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T helper (Th) 17 cells are not only key in controlling infections mediated by extracellular
bacteria and fungi but are also triggering autoimmune responses. Th17 cells comprise
heterogeneous subsets, some with pathogenic functions. They can cease to secrete their
hallmark cytokine IL-17A and even convert to other T helper lineages, a process known as
transdifferentiation relying on plasticity. Both pathogenicity and plasticity are tightly linked
to IL-23 signaling. Here, we show that the protein tyrosine kinase Tec is highly induced in
Th17 cells. Th17 differentiation was enhanced at low interleukin-6 (IL-6) concentrations in
absence of Tec, which correlates with increased STAT3 phosphorylation and higher Il23r
expression. Therefore, we uncovered a function for Tec in the IL-6 sensing via STAT3 by
CD4+ T cells, defining Tec as a fine-tuning negative regulator of Th17 differentiation.
Subsequently, by using the IL-17A fate mapping mouse combined with in vivo adoptive
transfer models, we demonstrated that Tec not only restrained effector Th17 differentiation
but also pathogenicity and plasticity in a T-cell intrinsic manner. Our data further suggest
that Tec regulates inflammatory Th17-driven immune responses directly impacting
disease severity in a T-cell-driven colitis model. Notably, consistent with the in vitro
findings, elevated levels of the IL-23 receptor (IL-23R) were observed on intestinal pre-
and postconversion Th17 cells isolated from diseased Tec−/− mice subjected to adoptive
transfer colitis, highlighting a fundamental role of Tec in restraining IL-23R expression,
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likely via the IL-6-STAT3 signaling axis. Taken together, these findings identify Tec as a
negative regulator of Th17 differentiation, pathogenicity, and plasticity, contributing to the
mechanisms which help T cells to orchestrate optimal immune protection and to
restrain immunopathology.
Keywords: Th17 cells, Tec kinases, differentiation, plasticity, colitis
INTRODUCTION

CD4+ T helper (Th) cells are divided into specialized subsets.
Among these subsets, Th17 cells secrete the hallmark cytokine
interleukin-17A (IL-17) and mediate host defense against
pathogenic extracellular bacteria and fungi (1–3). Under
physiologic conditions, Th17 cells reside at mucosal sites such as
the intestinal lamina propria and Peyer’s patches, where they
function as a first line of defense (1, 4–6). However, improper
Th17 differentiation contributes to the development of
autoimmune diseases (7). Therefore, it is of utmost importance to
characterize the signaling network within CD4+ T cells that
regulates Th17-specific transcriptional circuits as this has
profound clinical implications for a broad range of diseases (8, 9).

Activation of the T-cell receptor (TCR) of naïve CD4+ T cells in
presence of Transforming Growth Factor b1 (TGF-b1) and IL-6
leads to the induction of a complex Th17-specific transcriptional
program which includes signal transducer and activator of
transcription 3 (STAT3), retinoic‐acid‐receptor‐related orphan
nuclear receptor a (RORa) and the lineage‐specific transcription
factor RORgt (10–15). TGF-b1 signaling via Smad dependent and
independent pathways togetherwith IL-6 signaling via activationof
Jak kinases and the Jak-mediated phosphorylation of STAT3
proteins (16) lead to efficient induction of Il17a and Rorc gene
expression. In addition, IL-6 signaling induces upregulation of the
Th17 driving cytokine IL-21, and the IL-1 (IL-1R) and IL-23 (IL-
23R) receptors (16, 17). IL-1 and IL-23were shown to support Th17
differentiation, expansion, and maintenance (17–19).

Importantly, IL-1 and IL-23 were also shown to convert Th17
cells from a so-called protective noninflammatory subset to a
rather pathogenic one, which drives inflammation in various
autoimmune conditions (9, 20). Therefore, Th17 cells can be
subdivided into further subsets with specific functions and
cytokine expression profiles. This diversity is further
accentuated by a high degree of plasticity and instability as
Th17 cells were shown to express cytokines from other Th
lineages (like the Th1-specific IFN-g) and to loose expression
of their lineage-specific Il-17, converting to Th1, T regulatory 1
(Tr1), or T follicular helper cells (Tfh) (21–23). The complex
transcriptional network leading to Th17-cell differentiation has
been investigated in detail via systems biology approaches (24,
25), which have provided new insights into the regulation of
early and late transcription factors recruitment, chromatin
remodeling and plasticity of Th17 cells.
FI, mean fluorescence intensity; PBS,
12-, mystriate 13-acetate; qRT-PCR,
17; WT, wild type; n.s., not significant.
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Additionally, significant information has been gained
concerning signaling events controlling Th17 differentiation
(26). In particular, tyrosine kinase expressed in hepatocellular
carcinoma (Tec) family members were shown to regulate T
helper cell differentiation (27) and in particular Th17 cell
differentiation (28–31). Three members of the Tec kinase
family are expressed in T cells: Tec, the founder member of
this kinase family, inducible interleukin-2-inducible T-cell kinase
(Itk), and resting lymphocyte kinase (Rlk). Itk was shown to
direct the lineage choice between FOXP3+ regulatory T cells
(Treg) and Th17 cells (29), linking TCR and cytokine signaling
and acting via the mTOR signaling pathway. We showed that
Tec negatively regulates a memory Th17 subset in vivo (28).
Others showed that Tec phosphorylates cMaf, thereby enhancing
its recruitment to the Il21 promoter, promoting IL-21 expression
in Th17 cells (31). However, further investigations are required
to better understand the mechanisms by which Tec controls
Th17 differentiation. Deciphering the position of Tec in the early
signaling events in CD4+ T cells affecting Th17 differentiation
and how Tec shapes Th17 differentiation in vivo during an
immune response and in a disease setting remains to be clarified.

Here, using naïve CD4+ T cells from Tec-deficient mice, we
demonstrate that Tec dampens Th17 cell differentiation in vitro by
acting as a negative regulator of the IL-6 signaling pathway.
Mechanistically, this dampening function was associated with a
decrease in STAT3 phosphorylation at low IL-6 concentrations,
thereby regulating the activity of a transcription factor critical for
Th17 differentiation. In addition, we show that Tec was highly
induced in Th17 cells. Furthermore, Th17 differentiation and
plasticity towards Th1-like cells was increased in vivo in a T-cell
intrinsic way, and Tec-deficient naïve CD4+ T cells differentiated
more into Th1/exTh17 cells in a colitis model, leading to a stronger
disease outcome. Moreover, Tec regulated the expression of Il23r
in vitro at low IL-6 concentration during Th17 differentiation, and
the levels of IL-23R on pre- and postconversion Th17 cells in vivo
during colitis, implying that by restraining IL-6 signaling, Tec also
restrains STAT3 phosphorylation, IL-23 receptor levels, and
therefore full differentiation and plasticity of Th17 cells.
Collectively, our data identify Tec as a fine-tuning regulator of IL-
6 signaling via STAT3 in Th17 differentiation in vitro and of Th17
differentiation and plasticity in vivo.
MATERIALS AND METHODS

Mice
Mice deficient for Tec (Tec−/− mice) were described previously
(32). OT-II TCR transgenic mice were kindly provided by
December 2021 | Volume 12 | Article 750466
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Dr. Stoiber-Sakaguchi (Medical University of Vienna). C57BL/6
Rag1−/−, C57BL/6 Rag2−/−, and Rosa26floxSTOPflox eYFP mice
were purchased from The Jackson Laboratories. IL-17ACRE mice
were kindly provided by B. