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Lack of NFATc1 SUMOylation prevents autoimmunity
and alloreactivity

Yin Xiao™@®, Musga Qureischi®*>**, Lena Dietz**, Martin Vaeth!@®, Subrahmanya D. Vallabhapurapu*®, Stefan Klein-Hessling™®, Matthias Klein®,
Chunguang Liang’®, Anika Kénig'®, Edgar Serfling">®, Anja Mottok'®, Tobias Bopp®®°1°®, Andreas Rosenwald'!, Mathias Buttmann?@®,
Ingolf Berberich*®, Andreas Beilhack’?®, and Friederike Berberich-Siebelt'®

Posttranslational modification with SUMO is known to regulate the activity of transcription factors, but how SUMOylation of
individual proteins might influence immunity is largely unexplored. The NFAT transcription factors play an essential role in
antigen receptor-mediated gene regulation. SUMOylation of NFATc1 represses IL-2 in vitro, but its role in T cell-mediated
immune responses in vivo is unclear. To this end, we generated a novel transgenic mouse in which SUMO modification of
NFATcl is prevented. Avoidance of NFATc1 SUMOylation ameliorated experimental autoimmune encephalomyelitis as well as
graft-versus-host disease. Elevated IL-2 production in T cells promoted T reg expansion and suppressed autoreactive or
alloreactive immune responses. Mechanistically, increased IL-2 secretion counteracted IL-17 and IFN-y expression through
STAT5 and Blimp-1 induction. Then, Blimp-1 repressed IL-2 itself, as well as the induced, proliferation-associated survival factor
Bcl2A1. Collectively, these data demonstrate that prevention of NFATc1l SUMOylation fine-tunes T cell responses toward
lasting tolerance. Thus, targeting NFATc1 SUMOylation presents a novel and promising strategy to treat T cell-mediated
inflammatory diseases.

Introduction

Nuclear factor of activated T cells (NFAT) proteins belong to a
family of transcription factors whose genuine members are
designated as NFATcl (or NFAT2), NFATc2 (NFATI), NFATc3
(NFAT4), and NFATc4 (NFAT3). In lymphoid cells, NFAT pro-
teins are activated upon antigen receptor engagement, which
enables Ca?*/calcineurin-mediated dephosphorylation of pre-
formed cytoplasmic NFATs and their consecutive nuclear
translocation. NFATcl and NFATc2 are highly expressed in
peripheral T cells and control, among many other important
genes, the expression of subtype-defining lymphokines such as
IFN-y, IL-4, and IL-17, lately visualized by chromatin immu-
noprecipitation (ChIP) sequencing (Klein-Hessling et al., 2017;
Martinez et al., 2015; Serfling et al., 2000). Interleukin 2 (II2)

was the first identified target gene, and substantial amounts of
IL-2 are secreted by CD4* T cells that have been recently acti-
vated by antigen. IL-2 binds to a common y chain-containing
receptor, either with intermediate affinity, when paired with
the IL-2 receptor B chain CDI122, or with high affinity, when
present as a trimeric receptor including the IL-2 receptor a unit
CD25 (Boyman and Sprent, 2012). In conventional T cells
(T conv), expression of CD25 (I12ra, another known NFAT target
gene; Porter and Clipstone, 2002; Schuh et al., 1998) is induced
shortly after antigen exposure, enabling activated T conv to
respond well to secreted IL-2 as a growth signal. Regulatory
T cells (T regs) constitutively express the high-affinity, trimeric
IL-2 receptor in line with IL-2 being essential for generation
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and homeostasis of T regs (Fontenot et al., 2005). Contact of T regs
with IL-2 maintains high levels of CD25 as well as expression of
forkhead box P3 (Foxp3) as their key transcriptional regulator.

All NFATs share a common DNA binding domain, which is
very similar in its conformation to the Rel domain of Rel/NF-kB
factors and was therefore designated Rel similarity domain
(Hogan et al., 2003; Macian, 2005; Serfling et al., 2000). The N
termini of NFAT proteins harbor a strong transactivation do-
main and a regulatory domain. Calcineurin recognizes several
phosphorylation motifs within the regulatory domain and con-
trols the nuclear translocation and, thus, the activity of NFATSs.
T lymphocytes can express six different NFATcl isoforms
(Serfling et al., 2006). These isoforms are generated by the
usage of two different promoters, the inducible P1 and the
constitutive P2, which control the expression of the so-called a
or B N-terminal peptide, respectively. In addition, alterna-
tive splicing and different termination signals generate the
C-terminal domains A, B, and C. The longest isoforms NFATc1/
aC and NFATc1/BC harbor an extra C-terminal peptide of 246
aa, constituting an additional transactivation domain, TAD-B
(Chuvpilo et al., 1999). Notably, this extra C terminus of NFATc1 is
homologous to the C terminus of NFATc2 (Chuvpilo et al., 1999).
Previously, we demonstrated that SUMO1 posttranslationally
modifies NFATc1/C within its C terminus at the lysine residues
K702 and K914 (Nayak et al., 2009). SUMOylation at K702 and K917
is requisite for modification at the common site K349, and K702/
K914R mutants equal K349/702/917R mutants (Nayak et al., 2009).
Although NFATc2 is SUMOylated on homologous sites (Terui et al.,
2004), SUMOylation of NFATc1 and NFATc2 results in different
functional outcomes. While SUMOylation of NFATc2 is a requisite
for nuclear anchorage (Terui et al, 2004), SUMOylation turns
NFATCl into a repressor of II2 expression (Nayak et al., 2009).

SUMOylation is a posttranslational modification process and
can affect a protein’s structure and subcellular localization.
SUMOylation is achieved in an enzymatic cascade of El, E2, and
E3 enzymes resembling ubiquitination. However, only a single
E2 SUMO-conjugating enzyme, Ubc9, is known (Flotho and
Melchior, 2013). The presence of sentrin/SUMO-specific pro-
teases (SENP) ensures reversibility. SUMOylation alters inter-
action with partner proteins or DNA and orchestrates many
biological processes (Flotho and Melchior, 2013). The overall ef-
fect of SUMOylation for the immune system has been addressed
in conditional Ubc9- or SENP-deficient mice (Decque et al., 2016;
Ding et al., 2016; Van Nguyen et al., 2012; Wang et al., 2017; Yu
et al, 2018). However, to our knowledge, individual SUMO
site-deficient proteins have not been expressed endogenously,
i.e., not overexpressed, but under normal locus control in place of
the SUMOylatable WT protein.

Here we show that SUMOylation of NFATcI fine-tunes T cell
immune responses in vivo. We generated an Nfatcl mutant
mouse model with lysine-to-arginine point mutations at the two
SUMOylation sites K702 and K914. These Nfatclde!taSUMO mjce,
solely deficient in NFATc1 SUMOylation, were largely protected
from autoimmune and alloimmune diseases such as experi-
mental autoimmune encephalomyelitis (EAE) and acute graft-
versus-host disease (aGvHD). Abolished NFATc1 SUMOylation
in NFATc1/AS* T cells led to enhanced IL-2 production that
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promoted T reg expansion and blunted effector lymphokine
expression. Thus, posttranslational modification of NFATc1 with
SUMO adjusts T cell activation and IL-2 production and presents
a novel and promising target to treat T cell-mediated inflam-
matory diseases.

Results

Endogenous NFATc1/AS leads to more IL-2* but fewer IFN-y*
and IL-17A* T cells

Previously, we demonstrated by overexpression studies using
cell lines that NFATcl SUMOylation recruits histone deacety-
lases, which increases site-specific chromatin condensation and
represses the I12 gene (Nayak et al., 2009). To understand the
role of SUMO modification for T cell-mediated immune re-
sponses in vivo, we generated a novel mouse strain, which ex-
presses only SUMO-deficient (non-SUMOylatable) NFATcI,
termed NFATc1/AS here. The codons for lysine K702 and K914,
both within exon 10, were mutated to encode arginine re-
placements, a common substitute with the other positively
charged amino acids (Fig. 1 A). The site-specific mutations were
confirmed by sequencing (Fig. 1 B), verifying the successful
K-to-R mutations of the two SUMOylation sites in NfatcldeltaSUMO
knock-in mice. Immunoblots exemplified comparable expres-
sion levels and isoform distribution of NFATcl and NFATcI/AS in
total lymphocytes as well as in cultures of naive CD4* T cells (Fig. 1,
C and D). Moreover, nuclear presence of NFATc1/AS equaled that
of WT NFATcl (Fig. 1 E). When we isolated CD4* T cells from
Nfatcl9!=SUMO and WT littermates to activate them shortly ex vivo,
we observed an enhanced frequency of IL-2-producing cells upon
the avoidance of NFATcl SUMOylation (Fig. 1 F). This did not in-
fluence the proliferation behavior in vitro (Fig. 1 G).

Boosted IL-2 expression was still evident after in vitro dif-
ferentiation of naive NFATc1/AS* CD4* T cells toward T helper
1 cell (Th1) and Th17 (Fig. 2 A) and in line with enhanced acet-
ylation found at the II2 promoter in these cells (Fig. 2 B). In
contrast, the numbers of cells positive for IFN-y and IL-17A were
reduced (Fig. 2 A). Enhanced IL-2 but diminished IFN-y ex-
pression was in accordance with our former overexpression data
in mouse and human T cell lines (Nayak et al., 2009). Interest-
ingly, IL-17A expression was likewise hindered in the presence
of NFATc1/AS.

