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ARTICLE
T-helper 22 cells develop as a distinct lineage from Thl7 cells

during bacterial infection and phenotypic stability 1s regulated
by T-bet

Jessica L. Barnes'?, Maximilian W. Plank’23, Kelly Asquith'?, Steven Maltby'?, Lorena R. Sabino'?, Gerard E. Kaiko'?, Alyssa Lochrin'?,
Jay C. Horvat'?, Jemma R. Mayall'?, Richard Y. Kim'*>, Philip M. Hansbro*?, Simon Keely®®, Gabrielle T. Belz’#®, Hock L. Tay'? and
Paul S. Foster'?

CD4* T-helper 22 (Th22) cells are a phenotypically distinct lymphocyte subset that produces high levels of interleukin (IL)-22
without co-production of IL-17A. However, the developmental origin and lineage classification of Th22 cells, their interrelationship
to Th17 cells, and potential for plasticity at sites of infection and inflammation remain largely undefined. An improved
understanding of the mechanisms underpinning the outgrowth of Th22 cells will provide insights into their regulation during
homeostasis, infection, and disease. To address this knowledge gap we generated ‘IL-17A-fate-mapping IL-17A/IL-22 reporter
transgenic mice’ and show that Th22 cells develop in the gastrointestinal tract and lung during bacterial infection without
transitioning via an Il17a-expressing intermediate, although in some compartments alternative transition pathways exist. Th22-cell
development was not dependent on T-bet; however, this transcription factor functioned as a promiscuous T-cell-intrinsic regulator
of IL-17A and IL-22 production, in addition to regulating the outgrowth, phenotypic stability, and plasticity of Th22 cells. Thus, we
demonstrate that at sites of mucosal bacterial infection Th22 cells develop as a distinct lineage independently of Th17 cells; though
both lineages exhibit bidirectional phenotypic flexibility within infected tissues and their draining lymph nodes, and that T-bet
plays a critical regulatory role in Th22-cell function and identity.

Mucosal Immunology (2021) 14:1077-1087; https://doi.org/10.1038/s41385-021-00414-6

INTRODUCTION
CD4" T-helper lymphocytes (Th cells), under strict regulation,
enable immunological specificity and diversity to orchestrate
appropriate immune responses to external challenge. Divergent
differentiation programs, directed by cell-extrinsic and -intrinsic
factors, give rise to distinct and highly specialized Th subsets
known as Th1, Th2, Th17, Th9 and follicular T-helper lineages, that
are well characterized." A Th22-cell subset, originally identified in
patients with inflammatory skin disease,>™ has also been proposed
based on their predominant interleukin (IL)-22 production.
Although Th22 cells are associated with a range of bacterial
infections®” and immune disorders including psoriasis,> atopic
dermatitis (AD)* and asthma,®° our understanding of their
differentiation, regulation, and immunological role remains limited.
This is attributable to our inability to directly identify and isolate
Th22 cells from complex inflammatory milieus and discern their
relative contributions in relation to all other IL-22 producing cells.
IL-22 is considered a critical conduit between the immune
system and barrier tissues, due to the limited expression of its
cognate receptor, IL-22RA1, on non-immune cells such as
epithelial cells of the respiratory and gastrointestinal (Gl) tracts."

IL-22 may have protective or deleterious functions contingent on
the disease context, inflammatory milieu and cellular source."' ">
The contribution of Th22-cell-derived IL-22 to effector functions
remains unknown as Th17 cells (produce IL-17A, IL-17F and IL-
21'%), y6 T cells, and innate lymphoid cells (ILCs) also produce this
cytokine.'® The presence of Th22 cells (which do not produce IL-
17A, but may have variable IFNy production)**#'” at mucosal sites
and their ability to upregulate antimicrobial factors from epithelial
cells suggest important roles in adaptive host defense. Definitive
evidence of a direct role during infectious disease is limited to a
single elegant study whereby transfer of in vitro generated Th22
cells provided protection to IL-22-deficient hosts against Citro-
bacter rodentium (Cro) infection of the Gl tract, which was not
afforded by Th17 cell-derived IL-22."> However, the use of mixed
populations of Th cells, owing to insufficient tools to isolate pure
populations of in vitro generated Th22 cells, limited the specificity
of the aforementioned study, and the plasticity of the transferred
cells was not assessed.

As the discovery of the Th17-lineage'®'® predates that of Th22
cells, functions ascribed to Th-derived IL-22 have historically
been linked to Th17 cells."®%° Furthermore, available evidence
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based on /22 fate-mapping studies has suggested that Th-
derived IL-22 during infection may be transiently associated with
Th17 cells rather than a dedicated Th22 lineage.?’ Notably, Th22
cells accumulate at sites of inflammation, both alongside Th17
cells and independently of IL-17A co-expression in multiple
contexts.>>81>21"23 |n common with Th17 cells, Th22-cell
differentiation is contingent on IL-6 signaling and supported by
IL-18 and 1L-23.">2*5 However, TGFB signaling acts as a critical
molecular switch, potently suppressing Th22 differentiation
in vitro, while promoting Th17 cell outgrowth,'>*24?7=31 and
similarly induces Th17 cell differentiation and their production of
IL-22 in vivo, but not that of Th22 cells.”® As developing Th17
cells retain considerable plasticity,>*® it may be that Th17-
precursors (Th17p) acquire a Th22 phenotype, contingent on
TGFp signaling or other environmental cues. However, we have
previously demonstrated that Th22 development occurs without
transitioning via an Il17a-expressing stage in vitro, suggesting
that Th22 cells may represent a distinct lineage in vivo.*
Furthermore, analysis of putative Th22 cells isolated from
inflamed human skin® and cell cultures'?* identified unique
molecular profiles by contrast to Th17 cells. Whether Th22 cells
represent a distinct lineage or an intermediary of the Th17-
lineage in vivo remains unclear.'>'72'32

In contrast to other Th lineages,' a unique transcriptional
signature sufficient to specify the Th22-cell program has not been
identified, though multiple transcription factors positively regulate
their IL-22 production in vitro, including Runx1,*® Ror\(t,24'33 HIF-
1a,** and AhR>'> While we have shown that T-bet potently
suppresses Th22-cell differentiation in vitro,>* others have shown
Th22 development in vivo is dependent on this transcription
factor.'” Delineating the contribution of T-bet in Th22 cells during
their developmental program in vivo in response to infection will
provide important insights into the regulation of transcription and
plasticity of this cell.

Currently, there is no unified understanding of the development
of Th22 cells as a distinct lineage in vivo, their interrelationship
with Th17 cells or phenotypic stability, during microbial infections.
Here we performed a detailed characterization of the relationship
between Th17- and Th22-cell development in the GI tract and
lung following bacterial infection. Collectively our data demon-
strate, for the first time, that Th22 cells (defined as IL-227IL-
17A"CD4" T cells) develop as a stable lineage distinct from Th17
cells during bacterial infection, and identify a critical role for T-bet
as a negative regulator of Th22-cell development and plasticity.

RESULTS

To definitively and directly map the spatial distribution and origins
of Th22 cells in vivo, we generated a transgenic mouse strain by
crossing an 1117a°¢FP1122197°™ dual-reporter®® with an IL-17A fate-
mapping strain (Th17-lineage®™; 1117a“" R26R°YT">>), referred to
as triple-reporter mice. This unique system enables direct
visualization of active IL-17A and IL-22 expression via eGFP and
tdTomato fluorescence, and identification of cells with previously
activated /l17a gene-expression via eYFP.

