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ABSTRACT

Cells expressing both the regulatory T cell (Treg)-inducing transcription factor Foxp3 and the Th17
transcription factor RORyt have been identified (biTregs). It is unclear whether RORyt"Foxp3™ biTregs
belong to the Th17-specific Treg17 cells, represent intermediates during Treg/Th17 transdifferentiation,
or constitute a distinct cell lineage. Because the role of biTregs in inflammatory renal disease is also un-
known, we studied these cells in the nephrotoxic nephritis (NTN) model of acute crescentic GN. Induction
of NTN resulted in rapid renal and systemic expansion of biTregs. Notably, analyses of the biTreg expres-
sion profile revealed production of both anti-inflammatory (IL-10, IL-35) and proinflammatory (IL-17) cyto-
kines. Additionally, biTregs expressed a signature of surface molecules and transcription factors distinct
from those of Th17 cells and conventional Tregs (cTregs), and biTregs were identified in Treg17-deficient
mice. Finally, fate reporter and cell transfer studies confirmed that biTregs are not Treg/Th17 transdiffer-
entiating cells. Therapeutic transfer of biTregs suppressed the development of nephritis to an extent
similar to that observed with transferred cTregs, but in vitro studies indicated different mechanisms of
immunosuppression for biTregs and cTregs. Intriguingely, as predicted from their cytokine profile, en-
dogenous biTregs displayed additional proinflammatory functions in NTN that were abrogated by cell-
specific deletion of RORyt. In summary, we provide evidence that RORyt"Foxp3™ biTregs are a novel and
independent bifunctional regulatory T cell lineage distinct from cTregs, Treg17 cells, and Th17 cells.
Furthermore, biTregs appear to contribute to crescentic GN and hence may be novel therapeutic targets.
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Even after decades of research, the immune system
keeps surprising us with its complexity and ever-
expanding number of cellular mediators. Especially
in the field of regulatory T cells (Treg) observations
of recent years have suggested a previously un-
recognized high degree of diversity.! Importantly,
it was suggested that lineage-specific Tregs might
exist which correspond to their proinflammatory
Th counterpart.2—# Treg1 cells preferentially down-
regulate Th1 responses, while Tregl7 cells dampen
Th17 responses. Interestingly, programming of
these lineage-specific Tregs seems to rely on some
of the same transcription factors needed for induc-
tion of the opposing Th cell population. Recently,
using the nephrotoxic nephritis (NTN) model of
crescentic GN, we could show that activation of
the transcription factor Stat3 is not only crucial

454 ISSN : 1046-6673/2702-454

for generation of nephritogenic Th17 cells but also
programs their protective Tregl7 cell counterpart.*
This prompted the question whether other Th17-
related transcription factors are active in regulatory
T cells as well. Interestingly, pioneering work by the
group of Eberl could show that not only Stat3 but
also the second Th17 master transcription factor
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RORWyt is expressed by a subpopulation of Foxp3™ Tregs (here-
after referred to as biTregs). These cells were shown to possess
potent suppressive capacity and to secrete large amounts of
IL-103, identifying them as Tregs. However in a follow-up study
the same authors reported proinflammatory IL-17 expression
in RORyt"Foxp3" biTregs under inflammatory conditions
mimicking fungal infection.® This finding indicates both pro-
and anti-inflammatory functions of biTregs and suggests a
physiologic role during infection.

Importantly, RORyt Foxp3* biTregs were described to be
regularly present in healthy humans as well, demonstrating
trans-species conservation.”-® Multiple studies by several in-
dependent groups could also show the presence of IL-17
secreting biTregs in patients with different inflammatory pa-
thologies including ulcerative colitis,® colonic cancer,'? psori-
asis,!! peridontitis,!? and juvenile arthritis.!> While all these
studies reported an association of biTregs with inflammation
and tumors, their functional role remains widely unknown.
Also, controversy exists over whether biTregs resemble a stable
and unique T cell lineage or represent intermediates of Th17/
Treg transdifferentiation.'4-1¢ Given these uncertainties, it is
not surprising that nothing is known about biTregs with re-
spect to renal disease. Their contribution to renal injury, how-
ever, is quite likely because multiple studies by us and others
could show crucial dependency of acute glomerulonephritis
on Foxp3™" Tregs.!7-2! Administration of Foxp3" Tregs resulted
in protection from GN while depletion of Foxp3™ Tregs was
shown to greatly aggravate renal injury. Conversely, RORyt is
the most potent master transcription factor for induction of
pathogenic Th17 responses.?? In line, both RORyt and its
target cytokine IL-17 were found to be central proinflamma-
tory mediators of GN.420:23.24 Tt js thus tempting to speculate
that cells expressing not only one but both of these potent
transcription factors, RORyt and Foxp3, play a significant
role in inflammatory renal disease. Importantly, given the
dominant role of ROR+yt in development of pathogenic
Th17 responses, multiple research groups and companies
are in the process of establishing blocking agents.?>-28 There-
fore it is of great interest to better characterize all cell popu-
lations expressing RORyt, especially in the light of potential
clinical applications. We thus decided to study the NTN
model of acute GN to address the following aspects: (1) char-
acterize RORyt Foxp3* biTreg dynamics during the course of
GN, (2) determine whether biTregs represent Tregl7 cells,
Treg/Th17 intermediates or a unique cell population, (3) in-
vestigate the functional role of biTregs in GN.