Deletion of the C-terminal domain of NFATc1 causes increased
IL-2 expression and fewer effector cytokines

Both K702 and K914 are encoded in exon 10 and might be re-
sponsible for the special features of the long isoform NFATc1/C
(Nayak et al., 2009). This “loss of SUMOylation” version of
NFATcl was complemented with the possibility to erase the B
and C isoform-specific C terminus by framing exon 10 with loxP
sites (Fig. 1 A). By use of Cd4-cre, which is first expressed at the
CD4* CD8* double-positive stage of thymocytes and presumably
ahead of thymic T reg (tT reg) induction (Josefowicz and
Rudensky, 2009), a mouse was generated in which T cells can
give rise only to the short isoforms NFATcl/aA and NFATcl/BA
(Nfatc1de!t2BC), Consequently, we sorted CD3* and CD3 cells from
Nfatc19e"2BC mice and analyzed RNA transcripts before and after
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Figure 1. NFATc1 is normally expressed even with successful lysine — arginine mutations or C-terminal deletion. (A) Strategy of creating a mouse
expressing NFATc1/AS in conjunction with the possibility for NFATc1/ABC. Both relevant SUMO sites reside in exon 10, which translates into most of the
exclusive amino acids of NFATc1/C, whereas only 15 amino acids are encoded in exon 11 (murine NFATc1/aC = 939 aa). The nondepicted NFATc1/B terminates
roughly in the middle of exon 10 (at aa 827). The addition of loxP sites within introns 9 and 10 facilitates the specific loss of the long isoforms B and C. In the
case of crossing with a Cre-deleter mouse, only NFATc1/aA, initiated at the inducible promoter P1, and constitutive P2-dependent NFATc1/BA can be ex-
pressed. (B) Representative sequencing data of Nfatcl from mouse tail DNA revealed point mutations leading to lysine — arginine exchanges at position 702
and 914 in Nfatc19etaSUMO mice (n = 3). (C and D) Immunoblot analysis of whole-cell extracts, prepared from spleen and LNs of WT and Nfatc1deltaSUMO mice,
detecting expression of NFATcl isoforms as well as NFATc2 in comparison to B-actin; total lymphocytes stimulated for 6 h by T/I (C) or CD4* T cells stimulated
by anti-CD3/CD28 plus IL-2 for 48 and 72 h (D). (E) Protein expression of WT NFATc1 and NFATc1/AS in nuclear and cytoplasmic extracts. CD4* T cells from
spleen and LNs were stimulated with ConA for 1 or 4 d and restimulated for 6 h with T/l as indicated (immunoblots exist in several further variations).
(F) Intracellular IL-2 expression in WT and NFATc1/AS* CD4* T cells, stimulated for 8 h with T/I. Representative flow cytometry plots and comparison of 11
individual mice/group; Student’s t test + SEM (**, P < 0.005). (G) Proliferation of NFATc1/AS or WT CD4* T cells, stimulated with either anti-CD3 or anti-CD3/
CD28 in the presence or absence of exogenous IL-2, and analyzed by CFSE dilution (n = 3).
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Figure 2. Inhibiting NFATc1 SUMOylation triggers CD4* T cells to express more IL-2 but less IFN-y and IL-17A. (A) Th1and Th17 in vitro differentiation of
naive CD4* T cells from WT and Nfatc14etSUMO mice. On day 3, CD4* T cells were restimulated with T/I followed by intracellular cytokine staining of IL-2 and
IL-4 or IL-17A and IFN-y. Representative flow cytometry plots and comparison of WT versus Nfatc14¢t2SUMO CD4* T cells (Student’s t test + SEM; n = 10).
(B) Chromatin of Thland Th17, prepared as for A, was precipitated by anti-H3-Ac. Isolated genomic DNA was subjected to PCR with primers specific for the /12
and Actb promoters. Student’s two-tailed t test (¥, P < 0.05; **, P < 0.005; ***, P < 0.001); mean + SD; n > 3. (C) RT-PCR with primers specific for exon 9 + 11
(Aexon10) showed deletion of the C terminus of Nfatcl mRNA in CD3* T cells of Nfatc14e!tBC [Nfqatc]9eltasuMO « Cdd4cre] but not in CD3~ cells nor in WT cells.
Primers binding to exon 9 + 10 detected WT Nfatc] mRNA; n > 3. (D) Immunoblot analysis of unstimulated (w/o0) and 6 h stimulated (T/1) CD4* T cells from WT
and Nfatc19e!aBC mice illustrated the differential isoform expression of NFATc1/ABC; n > 3. (E) Thland Thi7 in vitro differentiation of naive CD4* T cells from
WT and Nfatc19et2BC mice. Analyses as in A; n > 10. (F) ELISA of IL-2 in the supernatant of CD4* T cells, derived from WT, Nfatc19etaSUMO, and Nfatc1dettaBC mice
and stimulated by anti-CD3 or anti-CD3/CD28 for 48 h. Student’s t test (*, P < 0.05; **, P < 0.005); n = 3.

cell stimulation (Fig. 2 C). Using primer pairs recognizing exon 9
plus exon 11, but not exon 9 plus exon 10 (WT), provoked a small
cDNA fragment. This indicated the deletion of the C terminus of
NFATCcl in T cells before and after stimulation, but not in other
leukocytes derived from the same mouse. Accordingly, as pro-
tein extracts of CD4* T cells from WT mice gave rise to the
usual six isoforms running faster after activation-induced
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dephosphorylation (Serfling et al., 2000), expression of NFATcl
concentrated in aA and BA isoforms in those of NfatcideltBC
(Fig. 2 D). This demonstrated the loss of the long isoforms NFATc1/
B and NFATc1l/C, whereas P1- and P2-mediated a- and
B-peptide-containing short isoform expression (Serfling et al.,
2012) and their activation via dephosphorylation remained
unaltered.

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20181853

620z Jequiade( 90 uo 3senb Aq 4pd-£5818102 Wel/zy/GG1/£581.81.0Z8/L/8 | z/4Pd-oie/wal/Bio ssaidnyj/:dny woly papeojumoq

4 of 22


https://doi.org/10.1084/jem.20181853

To evaluate whether CD4* T cells expressing NFATc1/ABC
behaved similar to NFATc1/AS, we also differentiated naive
NFATc1/ABC* CD4* T cells under Thl or Th17 conditions. Fewer
NFATc1/ABC* CD4* T cells expressed IFN-y and IL-17A compared
with WT T cells, whereas the frequency of IL-2-producing cells
increased (Fig. 2 E). To compare NFATcl/ABC and NFATcl/AS
directly, we cultured both NFATcl mutants and WT CD4* T cells
in the presence of T cell receptor engagement (anti-CD3) with
or without costimulation through CD28 and revealed the am-
ount of secreted IL-2. Notably, not only the T cells derived from
Nfatc19e1taSUMO_ hyt also those from Nfatcldet2BC, produced more
IL-2 compared with WT T cells (Fig. 2 F). This suggests that the
NFATCc1/C-specific C terminus functions through SUMOylation
to fine-tune cytokine expression.

Nfatc1detaSUMO mice are largely protected from EAE pathology
Nfatc1deltaSUMO mice revealed similar cell numbers in thymus,
spleen, and LNs as in WT mice (Fig. S1 A). Under steady-state
conditions, WT and Nfatcl4!taSUMO mice appeared healthy, and
T cell subtypes and state of activation and differentiation, in-
cluding T regs, were parallel between the two genotypes (Fig. S,
B-E). To investigate whether NFAT SUMOylation affects the
suppressive capacity of T reg cells, we compared the ability of
WT and NFATc1/AS* T regs to suppress proliferation of activated
WT T conv in vitro. We found no significant difference in their
suppressive capacity, suggesting that NFAT SUMOylation is not
required for normal T reg function (Fig. S1 F).

To evaluate whether the observed changes in T cell cytokine
production in vitro translate into complex T cell-mediated im-
mune responses in vivo, we challenged Nfatcl9¢!2SUMO mice by
the induction of EAE. EAE serves as an animal model for mul-
tiple sclerosis and is initiated by autoreactive CD4* T cells,
predominantly Thi17 cells, which infiltrate the central nervous
system (CNS). Recognition of myelin-associated antigens leads to
activation of NFAT (Dietz et al., 2015; Lodygin et al., 2013). When
we subjected Nfatcl9e!28UMO mice to MOGgs_ss-induced EAE,
they were partially protected in comparison with WT littermates
(Fig. 3 A). However, peripheral CD4" T cells from diseased ani-
mals proliferated equally well upon recall with MOGss_s5 peptide
(Fig. 3 B), ruling out that altered T cell expansion is causative for
ameliorated EAE pathology. Supernatants of these cultures ex-
hibited strongly reduced levels of IL-17A and IFN-y (Fig. 3 B).
Importantly, this also became evident in CNS, where fewer CD4*
T cells expressed IFN-y, IL-17, and GM-CSF, culminating in the
reduction of pathogenic “Th1/17” cells (Fig. 3 C; Langrish et al.,
2005; Peters et al., 2011). In addition, NFATc1/AS* CD4* T cells
from EAE-induced mice synthesized an enhanced level of IL-10,
which is reported to counteract the development of pathogenic
Th1/17 cells (Fig. 3 D; Huber et al., 2011). Collectively, these data
show that as NFATcl SUMOylation regulated IL-2, IL-10, IFN-y,
and IL-17 production in vitro and in vivo, NFATc1/AS protected
from cerebral autoimmunity in EAE models.

NFATc1/AS expression favors T reg expansion during EAE

Analyses of CNS infiltrates of acute EAE-diseased Nfatc19eltaSUMO
mice revealed the presence of more CD45* CD11b~ lymphocytes,
which could be attributed to more CD4* T cells (Fig. 4, A and B).
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Notably, however, and in line with the ameliorated disease
score, EAE-diseased Nfatc1dtaSUMO mice exhibited more CD4*
CD25* Foxp3* T regs that tilted the ratio of T regs over T conv.
This phenomenon became more significant over time, especially
in the recovery phase after 2 wk (Fig. 4 C). Likewise, absolute
numbers of T regs tended toward an increase in the CNS, while
those of Thl and Th17 seemed to be fewer (Fig. 4 D). Cryosections
from spinal cords underlined a shifted balance toward CD4*
Foxp3* T regs over CD4* T conv in EAE-induced NfatcldeltaSUMO
mice (Fig. 4 E). Therefore, the presence of NFATcl1, which cannot
be SUMOylated, resulted in T regs that are more protective
during EAE.

Elevated IL-2 production of NFATc1/AS* T cells represses Il17a
and enhances Foxp3 expression

IL-2 receptor-mediated signals have been reported to oppose
IlI7a transactivation (Laurence et al., 2007), which we could
verify by adding either hrIL-2 or anti-mIL-2 to Th17 differen-
tiation cultures (Fig. 5 A). Accordingly, when NFATc1/AS* CD4*
T cells were differentiated toward Thi17 cells, which resulted in
more IL-2-expressing but fewer IL-17A-expressing cells com-
pared with WT Thi7 cells, the blockade of IL-2 completely re-
stored IL-17A induction and even augmented the frequency of
IL-17A* cells, as well as the amount of secreted IL-17 (Fig. 5 B).
STAT3-dependent IL-17 expression is thought to be halted by IL-
2-induced STATS phosphorylation. Indeed, we found signifi-
cantly elevated amounts of STATS at the I117 locus (Fig. 5 C). In
contrast to IL-17 expression, the addition of IL-2 enhanced the
number of Foxp3* cells during Thi7 differentiation (Fig. 5 D).
The potential benefit of elevated levels of IL-2 for peripheral T
regs (pT regs), i.e., CD4* CD25* Foxp3* cells induced from pe-
ripheral CD4* T cells, could be demonstrated during in vitro
differentiation of naive CD4* T cells. So-called induced T reg (iT
reg) induction in the presence of TGF-B but without exogenous
IL-2 resulted in significantly enhanced expression of Foxp3 in
NFATc1/AS* CD4* T cells compared with WT controls (Fig. 5 E).
The addition of an anti-mIL-2 antibody during iT reg differen-
tiation not only lowered, but also equalized, Foxp3 induction.
These data suggest that the enhanced IL-2 availability caused by
NFATc1/AS tilts the balance to reduced IL-17A and increased
Foxp3 induction in peripheral CD4* T cells.

