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patients, the search for new therapeutic strat
Despite  intensive
research, the events which lead 1o development of SLE and

ity for scientists  worldwide  [3.4],
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Systemic lupus erythematosus [SLE) is a complex and rela-
une disorder, which
ng skim, prints, |III'|:I)<. kidneys and
the central nervous systern [1,2]. As SLE causes high mor-
badity amd mortality inoa rather young collective of

ko, Chiuical s Experivs

Summary

Systemic lupus erythematosus (SLE) is a common auteimmune disorder
with a complex and poorly understood immunopathogenesis. However, a
pathogenic role for the T helper type 17 (Th17) axis was demonstrated by
many studies, while regulatory T cells (T, were shown to mediate
protection. Recently, we and others characterized a novel and independent
T cell population expressing both the T, characteristic transcription factor
torkhead box protein 3 (FoxP3) and the Thi7-defining retinoic acid
receptor-related orphan nuclear receptor vt (RORvyt). Studies in 8 model of
acute  glomerulonephritis  unveiled  potent  regulatory,  but  also
proinflammatory, functions of RORyt FoxP3' Ty This bi-functional
nature prompted us to suggest the name ‘biT..'. Impedantly, the
pathogenic BT, cffects were dependent upon cxpression of RORyt. We
thus aimed to evaluate the contribution of RORyt FoxF3' biT.,, to
pristanc-induced SLE and explored the therapeutic potential of interference
with RORyt activation, Our analyses revealed expansion of IL-17 producing
BiTeg in a distinctive time—course and organ-specific pattern, coincident
with the development of autoimmunity and tissue injury. Impertantly,
specific ablation of RORyt activation in endogenous biT,py, resulted in
significant amelioration of pristane-induced pulmonary vasculitis and lupuos
nephritis, As potential mechanisms underlying the observed protection, we
found that secretion of IL-17 by BT, was abrogated completely in
FoxP3“™ » RORC™Y™ mice. Furthermore, Tyegs showed a more activated
phenotype after cell-specific inactivation of RORyt signalling, Finally, and
remarkably, biT ., were found to potently suppress anti-inflammatory Th2
immunity in a RORyt-dependent manner. Our study thus identifies BT,
as novel players in SLE and advocates ROR-yt-directed interventions as
promising therapeutic strategics,

Keywords: immunology, lupus nephritis, lymphocytes, svstemic lupus, tran-
scription factors

eventually cause the associated organ pathelogies still
remain widely elusive |54], However, a central role for

n affect CD47 T helper cells in disease pathogenesis has been dem-

vrsrated by multiple studies and humans, includ

ing our own [7-11[, Recently, we and others par
highlighted the importance of the T helper type 1
leukin-17 [ThIF/IL-17} axis for systemic autoimmunity
tis [10,12,13], Importantly, mice deficient
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Lack of RORyt*FOXP3* biTregs aggravates crescentic GN
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BACKGROUND
RORyt* Ty17 cells are central pathogenic mediators of
glomerulanephritis (GN), while Foxp2™ Tregs mediate protection.

Recently,. we and cllhers identified a novel T cell subset

g the unusual of Foxp3 and
RORy! at the same fme (biTrags). Praviously, we have shown that
exogenous transfer of biTregs ameliorstes GN. Interastingly. biTregs
can also mediate pro-inflammatory effects which might include IL-17
secretion and suppression of T2 immunity. Because of technical
reasons the net function of endogenous biTregs remains elusive up
to date. We therefore developed a novel model to address this
aspact in GN.
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RORyt deletion in biTregs results in enhanced T,2 immunity
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3 Introduction

3.1 Architecture and function of the kidney

Similar to organs such as lung, heart or the central nervous system, the kidneys are
essential for human living. They are a pair of organs situated in the retroperitoneum
(Schiunke, 2012), which provide several vital functions for the human organism. The
renal function ensures a strictly regulated homeostatic environment, comprising the
salt and volume household, the blood pressure and the acid-base balance. Moreover,
the kidney is crucial for elimination of toxic, water soluble-substances and it is involved
in bone metabolism and erythropoiesis (Hoenig and Zeidel, 2014, Blaine et al., 2015,
Zeisberg and Kalluri, 2015).

At microscopic level, the kidney is composed of many functional subunits called neph-
rons. The nephron is for histologic and functional reasons subdivided in renal corpus-
cle, proximal and distal tubules. The comprehension of this microscopic architecture is
helpful to understand, how the kidney fulfils its role in maintaining the homeostasis in
our body. The glomerulus, as part of the renal corpuscle, is the localisation, where the
primary urine is filtered from the blood. The ultrafiltrate resembles plasma composition,
however compared to plasma, the primary urine does not contain larger proteins or
cells, which are held back by the glomerular filtration barrier. The proximal and distal
tubules modify the primary urine by utilizing active and passive transport mechanisms
to recover or secrete substances and water, depending on current needs of the organ-
ism. This need-orientated function serves to maintain a homeostatic internal environ-
ment (Hoenig and Zeidel, 2014).

Taken together, the kidneys represent a complex organ system, whose extrinsic and

intrinsic functions are crucial for the entire human organism.

3.2 Glomerulonephritis (GN)

Some human diseases result in inflammation of the renal glomerulus; this state is
called glomerulonephritis (GN). Since the ultrafiltrate production represents the ele-

mentary step for the renal function, it is obvious that inflamed glomeruli threaten and



restrict the proper function of the kidney. In accordance with these considerations, glo-
merulonephritis has a high clinical relevance in the field of nephrology, since it is a
frequent cause of acute and/or chronic renal failure (Stahl and Hoxha, 2016).
Glomerulonephritis represents a heterogenous group of diseases combining different
underlying etiopathologic entities. However, all forms of glomerulonephritis have in
common, that the endogenous immune system is dysregulated, which finally results in
inflammation and destruction of the glomeruli (Couser, 2016).

A particularly severe form of human glomerulonephritis is clinically classified as RPGN
(rapidly progressive glomerulonephritis), which rapidly results in renal failure. At micro-
scopic level, RPGN is characterized by glomerular necrosis and crescent formation.
This form of GN is found in the course of different disease entities including ANCA
vasculitis, systemic lupus erythematosus (SLE), IgA vasculitis or Goodpasture syn-
drome (Stahl and Hoxha, 2016). The therapeutic options for these diseases are limited,
non-specific and highly toxic, so that novel strategies are urgently needed. One prom-
ising target cell population are regulatory T cells (Tregs), which have been shown to
potently protect from renal tissue injury in multiple experimental models of GN (Wolf et
al., 2005, Ooi et al., 2011, Paust et al., 2011, Kluger et al., 2014, Alikhan et al., 2018).
Even more importantly, recent pioneering studies have also shown great promise of
Treg directed therapies for human autoimmune diseases (Konig et al., 2016, Bluestone
and Tang, 2018, Duggleby et al., 2018).

3.3 RORJ'Foxp3™ T cells (biTregs) - novel players of the immune system

In autoimmune diseases like GN, the immune system, which normally attacks foreign
threats in order to defend the body, is dysregulated and attacks endogenous struc-
tures. As a consequence, vital organs, like the kidneys, are getting destroyed and are
not capable anymore to sustain their biological function. This inflammatory, self-de-
structive process is mediated by both, the innate and adaptive arm of the immune sys-
tem (Kurts et al., 2013).

