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Abstract

Special AT-binding protein 1 (SATB1) is a chromatin-binding protein that has
been shown to be a key regulator of T-cell development and CD4" T-cell fate
decisions and function. The underlying function for SATB1 in peripheral CD8"
T-cell differentiation processes is largely unknown. To address this, we
examined SATBI1-binding patterns in naive and effector CD8" T cells
demonstrating that SATB1 binds to noncoding regulatory elements linked to
T-cell lineage—specific gene programs, particularly in naive CD8" T cells. We
then assessed SATB1 function using N-ethyl-N-nitrosourea-mutant mice that
exhibit a point mutation in the SATBl DNA-binding domain (termed
Satb]M!AMWmIANY) = GathmIANWMIAN pyjce exhibit diminished SATBI-binding,
naive, Satb1™!A"/mIAn CDET T cells exhibiting transcriptional and phenotypic
characteristics reminiscent of effector T cells. Upon activation, the
transcriptional signatures of Satbl™A™/™IAM and wild-type effector CD8"
T cells converged. While there were no overt differences, primary respiratory
infection of Satb]™!AnWmlAnU hice with influenza A virus (IAV) resulted in a
decreased proportion and number of IAV-specific CD8" effector T cells
recruited to the infected lung when compared with wild-type mice. Together,
these data suggest that SATB1 has a major role in an appropriate
transcriptional state within naive CD8" T cells and ensures appropriate CD8"
T-cell effector gene expression upon activation.

infection, the effector CD8" T-cell population contracts
in number resulting in the establishment of a population

Upon antigen recognition, naive CD8" T-cell activation
results in a program of proliferation and differentiation
upon antigen recognition. This proliferative response
correlates with acquisition of lineage-specific effector
function that includes expression of cytotoxic proteins
such as granzymes (GZM) and inflammatory cytokines
such as interferon-gamma, all of which contribute to
control and clearance of viral infection. Upon control of
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of virus-specific memory T cells that persist in the long
term. In contrast to naive CD8" T cells, virus-specific
memory CD8" T cell respond rapidly to secondary
infection contributing to accelerated response and control
of secondary infections.

Virus-specific CD8" T-cell differentiation is associated
with a stepwise progression of specific transcription
factor expression that is critical for optimal CD8" T-cell
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responses. For example, upregulation of BATF, together
with IRF4 and members of the JUN transcription factors
family, drive immune, cell survival and metabolic gene
transcription early after initial T-cell activation."” Essential
transcriptions for effective CD8" T-cell differentiation
include RUNX3 and BLIMPI (encoded by Prdml)."”
T-BET and RUNX3 function early upon T-cell activation
to drive acquisition of effector CD8" T-cell fucntion,>®
whereas terminal effector CD8" T-cell differentiation is
dependent on BLIMP1.* By contrast, the naive CD8"
T-cell state is also associated with signature transcription
factors such as TCF-1, LEF-1, FOXO1 and BACH2. More
recently, FOXO1 was shown to repress effector CD8" T-
cell differentiation by upregulating BACH2, which in turn
occupies binding sites for AP1 family transcription factors

that are required to drive effector CD8" T-cell
differentiation.”® Together, these data suggest that
commitment of activated T cell to an effector

differentiation state requires shutdown of a naive CD8"
T-cell transcriptional program.

Special AT-binding protein 1 (SATB1) binds to nuclear
matrix-associated DNA regions and plays a key role in
organizing higher-order chromatin structures to regulate
cell-specific gene transcription.” SATBI is highly expressed
by immature T cells, with SATB1 deficiency resulting
in dysregulation of T-cell-specific genes and a block
in T-cell development.'” It has multiple roles during
T-cell development including regulating appropriate
transcription of the RAG locus within CD4" and CD8"
T-cell precursors ensuring appropriate T-cell gene
rearrangement,'’ binding to and regulating the interleukin
(IL)-2 receptor alpha (encoded by II2ra) locus,'* as well as
playing a role in helping establish appropriate organization
of the chromatin landscape at key T-cell lineage—specifying
genes prior to commitment."””> Hence, SATBI ensures
appropriate temporal and cell-specific regulation of T-cell
lineage developmental programs.

SATB1 is upregulated upon naive CD4" T-cell
activation under Ty2 skewing conditions, where it plays a
role in reorganizing the IL-4/5/13 locus into a
transcriptionally ~ permissive  chromatin  landscape.'*
Deletion of SATB1 within mature Tyl7 CD4" T cells
results in a decrease in pathogenic effector function and
protection from autoimmune disease in a murine model
of experimental autoimmune encephalitis. In this case,
SATB1  expression results in  engagement  of
transcriptional programs that resulted in increased
expression of pathogenic cytokines and decreased
expression of checkpoint receptors such as PD-1
(encoded by Pdcdl)." Similarly, overexpression of SATB1
in CD4" T regulatory (T,e,) cells overcame FOXP3-
mediated SATBI repression and resulted in induction
effector  transcriptional programs.'® Hence, SATBI

SATB1 function in virus-specific CD8" T cells

downregulation ensures appropriate lineage-specific CD4"
Theg cell function.

The role of SATB1 in mature CD8" T cells is less clear.
We and others have recently showed that naive CD8" T-
cell activation results in initial SATB1 upregulation with
SATB1 levels decreasing with extended  T-cell
differentiation.'”'® In a manner similar to Tyl7 cells,
SATBI was shown to repress PD-1 expression in recently
activated CD8" T cells by directly targeting the Pdcdl locus
and recruiting the NuRD histone deacetylase complex. This
results in histone deacetylation and repression of Pdcdl
transcription.'> Despite these observations, the role of
SATBI in regulating virus-specific CD8" T-cell responses
has not been adequately addressed. Here we examine
SATBI expression and genome-binding profiles within
naive and virus-specific effector CD8" T cells, as well as
examining the virus-specific CD8" T-cell response within
mice that contain a point mutation in the SATB1 DNA-
binding domain (termed Satbl™'A™W/mIAM mice)  We
demonstrate that diminished SATB1 binding within naive
CD8" T cells resulted in a transcriptional landscape that
was more similar to an effector-like differentiation state.
Interestingly, upon infection, the transcriptional profiles of
effector wild-type (WT) and Satb1™Anw/miAnu effector
CD8" T cells converged showing little
SatbpmAnu/mlAn mice showed delayed viral clearance,

difference.

concurrent with reduced influenza A virus (IAV)-specific
T cells numbers in the lungs. Generation of mixed bone
marrow (BM) chimeras demonstrated this defect was
immune cell specific rather a result of environmental
effects. Overall, these data suggest that SATB1 expression
in naive CD8" T cells is important for maintaining naive
CD8" T cells and that disruption of SATB1 binding results
in dysregulated transcriptional activation of key effector
genes.