To gain a broader picture of differential gene expression in
Thl and Th17 cells, we determined the transcriptome of in vitro
differentiated Thl and Th17 while including Th2. After 2.5 and
3.5 d, RNA was extracted and subjected to next-generation se-
quencing (NGS). On day 2, part of the cells were restimulated
and checked for cytokine expression by flow cytometry, show-
ing enhanced IL-2 and less effector cytokine expression (Fig. S2
A). In general, transcriptional changes, measured without re-
stimulation, were mild, more pronounced on day 2.5, and most
distinct in Thl cells (Fig. S2, B, D, and E). Strikingly in Thi,
NFATc1/AS limited gene expression (and therefore pathways)
rather than supporting them (Fig. S2, B and C). Comparisons
within the individual T helper subtypes on day 2.5 could not
uncover an influence on cytokine expression except for less II5
in Th2 and less IlI3f in Th17 from Nfatc19¢28UMO mice (Fig. S2, B,
D, and E). However, we also contrasted WT Thi, Th2, and Thi7 to
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Figure 3. Nfatc19etasUMO mice are less susceptible to
EAE and produce fewer proinflammatory cytokines.
(A) WT (n = 4) and Nfatc1deltaSUMO (1 = 4) mice were
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all NFATc1/AS* ones for both time points and found 38 genes
significantly different between the two genotypes (Fig. 5 F). In
line with protein data, I12 RNA appeared transiently increased in
NFATc1/AS*. In Thl7-skewed cells, IlI7a and IlI7f were fewer
from the beginning on, whereas Ifng was surprisingly enriched
in early NFATc1/AS* Thl. Although the frequency of IL-13* cells
did not decrease significantly in the sum of our in vitro cultures
(Fig. S2 F), mRNAs for II5 and IlI3 were clearly reduced in
NFATc1/AS* Th2, verifying our IlI3 data with infected EL-4 cells
(Nayak et al., 2009). On the other hand, early NFATc1/AS* Thl
expressed some more I14, 115, and IlI3 in comparison with
WT cells. CD4* T cells can also acquire a cytotoxic phenotype
(Juno et al., 2017), and we noticed that distinct Gzma expression
in Th2 was less in NFATc1/AS* than in WT cells. Overall, Ctla4
appeared diminished in NFATcl/AS* T cells, characterizing
them as less effector-like. Furthermore, Gdpd3 mRNA encoding
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a glycerophosphodiester phosphodiesterase, which has been
described to mark central memory T cells (Kaji et al., 2016), was
almost absent in NFATc1/AS* T cells, assuming the lack of a
certain metabolic shift. CD24 or heat shock antigen, serving asa
costimulatory factor for T cells, has been connected to severity
in EAE (Bai et al., 2000) and was distinctly less expressed in
NFATc1/AS* T cells, again in line with a protected phenotype of
Nfatc19eltaSUMO mjce upon EAE induction.

NFATc1/AS in Thl and Th17 ameliorates disease scores during
passive EAE

To test the functional difference of WT and NFATc1/AS* Thl and
Thl7 in an isolated manner, we transferred MOG;s_ss-specific
CD4* T cells from 2D2.WT and 2D2.Nfatc14¢12SUMO mice, which
had been differentiated in vitro toward Thl and Thi7 (passive
EAE; Fig. 6 A). To level out the IL-2 effect, anti-mIL-2 was added
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to analogous cultures and later to such transplanted animals.
Frequencies of IL-2*, IFN-y*, and IL-17A* T cells were evaluated
after restimulation (Fig. 6 B), parallel to transplantation of
mixed non-restimulated Thl and Thl7 cultures. Under Thl7-
skewing conditions, a restrained amount of iT regs was in-
duced (Fig. 6 C). Expectedly, NFATc1/AS* T cells elicited more
Fopx3* cells. Unlike sole TGF-B cultures (Fig. 5 E), though,
anti-mIL-2 did not diminish Foxp3 expression under the influ-
ence of TGF-B and IL-6 (Fig. 6 C). Animals that received NFATcl/
AS* Thl plus Th17 experienced ameliorated disease severity in
comparison with WT-transplanted animals (Fig. 6 D), whereas
the differential cytokine expression was preserved in T cells
regained from the CNS (Fig. 6 E). Surprisingly, blocking
IL-2 during cell culture and additionally in the EAE-induced
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Figure 4. EAE-diseased Nfatc19¢!t2SUMO mice exhibit more T
regs in the CNS. (A) Flow cytometric analysis of CNS-infiltrating
cells isolated from EAE-diseased WT and Nfatc1de!taSUMO mice:
lymphocytes (CD45Me"CD11b-), macrophages and neutrophils
(CD45MehCD11bMeh), and microglia cells (CD45'°“CD11bhieh).
Shown are representative flow cytometry plots and the statis-
tical evaluation of 15 mice/group. Student’s t test; *, P < 0.05.
Mean + SEM. (B) Frequency of CD4* T cells within CNS in-
filtrates of EAE-diseased WT and Nfatc19e'taSUMO mice. Shown
are representative flow cytometry plots and the compilation of
15 mice/group. Student’s t test; **, P < 0.005. Mean + SEM.
(C) Detection of T regs in the CNS of WT and Nfatc1deltasumo
mice after EAE induction by flow cytometry. CNS infiltrates
were stained for CD4, CD25, and intracellular Foxp3 on the in-
dicated days after EAE induction. Shown are representative
plots and the statistical evaluation. Differences between groups
were calculated with Student’s t test; *, P < 0.05; **, P < 0.005.
Mean + SEM. (D) Absolute cell numbers (number in CNS-
collected cells x percent CD4* [n = 4] x percent IFN-y* [n =
3], IL-17+ [n = 3], or Foxp3* [n = 4]) were determined on days
22-26. (E) Immunofluorescence staining of spinal cord cryosections
of WT and Nfatc1%SUMO EAE-induced mice (magnification, 40x;
scale bar, 20 um). Sections were stained with anti-CD4 (Alexa
Fluor 488), anti-Foxp3 (Cy3), and DAPI. Shown are two indi-
vidual spinal cords for both genotypes each. White numbers
indicate counted (in a blinded manner) CD4* and Foxp3* cells.

animals resulted in less severe clinical scores. This might be
due to compensatory enhanced IL-2 expression upon external
block with anti-mIL-2 (Fig. 6 B) and the slightly elevated iT reg
induction (Fig. 6 C) and/or reduced T cell proliferation in the
presence of anti-mlIL-2. Nevertheless, anti-mIL-2 equalized
disease scores of 2D2.WT versus 2D2.NFATcl/AS-transplanted
mice (Fig. 6 D), once more suggesting that an NFATc1/AS-driven
enhanced IL-2 production could be causative for the differential
behavior.

NFATc1/AS renders transplanted T cells less pathogenic
during aGvHD

To further evaluate the role of NFATcl SUMOylation in patho-
genic T cell responses, we investigated T cells derived from
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Nfatc19¢!taSUMO mice in aGvHD. GvHD constitutes a major risk for
patients undergoing allogeneic hematopoietic stem cell trans-
plantation (allo-HCT). Because of immunological incompatibility
between donor T cells and host tissue, T lymphocytes are acti-
vated and undergo massive proliferation in the secondary lym-
phoid organs (SLOs). Then, alloreactive T cells infiltrate the
aGvHD main target organs (skin, liver, and intestine), where
they cause severe tissue damage and inflammation (Beilhack
et al., 2005). We used an MHC major mismatch HCT model to
analyze T cell responses during aGvHD (C57BL/6, H-2P into
BALB/c, H-29; Fig. S3 A). Mice receiving NFATcl/AS* T cells
survived better, had a less severe clinical score, and lost less
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weight than WT T cell and bone marrow (BM) recipients (Fig. 7,
A and B; and Fig. S3 B). Noninvasive bioluminescence imaging
(BLI) revealed reduced proliferation and homing of luciferase
transgenic (luc*) CD90.1* donor T cells from NFATcI/AS* com-
pared with WT donor T cells, correlating with the reduced dis-
ease score (Fig. S3 C).

Limited homing of NFATc1/AS* T cells to GvHD target tissues
was especially prominent in the gastrointestinal tract upon
ex vivo BLI of the organs (Fig. 7 C). Consistent with former
transfer experiments of NFATcl- and/or NFATc2-deficient
T cells, also causing less inflammation (Vaeth et al., 2015), this
was reflected by less cell surface expression of gut-homing
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Figure 6. IL-2-dependently, NFATc1/AS* Thl
and Thl7 transmit less EAE than WT coun-
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receptor a4f37 integrin on NFATc1/AS* CD4* T cells, although not
on CD8* T cells, in SLOs (Fig. 7 D). The overall ratio of CD4*
versus CD8" T cells did not alter between genotypes (Fig.
S3 D). As in in vitro cultures and during EAE, effector cyto-
kines were significantly less expressed upon ex vivo restim-
ulation of splenic lymphocytes (Fig. 7 E). Accordingly, serum
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concentrations of TNF and the dominantly present IFN-y were
less upon transfer of NFATc1/AS* compared with WT T cells
(Fig. S3 E). However, the number of IL-2* CD4* T cells were
not enhanced, hardly reaching WT levels, when NFATc1 could
not be SUMOylated (see below). Nevertheless, we conclude
that NFATc1/AS* T cells are less pathogenic during aGvHD,
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Figure 7. NFATc1/AS in T cells ameliorates acute GvHD after allogeneic HCT. (A) Cumulative survival of irradiated BALB/c mice (irradiation control), with
transfer of B6.BM cells (BM only) or B6.BM cells plus B6.CD90.1*luc* T cells from WT (BM + WT) or Nfatc1detasUMO (BM + AS) mice, respectively. Median
survival: BM only, undefined; irradiation control, 8 d; BM + WT, 20 d; BM + AS, undefined. P = 0.046 between WT and AS (log-rank test). (B) Clinical GvHD
scoring (score 0-8; Cooke et al., 1996) of the recipient mice listed under A. Mann-Whitney U test; *, P < 0.05. (c) Representative ex vivo BLI data from internal
organs and quantification of allogenic luc* WT versus NFATc1/AS* T cells 6 d after the transfer. Data are compiled from at least two independent experiments
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with five mice per group per experiment (n = 10). Two-way ANOVA; ***, P < 0.001. (D) Analysis of a4f7 integrin expression on CD90.1* donor WT versus
NFATc1/AS* CD4* and CD8* T cells 6 d after allo-HCT in spleen and mesenteric LNs measured by flow cytometry; data from three individual recipient mice are
summarized (n = 6). Statistical significance was calculated using Student’s t test; *, P < 0.05. (E) Representative intracellular flow cytometry detecting cytokine
expression of splenic CD90.1*CD4* WT and NFATc1/AS* donor T cells 6 d after allo-HCT (upper). Total spleen cells were restimulated for 6 h with T/I.
Quantification of data from (n = 10). Statistical significance was calculated using two-way ANOVA; **, P < 0.03; ***, P < 0.001. (F) In vivo BLI of mice
transplanted with B6.CD90.2* BM plus B6.CD90.1*luc* WT T conv or plus CD90.1*luc* NFATc1/AS* T cells. T conv, derived from DT-treated DEREG* mice,
were completely T reg free. Statistical significance was calculated using Mann-Whitney U test; ***, P < 0.001. (G) Mean fluorescent intensity (MFI) and
percentage of splenic IL-2-expressing cells after 6 d, analyzed by flow cytometry and quantified from n = 5; Mann-Whitney U test *, P < 0.05. (H) Repre-
sentative flow cytometry of YFP (DEREG) detecting Foxp3 expression in splenic CD4* cells 6 d after aGvHD induction. CD4* T cells from an untreated (healthy)

WT DEREG mouse served as control. Mann-Whitney U test; *, P < 0.05.

correlating with less expansion and less effector cytokine
expression.

Transplanted NFATc1/AS* T conv express more IL-2 and more
Foxp3 than WT T conv

To reveal the in vivo differentiation and behavior of naive WT
versus NFATc1/AS* T conv in an isolated manner, we trans-
planted MHC-mismatched, T reg-depleted naive T conv. To
avoid T regs completely, WT and Nfatc1d¢!taSUMO yyere crossed to
DEREG mice, which express a diphtheria toxin (DT) receptor-
enhanced GFP fusion protein under the control of the Foxp3 gene
locus (Lahl et al., 2007). Thus, repetitive DT injections 3 and 2 d
before T cell isolation allowed pure T conv acquisition without
any contaminating Foxp3* T regs (Fig. S4 A). Certainly, naive
H-2P NFATc1/AS* T conv proliferated and expanded significantly
less than WT T conv in H-29 BALB/c mice (Fig. 7 F and Fig. S4, B
and C). As before, NFATcl/AS* T conv developed fewer IFN-y*
than WT T conv (not depicted). In addition, when exclusively
monitoring T conv, we could document enhanced IL-2 produc-
tion per cell and especially an augmented frequency of IL-2* T
conv (Fig. 7 G). Even a subtle induction of pT regs, fostered in
NFATc1/AS* T cells, occurred under these conditions (Fig. 7 H).
Thus, also in vivo, the inability to SUMOylate NFATcl in T conv
allows them to amplify IL-2 secretion, while halting a strong
proinflammatory phenotype, best seen in the absence of tT regs.

NFATc1/AS* T cells up-regulate Blimp-1

So far, we had no explanation why IFN-y was less expressed in
NFATc1/AS* T cells. Comparable in vivo chromatin binding of all
isoforms irrespective of SUMOylation had been demonstrated
by us earlier (Nayak et al., 2009) and could now be verified for
the IlI7a promoter in Thi7 cells (Fig. 8 A). However, the Ifng
promoter was significantly less bound by NFATcI/AS than by
WT NFATcl in Thi cells, hinting at a less accessible locus. Be-
cause it was reported that IL-2 induces Blimp-1 as well as that
Blimp-1 represses IL-2, IFN-y, and TNF expression (Cimmino
et al., 2008; Gong and Malek, 2007; Martins et al., 2008), we
speculated whether also in our setting early overexpression of
IL-2 led to Blimp-1 induction. Indeed, in vitro stimulated CD3*
T cells expressed Blimp-1 better in the presence of exogenous
IL-2 than NFATc1/AS* T cells could do on their own (Fig. 8 B).
Equally, when T cells were regained from aGvHD mice after 6 d,
CD90.1* CD4* NFATcl/AS* T cells exhibited more Blimp-1 in
comparison with WT T cells (Fig. 8 C). In keeping with SU-
MOylation defining a major difference between the short
NFATc1/A and the long NFATc1/C factors, NFATcl/ABC* CD4*
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T cells also exhibited enhanced Blimp-1 expression that was
further up-regulated by the addition of exogenous IL-
2 (Fig. 8 D).

To evaluate whether Blimp-1 is necessary to prevent full IFN-y
and late IL-2 expression, we crossed Prdmif/l mice to NfatcldetaB¢
(Nfatc1delaSUMO Cdgcre), as conventional Prdml™/~ die in utero.
Prdml encodes Blimp-1. CD4* T cells of WT, NfatcldeltaSUMO,
Nfatclde!2BC, and Nfatc19e!2BC Prdmif/ were cultured under Thil-
inducing conditions. IL-2 and IFN-y were detected intracellularly
after 2, 3, and 5 d upon restimulation (Fig. 8 E). Indeed, without
Blimp-1, the frequency of IL-2* cells was further enhanced, which
was still observable after 5 d, when NFATc1/AS or NFATc1/ABC
could not support IL-2 expression better than WT NFATCcI any-
more. On the other hand, the repression of NFATc1/AS or NFATc1/
ABC on IFN-y clearly reverted in the absence of Blimp-1. Proving
that the differential amount of IL-2 is causative, the addition of
anti-mIL-2 to the cultures abolished all these effects (Fig. 8 F).

NFATc1/AS supports and Blimp-1 represses Bcl2A1 expression

To screen for early transcriptional events, possibly differentially
regulated by WT versus NFATcl/AS directly when cells are
challenged in vivo, we isolated CD90.1* CD4* T cells, i.e., CD4* T
conv and T reg, during the course of aGvHD. By this, we eval-
vated the in vivo situation of allogen-activated T cells. We
confirmed reduced disease manifestation by BLI and the purity
of isolated cells by flow cytometric analyses (Fig. S4, D and E).
4 d after allo-HCT, sufficient RNA could be extracted for NGS
(Fig. 9 A). In line with the protein data (Fig. 1, C, D, and E), levels
of Nfatcl, Nfatc2, and Nfatc3 RNA were the same (GEO accession
no. GSE119313). In general, the influence on the transcriptome
was again very subtle by the avoidance of NFATcl SUMOylation
(Fig. S4 F). Cytokines and chemokines were not yet highly ex-
pressed, but their RNA was overall less detectable in NFATc1/
AS* T cells. Interestingly, RNA of the prosurvival factor Bcl2Al
(also named A1/BFL1) was enhanced in NFATcl/AS* T cells
(Fig. 9 A), as had been in in vitro skewed Thl (Fig. 9 B and
Fig. 5 F). This pointed toward a potentially better survival of
NFATc1/AS* T cells (Fig. 9 C), as shown for NFATcl/A-over-
expressing in comparison with NFATcl/C-overexpressing T cells
(Chuvpilo et al., 2002). The murine T cell line EL-4, retrovirally
transduced with different NFATc1/C variants, confirmed that
the presence of NFATcl/AS enhances Bcl2al expression
(Fig. 9 D). This was true for the K702/914R mutant as well as the
triple K349/702/914R mutant. K702/914R had proven to pre-
vent any NFATcl SUMOylation despite the intact SUMOylation
motif around K349 (Nayak et al., 2009), which had been the
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prerequisite for the design of the Nfatc1d€!t2SUMO moyse. Justi-
fying the assumption that NFATc1/C’s special function is me-
diated by SUMOylation, only NFATc1/C, exogenously provided
by retroviral infection, repressed Bcl2al in EL-4 cells (Fig. S5 A).
EL-4 cells mainly express the short isoform NFATcl/A (Fig. S5
B), which could further transactivate Bcl2al, like its functional
homologue NFATc1/AS (Fig. S5 A, middle; and Fig. 9 D). In mice,
the Bcl2al gene has been quadruplicated. All homologues of
Bcl2al harbor two consensus NFAT sites within their pro-
moters, which were recognized by NFATcl and NFATc2 in
electromobility shift assays (EMSAs; Fig. 9 E). Of note, the
NFAT-binding site within Bcl2al resembles the dominant one of
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the II2 promoter, Pu-box distal, in its composition with an AP1-
binding site.

Suppression of II2, Tnfsf2, and Ifng (including Tbx2I) by
Blimp-1 has been reported (Cimmino et al., 2008; Martins et al.,
2008), and we tested whether this mechanism applies to Bcl2al
as well. To quantify Blimp-1 expression in Thl cells, we extracted
RNA either 3 d after in vitro differentiation or 4 d after aGvHD
induction. Prdml RNA was enriched significantly in NFATc1/AS*
T cells compared with WT T cells (Fig. S5 C and Fig. 9 F). Ex vivo,
Prdml levels were still very low in comparison with Bcl2al
(Fig. 9 F). Overexpressed Blimp-1 could repress the proximal
promoter of Bcl2al during reporter assays (Fig. 9 G). Accordingly,
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Blimp-1 binding could be detected to a site (~50) reflecting the
one from the Myc promoter. Two additional sites (-10 and -70)
were able to partly compete for binding (Fig. 9 H and Fig. S5 D).
Mutating all three Blimp-1 binding sites of the Bcl2al promoter
abolished Blimp-1-mediated repression in a reporter assay (Fig.
S5 E). As a result, the absence of Blimp-1 during Thi differen-
tiation of CD4* Nfatc1d¢!t2BC T cells prevents down-regulation of
Bcl2Al (Fig. S5, F). Bcl2Al protein is highly unstable due to
ubiquitin-dependent proteasomal degradation (Herold et al., 2006);
still, Blimp-1 ablation prevents its loss seen in Nfatcld!2SUMO cD3+
T cells (Fig. S5 G). With this, we assumed that enhanced IL-
2 production leads to enhanced Blimp-1 expression, in turn
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down-regulating IFN-y, TNF, and Bcl2A1 as well as IL-2 itself
(Fig. 9, model).

NFATc1/AS* T conv support T regs during acute GvHD by
enhanced IL-2 expression

EAE-diseased Nfatcl9¢!2SUMO mice showed an augmented num-
ber of T regs (Fig. 4, C-E), and the transcriptome data of allo-
transplanted NFATc1/AS* T cells revealed an increase in Foxp3
RNA (Fig. 9 A and Fig. S4 F). Accordingly, a boosted number of T
regs was evident in mice receiving NFATc1/AS* T cells (Fig. 10
A). The rate of Foxp3* cells was clearly higher than that of the
observed pT regs (Fig. 7 H), indicating the involvement of tT regs
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here. As NFATc1/AS* T cells expressed more Tigit RNA (Fig. 9 A),
the frequency of T cell immunoreceptor with Ig and ITIM do-
mains (TIGIT)* T regs increased, indicative of an effector phe-
notype (Cretney et al, 2018), in mice transplanted with
allogeneic NFATc1/AS* T cells versus WT controls (Fig. 10 B). To
reveal whether the IL-2-overexpressing NFATcl/AS* T conv
were key for the increase in tT reg numbers, we transplanted
WT (luc™) tT regs either together with WT or with NFATc1/AS*
luc* T conv. In line with our earlier observations, NFATcl/AS* T
conv showed reduced proliferation and target organ infiltration
as documented by in vivo and ex vivo BLI (Fig. 10, C and D). To
additionally examine the capability of WT versus NFATcl/AS* tT
regs, we included tT regs isolated from Nfatc19¢!2SUMO mice in
parallel groups. It became obvious that NFATc1/AS* tT regs limit
the expansion of allogeneic transplanted T conv more efficiently
than WT tT regs (Fig. 10, C and D). Especially in the intestine, a
prime target organ for aGvHD, the combination of T conv and T
regs, both NFATc1/AS*, resulted in the least incidence of luc* T
conv. Recollected T regs showed that the presence of NFATcl/
AS* T conv has a positive influence on their number, whereas
NFATcl/AS* T regs expand better on their own (Fig. 10 E). In-
terestingly, NFATc1/AS* T regs limit the ratio of IL-2* CD4* WT
T conv, while NFATcl/AS* T conv withstand this suppressive
effect (Fig. 10, F and G). In conclusion, NFATc1/AS decisively
regulates T conv function, but beyond implications for T conv
differentiation, it regulates the frequency and quality of T regs
directly and indirectly by NFATc1/AS* T conv.