Many studies of the past have revealed, that R O R  Th17 cells and T-Bet* Th1l cells
play a crucial role in initiating and promoting the self-destructive autoimmune process
leading to glomerular dysfunction (Steinmetz et al.,, 2011, Disteldorf et al., 2015,
Hunemorder et al., 2015, Paust et al., 2015, Schmidt et al., 2015). On the contrary, it



has also been shown that Foxp3* regulatory T cells (Tregs) are able to supress inflam-
mation and thereby attenuate the course of glomerulonephritis (Hagenstein et al.,
2019, Nosko et al., 2017, Kluger et al., 2016, Kluger et al., 2014, Paust et al., 2011,
Ooi et al., 2011, Wolf et al., 2005).

Recently, a novel and unique T cell population has been identified by our lab group
and others, showing the unusual co-activation of the Th17 cell defining transcription
factor ROROt together with t HFexp3{uochmeretat,f i ni ng
2008, Kluger et al., 2016). This unconventional transcriptional equipment was shown
to mediate both anti- but also pro-inflammatory functions in a context dependent man-
ner. We thus proposed the operational name bifunctional Tregs (biTregs) (Kluger et
al., 2016). In order to get an impression, what is known about this fascinating T cell
subtype so far, relevant scientific findings on R O R 3Fbxp3* T cells, especially in the

context of autoimmunity, are summarized below.

3.3.1 biTregs occur in health and several murine and human diseases

After discovery and first characterisation in healthy mice (Lochner et al., 2008) and
humans (Ayyoub et al., 2009, Voo et al., 2009), further reports could demonstrate that
biTregs can be found in the course of various disease states with different pathogene-
Si s. I n d&oxp3 tells w&edetected in human periodontitis (Okui et al.,
2012) and in the course of human chronic inflammatory bowel diseases (Sefik et al.,
2015, Hovhannisyan et al., 2011). In addition, biTregs can be found in the course of
tumour diseases; e. g. in the environment of human (Blatner et al., 2012) or murine
colorectal cancer (Downs-Canner et al., 2017) and in the course of ovarian cancer in
mice (Downs-Canner et al., 2017). Moreover, biTregs expand during the course of
several autoimmune diseases including human psoriasis (Bovenschen et al., 2011),
human childhood arthritis (Pesenacker et al., 2013) and murine autoimmune-triggered
diabetes (Tartar et al., 2010). Especially of note, biTregs were also found to massively
expand in the course of acute crescentic glomerulonephritis in mice (Kluger et al.,
2016). In line with their presence in different murine and human disease entities, it is
conceivable that biTregs play a key disease-modifying role in above mentioned pathol-

ogies.



3.3.2 Expression profile of biTregs

Considering that biTregs activatet he Th17 <cel | defining transc
gether with the Treg defining transcription factor Foxp3, it is an interesting issue,
whether biTregs show the ability to produce characteristic gene products of both T cell
subsets. Indeed, in accordance with their transcriptional profile, biTregs activate Treg-
and Thl17-cell characteristic genes at the same time (Kluger et al., 2016, Ohnmacht et
al., 2015, Lochner et al., 2008).

In fact, several reports revealed that biTregs show high expression levels of Th17 cell-
associated genes like IL-17 (Kluger et al., 2017, Kim et al., 2017, Kluger et al., 2016,
Hovhannisyan et al., 2011, Bovenschen et al., 2011, Voo et al., 2009, Osorio et al.,
2008), IL-21 (Hovhannisyan et al., 2011), IL-22 (Kim et al., 2017, Hovhannisyan et al.,
2011), IL1R1 (Kim et al., 2017, Yang et al., 2016), IL-23-receptor (Kim et al., 2017,
Sefik et al., 2015, Pesenacker et al., 2013, Osorio et al., 2008), CCR6 (Kim et al., 2017,
Kluger et al., 2016, Pesenacker et al., 2013, Hovhannisyan et al., 2011, Voo et al.,
2009, Ayyoub et al., 2009, Lochner et al., 2008) and lkzf3 (Aiolos) (Downs-Canner et
al., 2017, Yang et al., 2016).

On the contrary, in line with its Foxp3 activation, biTregs also show high expression
levels of Treg-phenotypical genes including IL-10 (Yang et al., 2016, Kluger et al.,
2016), the subunit EBI-3 of IL-35 (Kluger et al., 2016), CD39 (Downs-Canner et al.,
2017, Ohnmacht et al., 2015), CD73 (Ohnmacht et al., 2015), CD101 (Hovhannisyan
etal., 2011), CD103 (Yang et al., 2016, Kluger et al., 2016, Hovhannisyan et al., 2011),
CTLA-4 (Kim et al., 2017, Yang et al., 2016, Kluger et al., 2016, Ohnmacht et al.,
2015), ICOS (Kim et al., 2017, Downs-Canner et al., 2017, Yang et al., 2016, Kluger
et al., 2016, Ohnmacht et al., 2015, Li et al., 2012, Lochner et al., 2008) and PD-1
(Downs-Canner et al., 2017, Kluger et al., 2016).

In addition, biTregs are characterised by enhanced levels of Runx1, Runx2, Runx3
(Li et al., 2012) and c-Maf (Xu et al., 2018, Yang et al., 2016), proteins considered to
equip biTregs with characteristic functions, which will be delineated in detail later. Col-
lectively, these data demonstrate impressively that R O RtdFoxp3* biTregs co-express
Th17 cell- and cTreg-characteristic genes and proteins (Lochner et al., 2008). How-
ever, it should be noted that biTregs also activate genes such as Runx3, which are
switched off in both, Th17 cells and cTregs (Li et al., 2012), indicating that biTregs

indeed represent a stable and independent T cell lineage.



3.3.3 ROR Y0xp3* T cells i an independent T cell population or an intermediate

between cTreg and Th17 cell transdifferentiation?

Next, due to the fact that biTregs activate two different master transcription factors, it
is a fascinating question, whether R O R dFbxp3™* cells represent a stable T cell popu-
lation with distinct effector functions, or just an unstable intermediate during a transdif-
ferentiation processes between cTregs and Th17 cells. In this regard, a strong debate
in the field of biTreg research was ignited. Some reports propose that biTregs are able
to convert into R O R ssihgle positive Th17 cells, in particular during autoimmune pro-
cesses (Komatsu et al., 2014, Bailey-Bucktrout et al., 2013, Bovenschen et al., 2011,
Zhou et al., 2009). Another report, which concentrated on investigating immune cell
dynamics during tumour diseases, revealed that biTregs are able to cease R O R ®x-
pression and consequently serve as precursor cell for Foxp3 single positive cTregs
(Downs-Canner et al., 2017).

On the other hand, there are also several findings rather in favour of the hypothesis,
that biTregs represent an individual and stable T cell population with distinct effector
functions. In detail, molecular analyses show, that R O R 3Fbxp3* double positive cells
exhibit epigenetic characteristics of a stable regulatory T cell population including a
highly demethylated Treg specific demethylation region (TSDR) at the Foxp3 locus
(Yang et al., 2016, Pesenacker et al., 2013) as well as highly demethylated Treg-char-
acteristic genes, such as Ctla-4, Gitr, Eos, and Helios (Yang et al., 2016).
Additionally, fate reporter studies demonstrated that biTregs do not convertinto ROR 2 t
or Foxp3 single positive cells (Yang et al., 2016, Kluger et al., 2016), suggesting that
biTregs do not transdifferentiate into their transcriptional relatives Th17 cells nor into
cTregs in vivo.

