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Abstract

Th22 cells are a major source of IL-22 and have been found at sites of infection and in a range of
inflammatory diseases. However, their molecular characteristics and functional roles remain
largely unknown due to our inability to generate and isolate pure populations. We developed a
novel Th22 differentiation assay and generated dual IL-22/IL-17A reporter mice to isolate and
compare pure populations of cultured Th22 and Th17 cells. I117a fate-mapping and transcriptional
profiling provide evidence that these Th22 cells have never expressed IL-17A, suggesting that they
are potentially a distinct cell lineage from Th17 cells under /n vitro culture conditions.
Interestingly, Th22 cells also expressed granzymes, 1L-13 and increased levels of Tbet. Using
transcription factor-deficient cells, we demonstrate that ROR-yt and Thet act as positive and
negative regulators of Th22 differentiation, respectively. Furthermore, under Thl culture
conditions /n vitro, as well as in an IFN-y-rich inflammatory environment in vivo, Th22 cells
displayed marked plasticity towards IFN-y production. Th22 cells also displayed plasticity under
Th2 conditions /n vitro by up-regulating IL-13 expression. Our work has identified conditions to
generate and characterize Th22 cells /n vitro. Further, it provides evidence that Th22 cells develop
independently of the Th17 lineage, whilst demonstrating plasticity towards both Th1 and Th2 type
cells.
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Introduction

The identification and characterization of CD4* Th cell subsets and defining their
immunological function has significantly advanced our understanding of adaptive immunity
and the regulation of infectious and inflammatory diseases 1. It is now recognized that naive
Th cells differentiate into multiple distinct subsets, including Th-1, -2, -17 and regulatory T
cells (Treg). More recently, Th9 and Th22 cells have also been identified, so-named for their
predominant expression of IL-9 and 1L-22, respectively 1,2. For many Th subsets (Th1, Th2,
and Th17), the signals required for differentiation, the master regulators of transcription,
secreted cytokines and the immune responses they regulate are well characterized. By
contrast, we are just beginning to understand the contribution of Th9 and Th22 cells to
immunity and inflammatory diseases, and the factors that regulate their development.

Th17 cells are defined by the production of IL-17A in association with IL-17F, IL-21 and
IL-22. Th17 cells are increased in patients with psoriasis, inflammatory bowel disease
(IBD), multiple sclerosis and rheumatoid arthritis, and are known to play pathogenic roles in
animal models of these inflammatory disorders 3-8. The expression and function of T cell-
derived IL-22 was previously linked to Th17 cells. However, IL-22 is now recognized to be
produced by both Th17 and Th22 subsets, and the highest I1L-22 levels are present in Th22
cells. Unlike Th17 cells, which produce IL-17A either alone or concomitantly with 1L-22,
the Th22 subset completely lacks expression of IL-17A 9,10. Furthermore, the presence of
Th17 cells can be dissociated from Th22 cells at sites of inflammation, suggesting divergent
roles for these effector cells 5,11-14. Th22 cells were first identified in psoriatic lesions, as
phenotypically distinct from Th17 cells and other Th cell subsets, with high levels of I1L-22
production 9. Although these cells have been repeatedly identified in various human diseases
and mouse models, characterization of their gene expression and function has remained
incomplete.

IL-22 can be produced during both innate and adaptive phases of immune responses by a
range of cells (e.g. NK cells, ILCs, Th17 cells and Th22 cells). The function of I1L-22
appears to be influenced by the type of inflammatory response, its cellular source, and the
surrounding cytokine milieu, and IL-22 can be pro-inflammatory and/or tissue protective
15,16. These apparently dichotomous roles may depend on concomitant expression of
IL-17A. For example, in the presence of IL-17A, IL-22 contributes to bleomycin-mediated
inflammation, whereas when IL-17A is absent (in //17a7 mice), IL-22 is tissue protective
15. Studies in various tissues including the skin, lung and gastrointestinal tract (GIT) have
also demonstrated evidence for very divergent functions of 1L-22 and IL-17A 5,11-14. For
example, the expression of 1L-22 in asthma and atopic dermatitis patients has been largely
dissociated from Th17 cells. In these patients, IL-22 is predominantly expressed in Th22
cells, and increased frequency correlates with disease severity, suggesting that these cells are
important together with Th2 cells in regulating inflammation 9,11,12,17. Although this
remains incompletely understood, it suggests that characterization of the cellular source of
IL-22 may be as important as assessing I1L-22 alone. Recently, Basu et a/. demonstrated
contrasting roles for Th22 cells (IL-22¥I1L-17ACD4* T cells) and Th17 cells
(IL-22FIL-17A* or IL-22°1L-17A*CD4* T cells) in the clearance of Citrobacter rodentium
from the GIT 18. Although this study did not employ pure populations of these cell subsets,
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it does provide further evidence to suggest functional differences between Th17 and Th22
cells in vivo.