Discussion

Functional differences between the isoforms of NFATcl have
pointed to NFATc1/C as being similar to NFATc2 and the short
isoform NFATcl/A as being special among all NFAT proteins
(Chuvpilo et al., 1999, 2002; Serfling et al., 2012). It seemed likely
that the NFATc1/C-specific C-terminal peptide serves as a plat-
form for interactions with regulatory proteins, thereby provid-
ing functional specificity between the NFATcl isoforms. Our
yeast-2-hybrid screen identified the SUMO-conjugating enzyme
Ubc9 and one E3 ligase, PIASI, as the predominant NFATcl/
C-specific interaction partners (Nayak et al., 2009). Accordingly,
we could document SUMOylated NFATcl/C in primary
CD4* T cells (Nayak et al., 2009). Having evaluated the
C-terminal-specific SUMO consensus sites K702 and K914 as
decisive, we went on to mutate them genetically in mice to
investigate the role of NFAT SUMOylation in T cell-mediated
immune responses in vivo. We found that NFATc1/AS, even
when expressed under endogenous control, enhances IL-2 and
Bcl2Al expression. Subsequently, less effector cytokine ex-
pression and an increase in T reg numbers ameliorated in-
flammatory conditions such as EAE and aGvHD. Although the
shift to more IL-2 was transient, it provided a time window for
tolerance installment.

In general, strong IL-2 signals support T conv terminally
differentiating into effector T cells, which are then destined for
rapid cell death to allow immune responses to cease (Boyman
and Sprent, 2012). Low abundance of IL-2, on the other hand,
enables CD4* T cells to differentiate into Thl7, T follicular
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helper, or central memory T cells. During IL-17 induction, IL-
2-induced phosphorylation of STAT5 counteracts phospho-
STAT3 binding (Laurence et al., 2007). Accordingly, capturing
NFATcl1/AS-enhanced IL-2 was sufficient to restore IL-17 to WT
levels. IL-17 was originally found to play a critical pathogenic
role in CNS inflammation in EAE and multiple sclerosis
(Langrish et al., 2005) but has been linked to various autoim-
mune inflammatory diseases since then. Especially, coex-
pression with IFN-y promotes chronic inflammation, and such
pathogenic Th1/17 cells (Langrish et al., 2005; Lexberg et al.,
2010; Peters et al., 2011) were less frequent in EAE-induced
Nfatc]9elaSUMO mjce,

Contradicting the foreseen effect of elevated IL-2 levels for
IFN-y expression, fewer IFN-y was produced during EAE as well
as during Thl response-dominated aGvHD. IFN-y can be re-
pressed by Blimp-1, the latter being induced by IL-2 and, in a
negative feedback loop, repressing II2 (Cimmino et al., 2008; Fu
etal., 2017; Gong and Malek, 2007; Martins et al., 2008; Santner-
Nanan et al., 2006). Accordingly, we could detect more Blimp-
1 RNA and protein in NFATc1/AS* CD4* T cells regained from
aGvHD-challenged mice and in vitro stimulated NFATc1/AS* and
NFATc1/ABC* T cells, in which Blimp-1 ablation further en-
hanced the frequency of IL-2* cells and reverted the repression
on IFN-y. Additional proof for the connection of NFATc1/AS-
mediated surplus in IL-2 and subsequent enhanced Blimp-1 ex-
pression facilitating repression of IL-2 and IFN-y, stemmed from
the total loss of these effects when anti-mIL-2 was added to the
cultures. Consistent with these data, a recent report ensured
inhibition of Thl differentiation by Blimp-1 overexpression
(Wang et al., 2018).

Remarkably, Bcl2A1, which harbors a homologous NFAT re-
sponse element as the IL-2 promoter, was likewise superinduced
in NFATc1/AS* T cells and a direct target for Blimp-1 repression.
Augmented Bcl2A1 did not provide a significant survival ad-
vantage, but this is in line with Bcl2Al-deficient mice and the
observation that individual antiapoptotic proteins contribute
only quantitatively to survival outcome (Carrington et al., 2017,
Schenk et al., 2017). In contrast with other antiapoptotic Bcl2
family members, however, Bcl2Al agrees with proliferation,
mediating survival of T cells after activation (Gonzalez et al.,
2003). Thus, genes immediately up-regulated after TCR activa-
tion, I12 and Bcl2al, are positively regulated by NFATc1/AS.
Persistent TCR signaling leads to the abundant expression of
promoter Pl-driven NFATcl/aA, which supports proliferation
and opposes activation-induced cell death (Serfling et al., 2012).
Here we revealed that NFATcl/AS functionally resembles
NFATcl/aA or, conversely, that NFATc1/C (and maybe all long
NFATs) need to be SUMOylated for pronounced effector cyto-
kine production. Our data suggest the level of transactivated II2
to be decisive for the dichotomy between NFATcl/A and
NFATc1/C. In addition, differentially regulated Bcl2Al could
have a direct impact, as one report demonstrated that Bcl2Al
overexpression in T cells impaired Thi17 differentiation (Iglesias
et al., 2016).

Recently, analysis of Ubc9-deficient thymocytes revealed that
late positive selection is compromised by complete loss of SU-
MOylation in CD4* and CD8* thymocytes/T cells and suggested
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Figure 10. Protection from GvHD is encoded in NFATc1/AS* T conv as well as in NFATc1/AS* T regs. (A) Detection of CD25* Foxp3* cells as percentage
of CD4*CD90.1* in spleen and mesenteric LNs of aGvHD-induced mice on day 6. Transplanted allogenic luc* T cells were derived from WT versus Nfatcl-
deltaSUMO mjce, Statistical significance was calculated using Student’s t test; *, P < 0.05; ** P < 0.01. (B) Evaluation of surface expression of TIGIT on
CD4*CDY0.1* T conv (no TIGIT detectable) and CD4*CD90.1* Foxp3* T regs regained from spleen and mesenteric lymph nodes of aGvHD-induced mice on day
6 by flow cytometry. Statistical significance was calculated with Student’s t test; **, P < 0.01. (C-F) Allogenic pure CD90.1* luc* WT versus NFATc1/AS* T conv
from pretreated DEREG* mice were transferred together with BM CD90.2* luc™ and CD90.1* luc™ WT versus NFATc1/AS* T regs in all possible combinations.
(C and D) Representative in vivo BLI (C) and ex vivo BLI data from internal organs (D). In vivo data were quantified on days 3 and 5 after aGvHD induction, ex vivo
on day 6. Two-way ANOVA; *, P < 0.05; **, P < 0.005; ***, P < 0.001. (E) Estimation of CD25* Foxp3* (CD4 gate) T reg frequencies in the presence of WT versus
NFATc1/AS* T conv by flow cytometry 6 d after T conv transfer. (F) IL-2 expression per CD4* T cell (mean fluorescent intensity [MFI]) 6 d after T conv transfer. (G)
Frequencies of splenic IL-2* CD4* T cells 6 d after T conv transfer, analyzed by flow cytometry and quantified from n = 4; two-way ANOVA; *, P < 0.05.
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that this is mediated via disturbed retention of NFATcl in the
nucleus (Wang et al., 2017). We had not been able to detect an
influence of SUMOylation on its nuclear presence before (Nayak
et al., 2009), nor in mature T cells, but we did not address
thymocytes. More importantly, our Nfatcldet2SUMO mice devel-
oped normally without any change in frequency of any kind of
lymphocytes, in our opinion implying that NFATc] is not the
only player in Ubc9-deficient thymocytes. Possibly, however, it
would be sufficient to block SUMOylation of all NFAT proteins
to achieve the phenotype of Ubc-9 ablation. Of note, SUMOyla-
tion sites are conserved between NFATcl/C, NFATc2, and
NFATc3.

The same group (Ding et al., 2016) published a severe auto-
immune phenotype when SUMOylation is specifically hindered
in T regs, showing that a high percentage of differentially ex-
pressed genes were NFAT target genes. In Nfatc19el2SUMO (and
Nfatc19¢!2BC) mice, T regs appeared to function at least normally,
if not better. Even aged mice did not succumb to any autoim-
mune disease, again bringing into question whether all NFAT
proteins have to be prevented from SUMOylation and/or
whether IRF4, as implied by the authors, is the more important
SUMO target in T regs (Ding et al., 2016).

In Nfatc9eltaSUMO mice, we observed an increase in the
number of T regs upon challenge, most likely owing to the ele-
vated IL-2 levels, i.e., in a cell-extrinsic manner. Support of T
regs by NFATc1/AS* T conv could be demonstrated after aGvHD
induction. In turn, in vivo, not only is the heightened IL-2 ex-
pression of NFATcl/AS* T conv intrinsically repressed by en-
forced Blimp-1, but the boosted number of T regs also counteracts
IL-2* NFATc1l/AS* T conv more efficiently than the lower number
supported by WT T conv. This notion could explain why differ-
ential IL-2 expression was detected best in the absence of T regs
in vitro as well as in vivo in T conv-transplanted animals.

We found previously that thymus-derived T regs develop and
function normally without one or two NFAT proteins. Also,
peripherally or in vitro induced pT regs and iT regs exhibit full
repressive capacity upon NFAT ablation, although their differ-
entiation surely hinges on the level of NFAT proteins present
(Dietz et al., 2015; Vaeth et al., 2012, 2014, 2015). Nevertheless, T
regs depend on continuous TCR signaling, most likely involving
NFAT proteins, to acquire their effector phenotype, for example
to up-regulate CTLA-4, CD103, inducible T cell costimulator, and
TIGIT (Levine et al., 2014; Vahl et al., 2014). Accordingly, we
showed that differentiation of follicular T regs, i.e., expression
of CXCR5 and therefore homing to germinal centers, strictly
depends on NFATcl (Vaeth et al., 2014). Therefore, the height-
ened level of TIGIT on T regs in allogeneic transplanted
mice could indicate a cell-intrinsic effect of NFATc1/AS in T
regs, which became evident in the superior suppressiveness
during our criss-cross GvHD experiments. TIGIT* T regs re-
semble a subtype of T regs specifically suppressing Thl and
Th17, but not Th2 (Joller et al., 2014), supporting the notion that
NFATCc1/AS expression ameliorates autoimmune diseases and
alloreactivity.

Thus, it might be worthwhile to consider targeting NFATcl
SUMOylation for therapeutic intervention, and the outcome
might resemble protocols of low-dose IL-2 or related IL-2
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therapies (Abbas et al., 2018). Such protolerogenic therapeutic
approaches are mostly meant to support T regs. Nonetheless, the
risk of activating unwanted cell types and thereby exacerbating
the disease is a prevailing worry. Blocking NFATcl SUMOylation
or expressing NFATc1/AS or NFATc1/ABC would resemble low-
dose IL-2 therapy without any complexing or modification of
IL-2. Additionally, IL-2 would be secreted very locally by T conv
being activated by antigen-presenting cells and often in a tri-
meric complex with the IL-2-consuming T regs. Then, instead of
an overshooting response, IL-2-induced STAT5 activation
counteracts IL-17 induction, whereas Blimp-1 limits IL-2 and Thl
responses. At least for the preclinical animal models applied in
our study, this was enough to install long-lasting tolerance.

Materials and methods

Construction of the conditional point mutation targeting
vector for the Nfatcl gene

This combined transgenic mouse strain was created by inGe-
nious Targeting Laboratory. A 9.22-kb genomic DNA used to
construct the targeting vector was first subcloned from a posi-
tively identified B6 BAC clone (RP23: 12N8). The region was
designed such that the long homology arm extends ~6.3 kb 5’ to
the first point mutation in exon 10. The LoxP-flanked Neo cas-
sette was inserted downstream of exon 10 and is 915 bp away
from the first point mutation and 291 bp away from the second
point mutation. The short homology arm extends 2.04 kb to the
5’ end of the Neo cassette. The targeting vector was confirmed
by restriction analysis and sequencing after each modification.
The boundaries of the two homology arms were confirmed by
sequencing with P6 and T7 primers that read through both sides
of the backbone vector. The floxed Neo cassette was confirmed
by sequencing with N1 and N2 primers that read from the 5’ and
3’ ends of the Neo cassette, respectively, into the genomic se-
quences. The point mutations were confirmed by sequencing
with N2 and PT1 primers. The sequencing results also confirmed
that no other mutations were introduced into the modified
region.

The two AAG—CGG mutations in exon 10 were generated by
three-step PCR mutagenesis. Eight mutagenesis primers, PT1-8,
were designed to amplify a fragment with a size of 1.12 kb, which
incorporates the mutations at the desired locations. PT1-4 were
used for engineering the first point mutation, and PT5-8 were
used for engineering the second point mutation. The point
mutations were engineered into the primers PT2, PT3, PT6, and
PT7. The PCR fragment carrying the mutations was then used to
replace the correspondent WT sequence using conventional
cloning methods. Oligonucleotides used to generate the point
mutations are as follows (mutations are underlined): PT1
(BsiWI), 5'-AACTTCGTACGTCCTCTTCGTATTAGAACCAGCTG-
3'; PT2/LOX1, 5'-CCGTATAATTGGAACTGTGGAGAGGAAAG-3';
PT3, 5'-TCCTCTCCACAGTTCCAATTATACGGACAGAACCCACGGAC
GACTTTGAG-3'; PT4, 5'-ACAGCTACTGTTCAGATGTGGAC-3'; PT5,
5'-TGAGTCCACATCTGAACAGTAGC-3'; PT6, 5'-CCGGATCACTAC
AGGAATAGGGGCCAAG-3'; PT7, 5'-TGGCCCCTATTCCTGTAGTGA
TCCGGCAAGAGCCTGAGGAATTGGACC-3'; and PT8 (BsiWi), 5'-ACA
GTCGTACGACTGTCTGAGGTTGACATGG-3'.
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Primers Ex9for (5'-CCTGGTGGTTGAGATACC-3') and ExlI-
rev (5'-GCTGGAGAGGTCGTGCTA-3') were used to confirm the
point mutations by sequencing and DL1 (5'-ACTGGCAGAACT
TACCAGAGTC-3') plus LOX1 for genotyping to indicate the 5’
loxP site. Deletion of exon 10 was proven by Ex9for plus Exllrev
in comparison to Ex9for plus PT4.

Mice

Nfatc]9e!taSUMO yyere received as C57BL6 x BALB/c F1 hybrids. For
all in vivo experiments, Nfatcld€!t2SUMO were crossed back to
pure genetic C57BL/6 background (H-2P; CD90.2+) for >12 gen-
erations. To express NFATc1/ABC in T cells, Nfatc1deltaSUMO yere
bred with B6-Tg (Cd4cre)1Cwi/Cwilbem (Lee et al., 2001), obtained
from the European Mouse Mutant Archive (Nfatcldel2SUMO
Cd4cre). To delete Blimp-1 in NFATc1/ABC* T cells, Prdmi1/? was
crossed in (Martins et al., 2006), Nfatc19e!taBC prdmifl/fl, A
MOGgs_s5-specific TCR was introduced by crossings with 2D2
mice (Bettelli et al., 2003). To generate Nfatcl4!@2SUMO Jy;c Cd90.1
mice, Nfatcl?!™SUMO were bred to B6.12G85.CD90.1 transgenic
mice ubiquitously expressing firefly luciferase and CD90.1 as a
congenic marker (Beilhack et al., 2005). Additionally, DEREG was
crossed in, i.e., a BAC-transgene expressing a DT receptor-eGFP
fusion protein under the control of the Foxp3 locus (Lahl et al,,
2007). Mice, including Ragl~/~ (Mombaerts et al.,, 1992b), were
bred in the pathogen-free animal facility of the Center for Ex-
perimental Molecular Medicine or the Department of Neurology
at the University of Wuerzburg. BALB/c (H-24) WT recipient mice
were purchased from Charles River. Animals were mostly used for
experiments between 8 and 12 wk of age. All animal experiments
were approved by the respective authorities Regierung von Un-
terfranken and complied with German animal protection law.

MOGs3s_s5 EAE induction

Myelin oligodendrocyte glycoprotein is a minor component of
CNS myelin. The peptide MOGss_s5 is highly encephalitogenic
and produces a relapsing-remitting neurological disease. For
active MOGs;5s_s5 EAE induction, mice were immunized s.c. in the
tail base with 50 ug MOGss_s5 (MEVGWYRSPFSRVVHLYRNGK;
Research Genetics) in CFA (Difco) containing 550 ug/ml Myco-
bacterium tuberculosis H37RA (Difco) as previously published
(Dietz et al., 2015). Pertussis toxin (200 ng per mouse; Sigma-
Aldrich) was administered i.p. on days 0 and 2. For passive EAE,
Ragl~/~ received a mixture (5 x 106 in 200 pl) of in vitro dif-
ferentiated, PBS-washed Th1/Thi7 2D2* CD4* T cells retro-
orbitally. 2D2* CD4* T cells were differentiated for Thl and Thi7
with or without 10 pg/ml anti-mouse IL-2 (BE0043, clone JES6-
1A12; Bio X Cell) for 2 d and cultivated on fresh plates for 2 ad-
ditional days. Transplanted mice were treated with 200 pg
anti-mIL-2 or IgG control (BE0089; Bio X Cell) i.p. on days 3 and
6. Clinical signs were assessed daily over the total period and
scored in a single-blinded fashion as previously described (Dietz
et al., 2015).

Isolation of CNS infiltrates

EAE mice were perfused with PBS, and the spinal cord and brain
were dissected and digested with PBS containing 20 units of
DNasel (Thermo Fisher Scientific) and 2 mg/ml collagenase type
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11 (Gibco) for 20 min at 37°C (Dietz et al., 2015). For separation of
myelin from the infiltrated cells, the homogenate was loaded
onto a 30%:37%:70% Percoll (Sigma-Aldrich) gradient and den-
sity centrifuged. The enriched CNS infiltrates were harvested
and used for flow cytometry of CD4* T cell cytokine production
and cell composition.

MOGj35_s5 recall assay

For analysis of MOG3;s_ss-specific cytokine production and pro-
liferation of CD4* T cells, EAE mice were sacrificed, and the
spleen and draining (inguinal) LNs were dissected and mashed
through a cell strainer (Dietz et al., 2015). The total spleen/LN
cell suspension was cultured with different amounts of
MOGsgs_s5 peptide in RPMI 1640 (5% FCS, B-mercaptoethanol, and
penicillin/streptomycin; Invitrogen) for 3 d. For quantification of
cytokine secretion, supernatants were used in ELISA assays. For
MOGgs_ss-specific proliferation, 3[H]thymidine was added to the
culture 18 h before measurement, and incorporation was mea-
sured with a Mach 2 Harvester (Tomtech).

BM and T cell isolation

BM cells were isolated by flushing femur and tibia bones of
Ragl~/~ mice with PBS containing 0.1% BSA and passing through
a 70-pm cell strainer (Vaeth et al., 2015). Spleens were directly
passed through a 70-um cell strainer with erythrocyte lysis
buffer (168 mM NH,CI, 10 mM KHCO;, and 0.1 mM EDTA) and
washed twice with PBS containing 0.1% BSA. T cells were en-
riched from Bé] and B6].Nfatcl#t2SUMO gpleens using the Dynal
Mouse T cell Negative Isolation Kit (Life Technologies) accord-
ing to the manufacturer’s instructions. B6J.CD4*CD25" tT regs
were enriched by staining negatively isolated T cells with anti-
CD25-PE (PCé1; BD PharMingen), and separation of CD4* CD25*
and CD4* CD25" cells was performed using anti-PE MicroBeads
(Miltenyi Biotech) following the manufacturer’s instructions.
Purity of the CD4* CD25* or CD4* CD25- population was typically
>90% or 95%, respectively.

Allo-HCT

BALB/c host mice (H-2¢ CD90.2*) were conditioned by mye-
loablative total body irradiation at a dose of 8.0 Gy with a
Faxitron CP-160 x-ray system and injected retroorbitally with
sex- and age-matched 5 x 106 B6 BM cells (H-2 CD90.2*) with or
without 1.2 x 108 B6 T cells (H-2P CD90.1* luc*) within 2 h after
irradiation (Vaeth et al., 2015). For tT reg-mediated suppression
of aGvHD, BALB/c host mice were conditioned as before, but
injected only with BM cells and 6 x 105 B6 CD4* CD25Mgh tT regs
(H-2bCD90.2* Iuc™). 24 h later, 1.2 x 106 B6 CD4* CD25™ T conv
(H-2P CD90.1* luc*) were injected retroorbitally (Vaeth et al.,
2015). Mice were treated with antibiotic drinking water (Bay-
tril; Bayer) for 7 d after allo-HCT to prevent opportunistic in-
fections. Transplanted mice were assessed daily for weight loss
and clinical scoring for aGvHD symptoms; adapted from Cooke
et al. (1996) and Vaeth et al. (2015).