RESULTS

SATBI binds to largely unique noncoding regulatory
elements in naive and IAV-specific CD8" T cells

We previously reported that SATB1 expression is
dynamically regulated across human CD8" T-cell
subsets,'”” and examination of our previously published
RNA-seq data from mice'® demonstrated a consistent
pattern, whereby naive CD8" T cells (CD44"°CD62L™)
have higher levels of SATB1 transcription, compared with
effector (day 10 after infection, tetramer CD8") and
memory (tetramer CD44"; > day 60) CD8" T cells
(Figure 1a). Naive CD8" T cells also exhibit higher
SATB1 protein levels than effector CD8" T cells
(Figure 1b,  ¢).  Interestingly,  central = memory
(CD44MCD62LM) cells had higher SATBI levels compared
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with effector memory T cells (TCD44hiCD62Ll°;
Figure 1b, c¢). Examination of SATBIl expression in
human CD4" and CD8" T-cell subsets also showed the
same pattern of expression (Supplementary figure 1).

The expression data suggest that SATB1 may contribute
to maintenance of the naive CD8" T-cell differentiation
state. We therefore sought to identify genome-wide targets
of SATB1 binding within antigen-specific, naive and
effector CD8" T cells responding to an acute influenza A
infection. To address this, we utilized our previously
described adoptive transfer model where naive (CD44",
CD62LM) OT-1 T-cell receptor (TCR) transgenic CD8"
T cells (specific for the ovalbumin peptide OVA,s; 264
presented by H2-K®) are adoptively transferred into
congenic C57BL/6] (B6) hosts. This is followed by
intranasal infection with the influenza A/HKx31-OVA
virus.'” Naive or effector (day 10 spleen, 4-8% of total
CD8" T cells; Supplementary figure 2a, b) were sort
purified for subsequent SATB1 ChIP-seq (Supplementary
figure 2¢, d). In total, 2190 SATBI-binding sites were
identified in naive T cells, and 709 binding sites were
identified in effector cells (Figure lc, Supplementary
figure 2c, d), with only a small proportion of SATBI-
binding peaks that overlapped between naive and effector
CD8" T cells (about 6%; Figure 1c). This difference in
binding sites is consistent with a downregulation of
SATB1 expression during effector differentiation. To
understand how SATB1 might influence T-cell
differentiation, unique binding sites observed within naive
or effector CD8" T cell data sets were mapped relative to
the transcriptional start site of nearest genes (Figure lc).
Interestingly, in both differentiation states, SATB1 bound
most often at distal noncoding genomic regions (about
60% of sites) 50-500 kb from transcriptional start sites
(Figure 1d, e). This supports earlier observations that
SATBI1 regulates transcription through interactions with
noncoding regulatory elements.'>'> Colocalization of
H3K4mel and  H3K4me2 identifies  putative
transcriptional enhancers.”” To explore whether SATBI1
binding was enriched at transcriptional enhancers, we
utilized our previously published H3K4mel and
H3K4me2 ChIP-seq data®' to assess the overlap of SATBI
binding with putative transcriptional enhancers. While
SATB1 was observed to bind at enhancers of genes
encoding important CD8" T-cell genes including Gata3
and Pdcdl (Figure 1f), a broad analysis demonstrated that
only a small proportion of SATB1 peaks overlapped with
H3K4mel me2” transcriptional enhancers (about 14% of
SATB1 peaks overlapped transcriptional
Supplementary figure 2e).

To assess whether SATB1 binding to noncoding
genomic regions was linked to immune cell function, we
utilized GREAT for gene ontology analysis® to gain a

enhancers;
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further understanding of the biological function of genes
associated with SATB1 binding within the naive T-cell
state (Supplementary figure 2f). SATB1 binding was
evident at genomic regions associated with genes with
both broad and T-cell-specific immunological function
(Supplementary figure 2f). Targets of SATB1 binding
included genes such as immune receptors (Ccr7, Ccr5,
Cxcr3, Cxcr5, Xcrl), costimulatory and inhibitory
checkpoint molecules (Bcl2, Cd28, Cish, CD8" T cella4,
Havcr2, Icos, Pdcdl, Tigit), effector molecules (Gzmb,
Gzmm, Ifng, 117, 1112, II15), cytokine receptors (II2ra,
II2rb, Il4ra, II7r, Il15ra, 1l17ra) and key naive (Bcl6,
Bcll1b, Foxol, Lefl, Tcf7) and effector (Bhlhe40, Gata3,
Hicl, Irf4, Prdml, Runx3, Stat5a, Stat5b, Tox, Zebl, Zeb2)
transcription factors. Together, these data show that
SATBI1 binds to genomic sites associated with key T-cell
biological processes and suggests SATB1 is key for
regulation of CD8" transcriptional programs.

Altered T-cell selection and dysregulated naive T-cell
generation in Satb1™'A™/™IAM jce

In a random N-ethyl-N-nitrosourea mutagenesis screen
aimed at identifying genes that regulate key aspects of
adaptive immunity, we identified a pedigree in which
some mice exhibited low CD44 expression on naive
CD4" and CDS8" peripheral T cells (Supplementary
figure 3a). The Satb1™"™ mutation (NM_001163630.1:
c.1179 T > A) was identified by exome sequencing of a
mouse  that  exhibited low CD44  expression
(Supplementary figure 3c). This mutation results in a
position 393 Phe — Leu amino acid exchange within the
N-terminal DNA-binding (CUT1) domain of SATB1.”
Importantly, mice homozygous for the SATBI™A™
mutation are viable, unlike global SATBI1-deficient mice
that exhibit a shortened life expectancy.”* The
SATB1™!AM segregated with low CD44
expression in CD8" T cells in a semidominant manner
(Supplementary  figure 3b).  Immunoblot  analysis
demonstrated that Satb1™“™ mutant mice expressed
similar levels of SATB1 protein, indicating that this
mutation did not impact protein translation or stability

mutation

(Supplementary figure 3d). To determine whether the
SATBI ™™ protein could bind DNA, we performed
ChIP on double positive (CD4'CD8") thymocytes from
WT and Satb1™!A™/mIAM pjce While WT mice showed
clear enrichment of the SATB1 binding at the Rag locus
and SBS II upstream of Ccl5, there was a complete
abolition of binding in Satb1™A™/™IA™ mice suggesting
that SATBI™'“™.mutant protein has altered DNA-
binding capacity (Supplementary figure 3d).