We first characterized triple-reporter Th cells in our culture
system.* Under Th22 differentiation conditions, we identified a
distinct population of putative Th22 cells that were IL-22 positive
without current or previous IL-17A production (eYFP-eGFP-tdTom+)
(Supplementary Fig. 1). Thus, the Th triple-reporter system enables
quantification of active IL-17A and IL-22 expression and previous IL-
17A expression, and confirms our previous findings that Th22 cells
develop independently of the Th17 lineage in vitro.**

Distinct Th22 cells develop in vivo following Gl Citrobacter rodentium
infection that do not transition via an IL-17A-expressing stage

Although Th22 cells have been reported to emerge in the Gl tract
and gut-associated lymphoid tissues (GALT) during the mid-to-late
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phase of Cro infection (8-21 days post infection (dpi)) and may
play a direct role in host protection via IL-22,'>2'?73% their
developmental origin and interrelationship with Th17 cells
remains unresolved. We initially assessed the emergence of
Th17 and Th22 cells during Cro infection of dual-reporter
(117a°°P1122'97°™) mice. Robust populations of both subsets
emerged in the colon lamina propria (CLP), mesenteric lymph
nodes (MLN) and Peyer’s patches (PP) at 14 and 19 days after Cro
infection (Supplementary Fig. 2).

Next, we performed Th17-lineage tracing in Th-cell (CD3+CD4+
TCRB+) subsets from triple-reporter mice 14 days after Cro
infection and revealed that populations of Th17 cells producing IL-
17A alone (9.5% +0.9), or together with IL-22 (18.7% =1.5),
accumulated in the CLP, the majority of which (90.1% +2.6 and
84.0% +5.1, respectively) were eYFP+ (Fig. 1a, b). There was a 90%
concordance between the IL-17A reporters, confirming reports
that the fidelity of the fate-mapping mouse is much higher in the
in vivo setting compared to in vitro cultures.>®> Within the CLP, Th
cells actively expressing IL-22 and not IL-17 were equally split
between eYFP+ (7.9% %0.6; Th22 cells derived from Th17p cells,
that have ceased active IL-17A production) and eYFP— (7.4% +0.4;
putative Th22 cells developing independently of //17a expression)
(Fig. 1a, b).

By contrast to the CLP, few Th cells in the MLN expressed the IL-
17A fate-mapping locus (1.4% +0.7) and cells expressing active IL-
17A were negligible (Fig. 1¢, d). IL-17-IL-22+ cells represented the
highest frequency (2.3% +0.3) of cytokine-reporting MLN Th cells,
the majority having developed independently of //77a expression
(eYFP-; 84.5% +1.0; Fig. 1¢c, d). We also observed a lack of IL-17A
fate-mapped Th22 cells in MLN at O, 4, and 8 days after Cro
infection (Supplementary Fig 2) indicating this population does
not develop in MLN during infection before egress to effector
tissues. Among PP Th cells, 6.1% 0.9 of cells expressed the IL-17A
fate-mapping locus and 29.9% +3.0 of these cells co-expressed IL-
17A and IL-22, whereas 14.9% +1.7 expressed IL-17A alone (Fig. Te,
f). Like the MLN, the highest frequency of cytokine-reporting Th
cells in the PP exhibited a Th22 phenotype (eGFP-tdTom+; 5.8%
+0.8) and importantly, 77.9% +1.7 of these cells were eYFP—
(Fig. 1e, f). Collectively, this provides the first evidence that a
distinct population of Gl Th22 cells develop independently of Th17
cells during Cro infection. Further, we demonstrate considerable
Th17 cell phenotypic flexibility toward a Th22-like phenotype
during infection, particularly within the CLP.

Th22 cells develop independently of IL-17A expression/Th17
differentiation during respiratory Chlamydia muridarum infection
Although IL-22 is important for host protection against a range of
pulmonary bacterial pathogens,?**”~* the cellular source of IL-22
during respiratory infection is poorly defined, and no studies have
examined Th22-cell development in this context. Thus, we
performed flow cytometry of lung cells from dual-reporter
(117a°°FP1122%97°mat) mice (to allow additional cell surface marker
staining of relevant lung immune cell subsets) in a model of
experimental bacterial pneumonia using the obligate intracellular
mouse pathogen Chlamydia muridarum (Cmu).

Following Cmu infection, ILCs (Lineage-CD90.2+-CD127+), y&
T cells (CD3+4-CD4-y8TCR+) and Th cells were all detected among
CD45* lung cells. Numbers of ILCs and y& T cells (early responding
cells) peaked, then contracted, by 8 dpi (Fig. 2a, b). By contrast, Th
cells (generation of the adaptive response) peaked at 8 dpi and
remained elevated at 14 dpi (Fig. 2a, b). While IL-17A-producing y&
T cells were present at all time points, these cells did not
contribute significantly to IL-22 production (Fig. 2a, c) (nor did NK
cells, CD45+NK1.1+, data not shown). Between 4 and 14 dpi, both
ILCs and Th cells produced IL-22, however, Th cells were the more
abundant source of IL-22 (Fig. 2a, c). Th cells present 8 dpi,
included 4.9% +0.8 IL-17A+IL-22—, 2.9% +0.7 IL-17A+IL-224 and
4.0% +0.9 IL-17A-IL-22+ cells (Fig. 2a, ). At 14 dpi, Th22-cell
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expressing stage. Triple-reporter (//17a“"*Rosa26°Y""1117a°°122'9T°™) mice were orally gavaged with 1x 10° colony-forming units (cfu)
Citrobacter rodentium, then live Th cells (CD3-+CD4+TCRp+) isolated at 14 days post infection (dpi) from colon lamina propria (CLP; a n =15),

mesenteric lymph nodes (MLN; ¢ n = 14) and Peyer’s patches (PP;e n=1

2) and analyzed by flow cytometry. Shown is representative reporter

for Th17-lineage (eYFP; a, ¢, e; left-panels) or IL-17A (eGFP) and IL-22 (tdTom; a, ¢, e; right panels) and corresponding quantifications. Red gate

indicates putative Th22 cells (eYFP-eGFP-tdTom+). Numbers in plots

indicate relative percentages of parent-gate inside gate/quadrant.

Graphs indicate mean + SEM and each symbol represents one mouse. Results pooled from three independent experiments. b, d, f Relative
proportion of cytokine-reporting cells among total Th cells in a, ¢, and e within the CLP (b), MLN (d) and PP (f). Outside ring indicates eYFP,
inside pie indicates eGFP and tdTom. Data indicate absolute mean. * represents p < 0.05, **p < 0.01, ****p < 0.0001 by One-way ANOVA with

Tukey correction. See also Fig. S2.

frequency markedly decreased (2.0% +.3; Fig. 2a, c). Thus, while
multiple immune cell subsets contribute to lung IL-22 production
during Cmu infection, most IL-22 production was attributable to
Th22 cells.