In vivo and ex vivo BLI
Mice were anesthetized by i.p. injection of 80 mg/kg body
weight ketamine hydrochloride (Pfizer) and 16 mg/kg xylazine

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20181853

620z Jequiade( 90 uo 3senb Aq 4pd-£5818102 Wel/zy/GG1/£581.81.0Z8/L/8 | z/4Pd-oie/wal/Bio ssaidnyj/:dny woly papeojumoq

17 of 22


https://doi.org/10.1084/jem.20181853

(CP Pharma). Mice were injected with 300 mg/kg D-luciferin
(Biosynth) together with anesthetics. After 10 min, BLI signals of
the anesthetized mice were imaged with an IVIS Spectrum
imaging system (Caliper Life Sciences; Vaeth et al., 2015). For
ex vivo imaging of internal organs 6 d after allo-HCT, mice were
injected with D-luciferin and euthanized 10 min later. Internal
organs were removed and subjected to BLI. All pictures were
taken with a maximum of 5-min exposure time and analyzed
with Living Image 4.0 software (Caliper Life Sciences).

ELISA and cytometric bead array

Supernatants were subjected to ELISA for secreted cytokines IL-
17A, TFN-y, and IL-2 and quantified by cytokine-specific ELISA
(BD PharMingen) according to the manufacturer’s guidelines.
Serum cytokine concentrations were determined using Bio-
Legend’s LEGENDplex bead-based immunoassays according to
the manufacturer’s protocol 6 d after allo-HCT. Data were ac-
quired on a FACS Canto II (BD Biosciences) flow cytometer and
analyzed with LEGENDplex Data Analysis software.

Flow cytometry

Total CNS infiltrates, spleen, and LN cells were washed once in
FACS buffer (PBS containing 0.1% BSA) before Fc receptor
blocking with anti-CD16/CD32 (93; eBioscience, or 2.4G2; BD
PharMingen). Staining of surface molecules was performed at
room temperature using antibodies against CD4 (RM4-5), CD8a
(53-6.7), CD90.1 (OX-7), a4f7 (LPAM-1, DATK32), CD25 (PC61),
CD62L (MEL-14), CD69 (H1.2F3), CD45 (30-F11), CD11b (M1/70),
PD1 (J43), CD27 (LG.3A10), and TIGIT (Vstm3; differently con-
jugated; all eBioscience, BioLegend, or BD) in FACS buffer for
15 min in the dark. Intracellular Foxp3 (FJK-16s, PE- or APC-
conjugated; eBioscience) staining was performed using the
Foxp3 staining kit (eBioscience) according to the manufacturer’s
instructions. Intracellular cytokine staining of splenocytes with
APC-conjugated IL-2 (JES6-5H4), IFN-y (XMGL.2), and IL-10
(JES5-16E3) and PE-conjugated IL-4 (11B11), IL-17 (eBiol7B7),
GM-CSF (MP1-22E9), and TNFa (MP6-XT22; all eBioscience)
was performed after 3-6-h restimulation with T/I (tetradecanoyl
phorbol acetate [10 ng/ml; Sigma-Aldrich] plus ionomycin [5
nM; Merck Biosciences]) in the presence of GolgiStop and Gol-
giPlug (both BD Pharmingen) using the IC Fixation Buffer Kit
(eBioscience). Data were acquired on a FACS Canto II (BD Bio-
sciences) flow cytometer and analyzed with FlowJo software
(TreeStar).

In vitro CD4* Th differentiation

A mouse CD4* T cell isolation kit (Miltenyi Biotec or BioLegend)
was used to isolate CD4* T cells from LN and spleen. The isolated
CD4* T cells were stimulated for 3 d with plate-bound anti-
hamster IgG (12.5 ug/ml), soluble anti-CD3e (145-2C11; BD
PharMingen), and anti-CD28 (37.51; BD PharMingen). On day 2,
cells were transferred to a fresh plate, without or with the
addition of 75 U/ml hIL-2 (Peprotech) and 10 pg/ml anti-mIL-
2 (Bio X Cell). The culture conditions for ThO (no differentiation)
were 2.5 pg ConA; for Thi, Th2, and iT reg, 0.5 pg/ml anti-CD3
and 1 pg/ml anti-CD28; and for Th17, 0.25 ug/ml anti-CD3 and
1 pg/ml anti-CD28. For skewing, the following cytokines were
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added to the culture: ThO, 2.5 pg/ml anti-mIL-4 (Bio X Cell) and
2.5 pg/ml anti-mIFN-y (Bio X Cell); Thi, 10 ng/ml mIL-12 (Pe-
proTech) and 2.5 pg/ml anti-mIL-4; Th2, 50 ng/ml mIL-4 (Pe-
proTech) and 2.5 pg/ml anti-mIFN-y; Thi7, 0.5 ng/ml mTGF,
20 ng/ml mIL-6 (both Peprotech), 2.5 ug/ml anti-mIFN-y, and 2.5
pg/ml anti-mIL-4; and iT reg, 5 ng/ml mTGER, 5 ug/ml anti-mIFN-
Y, and 5 pg/ml anti-mIL-4. The cell culture medium was RPMI 1640
for Thi, Th2, and iT reg or IMDM for Thi7 cell differentiation and
supplemented with 5% FCS, B-mercaptoethanol, and penicillin/
streptomycin (Invitrogen).

Protein extraction, immunoblots, and EMSAs

Whole-cell or nuclear extracts from primary murine T cells were
prepared with the M- or N-PER Kit (Thermo Fisher Scientific),
respectively. Proteins were resolved by 8-12% SDS-PAGE fol-
lowed by immunoblotting. The primary antibodies used were
rat anti-Bcl2Al (#11470; Lang et al., 2014), mouse anti-NFATcl
(7A6; BD PharMingen), rabbit anti-NFATc2 (IG-209; Im-
munoGlobe), and goat anti-Blimp-1 (C-21), mouse anti-B-actin
(C-4), goat anti-lamin B (C-20), and anti-ERK (H-72; all Santa
Cruz Biotechnology) with anti-mouse, -rabbit, or -goat
peroxidase-coupled secondary antibodies. 3 pg of nuclear extracts
from EL-4 cells or pEYZ/Blimp-1F (Schmidt et al., 2008)-trans-
fected HEK 293T cells were prepared and subjected to EMSA as
described (Berberich-Siebelt et al., 2000, 2006). Antibodies for
supershifts were anti-NFATcl (ABI-205; ImmunoGlobe), anti-
NFATc2 and -Blimp as above, and anti-Flag mAb (M2; Sigma-
Aldrich).

Viral infection, RNA purification, RNase protection assay,

and PCR

Retroviral infection of EL-4 cells with NFATcl/C-ER and its
ASUMO and N-terminal SUMO fusion mutants was done as
previously (Nayak et al., 2009). RNA was extracted with Trizol
(Ambion/Life Technologies). RNase protection assays (Phar-
Mingen Riboquant) were performed with the multiprobe tem-
plate set mApo2 according to the manufacturer’s instructions
(Nayak et al., 2009). cDNA was synthesized with the iScript II
Kit (Bio-Rad), and PCR was performed with primers listed in the
first paragraph.

ChiP

CD4* T cells were activated and, if indicated, differentiated for 3
d. For STATS detection, cells were restimulated by 100 U/ml
hIL-2 for 1 h (Laurence et al., 2007), followed by chromatin
cross-linking (10 min with 1% formaldehyde); sonication of cells
(14 min); and immunoprecipitation with anti-NFATc1 (7A6; BD
PharMingen), anti-IgG (BD PharMingen), rabbit polyclonal H3-
Ac (39139; Active Motif), rabbit anti-STAT5 (AF2168; R&D Sys-
tems), or rabbit IgG (02-6102; Thermo Fisher Scientific) over-
night at 4°C and protein A/G Magnetic Beads (88803; Thermo
Fisher Scientific; 2 h at 4°C). Cross-links were reversed at 65°C
for 4 h, and the eluted purified DNA was analyzed by quanti-
tative RT-PCR (qRT-PCR). For NFATcl, ChIP-IT Express kit
(Active Motif) was used according to the manufacturer’s in-
structions. For NFATcl and H3-Ac evaluation, the following
primers were used: Ifng promoter, forward 5'-CACAAACAAAGG
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CTCCCTGT-3', reverse 5-CCACCTGTGCCATTCTTGT-3’; Ili7a
promoter, forward 5'-AATAGATTCTCAATGGTAGCC-3', reverse
5'-GAAAATTCTTACTTTTGTAAACAG-3'; II2 promoter, forward
5'-ATGGGGGTGTCACGATGTTTT-3’, reverse 5-AACCCGACC
AAGAGGGATTTC-3’; and Actb, forward 5'-TGCAAAGAAGCT
GTGCTCGC-3’, reverse 5'-GCCGTTCCGAAAGTTGCCTT-3'; and
for STATS binding at the IlI7a promoter (Laurence et al., 2007):
P4, forward 5'-TCATCGGCTCCCACACAGA-3’, reverse 5'-GGC
AGTACCGAAGCTGTTTCA-3’; and no binding site Nbl, forward
5'-CACCAGCCAACCCAATTAAAA-3', reverse 5'-CCTTCCTCA
TGTGATATGGCAAA-3'). The AACt value for each sample was
normalized to the corresponding input value and subtracted
from the normal rabbit IgG control.

Transient transfection and reporter gene assay

HEK 293T cells were transfected with pBcl2al-luc and pEYZ/
MCS (mock with multiple cloning sites) or pEYZ/Blimp-1F
(Schmidt et al., 2008) by using the conventional calcium phos-
phate technique. Luciferase assays were performed as previously
described (Nayak et al., 2009). Bcl2al promoter-regulated lucif-
erase reporters were made with the pGL3 vector. A putative
Blimp-1 binding site present in the pGL3 backbone was removed
by Sspl cleavage. A murine Bcl2al proximal promoter fragment
comprising ~2 kb specific promoter sequences was obtained by
PCR using the primers 5A1pro/2011, 5'-AGATCTTAAGGCAATAGG
TGGAGCGTGAAG-3', plus 3A1Pr.Nco-ATG, 5'-CCATGGTCCCTG
GCAGAGCTGACTG-3'. 5Alpro/211, 5'-AGATCTACTGCCAGAGTG
ACTTTGAGG-3', or 5Alpro/79, 5'-AGATCTCATTTTCCTCCTTCA
CAGTCTG-3' plus 3A1Pr.Nco-ATG gave rise to pGL3-211_Bcl2al
and pGL3-79_Bcl2al, respectively. Blimp-1 site-deficient pGL3-
79_Bcl2al was generated by site-specific mutagenesis. Each of
the Blimp-1 binding sites was replaced with the previously re-
ported mutant site 5'-CTAACCAGCT-3’ (Kuo and Calame, 2004).