SATBI1 has been previously demonstrated to play a role
in the thymic development of conventional T cells,



S Nussing et al.

SATB1 function in virus-specific CD8" T cells

(a) (b)
@ 40000 o] ] 2500
5 Naive
8 ] = Effector 2000+ .
2 300004 —_ o
£ . oM = 1500 :
= 20000 B Tev B
$ =) ==|sotype g 1000 .
< L
.
E 10000 500
3
5 e 0= T T
%] 0 T T T s = n - Naive Effector Tgy Tem
@ &
& &
()
(c) < N (d) Naive Effector
50 TSS 507 S5,
Naive Effector " "
jo o
oo oo 267
8 936 4
é = 30 § = 30 230
Cd28 =~ 690 595 =
@ 468
2037 153 \— Cthd4 £ | S Wolle | wh..
(74.2%)  |GER] 556 Sox2 125 21 (286 135 Hzg .
(20.2% Tnfs11 ENENES H AL
) 9 0 9 9.0 O
S of"Q@' PRSI S ngQ S oh .@Q .@(’ ‘_oo’ O (,’QQ
LS » Q’o,QQQ‘ 7 LQ\Q%Q‘?) 0‘000"
n=2746 & ° $ s
Distance to TSS (kb) Distance to TSS (kb)
(e)
Naive Effector
23.25% 2161%
m Promoter (<=1kb)
0.89% = Promoter (1-2kb)
~ Odz @ Promoter (2-3kb)
Z m 5UTR
% @m 3'UTR
479 & Other Exon
0O 1stIntron
O Other Intron
O Downstream
mm Distal Intergenic
58.98% 63.74%
Pdcd1
® Rag2 A
*
ia e e e e Mttt ek ia L STDT
[ Y. iho e ke .ﬂJ.mm,m.m...‘Mh, et a ks v s H3K4me1
H3K4me2
Rt — E] | em—
Gata3 t . Cel5 xw
Y T R T R _‘LJ._‘M)L vk bt e sl sl cabsabdic sttt i il b, Satb'l
i bt ot b i ddde H3K4me
H3K4me?2
L B B e H 0 Ro| o

Figure 1. Special AT-binding protein 1 (SATB1) is expressed in naive CD8" T cells and downregulated upon differentiation. (a) Analysis of RNA
sequencing data'® comparing SATBT transcript levels in naive (CD44'°CD62L™), effector (day 10 after infection, tetramer’CD8") and memory
(tetramer"CD44MCD62L"; > day 60) CD8" T cells before and after 5-h peptide stimulation. (b) Protein expression of SATB1 in naive, effector and
memory including effector memory T cell or central memory T cell (tetramer'CD44"CD62LM) CD8" T cells. (¢) SATB1 chromatin
immunoprecipitation sequencing (ChIP-seq) was carried out on pooled naive (3) (CD44'°CD62L™ or tetramer’ CD8" influenza A virus-specific
CD8" T cells (10 mice/pool) in duplicate. Data were mapped back to the mouse genome (version mm10) and SATB1 peaks called. The number of
peaks observed in naive, effector or naive and effector CD8" T cells is shown. (d, e) SATB1 peaks identified in naive or effector CD8" T cells were
mapped to the mouse genome and the distance (d) to the nearest neighboring transcriptional start site, and the type of genomic region (e) was
determined. (f) SATB1-binding tracks are shown overlaid with H3K4me1 and H3K4me2 ChIP-seq data from naive or effector CD8" T cells." Error

bars show mean + s.d. An unpaired t-test was used. *P > 0.05.
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natural killer T cells and Foxp3* Treg cells.'>*** More
recently, a preliminary examination of Satb]™!Anu/mlAnu
mutant mice showed a defect in the thymic development
of mucosal-associated invariant T cells.”® A key step in
T-cell selection is the deletion of self-reactive thymocytes,
where approximately half of all TCR-signaled thymocytes
undergo apoptosis prior to upregulating CCR7 and are
marked by upregulation of the transcription factor
HELIOS and PD-1.27% Compared with WT mice,
Satb1™!Anw/mlANY mice had a slightly higher frequency of
HELIOS" PDI1" thymocytes (Supplementary figure 4a).
To examine this in more depth, we utilized BCL-2—
transgenic mice in which BCL-2 expression rescues
strongly TCR-signaled thymocytes from BIM-dependent
apoptosis.””*® Interestingly, the extent of BCL-2 rescue of
HELIOS" PD1" thymocytes was greater in WT mice than
in  Satb1™AnW/mIANmice  (Supplementary figure 4b).
Those findings suggest the Satbl™'APW/mIAN gopotype
confers a decrease in the frequency of CCR7™ thymocytes
that register a strong TCR signal as well as a decrease in
the efficiency of apoptosis within these cells. At the
subsequent CCR7' CD4SP stage, the frequency of
HELIOS® FOXP3~ cells was also increased in
Satbp™Anw/mIANL ppice in  the absence of BCL-2-tg
expression, consistent with a decrease in the efficiency of
apoptosis (Supplementary figure 4c). We excluded the
possibility that the increased frequency of HELIOS"
thymocytes in the Satb1™ A"/ ™A™ mice reflects an increase
in the HELIOS™ thymocyte formation rate as a result of
lowering of the TCR signaling threshold for HELIOS
upregulation. Satb1™A™/m™IAN cells had lower expression of
molecular markers of T-cell activation, including BIM, CD5,
CD69, ICOS and CD44, whereas TCRP expression levels
were similar (Supplementary figure 4d). In particular, the
defect in BIM upregulation may explain the decreased
efficiency of apoptosis in Satb]™MA™/mIAN thymocytes
(Supplementary figure 4d). Altogether, these data indicate
that the Satb1™A™/™IAM mytation confers defects in TCR
signaling and apoptosis in thymocytes.