RESULTS

biTregs Rapidly Expand During the Course of
Crescentic GN

RORyt*Foxp3™ biTregs were found at low frequencies both
systemically and locally in the kidneys of healthy mice. Induc-
tion of NTN, however, resulted in their rapid expansion in
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spleens and kidneys as compared with non-immunized con-
trol animals (Figure 1A and B). Over time, percentages de-
creased and were comparable to control levels at day 28 after
NTN induction (Figure 1B). Interestingly, the dynamics of
biTregs paralleled RORyt" Th17 responses (Figure 1C). Per-
centages of conventional Foxp3™ Tregs (cTreg) in contrast,
followed a different, more delayed time course and remained
increased in the nephritic kidneys (Figure 1D). Expansion of
biTregs probably occurred via proliferation, as indicated by
very high Ki67 expression, which even exceeded levels ob-
served in Th17 cells and cTregs (Figure 1E).

A biTregs during NTN E T cell proliferation

kidney spleen @
T} 60:
S biTreg | “2{Th17 biTreg g
- S w
= ©
>
‘ e s
=l i o =
g S C,T,'?g, 3 " f:Treg ;\
© 0 o o b © o
Foxp3 pre-gated on living CD45*CD3*CD4* events x
B kidney spleen
8 . 2.0- .
2 biTreg biTreg
8
N
%
[=]
(&)
-
°
ES
K
®
o
N
Y
[=]
[$]
—
°
ES

% of CD4* cells
% of CD4* cells

do d4 d10 d28

e NTN
ee«e Control

Figure 1. biTregs rapidly expand during the course of crescentic
glomerulonephritis. (A) Representative FACS analysis of renal
(left) and systemic (right) RORyt"Foxp3™ Th17, RORyt Foxp3*
conventional Tregs (cTreg) and RORyt"Foxp3™* biTregs 10 days
after NTN induction in wild-type (WT) mice. (B-D) For a time
course study, frequencies of renal (left panels) and splenic (right
panels) biTregs (B), Th17 cells (C) and cTregs (D) were de-
termined at days 4 (n=7), 10 (n=10), and 28 (n=6). Dotted lines
in (B=D) indicate untreated WT control mice (n=5). (E) Fre-
quencies of Ki67" proliferating cells among the indicated T cell
subsets. Dashed line represents total CD4" T cells (n=5). Cir-
cles and squares represent individual animals, horizontal lines
indicate mean values. Error bars represent standard deviation.
*P<0.05.
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biTregs Show Co-Expression of Proinflammatory and
Immune-Regulatory Molecules

Analysis of splenic and renal biTregs revealed robust expression of
IL-17, together with very high levels of the chemokine receptor
CCR6 at days 4 and 10 after NTN induction (Figure 2A). In
contrast, no IL-17 expression was detected in cTregs. Expression
of the Th1-associated molecules IFN7y and chemokine receptor
CXCR3 was only found at low levels in biTregs (not shown).
Interestingly, analysis of mRNA from FACS sorted spleen cells of
RORyt Foxp3 double reporter mice revealed strong expres-
sion of anti-inflammatory IL-10 and the IL-35 subunit EBI-3
(Figure 2B) in biTregs at days 4 and 8 after immunization with
sheep IgG. In line with their observed rapid expansion, biTregs
also showed very high levels of activation (Figure 2C). In addi-
tion, biTregs co-expressed a distinctive pattern of regulatory

molecules and transcription factors, clearly differentiating
them from Th17 cells and cTregs. Surface expression of ICOS,
CTLA-4, and CD103 was strikingly enhanced. CD25 and GITR
expression were similar to cTregs, while PD-1 and Helios expres-
sion in contrast were significantly reduced (Figure 2D). Further-
more, analyses of transcription factor mRNAs revealed lack of
PZLF expression in biTregs, distinguishing them from Th17 cells
(Supplemental Figure 1A). Finally, as opposed to cTregs, Blimp-
1 expression was low in biTregs and similar to levels in Th17 cells
(Supplemental Figure 1B).

biTregs are Different from Treg17 Cells and do not
Derive from Th17 Cells or cTregs

Next we wanted to establish whether biTregs are different from
recently described Stat3-dependent Tregl7 cells. Indeed, FACS
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Figure 2. biTregs co-express proinflammatory and immune-regulatory molecules. (A) Renal and spleen cell IL-17 secretion (left)
and CCRé expression (right) was determined by flow cytometry for the indicated T cell subsets at 4 and 10 days after NTN
induction in wild-type (WT) mice. (B) Th17 cells, biTregs, and cTregs were FACS sorted from MACS-enriched splenic CD4™ T cells
from RORyt°FPFoxp3™*F double reporter mice (FACS plot pre-gated on CD45*CD3*CD4" events). Quantitation of IL-10 and
EBI-3 by qRT-PCR before and at 4 and 8 days after silgG immunization is shown. (C) T cell activation and (D) regulatory molecules
for the indicated T cell subsets from WT spleen cells were FACS analyzed 6 days after slgG immunization. Circles and
squares represent individual animals, horizontal lines indicate mean values. Error bars represent standard deviation. *P<0.05;
**P<0.01; ***P<0.001.
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analyses of kidneys and spleens from Treg17-deficient Foxp3“™ X
STAT3"™* mice revealed similar percentages of biTregs at day 4
after NTN induction, indicating their independent nature
(Figure 3A). In order to investigate whether biTregs are a thymic
or a peripherally induced Treg population, we analyzed thymi of
4- and 8-week-old naive wild-type mice. Our analyses revealed
complete absence of RORyt expression in CD4 "Foxp3™ thymic
Tregs in all animals studied (Figure 3B). Because this finding
indicated a peripheral origin of biTregs, we next evaluated
whether biTregs derive from RORyt"Foxp3™ Th17 cells or
Foxp3"RORyt™ cTregs. Both populations were highly purified
by FACS sorting from spleens of RORyt Foxp3 double reporter
mice and independently transferred into CD45.1 recipient
mice. Analysis of spleens and kidneys at 6 days after NTN in-
duction showed that none of the transferred RORyt" Th17 cells
had upregulated Foxp3 and likewise, none of the Foxp3™ cTregs
had upregulated RORyt (Figure 3C). Because transient upreg-
ulation of Foxp3 during T helper cell activation has been pos-
tulated, we next performed fate reporter studies. Analyses of
Foxp3“™ ¥ activity reporter X Ai9 fate reporter mice showed
that almost all cells in spleens of naive mice that had expressed
Foxp3 at some stage in life remained Foxp3 positive. NTN in-
duction, however, resulted in growing percentages of fate pos-
itive Foxp3 cells that had lost Foxp3 expression (ex-Foxp3 cells).
Interestingly, loss of Foxp3 occurred late during NTN between
days 7 and 12 (Figure 3D), which coincides with retraction of
the pool of biTregs (Figure 1B).

biTregs do not Trans-Differentiate into cTregs or Th17
Cells

Next, we wanted to clarify the underlying mechanism of the
observed contraction of biTregs in the later course of NTN. For
this purpose, RORyt Foxp3" biTregs were highly purified by
FACS sorting from CD45.2 double activity reporter mice and
transferred into CD45.1 recipients (Figure 4A). Analyses at day
10 after NTN induction revealed significantly greater enlarge-
ment of spleens in transferred versus control animals. Calculated
numbers of recovered CD45.2 cells in spleens alone were about 8
times higher than the transferred 2 X 10° cells (Figure 4B). In
line, the transferred CD45.2 population in spleens and kidneys
showed high proliferative activity much exceeding recipient
CD45.1 cells (Figure 4C). Tracking the fate of the transferred
biTregs interestingly revealed that the vast majority had down-
regulated both RORyt and Foxp3 in spleens and kidneys. Minor
populations of similar percentages had downregulated either
RORvyt or Foxp3 while a fourth small population had main-
tained the RORyt "Foxp3" biTreg phenotype (Figure 4D).

Exogenous biTregs Suppress Crescentic GN by
Mechanisms Different from cTregs

In a next step, we wanted to study the functional role of biTregs
in GN. We thus adoptively transferred 2 X 10° biTregs or
treated mice with PBS and analyzed kidneys at 10 days after
NTN induction. Strikingly, glomerular injury, as measured by
crescent formation and fibrinoid necrosis, was almost
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completely prevented by transfer of biTregs, while controls
developed significant disease (Figure 5A). Similarly, tubulo-
interstitial injury was greatly ameliorated in the group receiv-
ing biTregs (Figure 5A). In line, the renal proinflammatory cell
infiltrate was significantly reduced in the biTreg group (Sup-
plemental Figure 2A, C-E), while renal Foxp3* Tregs were
similar between the groups (Supplemental Figure 2B). In or-
der to evaluate whether transfer of biTregs would also result in
improved long-term outcome of nephritis, we repeated the
experiment and evaluated renal damage at 30 days after
NTN induction. Again we found significant protection from
disease by transfer of biTregs (Figure 5B). Next, we wanted to
compare the effects of exogenous biTregs with cTregs and
Foxp3~ CD4" T effector cells (Teff). Analysis of kidneys
from mice receiving either biTregs or cTregs showed signifi-
cant and similar amelioration of renal injury at day 7 after
NTN induction, when compared with Teff transferred mice
(Figure 5C). Because both Treg populations effectively sup-
pressed NTN, we next wanted to compare their mechanisms
of immunosuppression by in vitro suppression assays. Surpris-
ingly, analyses showed that only cTregs but not biTregs suffi-
ciently reduced IL-2 levels in the supernatant of co-cultures
with Teff. In contrast, however, biTregs much increased levels
of the immunosuppressive cytokine IL-10 (Figure 5D), indi-
cating different modes of action.

IL-17 Production by biTregs is Dependent on RORyt
Next, we wanted to study the functional role of RORyt expres-
sion in biTregs. For this purpose, we generated Foxp3“™ X
RORC¥foX mice, because our experiments had shown that
biTregs are the only Foxp3™ cell population expressing
RORyt. In contrast to RORyt pan-knockout mice, Foxp3“™ X
RORC™™1°* mice did not lack lymph nodes, indicating pre-
served RORyt activation in lymphoid tissue inducer cells. In
line, spleen cell numbers and subset composition including
total Foxp3™ Tregs and CD4" T helper cells were similar in
naive wild-type and knockout mice (not shown). Impor-
tantly, however, analysis of systemic immunity at day 6 after
immunization with sIgG showed complete absence of RORyt
selectively in Foxp3™ cells of knockout animals (Figure 6A),
proving defective RORyt activation in biTregs. Spleen cell num-
bers (Figure 6B) and IFNy" Th1, IL-17" Th17 as well as total
Foxp3" Treg percentages were not different between the groups
(Figure 6C). Most notably, however, IL-17 production by Foxp3™
T cells and thus by biTregs was abrogated in Foxp3“™ X
RORCIVHoX mice (Figure 6D). T cell activation and prolifer-
ation were comparable (Figure 6, E and F). Similarly, produc-
tion of various Thl, Th17, and Treg hallmark cytokines by
spleen cells was not different (Figure 6G). Finally, we found
that in vitro suppressive activity of RORyt-deficient Tregs was
unchanged in comparison to wild-type Tregs (Figure 6H).

GN is Ameliorated by Deletion of RORyt in biTregs

Next, we wanted to know whether RORyt signaling in biTregs
confers them with pathogenic properties. Indeed, analyses
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Figure 3. biTregs are different from Treg17 cells and do not derive from Th17 or
cTregs. (A) Frequencies of splenic and renal biTregs 4 days after NTN induction in
Treg17-deficient Foxp3crexStat3ﬂ/ﬂ mice and Foxp3cre controls. (B) FACS analysis
of thymocytes from naive 4- and 8-week-old wild-type (WT) mice. A representa-
tive FACS plot from a 4-week-old mouse is shown on the left (pre-gated on
CD45"CD3"CD4"CD8" cells). Quantitation of the indicated cell populations is
shown on the right. (C) RORyt"Foxp3~ Th17 cells and Foxp3"RORyt™ cTregs
were FACS sorted (plot pre-gated on CD45"CD3"CD4" events) and transferred
into CD45.1 recipients. Percentages of spleen cell Foxp3 and RORyt expression
among live CD4*CD45.1" recipient and CD4"CD45.2" donor cells are shown (data
from one representative of two independent experiments for each transfer study are
shown). (D) Representative FACS plots of spleen cells from Foxp3<®Y" activity x
Ai9*°™* fate reporter mice from naive and NTN treated mice at 12 days after in-
duction (pre-gated on CD45"CD3*CD4" events). ex-Foxp3 cells are found in the
upper left quadrant. Quantification of ex-Foxp3 cells is shown as percentage of CD4™
cells (n=4 per group). Numbers in FACS plots indicate percentages of gated cells.
Circles represent individual animals, horizontal lines indicate mean values. Error bars
represent standard deviation. ***P<0.001.

at day 10 after NTN induction revealed amelioration of ne-
phritis in Foxp3©™ X RORC™1°* animals in terms of his-
tologic damage and albuminuria (Figure 7A). Furthermore,
proinflammatory renal leukocyte infiltration was signifi-
cantly reduced while renal Foxp3™ total Treg frequencies
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remained similar (Figure 7B). Likewise,
percentages of renal Thl and Th17 cells
were comparable (Figure 7C). Impor-
tantly, however, RORyt expression was
specifically absent in renal Foxp3™ cells
of Foxp3“™ X RORC1¥1°* animals, con-
firming lack of RORyt activation in bi-
Tregs (Figure 7D). In line, we found robust
expression of IL-17 in renal Tregs of wild-
type mice which was completely abrogated
in knockouts (Figure 7E). Analysis of sys-
temic immune responses showed slightly
reduced spleen cell numbers in knockout
mice but otherwise comparable subset
composition. In particular, similar per-
centages of total Tregs and Th17 cells
were observed (Supplemental Figure 3A).
Also, levels of IL-17 production by spleen
cells were not different while IL-6 produc-
tion was even enhanced in knockouts.
Similarly, Treg characteristic cytokines
were unaltered (TGF-B) or even elevated
(IL-10, Supplemental Figure 3B). Humoral
immune responses as measured by anti-
gen-specific antibody production were
not altered by RORyt deficiency in biTregs
(Supplemental Figure 3C). In order to val-
idate these findings in a second model, we
studied accelerated NTN (aNTN).20 Mice
were preimmunized with sheep IgG and
nephritis was induced 5 days later, at a
time point when biTregs have massively
expanded. Analysis at day 7 after aNTN
induction again showed ameliorated renal
damage in Foxp3“™ X RORCH¥1* mice
(Supplemental Figure 4A). Renal proin-
flammatory leukocyte infiltration was re-
duced while frequencies of renal Tregs were
similar (Supplemental Figure 4B). The renal
Thl and Th17 equilibrium again remained
unchanged (Supplemental Figure 4C).

DISCUSSION

Our study aimed to better characterize the
biology of RORyt Foxp3" biTregs and de-
fine their role in acute crescentic GN. This
is of special importance because the Th17
defining transcription factor RORyt has

proven to be a potent proinflammatory mediator during glo-
merulonephritis?® and multiple blocking agents have been
developed and await clinical testing.2>-28 Our analyses
showed regular presence of biTregs in both spleens and kid-
neys of healthy mice. Interestingly, we observed a rapid and
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CTLA-4 and also the Integrin CD103
which was previously described to be a
marker for regulatory T cells with the
highest suppressive capacity.3! CD25 and
GITR expression was high and similar to
cTregs, PD-1, and Helios expression in
contrast was significantly reduced. Fur-
ther analyses also revealed a unique tran-
scription factor signature, different from
Th17 cells and cTregs. biTregs lacked
mRNA expression of the transcription

Ki67*

spleen kidney

. spleen kidney factor PZLF, which was recently shown
kidney 10 010 e
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—_ “s . : o o . . .
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-3 . il ug’ a0 g " that Blimp-1, a transcription factor impli-
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Figure 4. biTregs do not trans-differentiate into Th17 or conventional Tregs. (A) bi-
Tregs were FACS sorted from spleens of CD45.2 Foxp3™%" x RORyt®™" double re-
porter mice (representative FACS plot, pre-gated on CD45"CD3*CD4" events) and
transferred into CD45.1 WT mice 1 day prior to the induction of NTN. (B) Total spleen
cells (left panel) were quantified at day 10 of NTN following the transfer of 2 x 10°
biTregs (n=4 animals, black bar) or PBS (n=8 controls, white bar). Splenic CD45.2
donor cells had massively expanded (right panel, shaded bar). (C) Proliferation of renal
and splenic donor and recipient CD4" T cells as determined by Kié7 expression. (D)
Splenic and renal RORyt and Foxp3 expression of CD45.2 donor cells at day 10 after
NTN (FACS plots show a representative kidney, pre-gated on CD3"CD4" events. Data
from one representative of two independent transfer studies are shown). Quantifica-
tion of the indicated subpopulations in spleens and kidneys is shown. Circles repre-
sent individual animals, horizontal lines indicate mean values. Error bars represent

Next, we wanted to study the develop-
mental origin of biTregs. Recently, a Treg
subset specialized at downregulating Th17
responses has been described. These Tregl7
cells depend on activation of the transcrip-
tion factor Stat3.434 Because Stat3 is a
known inducer of RORYyt, we aimed to in-
vestigate whether biTregs might belong to
this newly identified Treg subset. However,
biTregs were present at normal percentages
in mice lacking Stat3 activation in Tregs,

standard deviation. *P<<0.05; ***P<0.001.

massive biTreg expansion early during the course of NTN
which paralleled Th17 cells. Conventional Tregs (cTregs), in
contrast, showed different and more delayed dynamics. Pro-
liferation rates of biTregs were very high, indicating that they
increase numbers by cell division rather than recruitment
or transdifferentiation from other cell types. Further charac-
terization of biTregs showed a bifunctional pro- and anti-
inflammatory profile. They express high levels of [L-17 and the
Th17-characteristic chemokine receptor CCR6. At the same
time, however, biTregs secrete high amounts of anti-inflammatory
IL-10 and IL-35. biTregs also showed quite high levels of ac-
tivation, indicating their functional importance. Detailed
analyses of surface expression of immune-modulatory mole-
cules revealed a unique signature differing from both Th17
cells and cTregs. As a main hallmark, we found enhanced
levels of ICOS on biTregs, which is in line with two previous
reports.>2® Interestingly, ICOS expression on Tregs has also
been reported to be associated with IL-17 production.3? Fur-
thermore, biTregs showed a uniquely strong expression of
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indicating that they are a population differ-

ent from Tregl7. Next, we addressed the

question of whether biTregs are a thymic
or a peripherally induced Treg subset. To this end, analyses of
thymi showed complete absence of biTregs, which indicates
peripheral induction. We thus aimed to investigate whether
biTregs might arise in the periphery from RORYyt single pos-
itive Th17 cells or Foxp3 single positive cTregs and performed
fate reporter and cell transfer studies. Highly purified RORyt"
Foxp3~ Th17 cells and Foxp3"RORyt™ cTregs were trans-
ferred and their fate was analyzed in spleens and kidneys at
day 6 after NTN induction, a time point when biTregs are
fully expanded. Results showed that none of the Th17 cells
had upregulated Foxp3 and likewise none of the cTregs had
started to express RORyt. We could thus conclude that bi-
Tregs do not derive from Th17 cells or cTregs. Our findings
therefore support the Foxp3 lineage heterogeneity model
recently proposed by Hori3 rather than Foxp3/Th17 lineage
plasticity. However, it has also been postulated that Foxp3
might be transiently induced in non-Treg CD4" T cells dur-
ing their activation.3¢—3° We therefore tracked the fate of
Foxp3" cells continuously during NTN using fate reporter
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Figure 5. Exogenous biTregs suppress GN by mechanisms different from cTregs. (A)
Analyses of renal injury at day 10 of NTN in mice injected with PBS or 2 X 10° biTregs.
Representative photographs of PAS or fibrin-stained (red) kidney sections (original
magnification, X200) and quantification of renal histologic damage (crescents, in-
terstitial injury, and fibrinoid necrosis as indicated). (B) Quantification of renal histo-
logic damage at day 30 of NTN in PBS or 2 X 10° biTreg injected mice. (C) Renal
histologic damage was quantified at day 7 of NTN after transfer of either 2 X 10° Teff,
cTregs, or biTregs. (D) In vitro suppression assays were performed by co-culturing Teff
with either cTregs or biTregs at the indicated ratios (n=3 per group). Cytokine levels
of IL-2 and IL-10 were analyzed in co-culture supernatants as indicated. Circles and
squares represent individual animals, horizontal lines indicate mean values. Error bars

represent standard deviation. *P<0.05; **P<0.01; ***P<0.001.