Taken together, there is still some debate, whether biTregs represent an intermediate
between Th17 cell and cTreg transdifferentiation or an independent, stable T cell pop-
ulation. However, the vast majority of more recent studies indicate, that biTregs repre-

sent an independent T cell lineage (Yang et al., 2016, Kluger et al., 2016).

3.3.4 biTregs mediate immunoregulative effects in vitro and in vivo

It is well established, that activation of the transcription factor Foxp3 is essential for

regulatory T cells to acquire immunoregulatory effector mechanisms (Feuerer et al.,

10



2009). Considering that biTregs also activate Foxp3, it was crucial to characterize, if
this novel T cell is capable to mediate immunosuppression, too.

As a matter of fact, several in vitro experiments revealed unanimously that human
(Pesenacker et al., 2013, Hovhannisyan et al., 2011, Voo et al., 2009, Ayyoub et al.,
2009) and murine (Li et al., 2012, Lochner et al., 2008) biTregs, sometimes defined as
IL-17 producing Tregs, have the ability to supress proliferation of stimulated CD4* T
cells. Consequently, these results advise that biTregs acquire in vitro immunoregula-
tory capacity. Additionally, several assumptions have been made to what extent other
intrinsic molecul es, i n addition to Foxp3,
Some studies proposet h at b i -Oefimng hasmscriptoon factor R O R dntpairs the
suppressive capacity of biTregs (Blatner et al., 2012). In contrast, other reports rather
suggest that activation of R O R artay even enhance the suppressive function of bi-
Tregs (Yang et al., 2016, Li et al., 2012, Lochner et al., 2008). Beside the unknown
effects of R O R oattivation on biTreg suppressive capacity, another highly-ranked
study indicates, that activation of the transcription factor c-Maf, could also enhance
suppressive functions (Xu et al., 2018).

Importantly, in addition to being immunosuppressive in vitro, several studies revealed
that R O R 3Fbxp3*are also able to mediate potent immunoregulative effects in vivo,
including the NTN model of GN, colitis and insulitis (Lochner et al., 2008, Sefik et al.,
2015, Kluger et al., 2016, Kim et al., 2017, Xu et al., 2018).

3.3.5 R OR adtletion in biTregs results in a hyper type 2 immune phenotype in vivo

After having ascertained that biTregs are able to suppress T cells in vitro (Lochner et
al., 2008) and in vivo (Lochner et al., 2008, Kluger et al., 2016), it was of course im-
portant to elicit, whether distinct immune players are controlled by biTregs. Interest-
ingly, a highly-ranked study by Ohmacht et al. suggest that biTregs may represent a
specific and potent suppressor of Th2 cell immunity, since R O R ad¢letion in (bi)Tregs
(Foxp3cre x RORC mice) resulted in a pronounced Th2 cell phenotype in the gut and
consequently caused aggravation of Th2 cell-driven intestinal pathologies (Ohnmacht
et al., 2015). Ohmacht et al. proposed, that biTregs counteract type 2 immunity by
modulating expression of the co-stimulatory proteins CD80 and CD86 on antigen-pre-
senting cells in a CTLA-4-dependant manner (Ohnmacht et al., 2015). Furthermore, in
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this context, it has been speculated that activation of the transcription factor IRF4 qual-
ifies biTregs to mediate Th2 cell-specific regulatory effects (Ohnmacht et al., 2015).
Interestingly and conversely to data by Ohnmacht et al., another highly ranking report
by Sefik et al., which also studied mice bearing RORot-deficient (bi)Tregs, could not
confirm any skewing of Th2 responses (Sefik et al., 2015). biTreg effects on Th2 re-
sponses thus remained a matter of debate.

Moreover, in this context, some studies proposed, that biTregs primarily utilize their
suppressive function to immunoregulate Th17 and Thl cell dominant immune re-
sponses, in particular in the context of autoimmune diseases (Sefik et al., 2015). In line
with the concept that some Treg subclasses are tailor-made to supress distinct immune
responses, it was hypothesized, that biTregs are specialized for downregulating Th17
cells (Lochner et al., 2008, Kim et al., 2017, Xu et al., 2018). However, no study has
so far provided any evidence for this hypothesis.

In summary, the scientific community is not in agreement, which particular T cell sub-
type is preferentially suppressed by biTregs. Alternatively, it would not be groundless
to consider, that biTregs may mediate broad-immunoregulation, supressing T effector
cells independently of the subtype.

3.3.6 biTregs mediate Th17 cell-like, pro-inflammatory effects

Besides Treg-characteristic Foxp3 activation, biTregs simultaneously upregulate the

Th17 cell defining transcription factor R O R 2 Qf course, this extraordinary transcrip-

tional profile raised the central question, if biTregs have the capability to mediate pro-
inflammatory effects, apart from immunoregulation. Indeed, it has been shown that

biTregs are able to secrete IL-17, the hallmark pro-inflammatory cytokine of Th17 im-

mune responses (Osorio et al., 2008, Voo et al., 2009, Bovenschen et al., 2011,
Hovhannisyan et al., 2011, Kluger et al., 2016, Kim et al., 2017). To better characterize

potential pro-i nf | ammat ory effects medi at edinvivgy RORD |
studies were performed by us, -delictent ¢oTregss ed mi
(Foxp3cre x RORC mice). Interestingly, these studies revealed that the transcription
factor ROROJt i ngbeithgro-mftpmmamry effectsTSpexific R O R ale-

letion in biTregs ameliorated the course of acute crescentic NTN glomerulonephritis

(Kluger et al., 2016). Remarkably, this experiment also demonstrated that IL-17 pro-
duction by biTregs was compl et eThkgntabetiee ndent
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available literature suggests, that biTregs display a bifunctional role in autoimmune
processes. On the one hand, several reports showed, that biTregs, in line with their
Foxp3 activation, are able to mediate protective immunregulation (Lochner et al., 2008,
Blatner et al., 2012, Kluger et al., 2016, Yang et al., 2016, Xu et al., 2018). On the other
hand, in associationwithR OR o t  @on, biTragsare also able to mediate Th17 cell-
characteristic, pro-inflammatory effects (Kluger et al., 2016, Blatner et al., 2012, Voo
et al., 2009). The net effect of biTregs in inflammation, as well as the conditions under
which pro- and/or anti-inflammatory biTreg functions dominate, currently remain

unclear.
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4 Investigated object

As explained above, past studies have uncovered, that biTregs have immunoregula-

tory properties (Lochner et al., 2008, Kluger et al., 2016). Interestingly, however,

RORo2t deletion in Tregs prevented, rat her t
NTN model of acute GN. Thi s tiviatiomeduippeg biTragsli c at e
with additional pro-inflammatory features (Figure 1), as e.g. production of IL-17 (Kluger

et al., 2016). The net function of biTregs in inflammation thus remains unclear to date.

biTreg Th2
ey, -~ ° - ’.
u [ W R -
o L . T %
L 5
«
pro-inflammatory IL-17 protective Th2
Yang et al., 2016 Hovhannisyan et al., 2011 Ohnmacht et al., 2015
Kluger et al., 2016 Kluger et al., 2016

Figure 1. biTregs display pro- and anti-inflammatory effects

Previous studies have identified a novel and unique Treg subpopulation, which is characterized by expression of
the Treg characteristic transcription factor Foxp3 together with the Th17 characteristic RORyt. In line with this
unusual combination of transcription factors, biTregs were shown to produce anti-inflammatory mediators as IL-
10, IL-35 and TGF- but also pro-inflammatory IL-17. Furthermore, recent studies have speculated, that
RORyt*Foxp3* Tregs suppress protective Th2 responses. Given these dual functions, we have proposed the op-
erational name bifunctional Tregs (biTregs).

| mportantly, it al so becomes -daetionabiTrégsiem t h e s
probably not the same as complete absence of biTregs. The effects of complete biTreg
absence have not been studied so far. Furthermore, the role of biTregs in chronically
developing forms of nephritis as e.g. pristane-induced lupus nephritis (Figure 2) also

remains unknown.