Next Cmu-infected triple-reporter mice were used to deter-
mine the origin of Th22 cells in the lung compared to that in the
Gl tract following Cro infection. Flow-cytometric analysis
revealed that among total lung Th cells at 8 and 14 dpi, only a
small proportion of cells were eYFP+ (2.5% +0.3 and 4.8% +0.5,
respectively; Fig. 2d, e). Some discordance between the two IL-
17A reporter constructs was evident among putative lung-Th17
cells at 8 dpi, with 60.0% +2.6 of cells actively expressing IL-17A
being eYFP- (Fig. 2d, h). At 14 dpi, concordance between the IL-
17A reporters improved, whereby 62.5% +0.8 of GFP+ Th17 cells
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co-expressed eYFP (Fig. 2e, h). Most putative lung Th22 cells at 8
dpi were eYFP— (93.9% +0.4), which was sustained at 14 dpi
(84.7% £1.0; Fig. 2d, e, h). In the mediastinal lymph nodes (mLN),
we noted a distinct lack of either current or previous IL-17A
expression among Th cells. Further, most cytokine-reporting
mLN Th cells exhibited a Th22 phenotype, without eYFP
expression (Fig. 2f, g, h). These data show for the first time
that Th22 cells are present in both lung and draining lymphoid
tissues following Cmu infection, arising primarily via a pathway
independent of current or previous IL-17A expression. Further,
the pronounced Th17-to-Th22-cell phenotypic flexibility
observed following bacterial infection in the Gl tract appears
to be absent in the respiratory compartment in response to Cmu
infection.
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The transcription factor T-bet regulates Th17- and Th22-cell
development in vivo

Next, to clarify the role of T-bet in regulating our distinct
population of pulmonary Th22 cells that emerge following Cmu
infection, T-bet-deficient (Tbx27~/~117a%FP1I22*™™) and T-bet-
competent (Tbx21"/*1117a°771j22'97°™) _dual-reporter mice were
infected with Cmu and assessed 8 dpi. Elevated IL-17A and IL-22
protein levels (11.3- and 6.5-fold, respectively) were detected in

o
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lung homogenates from T-bet-deficient mice, compared with
T-bet-competent controls (Fig. 3a). Similarly, the frequency of IL-
17A+ (eGFP+) and IL-22+ (tdTom+) lung cells was increased in
T-bet-deficient mice (7.0- and 9.6-fold, respectively; Fig. 3d, e).
Importantly, these T-bet-dependent differences were not
observed in the absence of infection (data not shown). Higher
frequencies of IL-17A (12.5-fold) and IL-22 (4.5-fold) expressing
cells were also present in the mLN of T-bet-deficient mice (Fig. 3d,

Mucosal Immunology (2021) 14:1077 - 1087
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Fig.2 Th22 cells develop independently of IL-17A expression/Th17 differentiation following respiratory Chlamydia muridarum infection.
Dual-reporter (i/17a°°il22""™™) mice received 300 inclusion-forming units (IFU) of Chlamydia muridarum (Cmu) intranasally (i.n.) then were
assessed at 0 (uninfected), 4, 8 and 14 days post infection (dpi; n = 6/time-point). Lung cells were isolated, stained for surface markers then
analyzed by flow cytometry. a Representative reporter for IL-17A (eGFP) and IL-22 (tdTom) within living innate lymphoid cells (ILCs; a, left-
panels), Y8 T cells (a, middle-panels) and Th cells (a, right panels). b Absolute numbers of lung- ILCs (b, left panel), yd T cells (b, middle panel)
and Th cells (b, right panel). Symbols indicate mean + SEM. ¢ Corresponding quantifications of cytokine-reporting cells in (a). Bars indicate
mean + SEM, each dot represents one mouse. Data represent two independent experiments. d-g Triple-reporter (I/17aRosa26°"7il17a%"
Pil22‘dT°’") mice received 300 IFU Cmu i.n. and live Th cells from lungs and mediastinal lymph nodes (mLN) at 8- (n=10 and n=11) and 14-
(n =14 and n = 14) dpi were analyzed by flow cytometry. Representative reporter for Th17-lineage (eYFP; d, e, left-panels; f, g, top-panels) or
IL-17A (eGFP) and IL-22 (tdTom; d, e, right panels; f, g, bottom panels) in indicated populations and corresponding quantifications of cytokine-
reporting cells. Red gate on flow-cytometry plots indicates putative Th22 cells (eYFP-eGFP-tdTom+). Bars in graphs indicate mean + SEM
pooled from three independent experiments where each dot represents one mouse. h Relative proportion of cytokine-reporting cells among
total Th cells in (d-e). Outside ring indicates eYFP, inside pie indicates eGFP and tdTom. Data are absolute mean. Numbers in plots are relative
percentage of parent-gate inside gate/quadrant. * represents p < 0.05, **p < 0.01, ****» <0.0001 by One-way ANOVA with Tukey correction.

f). Notably, there was a reduction, but not complete abrogation, of
IFNy in the lungs of infected T-bet-deficient mice (3-fold; Fig. 3a).
IL-17A and IL-22 were also elevated in culture supernatants of T-
cell specific (i.e., anti-CD3/CD28) restimulated lung (11.2- and 9.1-
fold, respectively) and mLN (4.1- and 5.8-fold, respectively) cells
isolated from T-bet-deficient mice, whilst IFNy levels were reduced
(2.6-fold in lung and 1.7-fold in mLN cells; Fig. 3b, c). These data
suggest that during Cmu infection, T-bet acts to constrain T-cell-
derived IL-17A and IL-22 production, alongside a well-recognized
role in regulating IFNy production.

Next, we specifically compared the frequency of IL-17A and IL-
22 producing Th cells during Cmu infection. T-bet deficiency
markedly increased the frequency of Th17 cells producing IL-17A
alone (6.9% +0.4 vs. 4.4% +0.5), or co-producing IL-17A and IL-22
(43.3% £3 vs. 2.9% %0.5) and putative Th22 cells (13.7% +0.7 vs.
4.4% +0.4; Fig. 39, h), compared with T-bet-competent mice. These
three cell profiles were also increased in mLN of T-bet-deficient
mice, with the most prominent effect observed in numbers of
Th22 cells (4.2% +0.4 vs. 1.2% +0.2; Fig. 3g, i). Thus, elevated T-cell-
derived IL-17A and IL-22 protein levels in infected T-bet-deficient
mice were associated with increased frequencies of Th17 and
Th22 cells. These findings provide new evidence that T-bet plays a
role in negatively regulating Th22 lineage development in vivo
and further evidence of an analogous role in Th17 cells.

T-bet regulates phenotypic stability and flexibility of Th17 and
Th22 cells via a T-cell-intrinsic mechanism

The enhanced effect of T-bet deficiency on Th17/Th22-cell
function during Cmu infection may be a consequence of a
reduced IFNy/type 1 environment, or due to an intrinsic Th-cell
defect. To explore this, we isolated Th17 and Th22 cells from the
lungs of Cmu-infected T-bet-competent or -deficient dual-reporter
mice by FACS at 8 dpi, and transferred them into B6.CD45.1
congenic T-bet-competent recipients, which had been infected
with Cmu 5 days earlier (Fig. 4a, b). We recovered donor CD4"
T cells (CD4+4-CD45.2+) from recipient lungs 3 days post transfer
and assessed their production of IL-17A and IL-22 reporters by
flow cytometry (Fig. 4a, d). Purity of donor cells was routinely
>90% (Fig. 4c).