The impact of Satb1™4™ mutation on the peripheral
CD8" T-cell naive repertoire

Given Satb1™!AM¥/mIANpjce  exhibited dysregulated
thymic development, we next sought to characterize the
peripheral T-cell compartment. In comparison to WT
mice, Satbl™A™/™IAM mice had reduced proportions
of CD3°CD8" T cells, CD4" T cells and v§ T cells
(Figure 2a). While there was no difference in the
total number of lymphocytes between WT and
Satb]™!AmW/mIAN phice (Figure 2b), there was a decrease
in absolute numbers of conventional CD3"CD8" T and

Y8 T cells in Satb1™!An/mIAN mice (Figure 2b).
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To further characterize the peripheral CD4" and CD8"
T-cell repertoire, we assessed the expression of the surface
markers CD44, CD25, the glucocorticoid-induced tumor
necrosis factor-related (GITR) protein and the GATA3
transcription factor (both identified as a SATBI target;
Supplementary table 1). As observed for developing
thymocytes, both naive CD4" and CD8" T cells expressed
lower levels of CD44 (Figure 3a—c), and increased levels
of GITR (Figure 3a—c); however, there was no difference
in CD25 expression. Further, GATA3 was upregulated in
both the spleen and popliteal LN-derived CD8" T cells
(Figure 3d, e). Importantly, no difference was observed in
SATB1 expression between Satbl™!AmW/mIAnu and WT
CD8" T cells (Figure 3d, e). These data suggest that
dysregulated SATBI binding in naive CD8" T cells results
in the altered naive T-cell expression profiles.

Virtual memory T cells (Tyms) are a subset of
semidifferentiated T cells that are antigen naive, but exhibit
heightened responsiveness to TCR stimulation and
common 7y-chain cytokines IL-7 and IL-15.>>?° They can
be identified via high expression of CD44, CD62L but low-
level CD49d expression.” Hence, the observed alterations
in CD44 expression within the naive Satb]™!Anw/miAnu
CD8" T-cell compartment may reflect alterations in the
proportion of Tyy. Evaluation of CD44MCD49d" Tym
within the naive CD8" T-cell compartment (Figure 4a)
demonstrated that Satb1™'A™¥/™MAn mice did in fact
exhibit both a lower proportion and fewer total Tys
compared with WT mice (Figure 4b). While there was no
difference in the total number of naive (CD44°CD49d")
CD8" T cells, the decrease in Tyy coincided with an
increase in the proportion of memory phenotype CD8" T
cells, but not necessarily total number (Figure 4b).
Together, these data suggest that SATB1 plays a role in
regulating Ty, within the naive CD8" T-cell compartment.

The Satb1™*™ mutation dysregulates transcription
primarily in naive CD8" T cells

observation that the SatblmlAnu/mlAnu

Given the
mutation altered DNA binding to target gene loci, and
the observed perturbation of expression of some cell
surface markers and GATA3, RNA sequencing was
performed on naive (CD62L™) and IAV-specific effector
CD8" T cells from WT and Satb1™'A™/mIAM mice  For
IAV infection, mice were challenged with 10* plaque-
forming units A/HKx31 (H3N2) virus with tetramer”
(D°PAj,, and DPNPsg)-specific CD8" T cells isolated
10 days after infection.

To determine global differences in data sets and to
assess data quality, multidimensional scaling was
performed. This analysis showed a tight clustering of
biological replicates, with the largest difference observed
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Figure 2. Assessment of peripheral T-cell subsets in wild-type (WT) and Satb1™'An¥m1Ant mice (@) The proportion of CD8*, CD4* and v& T cells
was determined for lymphocytes in the spleen and peripheral lymph nodes from WT or Satb1™'AMM™IAN mica (b) Quantitation of total numbers
of CD8*, CD4" and y& T cells from WT or Satb1™AWmIA mice Error bars show mean =+ s.d. of five mice for three independent experiments.

Unpaired Student's t-tests were used. *P < 0.05, **P < 0.01,
TCR, T-cell receptor.

between the naive splenic CD8" T cells of WT and
Satb1™!Anw/mIAN mice with the transcriptional profiles
converging following IAV-specific effector (tetramer”
CD44™; day 10 spleen) differentiation (Figure 5a, b). A
larger number of genes were upregulated in naive
SatbpmAnw/mlAny CRg* T cells relative to the WT,
including immune checkpoint-encoding genes Pdcdl,
Lag3 and CTLA-4; transcription factors such as Foxp3
and Zbtb32 as well as chemokines such as Ccl5
(Figure 5¢; fold change of > 1.5; false discovery rate <
0.05). Interestingly, there was also increased transcription
of TCR gamma constant chains (Tcrg-C2, Tcrg-C4),
which may indicate altered TCR gene regulation
(Figure 5¢). Despite convergence of differential gene
expressions between effector Satb1™'An¥/mIAnu and WT
IAV-specific CD8" T cells d),
molecules such as Gzma and Gzmb, and cell surface
markers such as Tigit and Ifgae were upregulated in
Satb1m!Arw/mIAN TAN specific CD8" T cells (Figure 5d).
Unexpectedly, TCR-gamma chain—encoding genes such as
Tcrg-c2, Tcrg-v2 and Tcrg-v4 were also upregulated
Satb1™Anw/mlAN AV specific CD8™ T cells (Figure 5d).
Given the higher levels of effector mRNA for PD-1 and
GZM within naive Satb1™A™/™An CDET T cells in the
steady state, we examined whether the Satb]™AnwmlAnu
mutation also resulted in greater PD-1 and granzyme
protein expression upon activation (Supplementary
figure 5). Naive WT or Satb1™'An¥m!Ant CDg™ T cells
activated in vitro with o-CD3/a-CD28 and

(Figure 5a, effector

were

*rkp < 0.001.

pLN, popliteal lymph node; SATB1, special AT-binding protein 1;

exhibited similar levels of cell division as measured by
Cell Trace Violet dilution (Supplementary figure 5a).
Satbpm!Arw/mlAny CDET T cells expressed higher levels
of PD-1 across all time points assayed (Supplementary
figure 5b). A greater proportion of activated
SatbpmiAnw/miAnu  OREt T cells expressed GZMB and
GZMA at days 3 and 5, but not at day 7 after activation
compared with WT CD8" T cells (Supplementary figure 5c,
d). SatbmAnwmlAnu OOET T cells also expressed higher
levels of GZMB (Supplementary figure 5¢), but not GZMA
on a per-cell basis (Supplementary figure 5d) at days 3 and
5 after activation compared with WT CD8" T cells. Overall,
these data support the notion that Satb1™'An¥/mIAnt cpg*
T cells exhibit a heightened effector state reflected by
early upregulation of effector markers upon activation
(Figure 6).