mice. Analyses showed that almost all Foxp3™ cells in naive
mice had maintained Foxp3 activation during their life.
Likewise, during the first 7 days after NTN induction we
did not detect loss of Foxp3 expression in fate positive cells,
excluding unspecific and temporary Foxp3 upregulation
during T effector cell activation. During later stages of
NTN, however, a growing fraction of Foxp3 fate positive
cells showed loss of Foxp3. These ex-Foxp3 cells were
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generated at a time point (12 days after
NTN) at which numbers of cTregs are sta-
ble while numbers of biTregs rapidly decline.
We thus wanted to answer the question of
whether the observed retraction of biTregs
might be due to loss of Foxp3 and/or trans-
differentiation into Th17 cells. To answer
this question, we adoptively transferred
highly purified CD45.2 biTregs cells into
CD45.1 animals. At day 10 of NTN we found
massive enlargement of spleens in the recip-
ient animals containing numbers of CD45.2
cells that exceeded the transferred numbers
by 10-fold. In line, CD45.2 donor-derived
cells had a high proliferative activity much
exceeding that of CD4"CD45.1 recipient
cells. Interestingly, analysis of donor cell
fate revealed that the vast majority had
downregulated both Foxp3 and RORyt ac-
tivation. Small and similarly sized fractions
had downregulated either Foxp3 or RORyt
with no tendency for preferential transdif-
ferentiation into RORyt "Foxp3~ Thl7 or
conventional Foxp3"RORyt™ cTregs.
These findings support a concept in which
RORyt Foxp3™ biTregs represent a dis-
tinct cell lineage which rapidly expands
from the pre-existing pool in naive mice
by inflammation-induced proliferation.
Subsequently the cells retract and downreg-
ulate both transcription factors. After clar-
ifying the dynamics and fate of biTregs,
we aimed to study their function. We thus
adoptively transferred biTregs into wild-
type recipient mice and subsequently in-
duced nephritis. In line with their Foxp3
expression and similar to the observations
from Lochner et al.,> biTregs showed reg-
ulatory capacity and potently protected
from renal injury. Importantly, protective
effects by exogenous biTregs were main-
tained long term and also ameliorated renal
injury at 30 days after disease induction.
Furthermore, additional transfer studies
comparing biTregs with cTregs showed a
similar degree of protection from glomeru-
lonephritis by both populations. However,
given the striking differences between cTregs and biTregs on
multiple levels as cytokine profile, surface molecule signature
and transcription factor expression, we wanted to explore
whether they also differ functionally. Indeed, in vitro suppres-
sion assays indicated different mechanisms of immunosup-
pression. While only cTregs sufficiently suppressed IL-2 levels
in co-culture with effector T cells, biTregs much enhanced
secretion of the anti-inflammatory cytokine IL-10. These
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Figure 6. 1L-17 production by biTregs is dependent on RORyt. (A)
Representative FACS plots of spleen cells 6 days after sheep IgG
immunization of indicated mice (pre-gated on CD45"CD3*CD4"
events). Quantification of RORyt in CD4* and Foxp3™ T cells in
Fox|o3cre (h=11) and RORClox/flox Foxp?f:re mice (n=15). (B)
Quantification of spleen cell numbers. (C) Splenic CD4" subsets
determined by FACS (gated as indicated). (D) IL-17 production by
splenic Foxp3™ T cells. (E) T cell activation and (F) proliferation of
the indicated subsets as determined by flow cytometry from
spleen cells. (G) Spleen cell secretion of the indicated cytokines
determined by ELISA. (H) In vitro suppression of T helper cell (Th)
produced IL-2 and IFNy by WT and RORyt ™~ Tregs as determined
by ELISA. Error bars represent standard deviation. ***P<0.001.
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data identified biTregs as unique regulatory T cells with a sum
effect that is anti-inflammatory in nephritis. However, we
suspected that biTregs might have some pathogenic potential
as well. In particular, because RORyt expression is strongly
associated with proinflammatory properties?® and we ob-
served robust secretion of IL-17 by biTregs. We thus generated
mice with selective RORyt deficiency in Foxp3™ Tregs. Be-
cause our previous experiments showed that no other Foxp3*
cell population apart from biTregs activates ROR+t, this is
effectively a knockout of RORyt in biTregs. Development of
mice with RORyt-deficient biTregs was normal and they did
not show any signs of spontaneous autoimmunity, indicating
intact Treg suppressive function. Analysis of immune responses,
however, showed complete lack of IL-17 secretion by biTregs in
the knockouts. It is of note that Treg and Th17 responses
appeared otherwise unaltered, which further underlines the
independent character of biTregs. Importantly, NTN sever-
ity was much ameliorated in the knockout mice, proving a
proinflammatory role of RORyt expression in biTregs. In order
to validate these findings in a second model, we also studied the
course of accelerated NTN2° and again found protection from
renal injury in the absence of RORyt activation in biTregs.

Our data thus lead to the conclusion that biTregs possess
both potent anti-inflammatory functions but also some
proinflammatory, RORyt-mediated properties. This bifunc-
tional nature might seem illogical at first sight. However, bi-
Tregs could have evolutionarily developed to fill an important
gap between mediators of host defense and tissue protection.
Their unique properties equip them to fight pathogens while
they can protect us from collateral tissue injury and devel-
opment of autoimmunity at the same time. Importantly,
their proinflammatory functions can be blocked by abrogation
of RORyt signaling, which makes biTregs a promising target for
RORyt-directed therapies of inflammatory diseases.