Recovered T-bet-competent donor-Th17 cells largely main-
tained their expression of IL-17A alone (37.5% =+1.3), though
61.6% +1.4 of cells lost IL-17A production and acquired a double-
negative phenotype (Fig. 4d, e, g). Comparatively, 86.6% +2.0 of
recovered T-bet-deficient donor-Th17 cells maintained IL-17A
production and only 12.5% +1.6 acquired a double-negative
phenotype, while 4.1% +0.8 acquired IL-22 production (Fig. 4d, e,
g), corroborating previous reports that T-bet acts to constrain
mechanisms of IL-177A and IL-22 production by Th17 cells
in vivo."%*" Critically, neither T-bet-sufficient nor -deficient-Th17
cells gave rise to Th22-like cells, directly supporting evidence from
our fate-mapping experiments, showing that Th22 cells in the
respiratory compartment are not derived from Th17p cells during
bacterial infection.
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Among recovered T-bet-competent donor-Th22 cells, 17.4%
+0.7 maintained their phenotype, exclusively producing IL-22.
Thus, a proportion of the transferred Th22 cells exhibit lineage
commitment and phenotypic stability (Fig. 4d, f, g). However,
recovered T-bet-competent donor-Th22 cells also displayed
instability after transfer, of which 78.1% +0.7 acquired a double-
negative phenotype (Fig. 4d, f, g) and 4.5% +0.2 acquired IL-17A
production, both with and without maintenance of IL-22
production, which indicated a degree of plasticity toward a Th17
phenotype (consistent with our in vitro findings). Compared to T-
bet-competent donor-Th22 cells, this Th17-skewing was exagger-
ated amongst T-bet-deficient donor-Th22 cells, which gave rise to
large populations of both IL-22-producing Th17 cells (22.0% +1.4)
and Th17 cells that had ceased IL-22 production (8.6% +0.6; Fig.
Figure 4d, f, g). Amongst T-bet-deficient donor-Th22 cells, over
half (53.2% +1.1) maintained IL-22 production, of which 58.5%
+2.6 maintained a Th22 phenotype (Fig. 4d, f, g). We noted that
the transition of Th22 donor cells toward a double-negative
phenotype was markedly reduced in T-bet-deficient donor-Th22
cells (38.17% %1.3; Fig. 4d, f, g). Collectively, our data identify a
major T-cell-intrinsic role for T-bet in influencing IL-17A and IL-22
production by Th17 and Th22 cells, in addition to regulating the
frequency, phenotypic flexibility and stability of each lineage
during respiratory infection.

T-cell-intrinsic T-bet suppresses transcription of Th22-promoting
factors

Finally, we explored cell-intrinsic factors which may be
involved in T-bet-mediated suppression of Th17- and Th22
responses during Cmu infection by comparing gene-expression
signatures of Th17 and Th22 cells purified by FACS from the
lungs of Cmu-infected T-bet-competent or deficient dual-
reporter mice at 8 dpi. T-bet-deficient-Th17 cells exhibited
increased expression of Rorc, ll6ra and Il17a whilst T-bet-
deficient-Th22 cells had increased expression of Rorc, 1123r, Il1r1
and /122, compared to T-bet-competent cells (Fig. 5). This data
suggests that T-cell-intrinsic T-bet mechanistically suppresses
expression of factors known to promote Th17 and Th22-cell
development, and directs divergent transcriptional program-
ming between these two lineages.'>?%334%4! Transcript levels
of other key Th17/Th22-associated genes Runx1, Maf and Ahr
were similar in both Th17- and Th22- cells and their expression
was unaffected by the absence of T-bet (Fig. 5).

DISCUSSION

Th22 cells accumulate at sites of infection and in a range of
chronic inflammatory disorders. However, the developmental
origin and lineage classification of Th22 cells, their interrelation-
ship with Th17 cells, role in total production of IL-22 and potential
for phenotypic plasticity remain largely undefined. We have
provided new evidence that Th22 cells generated in the mucosa
and associated lymphoid tissues in response to bacterial infection
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Fig. 3 The transcription factor T-bet regulates Th17 and Th22-cell development in vivo. a-c T-bet -competent (Tbx21+/+) or -deficient
(Tbx21—/-), dual-reporter (IL-17ASFPIL-229T°™) mice received 300 inclusion-forming units (IFU) of Chlamydia muridarum (Cmu) intranasally,
then were assessed at 8 days post infection. Cytokine concentration in whole-lung homogenates (a n = 5-6) and in supernatants of ex vivo T-
cell-specific stimulated lung (b n = 5-6) and mediastinal lymph node (mLN; ¢ n = 5-6) cultures as determined by ELISA. Bars indicate mean +
SEM and each symbol represents one mouse. Data are representative of two independent experiments. d-i Cells were isolated from lung and
mLNs and analyzed by flow cytometry. Representative reporter for IL-17A (eGFP) and IL-22 (tdTom) in total living lung (d, left-panels) and mLN
(d, right panels) cells and corresponding quantifications in (e n = 10-14, f n = 10-13). g Representative reporter for IL-17A and IL-22 in living
lung (g, top-panels) and mLN (g, bottom panels) -Th cells (CD3+CD4+TCRp+) and corresponding quantifications in (h; n=10-14, i; n=
10-13). In the graphs bars indicate mean + SEM and each symbol represents one mouse. Data are pooled from two independent experiments.
Numbers in plots are relative percentages of parent-gate inside gate/quadrant. * represents p < 0.05, **p < 0.01, ***p < 0.0001, ****p < 0.0001

by Student’s t test (a-c) or one-way ANOVA with Tukey correction (e, f, h, i).

constitute a distinct cellular lineage and identify a previously
unappreciated role for T-bet as a potential regulator of phenotypic
stability and plasticity of these cells in vivo.

Several studies have reported distinct culture requirements for
the generation of IL-17A+IL-22+ (Th17) or IL-17A-IL-22+ (Th22)
cells in vitro.”>?*?*?® We have previously demonstrated that
in vitro generated Th22 cells, like Th17 cells, are a distinct lineage
that possess developmental plasticity.* Our next step was to
determine if Th22 cells were a specific lineage and expanded in
response to mucosal bacterial infection in vivo.

Until now, available evidence based on /122 fate-mapping studies
has suggested that Th-derived IL-22 during infection may be
transiently associated with Th17 cells,*' and evidence of a dedicated
Th22 lineage has been unsubstantiated. However, our data provide
the first clear evidence that substantial IL-22 production in the lung,
CLP and associated lymphoid tissues following bacterial infection
can be ascribed to a dedicated Th22-cell subset, which develops via
a lineage separate to Th17 cells in vivo. While this has not been
previously reported in the context of infection, and more specifically

SPRINGER NATURE & SOCIETY FOR MUCOSAL IMMUNOLOGY

in mucosal tissues, our data are directly supported by two recent
studies. Gartlan et al. used an established //77a fate-mapping system
in a model of GVHD to demonstrate that splenic Th22 cells, which
arise from donor cells following allogeneic stem-cell transfer
develop without transitioning via an IL-17A-expressing intermedi-
ate.>? More recently, Perez, et al. used a similar fate-mapping triple-
reporter system to show that intra-tumoral Th22 cells isolated
during a model of colitis-associated colon cancer primarily
developed independently of IL-17A.23