Satb1™!An/mIAM ice exhibit impaired IAV-specific

CD8" T cells recruitment to the lung

To examine whether there was a potential impact of the
SATBI™™ mutation on virus immunity, WT and
Satb1™!Amu/mIAN 1hice were infected with the A/HKx31
influenza virus and lungs harvested on different days after
infection to study the kinetics of viral clearance
(Supplementary figure 6). While no significant differences
in body weight loss were observed between WT and
Satbp™miAnu/mlAnt phice  (Supplementary figure  6a),

Satb1™!AMWMIAM mice showed a slight delay in viral

641



SATB1 function in virus-specific CD8" T cells

a
@ Nave Spleen cD3 CcD4/CD8 CD44 cD25 GITR
g 2 ]
<
g N
G A &
(el
")
E
'_
&
[a)
U d
— Satb1"wt  _ gatp]mIAnu/miAnu CD3-
(b) CD4*T cells CD8* T cells
3 2.01 T HET T 2.0 o T e T xex g X T RRRR
e £ : : : TS Bt A
8 g 1.5 ' ' ! 1.5 ' = !
3 : ' ! ' ! ' !
w L ' ' 1l ' ' ' 2]
[ = o) H l- 1 [l ' l
222 10 : 1ojestmm il . Wygl®
z 2 ; L @. gl
£ o5 | os) i f ®
0.0 H 0.0 H H H H
(C) ? 20‘ 20- E [ E *k
|5 : P
% _ é 1.5 1.51 I
@ 37 ' : ‘W . g
5 o 10 10{§8 =l@'=l I=I '
2 ¢ L |
s 05 osf i i ®
0.0 0.0 = H = H - H -
> Q&
& & g &
Il satb 1w (e) CD4* T cells CD8*T cells
[ satb1w/mlAnu = 2.01 i 2.01 *: E
I 5ath 1 AnwmiAns £ 15 150 o
o] H -0
. il
§ == 40 ]
(d) Naive Spleen ;g_ = 9 1.0 1.018
GATA3 SATB1 72 05 0.5
o e
E = 0.0 0.0
[~
: L Y 2.0zt
3 S |
c ] '}
g 151 151 @
2 25 oltalgl] ot
: o g 1.0 : E 1.0 i ¥
& > : :
8 % 0.51 E 0.51 E
— Satblwt/wt 0.0 ‘— 00 ’ -
— Satb1m1Anuw/miAnu \?,8\7 ?'.\Q) ,\?"5 )
cD3" o 9 & X

S Nussing et al.

Figure 3. Dysregulated expression of cell surface proteins within Satb1™AWmMIAN T calls  (a) Representative flow cytometry plots and
histograms for CD3, CD4 or CD8 with CD44, CD25 and GITR on lymphocytes from the spleen of naive SATB1™*, Satb1™A"* and
Satb1mANWmMIANUT mica (b, ¢) Fold change in mean fluorescence intensity (MFI) of cell surface markers on CD4" or CD8" T cells from the spleen
(b) or lymph node (c). (d) Representative histograms of GATA3 and SATB1 expression within naive CD4* or CD8" T cells, or CD3™~ lymphocytes.
(e, ) Fold change in GATA3 and SATB1 MFI within CD4" or CD8" T cells from the spleen (e) or lymph node (f) from wild-type (WT),
Satb1MANY* or Sath1™ANMIANUT mice  Error bars show mean =+ s.d. of three or five mice from two independent experiments. Unpaired Student’s
t-tests were used. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. pLN, popliteal lymph node; SATB1, special AT-binding protein 1.
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clearance on day 7 after infection (Supplementary
figure 6b). The delay in viral clearance could be
indicative of a diminished CD8" T-cell response. To
assess this, WT and Satb]™/AnWmlAnu ;e were infected
with A/HKx31 and lymphocytes sampled from the spleen,
lung and draining (mediastinal) lymph node (mesenteric
LN) at days 3, 5 (early expansion) or day 10 (peak
expansion) after infection. IAV-specific CD8" T cells were
assessed  using D"PA,,, and DPNPss  tetramers
(Supplementary figure 6¢). Despite ~Satb]™!Arw/miAnu
mice exhibiting a greater proportion of CD8" T cells in
the mesenteric LN at day 3 after infection, the number of
tetramer-positive CD8" T cells at days 3 and 5 was at the
limit of detection, with tetramers in the LN and lung
making observations inconclusive. A greater sampling size
within spleen enabled analysis demonstrating no
difference in T-cell numbers during the early phases of
the T-cell responses to IAV infection (Figure 6a, b). At
the peak of the response (day 10), Satb1™Anw/miAnu mjce
demonstrated reduced proportions and absolute numbers

of tetramer’ CD8" T cells in the lung (Figure 6a, b). The
decrease in tetramer’ CD8" T cells was also reflected in
total CD8" T-cell number recruited to the lungs of
Satb1™!Anw/mIAN - mice  (Figure 6a, b). There was no
difference in the functional capacity of WT and
Satb1™mAnu/mIAN ice  with a similar proportion of
interferon-gamma or tumor necrosis factor production
observed after 5 h of peptide stimulation (Supplementary
figure 6d). Thus, taken together, these data indicate that
there is a reduced number of virus-specific effector CD8"
T cells in the infected lung in Satb]™!Anu/mlAnu
consistent with the delayed viral clearance observed in
these mice.

We next examined expression of PD-1 on naive CD4"
and CD8" T cells (Supplementary figure 7a, b). In the
CD4" T-cell compartment, naive Satb1™/*' T cells
exhibited low levels of PD-1 with increased levels of PD-1
in CD44™ and CD44™ subsets (Supplementary figure
7a, ¢; day 0). In line with our RNA-seq data (Figure 4b)
and in vitro activation data (Supplementary figure 5b),

mice,
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Figure 5. Differential transcriptional profiles between naive CD8" T cells from wild-type (WT) and Satb1™AMWMIAN mice  RNA sequencing was
performed on either naive (CD44'°CD62L") CD8" T cells from uninfected WT or Satb1™'AMWMAN mice or on purified DPNPsge/DPPA,4 influenza
A virus-specific CD8" T cells 10 days after primary infection with A/HKx31. (a) Multidimensional scaling (MDS), (b) hierarchical clustering based
on Z-score and volcano plots of (c) naive or (d) effector transcriptional profiles with highlighted genes are shown. RNA-seq libraries were
generated in triplicate from pooled samples of three to five mice per replicate. SATB1, special AT-binding protein 1.

higher levels of PD-1 expression were observed on naive
Satb1™Anw/mlAny gt T cells, particularly those found
within the CD44™ and CD44" subset (Supplementary
figure 7a, ¢; day 0). In the CD8" T-cell compartment,
naive CD8" T cells of WT mice expressed low levels of
PD-1, regardless of CD44 status (Supplementary
figure 7b, d), while CD44™ and CD44™ CD8" T cells of
Satb1™Anw/mlAn mice had increased PD-1 expression