In summary our studies identify biTregs as novel mediators
of glomerulonephritis. biTregs represent a previously unrec-
ognized independent and bifunctional regulatory T cell lineage
with great potential for future therapeutic strategies.

CONCISE METHODS

Animals
LoxP-site flanked RORC"® and RORC ™/~ mice were obtained from

The Jackson Laboratory. Stat3™""
Shizuo Akira, Osaka University, Japan. Foxp3

mice were a generous gift from
YEP-Cre mice were a
kind gift from Alexander Y. Rudensky, Memorial Sloan-Kettering
Cancer Center, New York. BAC-transgenic Rorc(yt)-Gfp™® x Fir
(Foxp3-IRES-mRFP) mice® were kindly provided by Gerard Eberl,
Paris, France and Matthias Lochner, Hannover, Germany. Ai9 mice
(B6.Cg—Gt(ROSA)26Sor""Q(CAG’th”m“m)Hze/]) were kindly provided
by Edgar Kramer, Hamburg, Germany. CD45.1 mice initially derived
from The Jackson Laboratory. All animals used in this study were on a
C57BL/6 background and were raised under specific pathogen-free
conditions at our animal facility.
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Figure 7. Crescentic GN is ameliorated by deletion of RORyt in biTregs. (A) Experimental set-up and representative photographs of
PAS-stained kidney sections (original magnification, X200) with quantification of renal histologic damage (crescents and interstitial
damage) and albuminuria (aloumin/creatinine). (B) Quantification of glomerular and interstitial T cells (CD3), macrophages (MAC2,
F4/80), and Treg percentages (Foxp3/CD3). (C) FACS analyses of renal Th1 and Th17 cells. (D) Analysis of RORyt expression in the
indicated renal leukocyte subsets (a representative FACS plot is shown, pre-gated on CD45"CD3"CD4" events.). (E) Analysis of IL-17
production by renal Foxp3™ cells (a representative FACS plot is shown, pre-gated on CD45"CD3"CD4"Foxp3™ events). Circles rep-
resent individual animals, horizontal lines indicate mean values. Error bars represent standard deviation. *P<<0.05; **P<0.01; ***P<0.001.
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Animal Experiments and Functional Studies
Nephrotoxic nephritis was induced in 8- to 10-week-old male mice of

the indicated genotypes by i.p. injection of 2.5 mg of nephrotoxic sheep
serum per gram body weight.* For accelerated NTN (aNTN), mice were
i.p. pre-immunized with 0.5 mg sheep IgG in complete Freund’s adju-
vant at day —5. NTN was induced at day 0.2° For immunization studies,
mice were i.p. immunized with 0.5 mg sheep IgG in complete Freund’s
adjuvant and organs were harvested at day 6. For transdifferentiation
studies, FACS sorted CD45.2 splenic Foxp3* (5 X 10 cells per animal)
or RORyt" single positive CD4" T cells (1.5 X 10° cells per animal)
from naive Rorc( yt)—Gﬁ)TG x Fir (Foxp3-IRES-mRFP) double reporter
donor mice were i.v. injected into the CD45.1 recipient tail vein. For
nephritis studies, FACS sorted RORyt Foxp3" biTregs, RORyt Foxp3*
CTregs or Foxp3~ CD4" Teffector cells (2 X 10° cells per animal) from
spleens of double reporter donor mice were i.v. injected into the wild-
type recipient tail vein. Organs were harvested between 4 and 30 days
after immunization or NTN induction as indicated. Animal experi-
ments were performed according to national and institutional animal
care and ethical guidelines and were approved by local committees
(approval codes G37/11, G45/12, 73/14, and 07/15). Urine samples
were collected after housing the mice in metabolic cages. Albuminuria
was determined by standard ELISA (Bethyl Laboratories). Blood urea
nitrogen (BUN) and urinary creatinine were quantified using standard
laboratory methods.

Morphologic Studies

Crescent formation and glomerular necrosis were determined in a
minimum of 50 glomeruli per mouse in 2 wm thick PAS-stained kidney
sections in a blinded manner. Semiquantitative analysis of tubuloin-
terstitial damage was performed using ten randomly selected cortical
areas (X200) as described previously.?? Paraffin-embedded sections
were stained with antibodies directed against murine fibrin alpha
chain (UC45; Abcam, Inc., Cambridge, UK), CD3 (A0452; Dako,
Hamburg, Germany), F4/80 (BM8; BMA Biomedicals, Hiddenhausen,
Germany), MAC2 (M3/38; Cedarlane-Laboratories, Burlington, ON,
Canada), GR-1 or Foxp3 and developed with a polymer-based second-
ary antibody—alkaline phosphatase kit (POLAP; Zytomed, Berlin,
Germany), as published previously.#° Fifty glomerular cross-sections
(gcs) and 30 tubulointerstitial high power fields (hpf, magnification,
X400) per kidney section were counted in a blinded fashion.