Interestingly, the CLP compartment represents a unique
environment whereby, in response to Cro infection, two con-
current pathways exist for the expansion of Th22 cells. Outgrowth
occurred equally via a distinct lineage but also from Th17p that
had ceased production of IL-17A. It is unclear why two pathways
exist in the CLP for the generation of Th22 cells, and why this
notable Th17-to-Th22-cell plasticity was largely absent from the
GALTs, lungs and mLN. Given the inherent propensity of GI-
associated Th17 cells to divert to alternate Th programs (e.g., T-bet
dependent transition to Thi-like cells),***? one explanation could
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be that colonic Th17-lineage positive Th22 cells arise from resident
intestinal-Th17 cells; providing a rapid local mechanism to amplify
Th22 responses to Cro, rather than relying solely on de novo
differentiation of putative Th22 cells in secondary lymphoid
tissues. Further, our data suggest that previously observed
heterogeneity within IL-22 producing colonic T cells*'** likely
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reflects a mixed population arising from these separate develop-
mental pathways. In a recent study, drug-induced inhibition of
lymphocyte egress from lymph nodes during Cro infection
markedly reduced IL-22-producing Th-cell accumulation in the
colon, suggesting that the developmental origin of most colonic
Th22 cells is likely the MLN.**

o
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Fig. 4 T-bet regulates plasticity and phenotypic stability of Th17 and Th22 cells via a T-cell-intrinsic mechanism. a Adoptive transfer
protocol. T-bet-competent (Tbx21+/+4) or -deficient (Tbx21—/—) dual-reporter (I117a°**1122“™™) donor mice received 300 inclusion-forming
units (IFU) of Chlamydia muridarum (Cmu) intranasally (i.n; day 0), then 8 days post infection (dpi; day 8) Th17— (CD3+4CD4-+TCRp+eGFP
+tdTom-) or Th22— (CD3+CD4-+TCRp+eGFP-tdTom+) cells were purified from the lungs of donor mice by FACS. Pooled donor cells from 6-8
mice were transferred via intravenous injection into male T-bet-competent B6.CD45.1 congenic recipients (1 x 10° cell/mouse) that were
infected 5 days earlier with 300 IFU (i.n.) Cmu. Living donor cells (CD45.2+-CD4+) that homed to lungs of recipient mice were assessed 3 days
post transfer/8 dpi (day 11). Gating strategy (b) and purity (c) of sorted donor Th cells before transfer (routinely > 90%). CD4+ T cells were
magnetically enriched from lungs of recipient mice and analyzed by flow cytometry. d-f Representative plots of donor cells (CD4+CD45.2+;
d, left-panels) among total recipient lung CD4+ T cells and reporter for IL-17A (eGFP) and IL-22 (tdTom; d, right panels) in donor cells and their
corresponding quantifications in (e; Tbx21+/+ Th17 cells, n = 4; Tox21—/— Th17 cells, n = 5) and (f; Tbx21+/+ Th22 cells, n = 4; Tbx21—/— Th22
cells, n=10). Numbers in plots are relative percentage of parent-gate cells inside gate/quadrant. Bars in graphs indicate mean = SEM
combined from two independent experiments with 2-5 recipient mice/group where each symbol represents one recipient mouse. g Relative
proportion of cytokine-reporting cells among donor Th cells from (d—f). Outside ring indicates pre-transfer phenotype, inside pie indicates

phenotype following adoptive transfer. Absolute mean is shown.

The appreciation that some Th17 and Th22 cells have an
interchangeable phenotype led us to investigate the role of the
transcription factor T-bet as a promiscuous regulator of plasticity.
There are equivocal reports regarding the role of T-bet in Th22
development. Basu et al. reported that T-bet deficiency results in
decreased /22 expression and IL-22 production by Th22 cells in vitro,
and reduces Th22-cell number (identified by intracellular cytokine
staining) among mixed populations of colonic CD4™ T cells following
Cro infection.'® By contrast, we have previously demonstrated using
IL-22 reporter mice that the development of Th22 cells and their
production of IL-22 in vitro is suppressed by T-bet.?* In the present
investigation, we show that during active Cmu infection a striking
increase in both IL-17A and IL-22 cytokine production and Th17- and
Th22-cell frequency occurred in T-bet deficient reporter mice. It is
possible that spatiotemporal localization of Th22 cells in conjunction
with the inflammatory milieu regulates the expression of T-bet and
the subsequent impact on Th22 function.

T-bet is essential for optimal production of IFNy, a cytokine that
negatively regulates Th17 and Th22 differentiation,'®**4245
However, our adoptive transfer studies clearly demonstrate that
T-bet intrinsically regulates both Th cells and their respective
production of IL-17A and IL-22 at the site of bacterial infection, not
attributable to a reduction in IFNy levels. Following transfer, T-bet-
deficient-Th22 cells increased production of IL-22 and displayed
marked Th17-like plasticity. By comparison, enhanced phenotypic
stability and low levels of IL-22 induction were observed with T-
bet-deficient-Th17 cells. Notably, a significant proportion of
adoptively transferred T-bet-competent-Th22 cells maintained
stability and phenotypic identity in T-bet-sufficient mice, which
is contrary to our previous study whereby in vitro generated T-bet-
sufficient-Th22 cells adoptively transferred into a similar IFNy-high
environment in mice infected with influenza A virus completely
lost their ability to produce IL-22, whilst acquiring the ability to
produce IFNy.>* This likely reflects an absence of key regulatory
factor(s), that contribute to stabilization of the Th22 phenotype
in vivo, from our defined Th22-polarizing conditions used for
in vitro differentiation and/or the influenza induced inflammatory
milieu.

The molecular mechanism by which T-bet influences Th22-cell
outgrowth in vivo remains to be determined. To gain insights into
potential regulatory factors we profiled genes previously impli-
cated in Th22-cell development, and demonstrated that purified
T-bet-deficient-Th22 cells have enhanced expression of Rorc, 123r
and 1I7r1.>2**3 Recently, Runx1 was identified as a positive
transcriptional regulator of /[22 expression and IL-22 production by
Th22 cells in vitro. Runx1 synergizes with Roryt at the /22
enhancer, as well as positively regulating Rorc and //123r expression,
to further enhance IL-22 production.®?

Whilst no difference in Runx1 expression was observed in T-bet-
deficient-Th17 or -Th22 cells, T-bet is known to directly interact
with, and sequester, Runxl. The binding of T-bet to
Runx1 suppresses the activation of a set of genes including Rorc,
and Roryt target gene //23r, in Th17 cells and inhibits the Th17
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developmental program.*>*® Accordingly, colonic Th17 cells are
reported to be hyper-responsive to IL-23 during colitogenic
responses in T-bet-deficient mice, leading to high production of
IL-17A and IL-22 and enhanced Rorc, 1123r, l1r1, Il17a, and 1122
expression.*’ In our study T-bet deficiency appeared to have
distinct effects on the transcription of specific signature genes in
Th17 cells compared to Th22 cells. Enhanced expression of ll6ra
and /I1r1 was unique to T-bet-deficient-Th17 and -Th22 cells,
respectively. IL-1 signaling plays a critical role in Th17 cell
differentiation, whereby IL-6 and IL-23 synergistically promote
the production of IL-17 and IL-22.* We speculate that the
acquisition of IL-17A- and increased IL-22- production by T-bet-
deficient-Th22 cells may also reflect a regulatory mechanism
downstream of dysregulated IL-1 receptor signaling. Collectively,
our data provide in vivo evidence to support a divergent role for
cell-intrinsic T-bet-mediated suppression of Th17- and Th22-cell
differentiation and phenotypic flexibility during bacterial host
defense responses. T-bet may limit Runx1-mediated gene activa-
tion, as well as modulate the IL-1 and IL-23 signaling axes.
However, we recognize that T-bet regulation of Th22 cells is likely
multifaceted and requires further investigation.