This dissertation therefore aimed to address these open questions and analysed (Fig-
ure 2)
1) function of biTregs in lupus nephritis

2) effects of biTregs on immune responses with a focus on Th2 and Th17 immunity
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3) the net effect of complete absence of biTregs in the course of acute glomerulone-

phritis.

A R OR adeficient biTregs

NTN _
@ \ i Nephritisimproved \/
Y Th2 phenotype 72

Kluger et al., 2016
B R O R adeficient biTregs Pristane-induced

@ \Iupus nephritis
C Exogenous biTregs
D Endogenous biTregs

BN -

Figure 2. Characterisation of biTreg functions in glomerulonephritis

NTN Nephritis i d
\ ephritisimproved \/

@ Th2 phenotype  ?

Kluger et al., 2016

(A) A recent study has shown, that R O R ®quips biTregs with pro-inflammatory properties in the course of acute
glomerulonephritis, since R O R adéleted biTregs ameliorated the course of NTN. (B) Whether RORot de
biTregs would also ameliorate the course of chronically developing lupus nephritis remained unknown. (C) Infusion
of exogenous biTregs protects the kidney from NTN glomerulonephritis. Whether exogenous biTregs affect type
2 immunity has not yet been studied (D) The role of endogenous biTregs in acute and chronic glomerulonephritis
is completely unknown to date.

Unfortunately, for technical reasons, a selective biTreg knock-out model is currently
not available. Therefore, we initially needed to establish a novel model, mimicking the

absence of biTregs.
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4.1 Overview of the goals of this dissertation

1. Characteri ze t hactivabon e bidregs m@Rsiane-induced

lupus nephritis

f Howdoes RORo2t activation in biTreg
pristane-induced lupus nephritis?
ﬂ 1 Does RdeRtonin Tregs change the regulatory capacity
- i ' ?
pristane lupus and/or IL-17 productive capacity of Tregs~

1T Does R-@Rtioh in biTregs result in altered type 2 im-

mune responses in pristane-induced lupus?

2. Establishing a murine model which allows to characterize the function of

endogenous biTregs

91 Do biTregs represent a stable and independent T cell lineage

or do they transdifferentiate from or into Th17 cells or cTregs?

ﬂ 1 Are endogenous biTregs protective or disease-promoting as
net effect in NTN glomerulonephritis?

1 Do endogenous biTregs influence Thl, Th2, Th1l7 cell or

other Treg responses?
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5 Material

5.1

ltem
Brefeldin A

Chemicals, nucleotides and sera

Manufacturer
Sigma-Aldrich; St. Louis, Missouri, USA

Collagenase D

Roche; Basel, Switzerland

Complete Freund

Sigma-Aldrich; St. Louis, Missouri, USA

DNase | (Deoxyribonuclease 1)

Roche; Basel, Switzerland

Ethanol (ethanol washing row
for histology)

Th. Geyer; Hamburg, Germany

Fetal calf serum (10 %)

Gibco™, Thermo Fisher Scientific; Waltham,
Massachusetts, USA

Formaldehyde (37 %)

Carl Roth; Karlsruhe, Germany

HEPES (1 M) 2-(4-(2-hydroxy-
ethyl)-1-piperazineethanesul-
fonic acid)

Gibco™ Thermo Fisher Scientific; Waltham,
Massachusetts, USA

Live/dead staining (detection
withvi ol et | aser

-

C

Gibco™, Thermo Fisher Scientific; Waltham,
Massachusetts, USA

Nephrotoxic nephritis (NTN)
serum (charge SS 10-11)

Eurogentec; Seraing, Liege, Belgium

Normal mouse serum

Jackson Immuno Research; Ely, UK

Paraplast plus® (tissue embed-
ding medium)

McCormick Scientific; St. Louis, Missouri, USA

PCR primers (sequences upon
request available)

Thermo Fisher Scientific; Waltham, Massa-
chusetts, USA

PCR water (H20)

B. Braun Melsungen; Melsungen, Germany

Penicillin-Streptomycin

Gi bcoE, Ther mo FiWaltham,
Massachusetts, USA

Percoll® solution (37 %)

GE Healthcare; Chicago, lllinois, USA

PMA (Phorbol-12-myristate-13-
acetate)

Merck; Darmstadt, Germany

Pristane oil (2,6,10,14-Tetra-
methylpentadecane)

Sigma-Aldrich; St. Louis, Missouri, USA

Sheep immunoglobulin G

Sigma-Aldrich; St. Louis, Missouri, USA

3-Mercaptoethanol

Gi b c orBermo Fisher Scientific; Waltham,
Massachusetts, USA

SYBR™ Green qPCR Mix

Invitrogen™, Thermo Fisher Scientific; Wal-
tham, Massachusetts, USA

Trypan Blue (cell counting)

Gi bcoE, Ther mo
Massachusetts, USA

F i Walttham,

Table 1. Overview of applied chemicals, nucleotides and sera
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Buffers and solutions

Buffer/Solution Ingredients Manufacturer
Erylysis buffer Tris(hydroxymethyl)-amino- Self-made
component 1 methane in distilled H20 at PH

7,6 (4,12 g Tris solved in 170

ml H20, 4 ml 25 % HCI added

and finally filled with 200 ml

distilled water)
Erylysis buffer 144 mM NH4Cl in distilled wa- | Self-made

component 2

ter

HBSS( Hank 6 s
anced salt solution)

0,14 M NacCl; 0,005 M KCI;
0,001 M CacCly; 0,0004 M
MgSO4-7H20; 0,0003 M
Na2HPO4-2H20; 0,0005 M
MgCl,-6H20; 0,0004 M
KH2POg4; 0,004 M NaHCOs:
0,006 M Glucose in distilled
water

Gibco™, Thermo Fisher
Scientific; Waltham, Mas-
sachusetts, USA

MACS® buffer

0,5 % bovine serum albumin,
2 mM EDTA in PBS

Miltenyi Biotec; Bergisch
Gladbach, Germany

PBS (Phosphate-
buffered saline)

0,137 M NacCl; 0,0027 M KCI;
0,01 M NaxHPO4:0,0018 M
KH2POg4 in distilled water

Gibco™, Thermo Fisher
Scientific; Waltham, Mas-
sachusetts, USA

RPMI-1640 me-
dium

Including amino acids, vita-
mins and glucose (detailed
information on the manufac-

