mice, 9 days after the injection of anti-GBM serum.
Proteinuria/creatinuria ratios are also expressed in (F). Values are means + SEM of 5 10-12-
week-old mice per group. (G) Representative illustrations of Masson trichrome stained sections
of renal cortex from 10-12- week-old anti-GBM-GN-induced Rag2” and Rag2”"II2rb”" mice.

Scale bar: 50 pm.

Figure 5: Expression of IL-15R subunits in the mouse kidney during glomerulonephritis.
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Representative images of the expression of IL-15Ra (A), IL-2RB (B) or common gamma chain
(yC) (C) by immunohistochemistry in 12-week-old Rag2”~ or Rag2”’-glomerular basement
membrane (GBM) mice at day 9. Images are representative of at least 5 mice. Scale bar: 50 pm.
IL-15Ra has been expressed in some in the tubules during normal conditions, but was largely
induced in glomeruli following anti-GBM serum injection. IL-2RB expression was not detected
under normal conditions but was observed at day 9 of glomerulonephritis, mainly in glomeruli.
The yC chain expression has been found in glomeruli after anti-glomerular basement membrane
glomerulonephritis (GBM-GN). (D) Immunofluorescent staining of nephrin (in red) and yC chain
(in green) on kidney sections from Rag2” or Rag2”112rg”- mice at day 9 of the anti-GBM-GN.
DAPI was used to stain nuclei. The yC has been found expressed mainly by podocytes. Rag2”
I12rg” mice are positive for nephrin (red) but negative for yC. Representative images from

confocal microscopy observations. Scale bar: 50 pm

Figure 6: Absence of IL2Ryc or IL2RB impairs IL-15 signaling in primary cultured

podocytes.

(A) Western blot analysis of phosphorylated JAK1/3 and spleen tyrosine kinase (SYK) proteins
from primary cultured podocytes extracted from kidney of 12-week-old wild type (WT), Rag2”
112rg”, Rag2”"I12rb”" mice. GAPDH was chosen as loading control. (B) Glomerular extracts used
for primary podocyte cultures analyzed in light microscopy at 4x magnification (left) and 10x
magnification (right). (C, D and E) Ratio of phosphorylated JAK1/3 and SYK on GAPDH is
reported with respect to basal conditions using densitometric values from at least 5 mice from

each group tested. Values are means + SEM* p< 0.05 between groups.

Figure 7: yC is induced in human podocytes during glomerulonephritis
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(A) Representative images of the glomerular expression of common gamma chain (yC) by
immunohistochemistry in pristine 3-month post-transplant renal biopsies (2 cases) and in human
crescentic glomerulonephritis (4 different cases). (B) Immunofluorescent staining of nephrin or
synaptopodin (in green) and yC chain (in red) on a renal biopsy from a patient with crescentic

glomerulonephritis. DAPI was used to stain nuclei. Scale bar: 50 pm

Supplemental Figure 1: Tubular injury is increased in Rag2”1I2rg”" mice kidney during an
anti-GBM model

Representative images of CD44 staining by immunohistochemistry on kidney sections from 8- to
10-week-old wild type (WT), Rag2” and Rag2”-I12rg”- mice at basal state and 9 days after the

injection of anti-glomerular basement membrane (GBM) serum. Scale bar: 100pum

Supplemental Figure 2: Bone marrow graft efficiency evaluation by determination of the
CD45.1/(CD45.2+CD45.1) ratio and natural Kkiller (NK) cells counts after bone marrow
graft.

Bone marrow (BM) cells from wild type (WT) or Rag2”’ mice (WT BM or Rag2”~ BM,
respectively) were transferred into either sub-lethally irradiated WT (WT BM => WT, Rag2”
BM => WT) or Rag2”II2rg” mice ( WT BM => Rag2”112rg”", Rag2”’~ BM => Rag2”112rg”"
mice). (A) Quantification by flow cytometry of the percentage of circulating CD45.1" cells from
the donors over the total CD45" cells and (B) percentage of circulating NK cells over the total
CD45+ cells in blood from chimeric mice was done at day 9 of the anti-glomerular basement

membrane glomerulonephritis (GBM-GN). Values are means = SEM (n=5 per group).

Supplemental Figure 3: In the absence of T/B/NK lymphocytes IL-15 is highly produced

and its receptors IL15Ra and IL2Rp are expressed in the renal cortex
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(A) Plasma common vy chain dependent cytokine levels at day 9 of anti-glomerular basement
membrane glomerulonephritis (GBM-GN) in 10- to 12-week-old wild type (WT), Rag2” and
Rag2I12rg”~ mice. Results are expressed as means + SEM (5 mice per group). * p< 0.05
between groups. (B) Western blot analysis of IL15Ra and IL2RJ proteins from kidney cortex of
12-week-old WT, Rag2” and Rag2”-I12rg”" mice at basal state and at day 9 of anti-glomerular
basement membrane glomerulonephritis (GBM-GN) (2 mice per group). GAPDH was chosen as

loading control.