Although the characterization of IL-22 is well advanced, and Th22 cells have been identified
in normal and disease states, there is very little known about the precise function of Th22
cells. Delineation of the role of Th22 cells has been limited, due to our inability to
characterize these cells directly /n vitroor in vivo. This is primarily because of the limited
knowledge of the factors regulating differentiation of Th22 cells and a lack of specific tools
to isolate pure populations, which precludes their phenotypic and functional
characterization. Current strategies to generate Th22 cells /n vitroyield relatively low
numbers of 1L-22* cells and these cultures are significantly contaminated with Th17 cells
and other Th cell subsets, which prevents the definitive characterization of the phenotype
and function of Th22 cells. Thus, it is vitally important to develop a way to study pure Th22
cells, independently of other IL-22-producing cells such as Th17 cells. In this investigation,
by employing cells from 1L-22/IL-17A dual reporter mice and //17a fate-mapping mice we
identify the factors required to induce optimal differentiation of Th22 cells and demonstrate
that these cells may be a separate lineage from Th17 cells /n vitro. Transcriptional profiling
of isolated pure Th22 and Th17 cells further highlighted differences in cellular identity,
transcriptional regulation and potential immunological roles. Notably, the differential Th22
transcriptional signature includes pronounced expression of 76x21, cell death-inducing
granzymes (particularly Gzmb) and //13. Furthermore, we have identified that the
transcription factors RORyt and Thet act as positive and negative regulators of Th22
differentiation, respectively.

Material and Methods

Mice

Specific pathogen-free WT (C57BL/6), CD45.1 (B6.SJL-PiprcaPep3b/BoyJARC),
Rorc(yt)"- (B6.129P2(Cg)-RorctmALitt/)) and Thx217- (B6.129S6- Thx21tm1GIm/J) mice
were obtained from Australian Bioresources (Moss Vale, Australia). /174" R267635
(IL-17A tracer) fate mapping reporter mice were provided by Dr Brigitta Stockinger and Dr
Mark Wilson. //17£CFP reporter mice (C57BL/6-//17atm1Bcgen/J) and OT-11 TCR-
transgenic mice (specific for chicken ovalbumingys_3ag; B6.Cg-Tg( 7craTcrb)425Chn/J) were
purchased from Jackson laboratories. //22/d7omato BAC transgenic reporter mice (C57BL/6-
IL22promTdtomato) were generated by Dr. S.K. Durum (National Institutes of Health). Dual
reporter mice (C57BL/6-//17atm1Bcgen/d x IL22promTdtomato BAC transgenic reporter)
and B6.Cg-Tg( 7craTcrb)425Chn/J x C57BL/6-//17atm1Bcgen/] x C57BL/6-
IL.22promTdtomato transgenic reporter mice on the C57BL/6 background (6-8 weeks old)
were maintained and housed in individually ventilated cages in approved containment
facilities within the Bioresources Facility, Hunter Medical Research Institute (Newcastle,
Australia). Mice were provided with water and food ad libitum and acclimatized for one
week prior to experimentation. All experiments were approved by the Animal Care and
Ethics Committee of the University of Newcastle.
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Purification of naive Th cells and generation of Th cell subsets

CD4™* Th cells were purified from total splenocytes by magnetic cell separation followed by
FACS sorting on a FACSAria 11 cell sorter (BD Pharmingen) for CD4*, CD44" and CD25
surface marker expression. The purity of sorted, naive Th cells was routinely >99%. For the
generation of effector Th cell subsets, purified naive Th cells were stimulated in complete
media (IMDM, 10% FCS, 2 mM L-glutamine, 50 pM B-mercaptoethanol, 100U/ml
Penicillin-Streptomycin; Invitrogen) with plate-bound anti-CD3e (1 pg/ml; Clone
145-2C11; BD Pharmingen) and soluble anti-CD28 (4 pug/ml; Clone 37.51; BD Pharmingen)
for 3 days under polarizing conditions for ThO cells (media alone), Th1l cells (10 ng/ml
IL-12, 10 ng/ml 1L-2, 10 ug/ml anti-1L-4), Th2 (10 ng/ml IL-4, 10 ng/ml IL-2, 10 pg/ml
anti-IFN--y), Th17 cells (10 ng/ml IL-18, 30 ng/ml IL-6, 1 ng/ml TGF-B, 10 pg/ml anti-1L-4,
10 pg/ml anti-1FN-v) or Th22 cells (10 ng/ml I1L-1, 30 ng/ml IL-6, 20ng/ml 1L-23, 400nM
FICZ, 10 pM Galunisertib (LY2157299), 10 ug/ml anti-IL-4, 10 pg/ml anti-IFN-y) and 5
pg/ml anti-TGF-g1/2/3 (Clone 1D11, RnDSystems) and 10 ng/ml TNF-a were added where
indicated.

Influenza infection with adoptive Th cell transfer

CD45.1 mice were infected with 1.4 x 104 pfu of ovalbuming,s_339 peptide-expressing
influenza A virus (strain A/HK/x31; H3N2, kindly provided by Stephen Turner from the
University of Melbourne) 19. At day 3 of infection, 4 x 10° FACS-purified TCR-transgenic
Th17 or Th22 cells (OT-11 background) were transferred via intravenous injection. At day 8
of infection, lungs were collected and homogenates prepared for FACS analysis.

Isolation of total RNA and microarray profiling

For the extraction of total RNA, Trizol (Invitrogen) was used according to manufacturer’s
protocol. Total RNA was quantified and quality was assessed using a 2100 Bioanalyzer
Instrument (Agilent Technologies). RNA samples with RIN values >9 were used for
microarray analysis. Mouse whole transcriptome microarrays (Gene array 2.1 ST from
Affymetrix) were performed according to the manufacturer’s protocol by the Ramaciotti
Centre for Gene Function Analysis (University of New South Wales, Sydney, Australia). The
mRNA microarray data have been made publicly available at NCBI (GEO accession number
GSE92610; https://www.ncbi.nlm.nih.gov/geo/).

RT-PCR analysis of gene expression and protein quantification

cDNA was generated from RNA using Superscript Il with dNTPs and random hexamer
primers according to manufacturer’s instructions (Invitrogen). Diluted cDNA (2 ul) was
added to 6 pl of PCR mastermix (PCR Supermix-UDG with ROX [Invitrogen] with gene-
specific forward and reverse primers [Table 1] and water according to manufacturer’s
protocol). The mixture was incubated at 95°C for 3 minutes followed by 40 PCR cycles
(95°C for 15 seconds and 60°C for 60 seconds) on a ViiA7 real-time PCR analyzer
(LifeTechnologies). The expression level of each individual RNA of interest was normalized
to the house-keeping RNA Hprt.
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Protein concentration of IL-13, IL-17A, IL-17F and IL-22 in culture supernatants was
determined by cytometric bead assays or ELISA according to manufacturer’s protocol
(Legendplex, BioLegend).

FACS analysis

Results

Surface staining—Cells were washed twice in FACS buffer (PBS + 1% FCS + 2 mM
EDTA) and incubated with anti-mouse CD16/32 (Fc receptor block) followed by relevant
antibodies (BD Pharmingen, BioLegend) and washed twice in FACS buffer. 7-AAD or
SytoxBlue (Life Technologies) was used to exclude dead cells. Cells were analyzed
immediately or fixed in 0.5% formaldehyde for later analysis. Analysis was performed on a
FACSCanto analyzer (BD Pharmingen).

Intracellular cytokine staining—Cells were stimulated with PMA (50 ng/ml) and
ionomycin (1 pg/ml) for 5 hours. Brefeldin A (5 pg/ml) was added for the final 4 hours of
incubation. Following stimulation, cells were washed twice in PBS then resuspended either
in ZombieYellow Fixable Viability Kit (BioLegend) or Fixable Viability Stain 780 (BD
Pharmingen) for the exclusion of dead cells and stained according to manufacturer’s
protocols. Fc receptor block was added followed by cell surface antibodies (Pharmingen,
BioLegend). Cells were washed twice in FACS buffer and then resuspended in 4%
paraformaldehyde and incubated on ice. Cells were washed twice in FACS buffer and
permeabilized and stained according to manufacturer’s protocol using BD Perm/Wash buffer
(BD Pharmingen). Cells were analyzed immediately or fixed in 0.5% buffered fixative and
stored at 4°C in the dark until assayed. Analysis was performed on a FACSArialll analyzer
(BD Pharmingen).

Statistical analysis—All experimental results are presented as mean + standard error of
the mean. Results were analyzed by one-way ANOVA, followed by a Bonferroni post-test
for statistical significance or two-tailed Student's unpaired t-test. One-way ANOVA was
used when comparing mean difference between more than two treatment groups. Student’s
unpaired t-test was used where there are only two treatment groups. Analysis was performed
with Prism v6.0 (GraphPad Software). The p values < 0.05 were considered statistically
significant.

Th22 cells are generated as a distinct lineage from Th17 cells in vitro

To study Th22 cells, and compare them to Th17 cells, we generated a dual-reporter mouse
strain containing an IL-22 promoter-driven tdTomato 20 and an IL-17A-driven IRES eGFP
reporter 21. This mouse enabled us to characterize IL-17A/IL-22 expression patterns in live
cells and sort purified Th22 and Th17 cells both /n vitroand in vivo. We initially sought to
optimize culture conditions to produce Th22 cells from naive murine CD4* T cells, to
determine whether this cell lineage may be distinct from Th17 cells. To do this, we assessed
combinations of factors known to induce I1L-22 transcription for their ability to differentiate
naive CD4* T cells into Th22 cells. We trialed multiple combinations of factors on naive
CDA4 T cells from our dual-reporter mice and assessed the impact on both IL-22 and IL-17A
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production (Fig. 1A). As a control, Thl, Th2, and Th17 cells were generated under standard
published conditions /n vitro and produced minimal amounts of IL-22. As previously
reported 18,22,23, IL-6 alone induced IL-22 expression (Fig. 1A). However, induction was
relatively weak and was not enhanced by the addition of TNF-a (Fig. 1A). Optimal IL-22
induction was achieved by a combination of four factors (IL-6, IL-23, IL-1B, FICZ; Fig.
1A). However, these conditions also induced substantial IL-17A production (~10% IL-17A*
cells), albeit at lower levels than observed under standard Th17 culture conditions. Further
addition of an anti-TGF-f antibody partially suppressed IL-17A production, while addition
of a small molecule inhibitor of TGF-p receptor signaling (TGF-BR inhibitor;
galunisertib)24 almost completely abrogated I1L-17A production, without inhibiting 1L-22
production (Fig. 1A). Based on these findings, in further experiments, we defined “Th22
differentiation conditions” as IL-6, 1L-23, IL-1p, FICZ and Galunisertib (highlighted as
Th22 in Fig. 1A). Assessment of cytokine protein levels in culture supernatants confirmed
dichotomous levels of IL-17A/F and IL-22 protein in Th17 and Th22 conditions,
respectively (Fig. 1C). Further, IL-13 (Fig. 1C) and granzyme B (data not shown) protein
levels were also increased in Th22 culture conditions compared to Th17, which was
confirmed by quantitative PCR analysis (Supplemental Fig. 1). In Th22 cultures, we
included anti-1L-4 and anti-IFN-vy to limit potential Th2 and Th1 differentiation induced by
endogenous cytokine production, as is standard for Th17 polarization. Administration of
recombinant IL-4 (without anti-1L-4) during differentiation under Th22 conditions reduced
IL-22 expression and increased IL-13 expression (Supplemental Fig. 2A). Similarly,
administration of recombinant IL-12 (without anti-IFN-y) reduced IL-22 expression and
increased IFN-y expression (Supplemental Fig. 2A).

To assess the stability of our /7 vitro generated cells, we initially sorted Th22
(tdTomato*eGFP-) and Th17 (eGFP™) cells from their respective enriched cultures, and then
re-cultured them in neutral conditions with anti-CD3/CD28 for a further 3 days (Fig. 1D).
Under these conditions, Th22 and Th17 cells maintained their respective expression patterns.
To assess whether Th22 cells ever transition through a Th17 differentiation pathway, we
employed a fate reporter mouse (//74°635; 1L-17A tracer) 25, in which IL-17A expression
results in the permanent expression of the red fluorescent protein FP635. As expected, Th17
cells co-expressed IL-17A protein and //174 7535 fate reporter, and a subset of cells under
Th17 conditions expressed //174 7635 but no longer expressed IL-17A (Fig. 1E and F). By
contrast, IL-22-producing cells generated under Th22 culture conditions did not express
FP635/IL-17A tracer, indicating that they had not transitioned through an IL-17-expression
stage (Fig. 1E and F).

Transcriptional profiling reveals differences between Th17 and Th22 cells

We next sought to profile gene expression in Th17 and Th22 cells, using cells from our dual
reporter mice. We initially purified Th17 (IL-17A%*) and Th22 (I1L-22*I1L-17A") cell
populations generated in vitro (Fig. 2A, sorting strategy). We then performed whole-genome
microarray analysis and compared mRNA expression profiles of naive CD4* T cells, to
sorted Th17 cells and Th22 cells. Comparable numbers of differentially expressed genes
were identified when comparing Th17 or Th22 cells to naive CD4* T cells (2524 and 2383
respectively, > 2-fold difference, p<0.05) (Fig. 2B). Comparison between Th22 and Th17
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cells identified 287 genes as differentially regulated (>2-fold difference, p<0.05)
(Supplemental Table I). Th17 signature genes, including //17a, 1117f, 1121, Roraand Rorc
were increased in Th17 cells, compared to Th22 cells (Fig. 2D). Among Thl and Th2
signature genes, only //9expression was increased in Th17 cells and /13 expression was
increased in Th22 cells.

Interestingly, some of the most differentially expressed genes between Th17 and Th22 cells
were transcription factors and Th signaling molecules, such as AAr, Maf, Rorc and Tbx21
(Fig. 2C, D, F). Neither Mafnor Foxp3were induced in Th22 cells. Th22 cells had
significantly lower Rorc and significantly higher expression of 76x21, when compared to
Th17 cells. gRT-PCR analysis confirmed differential expression of Th cell signature genes
between purified populations of Th17 and Th22 cells (Fig. 2E), with increased expression of
I117a/f; Ahr, Mafand Rorcin Thl7 cells and increased //22, Thx21, granzymes (particularly
Gzmb) and //13in Th22 cells (Fig. 2E, F). As Th cells exert much of their function through
secretion of modulatory proteins, we also performed an analysis of genes differentially
expressed between Th22 and Th17 cells for genes predicted to produce secreted proteins
(Supplemental Table II). This analysis identified increased expression of //17a/f, 119, 1110
and 16 additional genes in Th17 cells (>2-fold difference, p<0.05; Supplemental Table II).
1122, 1113, Gzmb/aand 24 additional genes were increased in Th22 cells over Th17 (>2-fold
difference, p<0.05; Supplemental Table I1).

Th22 cell differentiation is partially dependent on RORyt and is negatively regulated by

Tbet

We next sought to determine the transcriptional requirements for Th22 cell differentiation.
As the transcription factors RORyt and Thet were differentially expressed between Th22,
Th17 and naive CD4"* T cells, we purified and differentiated naive CD4* T cells from
Rorc(yt)- and Tbx21- deficient mice and evaluated the effect on Th cell differentiation. As
expected, IL-17A expression in Th17 culture conditions and IFN-y expression in Thl
culture conditions was dramatically diminished in the absence of ROR-yt and Thet,
respectively (Fig. 3A, 3B). Loss of Rorc(yt) partially reduced IL-22 expression under Th22
culture conditions (Fig. 3A, 3B), suggesting that ROR vyt is required for IL-22 production
and/or Th22 cell differentiation, albeit to a lesser degree than in Th17 cells. Critically,
culturing 7bx21-deficient cells under Th22-inducing conditions resulted in a >2-fold
increase in CD4*1L-22* cell numbers, compared to wildtype cells (Fig. 3A, 3B), suggesting
that Thet expression strongly suppresses 1L-22 production during Th22 differentiation. By
contrast, Th17 cells were unaffected by the loss of Thet expression and developed normally
under Th17 conditions (Fig. 3B). This was supported by the observation that Tbet deletion
had no impact on AhAr, Mafor Rorclevels in Th17 cells (Fig. 3C). Tbx21-deficiency did not
alter the levels of the transcription factors Ahr, Maf, or Rorcin Th22 cells, and 7bx21-
deficiency induced only a small increase in Rorcexpression in Thl cells (Fig. 3C). This data
suggests that Thet plays a critical role in Th22, but not Th17 cell differentiation.

Th22 cells demonstrate plasticity to Thl or Th2-like cells in vitro

To investigate the potential plasticity of differentiated Th22 cells, we again FACS-sorted
dual-reporter cells from enriched cultures, and re-exposed them to Th polarizing conditions
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in vitro. Naive CD4* T cells were initially activated in the presence of Th22-polarising
conditions (IL-1pB, IL-6, IL-23, FICZ and Galunisertib) or Th17-polarising conditions (IL-6,
IL-1pB, and TGF-B), rested, and sorted for IL-17A* (eGFP*;Th17 cells) or IL-22*/IL-17A
(tdTomato*/eGFP-;Th22 cells), respectively. Each cell population was then re-stimulated
under ThO, Th1, Th17 or Th22 conditions for 3 days and assessed for reporter expression
and levels of intracellular cytokines. Th17 and Th22 cells maintained their phenotype when
re-stimulated under ThO, Th17 or Th22 conditions, as indicated by their reporter expression
levels (Fig. 4A-C). A small increase in IL-17A production was observed in Th22 cells after
re-stimulation in Th17 conditions, although 1L-22 levels were unaffected (Fig. 4A, 4C).
Interestingly, under Thl conditions (known to induce Thet expression 26), both
differentiated Th17 and Th22 cells dramatically increased IFN-y expression (~30-50% IFN-
v*, respectively), with respective decreases in IL-17A and 1L-22 production (Fig. 4A-C). In
separate experiments, cultures of differentiated Th22 cells were purified and re-stimulated
under Th2 culture conditions leading to increased I1L-13 expression, and decreased 1L-22
expression (Supplemental Fig. 2B-D). Cultures of Th17 cells purified and re-stimulated
under Th2 conditions induced a much lower level of IL-13 expression (Supplemental Fig.
2B-D).

Th22 cells transition to produce IFN-y in an antiviral Thl-environmentin vivo

Given the negative regulation of Th22 cells by Thet and demonstrable plasticity under Thl
conditions /n vitro, we next assessed whether similar plasticity occurs /in vivo. For this
purpose, we bred //17£CFP x j/22d4Tomato reporter mice onto an OT-11 TCR-transgenic
background (CD45.2) to enable the generation of antigen (chicken ovalbuming,s_33g
(OVA))-specific Th22 and Th17 cells in vitro. FACS-purified Th17 or Th22 cells specific for
OVA3»3_339 peptide were then transferred into naive CD45.1 recipients. Wild-type CD45.1
recipients, rather than Rag-deficient mice, were chosen to avoid the complicating effects of
homeostatic proliferation of transferred T cells. Three days prior to the cell transfer,
recipient mice were infected with OVA3,3_339-expressing influenza A (Fig. 5A), to create a
strong Thl-inducing antiviral environment in the presence of OVA Ag. At the peak of
inflammation (day 8), lung cells were isolated to assess the fate of the transferred CD45.2*
Th17 and Th22 cells. Th17 cells largely maintained IL-17A expression in this IFN-y-high
environment, with low levels of IFN-y expression (Fig. 5B-D). By contrast, transferred
Th22 cells completely lost all IL-22 production and approximately half of these cells
expressed high levels of IFN-y (but not IL-17A) (Fig. 5B-D).

Discussion

Th22 cells have been identified in humans and mice and their presence is associated with a
variety of diseases 9,18,27. However, conditions that allow for the /n vitro generation and
isolation of Th22 cells, in order to study their individual function, molecular phenotype, and
distinction from Th17 cells have not been specifically defined. Many factors have been
suggested to induce the expression of IL-22 in activated CD4* T cells, including I1L-1p,
IL-6, IL-21, IL-23, TNF-a and aryl hydrocarbon receptor (AhR) ligands such as FICZ
18,22,28. However, these factors induce low levels of 1L-22 and low frequencies of 1L-22-
producing Th cells or also induce expression of IL-17A in the same cell (Th17 cells).
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Furthermore, it has been suggested that 1L-22 production can be inhibited by only trace
amounts of recombinant TGF-B, a critical cytokine for the generation of Th17 cells 23. Thus
we inhibited TGF-B using a small molecule inhibitor of TGF-P receptor signaling to
suppress Th17 differentiation, in combination with factors that promote I1L-22 production in
our culture system. Our data demonstrate that optimal induction of enriched Th22 cells
(IL-22*1L-17A) without contaminating Th17 cells (IL-17A*IL-22*") can be achieved
through simultaneous stimulation with IL-6, IL-23, IL-1B, FICZ and the TGF-BR inhibitor
Galunsertib (Th22 culture conditions), in the presence of anti-1L-4/IFN-y. Our findings
provide novel culture conditions that enrich for Th22 cells. Importantly, the I1L-22-producing
cells generated in our Th22 enriched culture system displayed no IL-17A tracer (/174 P63%)
expression, indicating that they were not originally derived from, nor did they transit
through, an IL-17A-producing cell type /n vitro. Taken together, this data suggests that Th22
cells may be generated as a potentially distinct lineage from Th17 cells. Our use of dual
IL-22/IL-17A reporter mice allows for accurate identification and isolation of live purified
Th22 cells, without contaminating Th17 cells. These dual-reporter mice will also be useful
for the characterization of Th22 cells /n vivoin different tissues and under varying
inflammatory conditions, as well as characterization of IL-22-producing cells beyond the
Th22 lineage.

We identified major differences in the expression of transcription factors and Th signaling
molecules between Th17 and Th22 cells. Maf, a potent inhibitor of I1L-22 expression known
to be increased in Th17 cells 22, was induced in Th17 but not Th22 cells. TGF-p-induced
suppression of 1L-22 expression is thought to be mediated through the induction of Maf 22
and likely explains the low expression of 1L-22 in the cultured Th17 cells. Interestingly,
BATF, a transcription factor required for the differentiation of IL-17A-producing Th17 cells
29, was not different between Th17 and Th22 cells (data not shown). Th22 cells had
significantly lower Rorcand significantly higher expression of 76x21, when compared to
Th17 cells. We also assessed Bnc2and Foxo4 expression in our cultures, as these factors
have been reported in isolated human Th22 cells 9. Expression of these factors was variable
across varying IL-22-inducing conditions (Supplemental Fig. 1A). Taken together, these
results identify significant transcriptional differences between Th17 and Th22 cells across a
broad range of T cell signature genes including key transcription factors. In addition, we
identified many other interesting genes, such as the cell death-inducing granzymes, Gpri15,
and //13that further distinguish Th22 cells from Th17 cells. In particular, it would be of
future interest to determine whether the cytotoxic molecule Granzyme B, which was absent
in naive and Th17 but highly expressed in Th22 cells, plays a role in the immune function of
Th22 cells.

In functional experiments, deletion of 76x21 in our enriched cultures of Th17 and Th22
cells revealed that IL-22/Th22, but not IL-17A/Th17, were inhibited by Thet expression.
These results contrast with that of Basu et al., who suggested that Thet actually amplifies
IL-22 production 18. The explanation for this may lie in the fact that our /n vitro cultures are
enriched for Th22 cells with minimal contamination with Th17. In addition, we have
directly studied the function of Th22 on an individual cell basis rather than total production
of IL-22 or IL-17A by ELISA, this avoids the issue of dual cytokine producers in mixed
cultures. Finally, our results indicating an inhibitory role of Thet on Th22 are strongly
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supported by the observations, both /n vitro and in vivo, that IFN-y high conditions, which
are known to induce Thet, leads to loss of IL-22 expression. Our data suggests that Thet acts
as a negative regulator of Th22 cell differentiation, potentially controlling the switch
between Th22 and Th1 cells depending on the local inflammatory cytokine milieu.

Studies suggest that Th cell subsets can exhibit plasticity in response to local inflammatory
environments 26. For example, transfer of virus-specific Th2 cells into a strong IFN-y
environment induced by chronic virus infection induces these cells to adopt a Th1-like
phenotype 30. This plasticity of the Th subsets appears to be dependent on the regulation of
transcription factors that function as master regulators (e.g. Th1l/Thet, Th2/GATA3, Th17/
RORyt, and Treg/Foxp3)2. Whether or not Th22 cells possess plasticity, and if so, how this
might be regulated by a signature transcription factor remains unknown. Our data reveals
plasticity of Th22 cells /n vitro, with decreased expression of IL-22 and increased IFN-y
under Thl-polarising conditions and increased 1L-13 expression under Th2-polarising
conditions. It also reinforces the importance of Thet expression in Th22 cells. We observed a
similar effect /n vivoin an antiviral IFN-rich environment, where we found Th22 cells were
plastic and transitioned to an IFN-y-producing Th1 cell phenotype, completely lacking
either IL-17A or IL-22 expression. This effect was much less apparent for Th17 cells,
suggesting that Th22 cells may have a unique propensity for plasticity to Thl. This is
supported by other studies that provide evidence that IL-22-producing Th cells may
potentially be plastic 20,31.

In conclusion, we have identified culture conditions that induce the differentiation of murine
Th22 cells, with minimal contaminating Th17 cells. Molecular profiling provides insight
into the specific identity of Th22 cells, and suggests that Th22 cells may potentially form a
distinct lineage from Th17 cells. We do note that our IL-17A tracing experiments are limited
to /n vitro studies. Further studies are required to demonstrate whether Th22 cells can
differentiate from an IL-17-producing population in different tissues or under differing
inflammatory conditions /n vivo. The transcription factor RORyt is necessary for Th22
differentiation, whilst Thet acts as a negative regulator of development /n vitro. Interestingly,
Th22 cells expressed granzyme B and IL-13, factors associated with host defense and
remodeling of tissue. Furthermore, under Th1-promoting conditions /n vitro as well as in an
IFN-y-rich inflammatory environment /n vivo, Th22 cells displayed marked plasticity
towards the production of IFN-vy, further supporting an important role for Thet in Th22 cell
function. Th22 cells also exhibited plasticity under Th2 culture conditions /in vitro, with
increased I1L-13 expression. We have identified conditions to generate and characterize Th22
cells in vitro that suggest that Th22 cells may develop independently of the Th17 lineage
whilst demonstrating plasticity towards Th1 and Th2 type cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Generation of Th22 cells that appears to be a distinct lineage to Th17 cells
Determination of optimal culture conditions for Th22 cells (IL-1p, IL-6, 1L-23, FICZ and

TGF-BR inhibitor/Galunisertib, with anti-1L-4/IFNy). Percentage of IL-17A* and IL-22*
cells after culturing naive Th cells under various polarizing conditions are graphed (A).
Representative plots of naive Th cells stimulated for 3 d under optimal Th17 conditions or
Th22 conditions (B). Cytokine protein levels in culture SN from naive Th cells stimulated
for 3 d under optimal Th17 conditions or Th22 conditions (C). Naive Th cells from
IL-17eGFP x IL-22tdTomato reporter mice were differentiated with Th17 or Th22
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conditions then FACS sorted to purify Th17 or Th22, respectively. Representative plots of
FACS-sorted Th17 and Th22 cells re-stimulated for 3 d under ThO conditions (D).
Representative plots (E), and percentage quantitation (F) of IL-17A fate mapping reporter
(IL-17A tracer: //174P635) expression versus IL-17A or IL-22 protein expression in naive
Th cells differentiated for 3 d under optimal Th17 or Th22 conditions. Cell populations in
FACS plots are pre-gated on CD4*CD44™" and viable cells. Error bars represent SEM (n=6
per group from three independent experiments). ***p<0.001.
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Figure 2. Transcription profiling in sorted pure Th17 and Th22 cells.
Cultures of enriched Th17 and Th22 cells were generated from IL-17eGFP x IL-22tdTomato

reporter mice using optimal polarizing conditions for the first 3 d, and cells sorted on day 4
for Th17 cells (CD4*CD44*1L-17eGFP*) or Th22 cells

(CD4*CD44*IL-17eGFP IL-22tdTomato*). RNA was extracted from sorted cells and
mRNA analysis performed. Th17 and Th22 enriched cultures before FACS, and resulting
populations after cell sorting (viable cells shown) (A). Overview heatmap showing
differentially expressed mRNAs in sorted naive Th, Th17 and Th22 cells (B). Heatmap with
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33 differentially regulated genes between Th22 and Th17 cells (>6-fold) shown for naive Th,
Th17 and Th22 cells (C). Th cell signature genes (Thl, Th2 and Th17) shown for naive Th,
Th17 and Th22 cells (D). RT-PCR confirmation of cytokine expression (E) and transcription
factors (F) in sorted Th17 and Th22 cells (expression is normalized to naive T cells). Error
bars represent SEM (n=6 per group from three independent experiments). *p < 0.05.
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Figure 3. Transcription factor control of Th17 and Th22 cell differentiation.
Representative plots of WT, Rorc(yt)’ and Tbx21"- Th cells differentiated in each Th

condition (Thl, Th17 and Th22) (A). Cell populations in FACS plots are pre-gated on
CD4*CD44* and viable cells. Quantitation of IL-17*, 1L-22* and IFN-y™ cells under each
Th condition (Th1, Th17 and Th22) for WT, Rorc(yt)" and Tbx217- cells (B) and
differential transcription factor expression assessed by RT-PCR, normalized to the
housekeeping gene Hprt (C). Error bars represent SEM (n=6 per group from three
independent experiments). **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 4. In vitro plasticity of sorted Th22 cells re-stimulated under Thl, Th17 and Th22
conditions.
Cultures of enriched Th17 and Th22 cells were generated from IL-17eGFP x 1L-22tdTomato