(Supplementary figure 7b, d), consistent our RNA-seq
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data. After IAV infection, PD-1 expression was
upregulated on days 10, 14 and 30 on splenic CD4"
(Supplementary ~ figure 7c¢) and CD8" T  cells
(Supplementary figure 7d). In line with PD-1 expression
in the steady state, SatbpmiAnwmlanu et and CDST
T cells exhibited higher levels of PD-1 across all time
points, compared with WT. These results suggest that the
reduced IAV-specific CD8" T-cell numbers observed in
the lung after A/HKx31 infection within Satb1™!An/miAnu
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Figure 6. Analysis of primary influenza A virus-specific CD8" T-cell responses in wild-type (WT) and Satb1™AnWmIAN mice  WT and
Sath1™ANMIAN mice were infected intranasally with A/HKx31 and lymphocytes from the mediastinal lymph node (mLN), lung tissue and spleen
were analyzed. The (a) proportion and (b) total number of CD8", DPNP5¢6- and DbPA224-specific CD8" T cells in mLN, lung and spleen 3, 6 and
10 days after primary infection. Error bars show mean + s.d. of five mice from two independent experiments. Unpaired Student's t-tests were
used. *P < 0.05, **P < 0.01, ***P < 0.001. SATB1, special AT-binding protein 1.

mice could be because of higher levels of PD-1 expression
in the naive state and over the course of infection.

Satb1™!Anw/mIANY nice exhibit altered peripheral Foxp3

T regulatory T-cell numbers

T,eg cells express the lineage-specific transcription factor,
FOXP3, and have been shown to limit expansion of
virus-specific CD8" T cells.”»” Our RNA-seq data
showed that Satb1™An¥/mIAnt CHE™ T cells had higher
levels of Foxp3 transcript compared with Satb1™/** CD8"
T cells. Moreover, given the role of T, cells in limiting
virus-specific CD8" T-cell responses,’”” ** and SATBI
regulation of FOXP3,'®* we investigated whether the
Satb1™'A™ mutation might impact peripheral Treg cell
numbers in uninfected and infected mice. Naive
Satb1™!Anw/mlAnY mice exhibited an increased proportion
and number of conventional CD4" Treg cells
(Foxp3™GITR") as well as an unconventional Foxp3
intermediate (Foxp3i"t) CD4" population (Figure 7a, c).
As overall CD4" T-cell numbers were similar between
WT and Satb1™!Anw/mIAnt mice  the increase in Foxp3"
CD4" T cells is consistent with the observed decrease in
the virus-specific CD8" T-cell response in the infected
lungs. Despite the overall reduction in CD8" T cells, both
CD8" Treg and CD8" FOXP3™ Tyeg cells were increased

proportionally in naive and effector Satbl™!Anwmianu
CD8" T cells compared with WT mice (Figure 7b, d).
Taken together, these data suggest the Satb1™4™
mutation results in a perturbation of both CD4" and
CD8" Ty cell populations, which in turn results in the
compromised virus-specific CD8" T-cell responses we
observed following influenza challenge of these mice.

Reduced TAV-specific CD8" T-cell responses in
Satb1™!Anw/mIANY ived BM chimeras

To investigate whether the altered virus-specific CD8"
T-cell phenotypes could also be explained by T-cell-
intrinsic defects, BM chimeras were generated whereby
irradiated WT (CD45.1%) or Satbl™!AnwmlAnu (o5 5%y
recipients received either WT (CD45.17, CD45.2") or
Satb1™m!Anu/mlAnt (CD452%) BM, or an equal mix of
both (WT CD45.1'/2", Satbl™Anv/miAne  CDg52%;
Supplementary figure 8a, b).

Prior to infection, examination of BM engraftment
based on congenic marker expression demonstrated that
80% of circulating lymphocytes
receiving donor cells from a single source were of

about from mice

donor origin, while those receiving an equal mixture of

WT and Satb]™'An¥/miAnu BN showed approximately
equal engraftment for each donor source (Supplementary
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Figure 7. Satb1MANWMIAN mica exhibit increased frequencies of CD4* and CD8" FOXP3™ T cells. The (a, b) proportion and (¢, d) total numbers
of CD4" and CD8" cells with T regulatory (T,eg) cells phenotypes (see Supplementary figure 7 for gating of FOXP3MGITRM and FOXP3™ subsets)
from the spleens of uninfected wild-type (WT) and Satb1™A"WmMAN mice (a—d, top panels) or from mice 14 days after primary A/HKx31
infection (a—d, bottom panels). Error bars show mean + s.d. of three or five mice per group from three independent experiments. Unpaired
Student’s t-tests were used. *P < 0.05, **P < 0.01, ***P < 0.001, ****p < 0.0001. SATB1, special AT-binding protein 1.

figure 8¢, d). Interestingly, surface staining of mixed
chimeras showed that CD44 expression was reduced on
CD8" T cells derived from Satb]™!AnwmlAnu (Cpgs o™y
but not WT donors (CD45.1/2"; Supplementary
figure 8e), indicating that the reduced CD44 expression
observed for Satb1™'A™/mIAN mice s T-cell intrinsic.
Mice that received Satb1™!A™/mIAnt BAT - either alone or
mixed, exhibited a decrease in the proportions of CD4"
and CD8" T cells (Supplementary figure 8f). Taken
together, these data indicate that there is an intrinsic
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defect in the naive T-cell population of Satbl
mice.