Isolation of Leukocytes from Various Tissues
Spleens or thymi were harvested in HBSS and passed through 70 um

nylon meshes. After lysis of erythrocytes with ammonium chloride,
cells were washed and passed over 40 um meshes. Cells were then
washed again, counted and resuspended in PBS for either culture or
FACS analysis. Kidneys were minced and incubated in digestion
medium (RPMI 1640 medium containing 10% FCS, 1% HEPES,
1% penicillin/streptomycin, 8 ug/ml collagenase D and 0.4 ug/ml
DNase) at 37°C for 40 minutes. Tissues were then homogenized,
passed over 70 wm nylon meshes and centrifuged at 300 g at 4°C for
8 minutes. After lysis of erythrocytes with ammonium chloride,
cells were filtered over 40 um meshes, washed again and sedimen-
ted for 15 minutes at 4°C. The upper leukocyte fraction was aspi-
rated and filtered through another 40 wm nylon mesh. Cells were
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washed, counted and resuspended in PBS for staining and FACS
analysis.

Antigen-Specific Systemic Cellular and Humoral

Immune Responses
Splenocytes (4X10° cells/ml) were cultured under standard condi-

tions in the presence of normal sheep IgG (10 wg/ml, Sigma-Aldrich,
Taufkirchen, Germany) and supernatants were harvested after 72
hours. Commercially available ELISAs were used for detection of
IFNYy, IL-4, IL-6, TNFgq, IL-10, IL-17A (Biolegend, San Diego, CA),
and TGFpB1, IL-2 (R&D Systems, Minneapolis, MN). Circulating
sheep-globulin-specific serum IgG titers were analyzed by ELISA
(for total IgG; Biozol, Eching, Germany, for IgG1, IgG2c and IgG3;
Invitrogen, Frederick, MD).

Flow Cytometry

Cells were surface-stained for 30 minutes at 4°C with fluorochrome-
labeled antibodies against CD45, CD45.1, CD45.2, CD3, CD4, CDS,
CD19, CD25, CD44, CD69, CD62L, CCR6, CXCR3, ICOS, CTLA-4,
PD-1, GITR, and CD103 (Ebioscience, San Diego, CA) as previously
described.*

For intracellular and intranuclear staining, samples were processed
using a commercial intranuclear staining kit (Foxp3-Kit; Ebioscience).
Fluorochrome-labeled antibodies against IL-17, IFNvy, Foxp3, Ki67,
T-Bet (all Ebioscience), RORyt (BD Biosciences, Heidelberg, Germany),
and Helios (Biolegend) were employed as recently published.*
For intracellular cytokine staining, cells were activated with PMA
(50 ng/ml; Sigma-Aldrich) and ionomycin (1 ug/ml; Calbiochem-
Merck) for 4 hours. After 30 minutes of incubation, Brefeldin
A (10 ug/ml; Sigma-Aldrich) was added. LIVE/DEAD staining
(Invitrogen Molecular Probes, Eugene, OR) was used to exclude
dead cells during flow cytometry and to ensure viability of the cells
after the stimulation procedure. Experiments were performed on a BD
LSRII cytometer (Becton Dickinson, Germany). FACS sorting was
performed from single-cell suspensions enriched for CD4" T cells
by MACS sorting (T-cell isolation kit II; Miltenyi Biotec, Germany)
from the indicated tissues and animal strains by the institutional
HEXT FACS Sorting Core facility using a BD ARIAIII Cytometer
(Becton Dickinson, Germany) as previously described.*

Treg Suppression Assay
Total Tregs and effector T cells from wild-type and RORC ™/~ mice

were isolated from splenic single-cell suspensions by MACS accord-
ing to the manufacturer’s instructions (MACS CD4" T-Cell-Isolation
Kit; Miltenyi Biotec). Briefly, CD4" T cells were enriched using a
biotinylated antibody cocktail, depleting all other blood cell types
with anti-biotin microbeads. CD4"CD25" regulatory T cells were
isolated by positive selection using PE-labeled anti-CD25 mAb and
anti-PE microbeads. For comparison of cTregs with biTregs, Foxp3™*
RORyt™ cTregs, RORyt"Foxp3* biTregs and CD4 " Foxp3 ™~ Teff were
isolated by FACS sorting from spleens of naive Rorc(yt)-Gfp™ x Fir
(Foxp3-IRES-mRFP) double reporter mice. 1 X 10° effector T cells
were cultured for 72 hours in anti-CD3 mAb (5 ug/ml; BD Bioscien-
ces) pre-coated 96-well plates either alone or in co-culture with total
Tregs, cTregs or biTregs at different ratios as indicated. Suppressive
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capacity was determined by cytokine ELISAs performed from the
supernatants.'®

Quantitative Real-Time PCR Analysis
Quantitative RT-PCR from RNA derived from FACS sorted cells was

performed in a Stepone Plus detector (Applied Biosystems) as described
before.! For detection of IL-10 and 18S, the sybr green method was
used (primer sequences available upon request) while detection of
EBI-3, PZLF and Blimp-1 was performed using Tagman probes (Ap-
plied Biosystems assay id: Mm00469294_m1, Mm01176868_m1,
Mmo00476128_m1). Samples were run in duplicates and normalized
to 18S rRNA.

Statistical Analyses
Results are expressed as mean=SD. In the case of two groups, com-

parison was performed by t test and a P value <0.05 was considered
statistically significant. For studies with more than two experimental
groups, one-way ANOVA was applied using Tukey post hoc testing.
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