Cellular sources of IL-22 during infection and in chronic
inflammatory conditions are diverse.”'>?°21%” Th17 cells have
been considered the primary source of IL-22 in many of these
inflammatory settings and it is uncertain whether Th22 cells
represent a critical or redundant source of this cytokine. Cmu
infection of the lung increases IL-17A and IL-22 levels, and both
cytokines are reported to contribute to host protection.3”*® IL-17A
production during the early and late phases of Cmu infection is
primarily derived from y8 T cells and Th17 cells, respectively,*®
however the cellular sources of IL-22 have remained unclear. In
the present study, we confirm previous reports on the cellular
origin of IL-17A and identify that Th22 cells are the principal
producers of IL-22 in the lung during Cmu infection. CD4™ T cells
represent the primary source of IL-22 following infection with
other intracellular bacterial pathogens such as Mycobacterium
tuberculosis>® By contrast NK cells and y& T cells are the primary
cellular sources of IL-22 during respiratory infection with the
extracellular bacterial pathogens Klebsiella-** and Streptococcus-
pneumoniae,*® respectively. However, we observed, only minimal
IL-22 reporter activity in y6 T cells and none in NK cells following
infection with Cmu, suggesting that IL-22 production by specific
cells may depend on pathogen-specific factors.

In conclusion, our study demonstrates that a distinct subset of
Th22 cells arises as a lineage separate from the Th17 differentia-
tion program following mucosal infection of the lung and gut;
although in some compartments alternative transition pathways
exist. Th17 and Th22 cells demonstrate bidirectional phenotypic
flexibility within infected tissues and their draining lymph nodes.
T-bet acts as T-cell-intrinsic negative regulator of Th17 and Th22-
cell development and their respective production of IL-17A and IL-
22 at the site of bacterial infection. T-bet influences phenotypic
flexibility of Th22 cells as a regulator of plasticity, and acts to
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Fig. 5 T-cell-intrinsic T-bet suppresses transcription of Th22-
promoting factors. T-bet-competent (Tbx21+/+) or -deficient
(Tbx21—/—) dual-reporter (I17a°°1122'9™™) mice received 300
inclusion-forming units of Chlamydia muridarum (Cmu) intranasally,
then 8 days post infection, Th17— (CD3+CD4+TCRB+eGFP+
tdTom—) or Th22- (CD3+CD4+TCRp-+eGFP-tdTom+) cells were
purified from the lungs by FACS (as in Fig. 4b, c). Shown is
gene expression in sorted cells relative to Hprt expression. Bars
indicate mean = SEM from a single experiment, n =6, each symbol
represents one mouse. * represents p < 0.05, **p < 0.01, ***p < 0.001,
***¥¥n < 0.0001 by One-way ANOVA with Tukey correction.

suppress Th17 cell stability. Comparative analysis of Th22 cells in
response to a range of pathogenic stimuli will provide future
mechanistic insight into the precise factors that regulate the
development of Th22 cells as both a distinct lineage and as a
derivative of Th17p at mucosal barriers.

METHODS
The source of all reagents are specified in Supplementary Table 2.
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Mice

Specific pathogen-free mice on a C56BL/6 background were used for
this study and were bred at the Australian Bioresources facility (ABR;
Moss Vale, NSW, Australia). C57BI/6 and B6.SJL-PtprcaPep3b/BoyJARC
mice were purchased from ABR. C57BL/6-ll17atm1Bcgen/J-
IL22promTdtomato (dual-reporter) and B6.12956-Tbx21tm1GIm/J-
C57BL/6-lI17atm1Bcgen/J-IL22promTdtomato  (T-bet-deficient dual-
reporter) mice were generated previously as reported.** B6.129x1-
Gt(ROSA)26S0r™  €"FFIC05/ 1 (R26R®™P) and I117a"™" 0"tk ) (1L-17")
mice, obtained from Lab Animals Services at The University of
Adelaide, Australia, were intercrossed with dual-reporter mice to
generate 1177a“"" triple-reporter mice. All animals that entered
experimental protocols were maintained in individually ventilated
cages in approved containment facilities within the Bioresources
Facility, the Hunter Medical Research Institute (Newcastle, NSW,
Australia). Equal numbers of male and female littermates were
randomly assigned to experimental groups in the age range of
6-10 weeks, unless otherwise stated with no influence of sex
observed. Animal experiments were conducted in accordance with
Australian Animal Research legislation.

Single-cell suspensions

Following dissection of solid tissues; spleen, mLN, MLN and PP
were mechanically dissociated by forcing through a 70-uM nylon
cell strainer. Lung tissue was roughly chopped into ~2 mm? pieces
then digested in GentleMACS C-tubes according to manufacturers’
instructions. CLP lymphocytes were isolated as described in ref. *°
Red blood cells in lung and spleen cell suspensions were lysed
with ammonium chloride solution, then washed twice before

subsequent staining.

Flow cytometry

All cells were incubated with anti-mouse CD16/32 (2.4G2; 20 pg/mL),
prior to staining with combinations of the fluorochrome-conjugated
Abs listed in Supplementary Table 2. Living cells were used in all
analyses. SYTOX™ Blue Nucleic Acid Stain was used for discrimina-
tion of dead cells. Prior to sorting, CD4+ T cells were enriched from
lung cell suspensions using CD4 (L3T4) MicroBeads and LS-columns.
Multi-parameter analysis and cell sorting was performed on a BD
FACSAria Il cell sorter and analyzed with FlowJo software V10.
Leukocyte subsets were identified using hierarchical gating. When
three reporter parameters were considered for analysis, Boolean
gating was used to determine relative frequency of cytokine-
reporting cells among the parent population.

Th-cell differentiation assay
Naive splenic CD4+ T cells were differentiated as previously
described.?*

Infections

Adult mice were administered 300 inclusion-forming units of
Cmu Mouse Pneumonitis strain Nigg Il (ATCC® VR-123™) intrana-
sally in 30yl of sucrose phosphate glutamate buffer or orally
gavaged with 1x 10° colony-forming units of Cro strain DBS-100
(ATCC® 51459™) in 200 pl of sterile DPBS.

Ex vivo cell culture

Lung (1x 10° cells/well) and mLN (5% 10° cells/well) cells were
stimulated with anti-CD3¢ (2 pg/mL platebound) and anti-CD28
(1 pg/mL platebound; 4 ug/mL soluble) in complete IMDM. Cell-
free supernatants (SN) were collected after 48 h and stored at
—80 °C until subsequent protein assessment.