To determine whether the altered immune phenotypes
of virus-specific CD8" T cells observed after IAV
infection of Satb1™A™/™mIAM mice was also a result of a
T-cell intrinsic defect, BM chimeras established above
were infected with A/HKx31 IAV and tissue-specific
DbNP366 and DbPA224-speciﬁc responses examined at the
peak of the primary response (Figure 8). While similar
numbers of lymphocytes were observed within all BM
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Figure 8. Satb1™A"WMIANU influenza A virus—specific CD8" T cells exhibit an intrinsic defect in localizing to the infected lung. Bone marrow
chimeras were generated as per the “Methods” section and Supplementary figure 8. (a) Representative flow cytometry plots to determine the
extent of chimerism. (b) Determination of the extent of chimerism in mixed bone marrow chimeras. (¢, d) Mice that received mixed bone
marrow from wild type (WT) (CD45.1%/45.2") and/or Satb1M'ANWMIAN (€45 2*) were infected with A/HKx31. Lymphocytes from the draining
lymph node (mLN), lung, spleen and bronchoalveolar lavage (BAL) were isolated 10 days after infection and stained with DbNP366— or DbPA224—
specific tetramers. Shown are the (c) proportions and (d) absolute number of CD8"tetramer™ T cells. (e) The proportion of CD8'CD44'"°, CDa4™
and CD44" subsets from mixed bone marrow chimeras expressing PD-1 and CTLA-4 on WT or Satb1M'AWmIAN g T cells within mixed bone
marrow chimeras. Error bars show mean + s.d. of five or eight mice per bone marrow group from three independent experiments. Unpaired
Student's t-tests were used. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. SATB1, special AT-binding protein 1.
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chimeras, mice that received mixed WT (CD45.1/2) and
Satb1m!AnwmlAnw - (cH452) BM showed a decreased
frequency of CD45.2" lymphocytes in the bronchoalveolar
lavage and lung (Figure 8a, b). We enumerated IAV-
specific CD8" T cells in the bronchoalveolar lavage,
lung, mLN and spleen, and noted that recipients of
Satblm!AnwmlAnu BNT alone  or mixed (WT and
Satbm!Anw/mIANY) evhibited a proportion of
CD8" T cells across multiple organs (Figure 8c, d).
Satb1™m!Anw/mIAN derived JAV—specific CD8" T cells were
found at lower proportions in lungs in both single
and mixed BM recipients (Figure 8¢, d). Consistent
with findings in global ~Satb1™'n¥/mIAnt e,
Satb1™!An/mIAN_derived CD8™ T cells in the mixed BM
chimeras showed a reduction in the proportion of
CD44™ and CD44™ cells and increased expression of
PD-1 and CD8" CTLA-4 (Figure 8e). Taken together, the
data show that the diminished IAV-specific CD8" T-cell
immunity observed for Satbl™/AnWmAnu mice Jargely
results from a CD8" T-cell-intrinsic defect.

lower

DISCUSSION

SATBI is a chromatin-binding protein that has been
described as a key regulator of T-cell lineage commitment
and fate determination,'®'!*1024333¢  Here  we
demonstrate that SATBI is highly expressed in naive
CD8" T cells and is downregulated upon effector CD8"
T-cell differentiation, consistent with earlier observations
made in polyclonal human T-cell subsets.'” Within naive
CD8" T cells, SATB1 binding was enriched at genomic
regions related to immune lineage function, with binding
CD8"  T-cell

mlAnu/mlAnu

being decreased following effector
differentiation. We also describe the Satbl
mouse line, identified by N-ethyl-N-nitrosourea
mutagenesis, where a point mutation in the CUT1 domain
diminishes SATB1 DNA binding. Satb1™"Anv/mIAnt pjce
exhibited dysregulated thymic development, a reduction in
peripheral CD8" T cells, alterations in the phenotype of
naive CD8" T cells and diminished IAV-specific CD8"
T-cell responses.

SATB1 contains DNA-binding domains,
including two CUT domains that act to increase the
affinity of chromatin binding.”” We report the generation
of Satbl™'AnW/mIAM_pyytant mice that have a point
mutation within the SATB1 CUT1 domain, which does
not impact on overall protein expression. SATBI is highly
expressed at the CD4"CD8" double positive (CD4"CD8")
thymocytes stage of immature T-cell development, with
levels of SATBI expression upon T-cell
commitment to single-positive thymocytes.'®*> While
conditional SATB1 deletion results in accumulation of
double positive (CD4"CD8") thymocytes and fewer

multiple

lower
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CD4SP and CD8SP thymocytes,'””” we observed a
significant impact on thymic selection
Satbpm!Anw/mlAn - pice  The thymic phenotype of
mice suggests that the Satb1™A™
diminishes TCR signaling and
apoptosis of those thymocytes that do perceive strong
TCR signaling. This may reflect the role of SATBI in
licensing noncoding regulatory elements prior to cellular
commitment, as has been observed for licensing
transcriptional super-enhancers that ensure appropriate
FOXP3 expression within CD4" Treg cells.?

Compared with effector CD8" T cells, more extensive
SATB1 binding was observed in naive CD8" T cells and
was associated with genomic regions linked to immune T-
cell activation, differentiation and function. While the
Satb1™™ mutation within naive CD8" T cells did not
alter protein expression, it did result in a decrease of
chromatin binding at target genomic loci and a distinct
transcriptional signature that included dysregulated CD44
expression, and upregulation of checkpoint molecules
such as PD-1, CD8" CTLA-4 and LAG-3. SATBI has been
reported to transcriptionally repress the Pdcdl gene, with
downregulation of SATBI correlating with increased PD-1
expression.'” This is also consistent with the observation
that SATBI1 expression is repressed in lymphocytic
choriomeningitis virus-mediated CD8" T-cell exhaustion,

events in

Satb1 mlAnu/mlAnu

mutation impedes

where PD-1 expression is stably and highly expressed.’®
SATBI has roles in promoting and repressing CD4" T-cell
fates and function. For example, SATB1 upregulation
serves to promote CD4™ Ty2 cytokine expression,” and
pathogenic ~ CD4" Tyl7 lineage  commitment.*
Conversely, downregulation of SATB1 is required for
ensuring CD4" Tyeg cell suppressive function.'® Given we
and others'”?® have observed that SATBI is
downregulated upon CD8" T-cell differentiation, it was
therefore of interest that the transcriptional profiles of
WT and Satb1™"nW/mIAM yiryg specific effector CD8' T
cells converged. It appears likely that the role of SATB1 in
naive CD8" T cells is to repress inappropriate activation
rather than to actively instruct differentiation outcomes,
as in Ty2 cells. Further, SATB1 has been reported to be
key for ensuring self-renewal and limiting cell fate
commitment of hematopoietic stem cells. It is therefore
tempting to speculate that SATBI serves to maintain the
T-cell state by preventing inappropriate
transcriptional activation of effector lineage—specific genes.

Naive Satbl™!Anw/mlAnu cpg™ T cells proliferated
normally following in vitro activation and exhibited robust

naive

effector function. While there was an increase in the total
CD8" T-cell numbers within the draining mesenteric LN
3 days after infection, we were unable to convincingly
demonstrate any difference at this early time point in
virus-specific CD8" T cells. More importantly, we did
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observe fewer virus-specific CD8" T cells in lungs of
Satb1m!Anw/mIAN pjce at the peak of infection. Activation
of CD4" T, cell is a key factor in limiting tissue damage to
respiratory  virus  infection.”*>*  Moreover, naive
Satb1™Anw/mlAny OOE* T cells exhibited an increase in
Foxp3 transcription, and FOXP3" CD8" cells were observed
following infection. Hence, it remains possible that the
increase in CD4" Treg cells, and/or Ty, cells function in
FOXP3" CD8" T cells in Satb1™"A™/™AM mice may play a
role in limiting lung CD8" T-cell responses.