Gibco™ Thermo Fisher
Scientific; Waltham, Mas-
sachusetts, USA

tureds interne

Table 2. Overview of applied buffers and solutions

Antibodies for Flow Cytometry - Surface staining

FACS antibody Manufacturer

anti-CD25 antibody BD Bioscience; Franklin Lakes, New Jersey, USA
anti-CD3 antibody BD Bioscience; Franklin Lakes, New Jersey, USA
anti-CD4 antibody BD Bioscience; Franklin Lakes, New Jersey, USA
anti-CD44 antibody BD Bioscience; Franklin Lakes, New Jersey, USA
anti-CD45 antibody BD Bioscience; Franklin Lakes, New Jersey, USA
anti-CD62L antibody BD Bioscience; Franklin Lakes, New Jersey, USA
anti-CD69 antibody BD Bioscience; Franklin Lakes, New Jersey, USA
anti-CD8 antibody BD Bioscience; Franklin Lakes, New Jersey, USA
anti-CTLA4 antibody BD Bioscience; Franklin Lakes, New Jersey, USA
anti-IL-4 antibody e Bi os ci grherneofFisher Scientific; Wal-
tham, Massachusetts, USA

e Bi os ci grhecneofFisher Scientific; Wal-
tham, Massachusetts, USA

anti-IL-5 antibody

Table 3. Overview of applied surface antibodies used for Flow Cytometry
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5.4 Antibodies for Flow Cytometry - Intracellular staining

FACS antibody Manufacturer

anti-Foxp3 antibody

e Bi os c i erhecneofFisher Scientific; Waltham,
Massachusetts, USA

anti-Gata-3 antibody

BioLegend; San Diego, California, USA

anti-l FNo2 anti b

e Bi os c i grhecneofFisher Scientific; Waltham,
Massachusetts, USA

anti-IL-13 antibody

e Bi os ci gThecneofFisher Scientific; Waltham,
Massachusetts, USA

anti-IL-17 antibody

e Bi os c i grhecneofFisher Scientific; Waltham,
Massachusetts, USA

anti-Ki67 antibody

e Bi os c i gThecneofFisher Scientific; Waltham,
Massachusetts, USA

anti-RORO t ant i

BD Bioscience, Franklin Lakes, New Jersey, USA

anti-T-Bet antibody

e Bi os c i grhecneofFisher Scientific; Waltham,
Massachusetts, USA

Table 4. Overview of applied intracellular antibodies utilized for Flow Cytometry

5.5 Antibodies applied for immmunohistologic analyses

Antibod Manufacturer

anti-CD3 antibody

Dako; Hamburg, Germany

anti-Foxp3 antibody

e Bi os c i erhecneofFisher Scientific; Waltham,
Massachusetts, USA

anti-GR-1 antibody

Hycult Biotech; Uden, The Netherlands

anti-Ki67 antibody

Cell Signaling Technology; Danvers, Massachusetts,
USA

anti-Mac-2 antibody

Cedarlane-Laboratories; Burlington, Ontario, Canada

anti-F4/80 antibody

BMA Biomedicals; Hiddenhausen; Germany

Table 5. Overview of applied antibodies for immunohistologic analyses

5.6 Devices, instruments and software

Device/lnstrument/Software Manufacturer

Axio Vison software

Carl Zeiss Microscopy; Jena, Germany

AxioCam HRc

Carl Zeiss Microscopy; Jena, Germany

Axioscope Light Microscopy

Carl Zeiss Microscopy; Jena, Germany

BD™ ARIAIIl Cytometer

BD Bioscience; Heidelberg, Germany

system

BD™ LSRII Flow Cytometry

BD Bioscience; Heidelberg, Germany

FlowJo software

Tree Star; Ashland, Oregon, USA

GraphPad Prism 5 software

GraphPad Software; San Diego, California, USA
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HERAcell® CO2z Incubator

Thermo Fisher Scientific; Waltham, Massachu-
setts, USA

Meshes( 50 em and

FalconE, Ther mo F Walthaer
Massachusetts, USA

Microsoft® Office Word

Microsoft; Redmond, Washington, USA

Multifuge X3R (Centrifuge)

Thermo Fisher Scientific; Waltham, Massachu-
setts, USA

System

StepOnePlus Real-Time PCR | Applied Biosystems™, Thermo Fisher Scien-

tific; Waltham, Massachusetts, USA

Counter

TC20E Aut omat e ¢ Bio-Rad; Hercules, California, USA

Thermocyler

Biometra; Gottingen, Germany

Table 6. Overview of applied devices, instruments and software

57 Commercial kits

Albumin ELISA kit

Bethyl Laboratories; Montgomery, Texas, USA

Antibody-alkaline phos-
phatase kit

Zytomed Systems; Berlin, Germany

Cytometric Bead Array
(CBA) kit

BD Bioscience; Franklin Lakes, New Jersey, USA

CD4* T cell isolation kit

Miltenyi Biotec; Bergisch Gladbach, Germany

Foxp3 staining kit

e Bi os c i gerhecneoBrisher Scientific; Wal-
tham, Massachusetts, USA

gentl e MACSE D

Miltenyi Biotec; Bergisch Gladbach, Germany

IL-13 ELISA kit Invitrogen™, Thermo Fisher Scientific; Waltham,
Massachusetts, USA

IL-4 ELISA kit BioLegend; San Diego, California, USA

IL-5 ELISA kit BioLegend; San Diego, California, USA

Immunoglobulin E ELISA
Kit

BioLegend; San Diego, California, USA

LEGENDpPI| exE Kk

BioLegend; San Diego, California, USA

Micro tube 1.3 ml K3E
(EDTA tube)

Sarstedt; Numbrecht, Germany

NucleoSpin® technology

Machery-Nagel; Duren, Germany

Table 7. Overview of applied commercial kits
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6 Methods

6.1 Deletionof ROROt i n ahdiAductignsof pristane-in- ﬂ
duced SLE and NTN glomerulonephritis

RORC" mice were obtained from Jackson Laboratory (Jackson Laboratory; Bar
Harbor, Maine, USA). Foxp3YFP€"® mice were a generous gift from Alexander Y.
Rudensky (Memorial Sloan-Kettering Cancer Centre; New York, USA). FoxP3¢re x
RORC" mice were generated by intercrossing. In these mice, a Cre recombinase is
activated under control of the Foxp3 locus, which results in selective excision of RORC
in Tregs. To induce systemic lupus erythematosus (SLE), Foxp3¢®* RORC" mice or
Foxp3°©xRORC""t control mice were treated intraperitoneally with 500 pl pristane oil
(2,6,10,14-Tetramethylpentadecane) (Sigma-Aldrich; St. Louis, Missouri, USA). Organ
removal and analyses were performed at the indicated time points. In order to study
NTN, Foxp3°¢e*RORC" mice and Foxp3°cre*x RORC"“t control mice were challenged
intraperitoneally with nephrotoxic sheep serum (Assmann et al., 1985). For accelerated
NTN (aNTN), mice were s.c. pre-immunized with 0,5 mg normal sheep globulin in
Freund’s complete adjuvant. Subsequently, NTN was induced by intraperitoneal injec-
tion of nephrotoxic serum. Organ removal and analyses were performed at the indi-

cated time points.

6.2 Establishment of a model mimicking biTreg deficiency ﬂ

In order to mimick absence of biTregs, we transferred biTreg-depleted or bi-Treg com-
petent CD4* T cells into RAG1” recipient mice as explained below. BAC transgenic
Ro r (GFR™§x FIR (Foxp3-IRES-mRFP) mice (Foxp3-R O R aauble reporter), kindly
provided by Gerard Eberl (Institut Pasteur; Paris, France) and Mathias Lochner (De-
partment of Infection and Immunology; Hanover, Germany), were used to allow sepa-

ration of biTregs from non-biTreg CD4* T cells.