Protein assessment

Cytokine levels in lung homogenates, and lung and mLN culture
SN, were measured by enzyme-linked immunosorbent assay (ELISA)
as previously described** All analytes were measured on a
SpectraMax M5 Microplate Reader with SoftMax Pro v5.4.3 software.
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Adoptive transfer model

Sort purified lung-Th17 or -Th22 donor cells were pooled from 8
(Tbx21+4/4) or 6 (Tbx21—/—) animals and transferred (1 x 10° cells
per recipient; 2-5 male recipients per group) in 100 pl of Normal
Saline by intravenous tail-vein injection, into Cmu-infected B6.
CD45.1 congenic recipients. Donor cells were recovered from
recipient lungs by enrichment of total CD4" T cells by magnetic
cell separation using CD4 (L3T4) MicroBeads and LS-columns
followed by surface staining with fluorochrome-conjugated Abs
specific for CD4 and the WT C57BI/6 pan-leukocyte marker,
CD45.2. Control recipients that did not undergo adoptive transfer
were injected with equivalent volume of saline alone.

Real-time quantitative PCR

Cells were sorted directly into TRIzol™ LS reagent. Total RNA was
DNase treated (TURBO DNA-free ™ kit; Ambion) and reverse-
transcribed (SuperScript IV Reverse Transcriptase kit). cDNA served
as a template for the amplification of genes of interest by RT-
gPCR, using gene-specific oligonucleotides (see Supplementary
Table 1), KAPA SYBR® FAST PCR Master Mix and the ViiA 7 Real-
Time PCR System. Transcript level was determined using the ACt
method (2A—(GOI Ct - Hprt Ct)), relative to hprt expression.

Statistical analysis

For comparisons between 2 groups, an unpaired two-way
Student’s t test was used, or between multiple groups, a one-
way ANOVA was used, corrected for multiple comparisons using
GraphPad Prism v7.03 software. P values <0.05 were considered
statistically significant.

ACKNOWLEDGEMENTS

We thank Professor Brigitta Stockinger (Medical Research Council National Institute
for Medical Research, UK) and Dr. Scott K. Durum (Center for Cancer Research
National Cancer Institute, US) for mice, Nicole Cole (Analytical Biomolecular Research
Facility, University of Newcastle, Australia) for flow-cytometry support, Fiona Eyers
(Priority Research Centre for Healthy Lungs, University of Newcastle, Australia) for
laboratory support and staff at the Bioresources unit (The University of Newcastle and
Hunter Medical Research Institute, Australia) for animal husbandry. This work was
supported by the National Health and Medical Research Council of Australia (NHMRC)
project grant APP1120448.

AUTHOR CONTRIBUTIONS

J.L.B. conceived, designed, performed, analyzed and prepared visual presentation
of all experiments with technical assistance from L.RS., AL, and H.L.T and input from
KA., S.M,, GEK., JRM. and R.Y.K. M\W.P. conceptualized generation of triple-reporter
mice and designed Cmu time-course and fate-mapping experiments. S.K, J.CH., G.B.
and P.M.H. provided essential reagents and advice on infection models. K.A. and S.M.
revised and edited the manuscript. P.S.F. conceived the project. P.S.F. and M.W.P.
acquired funding. J.L.B. and P.S.F. wrote the manuscript.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541385-021-00414-6.

Competing interests: M.W.P. reports personal fees from GlaxoSmithKline, outside
the submitted work. All other authors declare no competing interests.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

REFERENCES
1. Saravia, J, Chapman, N. M. & Chi, H. Helper T cell differentiation. Cell. Mol.
Immunol. 16, 634-643 (2019).
2. Duhen, T., Geiger, R, Jarrossay, D., Lanzavecchia, A. & Sallusto, F. Production of
interleukin 22 but not interleukin 17 by a subset of human skin-homing memory
T cells. Nat. Immunol. 10, 857-863 (2009).

SPRINGER NATURE & SOCIETY FOR MUCOSAL IMMUNOLOGY

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

. Trifari, S., Kaplan, C. D., Tran, E. H., Crellin, N. K. & Spits, H. Identification of a human

helper T cell population that has abundant production of interleukin 22 and is
distinct from T(H)-17, T(H)1 and T(H)2 cells. Nat. Inmunol. 10, 864-871 (2009).

. Nograles, K. E. et al. IL-22-producing “T22" T cells account for upregulated IL-22 in

atopic dermatitis despite reduced IL-17-producing TH17 T cells. J. Allergy Clin.
Immunol. 123, 1244-1252.e1242 (2009).

. Eyerich, S. et al. Th22 cells represent a distinct human T cell subset involved in

epidermal immunity and remodeling. J. Clin. Investig. 119, 3573-3585 (2009).

. Zhuang, Y. et al. A pro-inflammatory role for Th22 cells in Helicobacter pylori-

associated gastritis. Gut 64, 1368-1378 (2015).

. Behnsen, J. et al. The cytokine IL-22 promotes pathogen colonization by sup-

pressing related commensal bacteria. Immunity 40, 262-273 (2014).

. Pennino, D. et al. IL-22 suppresses IFNy mediated lung inflammation in asthmatic

patients. J. Allergy Clin. Inmunol. 131, 562-570 (2013).

. Tamasauskiene, L. & Sitkauskiene, B. Role of Th22 and IL-22 in pathogenesis of

allergic airway diseases: Pro-inflammatory or anti-inflammatory effect? Pediatrics
Neonatol. 59, 339-344 (2018).

. Wolk, K., Witte, E., Witte, K,, Warszawska, K. & Sabat, R. Biology of interleukin-22.

Semin. Immunopathol. 32, 17-31 (2010).

. Sonnenberg, G. F. et al. Pathological versus protective functions of IL-22 in airway

inflammation are regulated by IL-17A. J. Exp. Med. 207, 1293-1305 (2010).

. Besnard, A. G. et al. Dual role of IL-22 in allergic airway inflammation and its cross-

talk with IL-17A. Am. J. Respir. Crit. Care Med. 183, 1153-1163 (2011).

. Dudakov, J. A, Hanash, A. M. & van den Brink, M. R. Interleukin-22: immuno-

biology and pathology. Annu. Rev. Immunol. 33, 747-785 (2015).

. Zenewicz, L. A. IL-22: there is a gap in our knowledge. ImmunoHorizons 2,

198-207 (2018).

. Basu, R. et al. Th22 cells are an important source of IL-22 for host protection

against enteropathogenic bacteria. Immunity 37, 1061-1075 (2012).

. Liang, S. C. et al. Interleukin (IL)-22 and IL-17 are coexpressed by Th17 cells and

cooperatively enhance expression of antimicrobial peptides. J. Exp. Med. 203,
2271-2279 (2006).

. Weaver, C. T, Elson, C. O, Fouser, L. A. & Kolls, J. K. The Th17 pathway and

inflammatory diseases of the intestines, lungs, and skin. Annu. Rev. Pathol. 8,
477-512 (2013).

. Harrington, L. E. et al. Interleukin 17-producing CD4+ effector T cells develop via

a lineage distinct from the T helper type 1 and 2 lineages. Nat. Immunol. 6,
1123-1132 (2005).

. Park, H. et al. A distinct lineage of CD4 T cells regulates tissue inflammation by

producing interleukin 17. Nat. Immunol. 6, 1133-1141 (2005).

Aujla, S. J. et al. IL-22 mediates mucosal host defense against Gram-negative
bacterial pneumonia. Nat. Med. 14, 275-281 (2008).

Ahlfors, H. et al. IL-22 fate reporter reveals origin and control of IL-22 production
in homeostasis and infection. J. Immunol. 193, 4602-4613 (2014).