reporter mice, using optimal polarizing conditions for the first 3 d, and cells sorted on day 4
for Th17 cells (CD4*CD44*1L-17eGFP*) or Th22 cells
(CD4*CD44*1L-17eGFPIL-22tdTomato™). Purified Th17 and Th22 cells were re-stimulated
under Thl, Th17 and Th22 conditions for a further 3 d and the expression of IL-17A, IL-22
and IFN-vy determined. Representative plots of IL-17eGFP and IL-22tdTomato expression in
re-stimulated, unfixed Th17 and Th22 cells are shown (A). Representative plots of
IL-17eGFP, IL-22tdTomato, and IFN-y expression in re-stimulated, fixed Th17 and Th22
cells are shown (B). Cell populations in FACS plots are pre-gated on CD4*CD44* and
viable cells. Quantification of IL-17eGFP™, IL-22tdTomato™ and IFN-y* cells in sorted
Th17 and Th22 populations re-stimulated under ThO, Th1, Th17 and Th22 conditions (C).
Note that paraformaldehyde fixation interferes with fluorescence from the tdTomato protein
and likely explains the observed decrease in tdTomato signal following intracellular staining
(Figure 4BJ/C). Error bars represent SEM (n=6 per group from three independent
experiments). ***p < 0.001, ****p < 0.0001.
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Figure 5. In vivo plasticity of Th22 cells in a high IFN/Th1-inflammatory environment.
Naive Th cells from IL-17eGFP x IL-22tdTomato x OT-11 TCR-transgenic (CD45.2) mice

were used to differentiate antigen-specific (ovalbumingys_33g) Th17 and Th22 cells. OVA-
specific Th17 and Th22 cells were purified by FACS-sorting before being transferred into
recipient mice (CD45.1) on day 3. Recipient animals were infected with Influenza A (1.4 x
10* pfu of ovalbumingys_339 peptide-expressing influenza A virus; A/HK/x31; H3N2) 3 d
before transfer. Endpoint analysis was performed 5 d after cell transfer. Model schematic
(A). Representative plots of 1L-17eGFP and IL-22tdTomato expression in CD45.2* Th17
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and Th22 enriched cultures before sorting, before adoptive transfer on day 3 (i.e. sorted
Th17 and Th22 cells) (B). Representative plots of IL-17eGFP, IL-22tdTomato, and IFN-y
expression in CD45.2* Th17 and Th22 cells before transfer, and in those cells isolated from
the lungs 5 d after transfer into Influenza A-infected recipient mice (C). All cell populations
in FACS plots are pre-gated on viable cells and after adoptive transfer additionally with
CD4*CD45.2*. Quantitation of IL-17eGFP, IL-22tdTomato, and IFN-y expression in
CD45.2* Th17 and Th22 cells 5 d after transfer into Influenza A-infected recipient mice (D).
Error bars represent SEM (n=6 per group from three independent experiments). ***p<0.001.

J Immunol. Author manuscript; available in PMC 2017 September 01.



Plank et al.

Nucleotide sequence of primers used for gene expression analysis (5’ — 3”)
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Forward primer
GACCAGATTACATCATCGCCACTC
GGAGTCCTAGCCTCCTTGCT
ATCTCCCCATTCCTTGCTCT
GGCGAAAGTGGCAGAGAGGTATT
AGAACCGGCCCCTTATGAA
ATGAAGATCCTCCTGCTACTGCT
AGGCCAGACTTTGTTGGATTTGAA
TCTTGAAAGACAATCAGGCCATCA
AGCTGAGCAACATCACACAAGACC
CAAACATGAGTCCAGGGAGAGCTT
GAAGAAGCAGCCATTGGAGAAAC
GGTGACGACCAGAACATCCAGA
TGTTGACAAGCAATGAGACGATGA
AGGGACGCCTACAAGGAGAAAT
CCGCTGAGAGGGCTTCAC
TCAACCAGCACCAGACAGAGATG

Reverse primer
GTTGCTTTTGGTGCGTATTGGTAG
AAGCAGAAATGCAAGGCTGT
CCCTTCTCCTGCTGACAAAG
GGCATTGGGTTCTTGTCAGAGG
AGTTCGCGCAGGATGTCC
CTTGATCGAAAGTAAGGCCATGT
CAACTTGCGCTCATCTTAGGCTTT
GAATCAGCAGCGACTCCTTTTCC
TGGGCTACTTCGATTTTGGTATCG
ACTGAGCTTCCCAGATCACAGAGG
AAGTCCCAACATCAACAGTAGCA
AGAGACATAAACAGCAGGTCCAGT
AATAGCATTTCCACAGTACCCCCA
CCCACGGAGCATTTAACAAGGT
TGCAGGAGTAGGCCACATTACA
CACCAAGACCACATCCACAAACA
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