6.2.1 Donor cell isolation

To isolate cells, spleens from Foxp3-R O R dauble reporter mice were harvested and
stored in HBSS medium (Gi bc o E, Ther mo HFNashang Massichusetts;t i f i ¢
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USA). To get access to individual <cell s,
Crushed remnants in the meshes were washed with HBSS. In the next step, spleen
cell suspensions were centrifuged, decanted and resuspended. Subsequently, the Mil-
tenyi Biotec CD4" isolation kit (Miltenyi Biotec; Bergisch Gladbach, Germany) was
used to separate CD4* T cells according to the manufacturers” manual. Subsequently,
CD4* T cell enriched suspensions were centrifuged, resuspended in 3 ml MACS®
buffer (Miltenyi Biotec; Bergisch Gladbach, Germany) and incubated for 30 min with
fluorescent anti-CD4-antibodies (BD Bioscience; Franklin Lakes, New Jersey, USA)
and anti-CD3 antibodies (BD Bioscience; Franklin Lakes, New Jersey, USA). After 30
min incubation time, centrifugation and resuspension in phosphate-buffered saline
(PBS)(Gi bcoE, Ther mo FwWakhhane MasSichusetts;tUSA), icalls were
handed to the institutional FACS core unit (University Medical Center Hamburg-
Eppendorf (UKE); Hamburg, Germany) to sort biTreg-deficient CD4* T cells and bi-
Tregs. Cells were sorted on a BD ARIAIll Cytometer (BD Bioscience; Heidelberg,

Germany).

6.2.2 Transfer of donor cells and induction of NTN GN

One group of RAG1” mice was i.v. injected with CD4* T cells including biTregs,
whereas the other group of RAG1” mice received biTreg-depleted CD4* T cells. Then,
transferred mice were challenged with NTN serum. In some experiments, accelerated
NTN (aNTN) was induced. Different modifications, in terms of injected cell composition,
pre-immunisation (aNTN model), dose of NTN serum, days between transfer, NTN
induction and organ removal have been performed. The individual modalities are illus-
trated in Table 8.

Composition of transferred cells

1,6 x 10° biTreg-deficient CD4" cells + 400.000 biTregs 500 ¢€g 0,8 ml 14 days af 16 days after
Set 1 VS. days after ’ :
2 x 10° biTreg-deficient CD4* cells transfer EEFEEE HEIE el
2 x 10° CD4" biTreg-deficient CD4* cells + 500.000 biTregs 500 ¢€g 0.6 ml 12 after 20 days after
Set 2 VS. days after ’
2 x 10° biTreg-deficient CD4* cells transfer U e
1,8 x 10° biTreg-deficient CD4" cells + 200.000 biTregs 07 ol e Gy Bty iy
Set 3 Vs. - ' ’
2 x 10° biTreg-deficient CD4* cells ter transfer transfer
2 x 10° biTreg-deficient CD4" cells + 200.000 biTregs 22 days after
Set 4 VS. - -
2 x 106 biTreg-deficient CD4" cells LRl
- 1,5 x 10° biTreg-deficient CD4" cells + 200.000 biTregs 0.65 ml NTN 7 15 days after
Set5 VsS. = ’
1.5 x 10° biTrea-deficient CD4" cells days after transfer transfer

Table 8. Transfer model to study endogenous biTregs: Overview of set specific modalities
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6.3 Transfer of exogenous biTregs to treat NTN

200.000 biTregsFACs or t e d f r-GFR'® RMR (FozpB-RES-mRFP) double re-
porter mice, were i.v. injected into the tail vein of C57BL/6 wildtype mice. The control
group was treated with phosphate-buffered saline (PBS). To induce NTN, nephrotoxic
sheep serum was injected intraperitoneally one day later. Organs were removed and

analysed at day 7.

6.4 Animal ethics

Animal experiments were performed in accordance with institutional and national ani-
mal and ethical guidelines. Approvals for experiments were confirmed by local comities
(approval codes G37/11, G45/12, 73/14 and 07/15). All mice were on C57BL/6 back-
ground and kept in pathogen-free surroundings.

6.5 Cell isolation from various organs
6.5.1 Spleen

Spleens were harvested and stored in HBSS medium. In the next step, organs were
passed t hr oug hAftér@ards, mryttwdcyees wese. depleted by using 2 ml
erylysis working solution (combination of erylysis stock solution 1 and 2; in relation 1:9)
containing ammonium chloride. To get rid of remaining cell detritus, spleen cell sus-
pensions were passed through 4 0 & m Fimealyhspleen cells were counted, uti-
lizing an automatic cell counter, and resuspended in PBS to perform flow cytometry

analyses or cell culture studies.

6.5.2 Kidney

Firstly, after organ removal, the capsula fibrosa renalis was manually removed and a
transversal renal slice was kept in formalin. After formalin fixation overnight, this part
of the kidney was washed with ethanol and consequently embedded with paraffine to
perform periodic acid Schiff (PAS) staining, allowing to evaluate the microscopic mor-
phologic shape of the kidney. The processing of samples for histologic analyses was
performed using standard laboratory protocols. For FACS analysis, the remaining part
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of the kidneys was minced and incubated for 45 min at 37 °C in digestion medium
(RPMI-1640 medium (Gi bc o E, Ther mo FWathamrMasSachusettst i f i c
USA\) including 10 % fetal calf serum (Gi b c o E, Ther mo FWadtham,r Sci e
Massachusetts; USA), 1 % HEPES (Gi bcoE, Ther mo FEWalthaemy Sci e
Massachusetts; USA), 1 % Penicillin-Streptomycin (Gi bcoE, Ther mo Fi sher
Waltham, Massachusetts; USA), 8 ¢ glagemlase D (Roche; Basel, Switzerland)

and 0,4 ¢ g / DNase | (Roche; Basel, Switzerland)) to get rid of extracellular matrix
components. Subsequently, digested kidneys were dissociated into single cell suspen-

sions by using a commercial tissue dissociation system (Miltenyi Biotec; Bergisch

Gladbach, Germany). Afterwards, to enrich renal cells and to separate cell detritus,

cells were resuspended in 37 % Percoll®-solution (GE Healthcare; Chicago, lllinois,

USA). The Percoll®-cell solution was centrifugated for 20 min at room temperature at

500 x g to concentrate alive renal cells at the bottom of the tube. Finally, after decanta-

tion, purified renal cells were resuspended in PBS to perform flow cytometric analyses.

6.5.3 Lung

After lung removal, a pulmonary lobe was separated and filled with 500 ul formalin to

prepare histologic and immunohistologic analyses. After fixation overnight, this part of

the lung was washed with ethanol and consequently embedded with paraffine to per-

form periodic acid Schiff (PAS) staining allowing to evaluate pulmonary morphology.