Gartlan, K. H. et al. A critical role for donor-derived IL-22 in cutaneous chronic
GVHD. Am. J. Transplant. 18, 810-820 (2018).

Perez, L. G. et al. TGF-B signaling in Th17 cells promotes IL-22 production and
colitis-associated colon cancer. Nat. Commun. 11, 2608 (2020).

Plank, M. W. et al. Th22 cells form a distinct Th lineage from Th17 cells in vitro
with unique transcriptional properties and Tbet-dependent Th1 plasticity. J.
Immunol. 198, 2182-2190 (2017).

Veldhoen, M., Hocking, R. J,, Atkins, C. J., Locksley, R. M. & Stockinger, B. TGFbeta
in the context of an inflammatory cytokine milieu supports de novo differ-
entiation of IL-17-producing T cells. Immunity 24, 179-189 (2006).

Korn, T. et al. IL-21 initiates an alternative pathway to induce proinflammatory T
(H)17 cells. Nature 448, 484-487 (2007).

Backert, I. et al. STAT3 activation in Th17 and Th22 cells controls IL-22-mediated
epithelial host defense during infectious colitis. J. Immunol. 193, 3779-3791 (2014).
Rutz, S. et al. Transcription factor c-Maf mediates the TGF-B-dependent sup-
pression of IL-22 production in T(H)17 cells. Nat. Inmunol. 12, 1238-1245 (2011).
Bettelli, E. et al. Reciprocal developmental pathways for the generation of
pathogenic effector TH17 and regulatory T cells. Nature 441, 235-238 (2006).
Lee, Y. K. et al. Late developmental plasticity in the T helper 17 lineage. Immunity
30, 92-107 (2009).

Mangan, P. R. et al. Transforming growth factor-beta induces development of the
T(H)17 lineage. Nature 441, 231-234 (2006).

Bhaumik, S. & Basu, R. Cellular and molecular dynamics of Th17 differentiation
and its developmental plasticity in the intestinal immune response. Front.
Immunol. 8, 254 (2017).

Sekimata M., Yoshida D., Araki A., Asao H., Iseki K., Murakami-Sekimata A. Runx1
and RORyt cooperate to upregulate IL-22 expression in Th cells through its distal
enhancer. J. Immunol. 202, 3198-3210 (2019).

Budda, S. A, Girton, A., Henderson, J. G. & Zenewicz, L. A. Transcription factor HIF-
1a controls expression of the cytokine IL-22 in CD4 T cells. J. Immunol. 197,
2646-2652 (2016).

Mucosal Immunology (2021) 14:1077 - 1087


https://doi.org/10.1038/s41385-021-00414-6

35.

36.

37.

38.

39.

40.

41.

42.

Hirota, K. et al. Fate mapping of IL-17-producing T cells in inflammatory
responses. Nat. Immunol. 12, 255 (2011).

Nakamura, Y. et al. Microfold cell-dependent antigen transport alleviates infec-
tious colitis by inducing antigen-specific cellular immunity. Mucosal Immunol. 13,
679-690 (2020).

Peng, Y. et al. Interleukin-22 promotes T helper 1 (Th1)/Th17 immunity in chla-
mydial lung infection. Mol. Med. 20, 109-119 (2014).

Trevejo-Nunez, G,, Elsegeiny, W., Conboy, P., Chen, K. & Kolls, J. K. Critical role of
IL-22/I1L22-RA1 signaling in pneumococcal pneumonia. J. Immunol. 197,
1877-1883 (2016).

Treerat, P. et al. Novel role for IL-22 in protection during chronic Mycobacterium
tuberculosis HN878 infection. Mucosal Immunol. 10, 1069-1081 (2017).
Lazarevic, V. et al. T-bet represses TH17 differentiation by preventing Runx1-
mediated activation of the gene encoding RORyt. Nat. Immunol. 12, 96-104
(2011).

Krausgruber, T. et al. T-bet is a key modulator of IL-23-driven pathogenic CD4+ T
cell responses in the intestine. Nat. Commun. 7, 11627 (2016).

Harbour, S. N., Maynard, C. L, Zind|, C. L., Schoeb, T. R. & Weaver, C. T. Th17 cells
give rise to Th1 cells that are required for the pathogenesis of colitis. Proc. Nat/
Acad. Sci. USA 112, 7061-7066 (2015).

Mucosal Immunology (2021) 14:1077 - 1087

T-helper 22 cells develop as a distinct lineage from Th17 cells during...
JL Barnes et al.

43,

44,

45,

46.

47.

48.

49.

50.

Shen, W., Hixon, J. A, McLean, M. H,, Li, W. Q. & Durum, S. K. IL-22-expressing
murine lymphocytes display plasticity and pathogenicity in reporter mice. Front.
Immunol. 6, 662 (2015).

Omenetti, S. et al. The intestine harbors functionally distinct homeostatic tissue-
resident and inflammatory Th17 cells. Immunity 51, 77-89 (2019).

Yeh, W. I, McWilliams, I. L. & Harrington, L. E. IFNy inhibits Th17 differentiation
and function via Thet-dependent and Tbet-independent mechanisms. J. Neu-
roimmunol. 267, 20-27 (2014).

Wang, Y. et al. The transcription factors T-bet and Runx are required for the
ontogeny of pathogenic interferon-y-producing T helper 17 cells. Immunity 40,
355-366 (2014).

Chung, Y. et al. Critical regulation of early Th17 cell differentiation by interleukin-
1 signaling. Immunity 30, 576-587 (2009).

Bai, H. et al. Respective IL-17A production by y6 T and Th17 cells and its implication in
host defense against chlamydial lung infection. Cell. Mol. Immunol. 14, 850-861 (2017).
Li, J-r, Zhou, W.x, Huang, K-w, Jin, Y. & Gao, J-m Interleukin-22 exacerbates
airway inflammation induced by short-term exposure to cigarette smoke in mice.
Acta Pharmacol. Sin. 35, 1393-1401 (2014).

ReiBig, S., Hackenbruch, C. & Hovelmeyer, N. Isolation of T cells from the gut.
Methods Mol. Biol. 1193, 21-25 (2014).

SPRINGER NATURE & SOCIETY FOR MUCOSAL IMMUNOLOGY



	T-helper 22 cells develop as a distinct lineage from Th17 cells during bacterial infection and phenotypic stability is regulated by T-bet
	Introduction
	Results
	Distinct Th22 cells develop in�vivo following GI Citrobacter rodentium infection that do not transition via an IL-17A-expressing stage
	Th22 cells develop independently of IL-17A expression/Th17 differentiation during respiratory Chlamydia muridarum infection
	The transcription factor T-bet regulates Th17- and Th22-cell development in�vivo
	T-bet regulates phenotypic stability and flexibility of Th17 and Th22 cells via a T-cell-intrinsic mechanism
	T-cell-intrinsic T-bet suppresses transcription of Th22-promoting factors

	Discussion
	Methods
	Mice
	Single-cell suspensions
	Flow cytometry
	Th-cell differentiation assay
	Infections
	Ex vivo cell culture
	Protein assessment
	Adoptive transfer model
	Real-time quantitative PCR
	Statistical analysis

	Acknowledgements
	Author contributions
	ADDITIONAL INFORMATION
	References