Another, but not mutually exclusive, explanation could
be perturbation of cytokine signaling required to recruit
activated CD8" T cells from the periphery into the
infected lung. CXCR3 and production of CCL5 on virus-
specific CD8" T cells are key for optimal recruitment to
the lung tissue after respiratory infection.*’ While little
difference in dysregulated chemokine receptor expression
was observed in naive or effector Satb]™!Anw/miAnu
IAV—specific CD8" T cells, there may be dysregulated
production of chemokines by lung stromal cells in
Satb1™!Anw/mlAnY ice  This may result in an altered
cytokine microenvironment that may not support proper
T-cell proliferation and/or recruitment. Examination of
cytokine and chemokine microenvironment in the
infected lungs of Satb1™'A"¥/mIAnU mjce would provide
more insights into this.

While extrinsic factors may be a formal possibility in
the diminished TAV-specific CD8" T-cell responses in
Satb1miARWmMIANL pice - mixed bone chimera experiments
demonstrated that it was Satbl™'A™¥/mIAn AV gpecific
CD8" that were specifically impacted, pointing to an
intrinsic defect. An element of the dysregulated effector
transcriptional program observed in Satb]™!Anw/mlAnu
naive CD8" T cells included upregulation of immune
checkpoint molecules such as PD-1, LAG-3 and CTLA-4.
Hence, the dysregulated expression of these checkpoint
molecules on recently activated CD8" T cells may impact
the ability to fully activate and recruit Satb]™!Anw/miAnu
TAV-specific CD8" T cells to the infected lung, It would
be of interest to see if blocking antibodies to PD-1, LAG-
3 or CTLA-4 restore CD8" T-cell numbers in the lung.

SATB1 deficiency is associated with increased
autoimmune disease prevalence such as Sjogren’s
syndrome and systemic lupus erythematosus,'™** while

conditional deletion of SATBI in T cells results in an
experimental
encephalomyelitis.*> Thus, taken together, these studies
indicate that pharmacological interventions that lead to

increased resistance to autoimmune

ectopic expression of SATBI in T cells may have utility in
a number of disease states. As a potential key regulator
that may be involved in both -cell exhaustion and
tolerance, SATB1 could be a promising novel
immunotherapy target for a multitude of chronic

SATB1 function in virus-specific CD8" T cells

conditions caused or exacerbated by T-cell-mediated
exhaustion or tolerance.

METHODS

Mice, viruses and infections

C57BL/6] (WT and B6) mice with congenic markers
(CD45.17, CD45.1.27 or CD45.2") were bred in the
Department of Microbiology and Immunity, The Peter
Doherty Institute for Infection and Immunity, or at the
Monash Animal Research Platform, Monash University.
Satb1™!Anu/mlAnY - pyice  were generated by intraperitoneal
injection of male B6 mice with N-ethyl-N-nitrosoiurea (Sigma
Aldrich, Melbourne, Australia) (100 mg per kg body weight)
once a week for 3 weeks. Over 300 pedigrees were screened by
flow cytometry and Satb1™!A™™IAM mice were identified by
decreased CD44 expression that segregated in an incompletely
dominant manner. All experiments were approved by
institutional ethics committees (AEC ID 1614025, University
of Melbourne; AEC ID 24568, Monash University). For
primary IAV infection, mice were anesthetized and infected
intranasally with 10* plaque-forming units of A/HKx31 virus.
For secondary infection, mice were primed intraperitoneal
with 107 plaque-forming units of recombinant A/PR8 virus
followed by infection with 10* plaque-forming units of
HKx31-OVA intranasally 4-6 weeks later.

Generation of congenic bone marrow chimeras

BM chimeras were generated by irradiating B6 (CD45.1)
recipient mice twice with 550 Rads, 3 h apart. BM from hind
legs of donor mice was flushed and T cells depleted with anti-
CD4 (clone RL172), anti-CD8 (clone 3.168), anti-Thyl (clone
Jlj) and rabbit complement. Incubation of BM with antibodies
was performed for 30 min on ice followed by cell resuspension
in 1 mL of complement for 20 min at 37°C. About 5 x 10° T-
cell-depleted BM cells were injected intravenously into recipient
mice; 24 h after irradiation, recipient mice were injected
intraperitoneally with 100 pL of o-CD4 and o-CD8 T-cell
monoclonal antibodies (clone RL172 and clone 3.168,
respectively) to eliminate radioresistant T cells. Submandibular
bleeds were performed > 8 weeks after irradiation to determine
BM reconstitution by staining blood with a cocktail of a-
CD45.1 (eBioscience, Fischer Scientific, Waltham, MA, USA), a-
CD45.2 (BioLegend, San Diego, CA, USA), anti-CD4
(BioLegend), a-CD8 (BioLegend) and o-CD62L (BioLegend).
Live cells were discriminated with a fixable LIVE/DEAD stain
(Life Technologies, Carlsbad, CA, USA).

Flow cytometry

Tissue samples taken at various time points after infection
were prepared as previously described'® and expression of
phenotypic markers was determined with a BD Canto or BD
Fortessa (BD Biosciences, Nth Ryde, Australia) and analyzed
with FlowJo software (TreeStar, Ashland, OR, USA). For
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intracellular staining of cytokines we restimulated cells for 5 h
with 1 um of the OVA,s; 564 peptide in the presence of
GolgiPlug (BD Biosciences, San Jose, CA, USA) and
10 UmL™" rhIL-2  (Roche, Diagnostics, =~ Mannheim,
Germany). Cells were then permeabilized and stained using
the Cytofix/Cytoperm kit (BD Biosciences) according to the
manufacturer’s instructions. For intranuclear staining of
transcription factors we permeabilized and stained cells using
the FoxP3/Transcription Factor Staining kit (eBioscience, San
Diego, CA, USA) according to the manufacturer’s instructions.
Live cells were discriminated with a fixable LIVE/DEAD stain
(Life Technologies).

RNA sequencing, chromatin immunoprecipitation
(ChIP) and ChIP-seq

Total RNA sequencing, ChIP and ChIP-seq were carried out
according to Russ et al.'®*' and Li et al.** Sequencing was
carried out on a Hiseq2000 instrument at the Australian
Genome Research Facility, the Walter and Eliza Hall Institute
of Medical Research, Melbourne, Australia. The Degust
(Monash Bioinformatics Platform) package was used to
determine differential gene expression with a false discovery
rate of < 0.05 and log, fold change > 1.2.
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