The remaining part of the lung was utilized to perform single cell analyses using flow

cytometry. To get a single cell suspension for flow cytometric analysis, the remaining

lung was minced after organ removal and incubated with digestion medium (RPMI-

1640 medium (Gi bc oE, Ther mo FWalthame, MasSichusetts;tUSA) inc

cluding 10 % fetal calf serum (Gi bc o E, Ther mo F i Véalham, Sci e
Massachusetts; USA), 1 % HEPES (Gi bc o E, Ther mo F Walthaeny Sci e
Massachusetts; USA), 1 % Penicillin-Streptomycin (Gi bc o E, Ther mo Fi sher
Waltham, Massachusetts; USA), 8 ¢ glagemlase D (Roche; Basel, Switzerland)

and 0,4 ¢ g / DNase | (Roche; Basel, Switzerland)) for 45 min at 37 °C to reduce

matrix components. Afterwards, lung samples were dissociated into single cell suspen-

sions, using a commercial tissue dissociation kit (Miltenyi Biotec; Bergisch Gladbach,

Germany). To remove left-over cell detritus, cell suspensions were passed through 70
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em sieves. After war ds,herpuifiedty applying PercellP-tles-
sity gradient (GE Healthcare; Chicago, lllinois, USA). The Percoll®-cell solution was
centrifugated at 500 x g for 20 min at room temperature to enrich alive lung cells at the
bottom of the tube. After decantation, purified lung cells were resuspended in PBS,
allowing to perform flow cytometric analyses.

6.5.4 Blood cells

Retrobulbar blood samples were collected in conventional EDTA tubes (Sarstedt;
Numbrecht, Germany) immediately before sacrifice. In the next step, blood samples
were centrifugated to separate cellular blood components from serum. To perform flow
cytometric analyses, blood cells were depleted of erythrocytes by using ammonium
chloride (method described above, 6.5.1.), washed and resolved in PBS. Serum was

used for studying blood urea nitrogen concentration and immunoglobulin titers.

6.5.5 Peritoneum

To analyse peritoneal cell composition, 5 ml of phosphate-buffered saline (PBS) were
injected into the peritoneal space and removed after 10 seconds. Afterwards, the single
cell solution was analysed by flow cytometry.

6.6 Flow cytometry

At first, single cell suspensions from blood and different organs were activated with
PMA (50 ng/ml; Sigma-Aldrich), lonomycin (1 pg/ml; Calbiochem-Merck) and Brefeldin
A (10 pg/ml; Sigma-Aldrich) for 3 h to enrich expressed intracellular molekules for sub-
sequent intracellular staining procedure. After washing, cells were incubated with 0,25
egl ¢l nor mal (Jacksonsimmusoeresearch; Ely, UK) for 20 min at 4 °C to
reduce unspecific antibody-antigen binding. Then, after washing, probes were incu-
bated for 20 min at room temperature with fluorescent antibodies provided by BD Bio-
science (BD Bioscience, Franklin Lakes; New Jersey; USA) to mark the cell surface
molecules CD3, CD4, CD8, CD25, CD44, CD45, CD62L, CD69 and CTLA4. After

washing with PBS, dead cells were marked with live/dead staining provided by Thermo

Fi sher Scientific f ol |(BhermoFshemEcientific,aMalthanr, e 6 s

Massachusetts; USA).
25

wer e

ac



To perform intracellular and intranuclear staining, cells were permeabilized utilizing the
commercial Foxp3 staining kit provided by Eboscience (e Bi o s ¢ i EhermeFHisher

Scientific; Waltham, Massachusetts, USA). Cells were incubated for 30 min at 4 °C

with fluorescent-labelled antibodies against IL-4, IL-5, IL-13,IL-1 7, | FNoKi67,Fo x p 3,

T-Bet (e Bi os ci &memme Eisher Scientific; Waltham, Massachusetts, USA),
Gata-3 (BioLegend; San Diego, California, USA) and R O R 4BD Bioscience; Franklin
Lakes, New Jersey, USA). After washing and resuspension in PBS, samples were an-
alysed on a BD LSRII Flow Cytometry system (BD Bioscience; Heidelberg, Germany)
and consequently assessed using FlowJo software (Tree Star; Ashland, Oregon,
USA).

6.7 Morphologic studies
6.7.1 Evaluation of renal morphology

Renal damage was quantified analysing PAS-stained renal slices in a blinded manner
as described previously (Steinmetz et al., 2011). Glomerular damage was determined,
evaluating 50 glomeruli per kidney slice. Abnormal glomeruli included glomerular hy-
percellularity, crescent formation, fibrinoid necrosis, segmental proliferation, hyalinosis
and capillary wall thickening. Interstitial morphology was studied by analysing 15 cor-
tical, randomly chosen high power fields (HPF) at x2 0 fhagnification. Interstitial dam-
age was quantified, evaluating tubular morphology (epithelial cell oedema, tubular di-
latation, tubular cell atrophy and tubular cell-sloughing), interstitial cell infiltration and
expansion of renal tubular basement membrane. Correlating with the amount of injury,

each cortical area was scored with whole-numbers between 0 and 4. Kidney sections

showing no interstitial damage were scored with i The decl|l ared scor e

that the interstitial damage affected lessthan25% of t he observed

between 25 % and less than 50 %, A3fA af f ec t%eaddlebsghiam7é % and 5 0

A4f af f% ormeralof tiesobserved high power field (Steinmetz et al., 2011).

6.7.2 Evaluation of pulmonary morphology

Pulmonary damage was determined by quantifying the extent of granuloma formation,
pulmonary haemorrhage or alveolar-wall thickening using PAS-stained lung slices. A

semiquantitative score was applied (0= 0 % affected, 1= less than 25 % affected, 2=
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25 % - less than 50 % affected, 3= 50% - less than 75 % affected, 4= 75 - 100 %
affected). The damage score was averaged for 15 high power fields at x2 0 fhagnifi-
cation. The number of pulmonary granulomas was counted in 10 low power fields at
x1 0 @nagnification. The size of the granuloma was measured by using Axio Vison
software (Carl Zeiss; Jena, Germany).

6.7.3 Immunohistochemical investigations

Renal or lung slices were embedded in paraffine and afterwards coated with antibodies
against CD3 (clone A0452; Dako; Hamburg, Germany), F4/80 (clone BM8; BMA
Biomedicals; Hiddenhausen, Germany), GR-1 (clone NIMP-R14; Hycult Biotech;

Uden, The Netherlands), Foxp3 (clone FIJK-1 6 s ; eBiosciencekE,

Scientific; Waltham, Massachusetts, USA), Mac-2 (clone M3/38; Cedarlane-
Laboratories; Burlington, Ontario, Canada) or Ki67 (clone D3B5; Cell Signaling
Technology; Danvers, Massachusetts, USA). To visualize bound antibodies, a second-

ary antibody-alkaline phosphatase kit was used (Zytomed Systems; Berlin, Germany).

Cell infiltration was analysed by counting 30 randomly chosen cortical fields at x2 0 0

magnification. Sections were analysed by using an Axioscope Light Microscopy (Carl
Zeiss Microscopy; Jena, Germany). Histological photographies were captured with an

AxioCam HRc (Carl Zeiss Microscopy; Jena, Germany) at indicated magnifications.

6.8 Assessment of renal function

To obtain urine, mice were kept in metabolic cages for 5 hours with free access to
water. Albuminuria was quantified, using a standard albumin ELISA kit (Bethyl
Laboratories; Texas, USA). Blood urea nitrogen and urinary creatinine measurments
were performed by the institutional clincal chemistry (University Medical Center

Hamburg-Eppendorf (UKE); Hamburg, Germany).