RNA sequencing assays

In vitro differentiated Thl, Th2, and Th17 were collected on days
2.5 and 3.5. Cells from aGvHD-diseased mice were enriched by
flow cytometry using Zombie Aqua Fixable Viability Kit, anti-
CD90.1 (OX-7), and anti-CD4 (RM4-5) and directly collected in
RNA buffer. Quantity of total RNA was assessed with Qubit 2.0,
and quality was checked using an RNA 6000 Pico chip on Agi-
lent’s bioanalyzer. Barcoded mRNA sequencing libraries were
prepared from 700 ng (in vitro differentiated cells) or 10 ng (ex
vivo) total RNA using a NEBNext Poly(A) mRNA Magnetic Iso-
lation Module and NEBNext Ultra II RNA Library Prep Kit for
Mumina according to the manual. All quality control was done
using Invitrogen’s Qubit HS assay, and fragment size was de-
termined on Agilent’s 2100 Bioanalyzer HS DNA assay. Barcoded
RNA sequencing libraries were onboard clustered using HiSeq
Rapid SR Cluster Kit v2 with 8pM, and 59 nucleotides were se-
quenced on the Illumina HiSeq2500 using HiSeq Rapid SBS Kit
v2. Analysis of raw sequencing data and calculation of RPKM
(reads per kilobase of transcript per million mapped reads) was
performed using the CLC Genomics Workbench v7.5 (Qiagen)
with CLC’s default settings for RNA sequencing analysis. Quality
control was accessed using FASTQC, and low-quality ends and
leftover adapter sequences were trimmed. Afterward, reads
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were aligned to Mus musculus genome assembly GRCm38 (99)
using STAR (Dobin and Gingeras, 2016), and a two-pass mode of
alignment strategy was applied to obtain higher alignment
sensitivity. The mapped reads distribution was evaluated using
RseQC. Sequence counting and feature assignment was then
performed with subread-featureCounts (Liao et al., 2019). The
resulting matrix was imported into R for differential gene ex-
pression analysis. The batch effect was minimized by removing
unwanted variation normalization, taking both housekeeping 12
ribosomal protein gene expression values and residuals obtained
from a first-pass regression of the counts as two normalization
steps into account. A common dispersion value was estimated by
the variation of housekeeping genes from different cell libraries.
The differential expression genes were then determined with
edgeR. We compared significantly regulated genes in ASUMO
defined by a threshold of P value 0.02 and log fold-change 1.4,
together with six other interesting genes (Bcl2alb, Bcl2ald, Tbx21,
Prdmi, Il4, and Ctla4) that were slightly below the threshold but
also differentially expressed, plotted into a heatmap.

Statistical analyses

All data are shown as mean + SD (or SEM when indicated) and
represent combined data from at least three independent ex-
periments unless otherwise noted. Figures were prepared using
GraphPad Prism 5, Adobe Photoshop and Ilustrator, and
Corel Draw.

The results were analyzed with Prism software (GraphPad)
using two-tailed paired or unpaired Student’s t test, Mann-
Whitney U test, and two-way ANOVA. Differences with P val-
ues < 0.05 were considered significant: *, P < 0.05; **, P < 0.005,
and ***, P < 0.001. Replicates, as indicated, are individual mice or
experiments.

Data availability
RNA sequencing data have been deposited in GEO, accession
nos. GSE148087 and GSE119313.

Online supplemental materials

Fig. S1 shows that lymphoid compartments appear unaltered in
Nfatc19eltaS8UMO mice in steady state. Fig. S2 shows expression
analyses of in vitro differentiated Thi, Th2, and Th17. Fig. S3 shows
that transplantation of allogeneic T cells from Nfatcl42SUMO donor
mice leads to less-acute GvHD compared with WT T cells. Fig. S4
shows that pure NFATc1/AS* T conv cause less GvHD than WT T
conv. Fig. S5 shows that NFATcl/A transactivates Bcl2al, whereas
Blimp-1 suppresses it.
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Figure S1. Lymphoid compartments appear unaltered in Nfatc19¢t*SUM0 mice in steady state. (A) Total cell number in thymus, spleen, and LNs of WT
versus Nfatc]9tSUMO mice (mean + SD, n > 3). (B) Determination of the number of B and T cells in spleen and LN of WT and Nfatc1?!tSUM0 mice by surface
staining to B220 and CD3e and flow cytometry. (C and D) Distribution of CD4* and CD8" T cells (C) as well as frequency of CD25* Foxp3* T reg cells within the
CD4* T cell compartment (D) in thymus, spleen, and LNs of WT versus Nfatc1!tSUMO mice analyzed by flow cytometry. (E) Detection of the activation status of
CD4* T cells in untreated WT versus Nfatc19¢taSUMO mice, given by representative flow cytometry for resting (CD62L*) and activated (CD69*) CD4* T cells in
spleen or LN. (F) Capacity of CD4*CD25* T regs, isolated from WT and Nfatc1#e!tSUMO mice, to suppress WT CD4* T cells, stimulated on irradiated splenic cells
with anti-CD3. The ratio of T conv over T regs are indicated. Bars show mean + SD of three experiments.
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Figure S2. Expression analyses of in vitro differentiated Thl, Th2, and Th17. (A) For NSG analyses, naive CD4* T cells from WT and Nfatc1detaSUMO mice
were skewed toward Thl, Th2, and Th17. Differentiation was verified on day 2.5, as some CD4* T cells were restimulated with T/I followed by intracellular
cytokine staining of IL-2 and the key cytokines IFN-y, IL-4, or IL-17A. (B, D, and E) Heatmaps calculated for Th1 (B), Th2 (D), or Th17 (E) individually between
WT and NFATc1/AS* (P = 0.02, log fold-change 1.2). A comparison of the differently expressed genes in the respective subset is given for the two other subsets.
(C) Pathway enrichment analysis for NGS data of Th, day 2.5, conducted using clusterProfiler; top 10 pathways are shown. Red (up-regulation) and blue
(down-regulation) dots in the category netplot depict the log fold-changes of gene expression in NFATc1/AS* Thl. (F) In vitro stimulation of CD4* T cells under
Th2 differentiating conditions and intracellular expression of IL-2 and IL-13 after 3 d and additional 5 h of T/I restimulation; n = 5. Student’s t test (¥, P < 0.05);
mean + SD.
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Figure S3. Transfer of T cells from Nfatc19et2SUMO mice leads to less acute GVHD compared with WT T cells. (A) Preclinical model of aGvHD after MHC-
mismatched allo-HCT. BALB/c (H-24) mice were lethally irradiated with a single dose of 8.0 Gy and transplanted with 5 x 106 CD90.2* BM cells and 1.2 x 108
CD90.1* luc* T cells from C57BL/6 donors (H-2°). (B) Body weight changes of host BALB/c mice (n = 5), irradiated (irradiation control) and transplanted with
allogeneic BM (BM only), BM plus allogeneic WT (BM + WT), or BM plus allogeneic Nfatc1%!teSUMO (BM + AS) mice. (C) Representative in vivo BLI of mice
transplanted with B6.CD90.2* BM (BM only), BM plus B6.CD90.1* luc* WT T cells, and BM plus B6.CD90.1* luc* NFATC1/AS* T cells. Statistical significance was
calculated using two-way ANOVA; *, P < 0.05; ***, P < 0.001. (D) Frequency of splenic donor CD4* and CD8" T cells after 6 d, analyzed by flow cytometry and
quantified from n = 15. (E) Analysis of serum IFN-y and TNFa on days 2-6 after allo-HCT using cytometric bead array (n = 5, mean + SD).
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Figure S4. Pure NFATc1/AS* T conv cause less aGvHD than WT T conv. (A) Preclinical model of aGvHD after MHC-mismatched allo-HCT and T conv in the
complete absence of T regs. Mice had been intercrossed to DEREG. They were treated by DT 3 and 2 d before sacrifice. BALB/c (H-29) mice were lethally
irradiated with a single dose of 8.0 Gy and transplanted with 5 x 10° BM cells from CD90.2* Ragl™~ mice and 3 x 10° CD90.1* luc* T conv from WT or
Nfatc1deltasUMO 578 /6 donors (H-2b). (B) Representative in vivo BLI of mice as in A. Quantification was done on days 3 and 5 after aGvHD induction. Statistical
significance was calculated using two-way ANOVA; ***, P < 0.001; n = 5. (C) Representative ex vivo BLI of SLOs and target organs of mice treated as indicated
in A. Quantification was done on day 6 after aGvHD induction. Statistical significance was calculated using two-way ANOVA; ***, P < 0.001; n = 5. (D) In vivo
BLI of mice transplanted with BM cells and luc* CD90.1* WT versus luc* CD90.1* NFATc1/AS* T cells monitored before sacrifice for NGS (Fig. 9 A) on day 4.
(E) Purity of splenic CD4* CD90.1* T cells after FACS and before RNA extraction and NGS. (F) Marker selection of genes (~50 of the first 100) up- and down-
regulated each by NFATc1/AS upon isolation of allo-HCT recipients.
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Figure S5. NFATc1/A transactivates Bcl2al, whereas Blimp-1 suppresses it. (A) Detection of Bcl2al mRNA in relation to other members of the Bcl2 family
and control genes L32 and Gapdh by RNase protection assay using the mApo2 template set. EL-4 cells had been retrovirally infected with HA-EGZ, HA-NFATc1/
A, or HA-NFATc1/C (see B [anti-HA] for expression), stimulated with T/I for indicated times. Shown is one representative from two independent experiments.
(B) Immunoblot of EL-4 cells, stimulated as indicated to detect endogenous NFATc1/aA by anti-NFATc1 or retrovirally expressed (n > 3) exogenous HA-
NFATc1/aA and -c1/aC by anti-HA (n = 2). (C) Prdm1 RNA expression in Thl-skewed cells, measured by qRT-PCR. n = 5, Student’s t test; **, P < 0.005.
(D) EMSA with radiolabeled oligonucleotide representing a Blimp-1-binding site of the Bcl2al promoter (-50), and competition with increasing amounts of cold
oligonucleotides representing the other two Blimp-1-binding sites (-70 and -10) as well as an unrelated probe, using nuclear extracts from HEK 293T cells
transiently transfected with Flag-tagged Blimp-1. Blimp-1 was supershifted (ss) by using anti-Flag (a-F) antibody (n > 3). Nucleotides of the proximal Bcl2al
promoter indicate the consensus nucleotides for Blimp-1 binding in blue and for NFAT in red. (E) Bcl2al minimal promoter activity in HEK 293T depending on
Blimp-1. pEYZ/MCS or pEYZ/Blimp-1F was transiently cotransfected with luciferase reporter construct driven by an intact Bcl2al promoter (WT), singly
mutated for the =50 site (~50mut) or a variant in which all three Blimp-sites had been erased (triple). After 36 h, luciferase activity was measured. Data are
represented as the mean + SE. Statistical significance was calculated using Student’s t test; *, P < 0.05; **, P < 0.01. (F) CD4* T cells from WT, Nfatc1deltaSumo,
and Nfatc19et2BC prdm1f/f mice were stimulated under Thl-differentiating conditions for 3 and 5 d and evaluated for Bcl2al RNA expression by qRT-PCR.
Quantification of triplicates of two mice per genotype for each time point are shown; mean + SD. (G) Combined splenic and LN-derived T cells from two WT,
two Nfatc19etasUMO, or two Nfatc19e2BC PrdmI/f mice were stimulated by ConA for 1 and 4 d. Immunoblot analysis of whole-cell extracts, detected Bcl2A1 and
ERK (one experiment).
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