Supplemental Figure 4: IL-15 plays a protective role against anti-glomerular basement

membrane (GBM) serum in a lymphocyte-free environment.

(A) Plasma urea levels at day 9 (the horizontal bar in the graph represents the mean plasma urea
level in C57BL/6J mice at basal state) and (B) protein urinary excretion rate at day 0, day 4 and
day 9 of the anti- glomerular basement membrane glomerulonephritis (GBM-GN) in 10 to 12-
week-old Rag2” and Rag2”1l157- mice. Results are expressed as means + SEM (5 mice per
group). (C and D) Representative illustrations of anti-GBM lesions evidenced by Masson’s

trichrome staining in Rag2”- and Rag2”"I115"- mice. Scale bar: 50 pm.

Supplemental Figure 5: Annotated Integrative Genomic viewer (IGV) screenshot focused
on the IL2rg locus following RNA-Seq analysis from mouse kidney cortex.

112rg transcripts according to the Ensembl database (v55) at the I/2rg gene locus
(GRCm37/mm9). (B and C) Paired-end reads of naive Rag2”” (B) and Rag2”"1I2rg”- (C) mouse
kidneys. All “classical” 112rg exons were represented in the kidney of a Rag2” mouse, while
exons 2 to 7 were absent in the Rag2”"112rg”- mouse kidney. Despite numerous transcript variants

described in the Ensembl database for //2rg (represented in blue or red in A), exons belonging to
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12rg were not shared by other proxy genes, such as Gm20489-001 (red on the left in A),
excluding any kidney-specific variants with an //2rg similarity. Other processed transcripts, such
as 112rg-002 or 003 (blue in A), which do not have a computationally predicted protein coding
expression, were not expressed. Conversely, classical transcripts (in red in A, on the right) were

expressed at the protein coding level in the kidney of a naive Rag2” mouse.

Supplemental Table 1: Basal phenotype of the different immunodeficient mice strains used
Data represents means + SEM of at least 5 mice per group. Kruskal-Wallis non-parametric test. *
p<0.05, ** p<001.

Supplemental Table 2: Polymerase chain reaction (PCR) primer sequences used for

quantitative PCR.
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Supplemental Table 1: Luque et al.

Transcript Name

Primer pairs

5'-GCTGTTGATGGACCTACAGGA-3'

L2 5. TTCAATTCTGTGGCCTGCTT-3"
5.CCTGCTCTTCTTTCTCGAATGT-3"
b4 5'.CACATCCATCTCCGTGCAT-3
5-CGCAGACCATGTTCCATGT-3'
- 5.TCTTTAATGTGGCACTCAGATGAT-3'
5.GCCTCTGTTTTGCTCTTCAGTT-3'
-9 5-GCATTTTGACGGTGGATCA-3'
5'-CAGCTCAGAGAGGTCAGGAAA-3
15 5'.CATGAAGAGGCAGTGCTTTG-3'
5-GACATTCATCATTGACCTCGTG-3
L2 5. TCACAGGAAGGGCATTTAGC-3'
5.CTCCTGGCAGTGGGAAGAT-3
nkg2d 5'-AAGCTTGAGCCATAGACAGCA- 3
et 5.CTCTGGTGGCCTTACCTGAT-3

5'-CAGTTGTTGTCACCTTCACCTC-3’




Mice WT Rag2”™  Rag2"li2rg" Rag2"li2rb  Rag2"1115"
Geneti(cl\}’jflz‘;gmund C57BL/6J  CS7BL/6]  CSTBL/6]  CS7BL/6) C57BL/6J
Body weight (g)** 231435  241+41  231+36  206=+1.1 19+1.1
ﬁit?;’ey to body weight 06+£01 0600  0.6+00 0.6+0.0 0.6+ 0.0
Urea (mmol/L) 8342 109407  7.6+0.7 8.842.2 8.7+0.3
Proteinuria to creatininuria | g 1241 0.740.5 1.0£0.7 0.5+02

ratio (g/mmol)*

Supplemental Table 2: Phenotypic characteristics of different mice used in our study.
Data represents means + SEM of at least 5 mice per group. Kruskal-Wallis non-parametric
test. * p<0.05, ** p<0.01.
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