6.9 Analysis of cytokines from spleen cell cultures

4 x 108 splenocytes per mlwereco-i ncubated with 10 &g/ ml
(IgG)-antibodies (Sigma-Aldrich; Taufkirchen, Germany) for 72 hours under standard
cell culture conditions (RPMI (Gi bc o E, Ther mo F; i Wditheam,
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Massachusetts; USA) including 10 % fetal calf serum (Gi bc o E, Ther mo Fi
Scientific; Waltham, Massachusetts; USA), 1 % HEPES (Gi bc o E, Ther mo Fi
Scientific; Waltham, Massachusetts; USA), 1 % Penicillin-Streptomycin (Gi b c o E,
Thermo Fisher Scientific; Waltham, Massachusetts; USA) and 0,1 % 3-Mercaptoetha-

nol (Gi bcoE, Ther mo F Wsalthan; MaSsachuseits; iIUSA). cSubse-

guently, spleen cell supernatants were harvested and analysed by applying commer-

cial ELISA kits to quantify IL-4 (BioLegend; San Diego, California; USA), IL-5
(BioLegend; San Diego, California, USA) and IL-13 (Invitrogen™, Thermo Fisher

Scientific; Waltham, Massachusetts, USA) burden. Alternativly, cytokine concentra-

tions of spleen cell supernatants were quantified by using Cytometric Bead Array
(CBA)-technique (BD Bioscience; Franklin Lakes, New Jersey, USA).

6.10 Analysis of humoral immune responses

Immunoglobin E (IgE) concentration in the serum was analysed by using a commercial
ELISA kit (BioLegend; San Diego, California, USA). Analyses were performed at indi-

cated dilutions.

6.11 Semiquantitative real time mRNA analysis

RNA was analysed using quantitative real-time polymerase chain reaction (QRT-PCR).
Renal RNA was isolated from cortex by applying the commercial NucleoSpin® kit
(MACHEREY-NAGEL,; Duren, Germany). Afterwards, renal RNA was transcribed into
complementary DNA on a Biometra thermocycler (Biometra; Gottingen, Germany) us-
ing a standard protocol. Real time polymerase chain reaction was performed for 40
cycles in presence of 1,5 pl complementary DNA (cDNA), 6,25 pl of SYBR™ Green
gPCR Mix (Invitrogen™, Thermo Fisher Scientific; Waltham, Massachusetts, USA),
2,25 yl PCR water (B. Braun Melsungen; Melsungen, Germany) and 1,25 pl (0,9
pmol/l) of each murine primer pair (Thermo Fisher Scientific; Waltham, Massachusetts,
USA). One cycle included the following procedure: 1. Initial denaturation for 10 min at
95 °C; 2. Denaturation procedure for 15 seconds at 95 °C; 3. Primer annealing and
elongation for 1 min at 60 C°. Samples were analysed in duplicate and normalized to
parallel running levels of 18S ribosomal RNA. The qRT-PCR procedure was performed
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on a StepOnePlus Real-Time PCR System (Applied Biosystems™, Thermo Fisher
Scientific; Waltham, Massachusetts, USA).

6.12 Statistical Analysis

GraphPad Prism 5 software (GraphPad Software; San Diego, California, USA) was
used to calculate statistical parameters. A statistically significant difference was de-
claredasp-val ue O 0. 05 werdcbdbmparedothe gmo-tailegtsest was used.
More than two groups were compared by ANOVA with Tukey post hoc testing.
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7 Results

7.1 Theroleof R OR aattivation in biTregs during pristane-induced lupus

Il n order t o st udactivdatitnen Tregsldwingdaht coR<e Rfdupus ne-
phritis, FoxP3¢® X RORC" mice and respective FoxP3°" controls were i.p. treated with

pristane oil (Reeves et al., 2009).

7.1.1 Characterization of pathologic changes during pristane-induced lupus

To better understand the time course of pathologic changes in pristane-induced lupus,
occurrence of organ manifestations was studied. At the early disease state, mice de-
velop an acute sterile peritonitis and non-immune complex pulmonary capillaritis. After
three weeks, lympho-granuloma formation was detected in murine lungs, indicating
that the adaptive cellular immune response, was taking place. In week 8, first measur-
able levels of autoantibodies appeared in the serum, showing that a humoral autoim-
mune component had been established. 5 months after disease induction, mice started
to develop an immune-complex nephritis as a consequence of renal auto-antibody
deposition and nephritogenic autoimmunity. An overview of organ-specific disease

manifestations is demonstrated in Figure 3.

Pristane (500 pl i.p.)

Peritonitis Pulmonary Lupus nephritis
capillaritis
granulomas
auto-antibodies
— | e —
1 week 3w 8w 9 months

Figure 3. Overview of organ-specific disease manifestations in the course of the pristane-induced
lupus

The temporal course of pristane induced inflammation and organ specific pathologies is shown. Intraperitoneal
injection leads to development of acute innate mediated peritonitis and non-immune complex pulmonary cap-
illaritis. Subsequently, peritoneal and pulmonary granulomas develop and auto-antibody formation is initiated.
During the following months, immune complex lupus nephritis develops.

Figure published in Clinical and Experimental Immunology, 2017, volume 188, 63-78.
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712 RORO t expression in biTregs aggravates t

damage in the pristane-induced lupus model

Next, we aimed to evalwuate, whether ROROt de
of pristane-induced disease manifestations. Importantly, Figure 4 demonstrates that

pulmonary vasculitis and granuloma formation were significantly reduced in Foxp3°©'®

x RORC" mice. In line with ameliorated injury, immunohistological analyses revealed

that pulmonary infiltration of neutrophils and T cells was reduced in mice containing

R O R adéficient biTregs.

Figure 4. Deletion of RORat
in biTregs ameliorated pul-

monary disease manifesta-
ﬁ R ObRTadeleted tion inythe pristane-induced
A Pulmonary vasculitis / Hregs lupus model
_Foxp3~ p— Foxp3™* x RORCT_ (A) Representative photograph
53 = = of periodic acid-Schiff (PAS)-
- - stained lungs from indicated
" =) =3 mouse strains at 8 weeks after
Sk g g'é pristane injection (left). Quanti-
@ @ fication of macroscopic hemor-
rhage as well as vasculitis
hemorrhage vasculitis score is shown (right) (original
magnification x200). (B) Rep-
B Pulmonary granulomas resentative photographs of pul-
Y i —_— ‘g p=g052 monary granulomas and quan-
g N tification of granuloma num-
ol =) ; bers and size (original magnifi-
‘é’ é § cation x400). (C) Immuno-
2 g histochemical staining for pan
- g e T cell marker CD3 (left). Quan-
20um 2 S _ tification of pulmonary CD3* T
— numbers > size . .
cell numbers by immunohisto-
chemistry and CD4* T helper
c ,PUI.m(?nar}/:rFe/“S cell percentages by FACS as
: NS, Ao S IS = indicated (original magnifica-
S § tion x200). (D) Immunohisto-
.20 2 . - -
o P _}_ = chemical staining and quantifi-
ol T (W Gp 2 cation of infiltrating granulo-
;310 - -%_ § cyte-differentiation  antigen-1
© o (GR-1*) neutrophils (original
20pm T cells Th cells magnification x200). A: alveo-
lus, B: bronchus, V: vessel, ar-
D Pulmonary neutrophils rows indicate pristane droplets.
*% Squares represent individual
- - animals; horizontal lines indi-
5 cate means. Bars show mean
o 2 B Foxp3ce + SEM. * p<0.05, ** p<0.01
o by O Foxp3Cre x RORCV
o Figure published in Clinical
2oum ,_ 2oum © and Experimental Immunol-
— — neutrophils ogy, 2017, volume 188, 63-78.
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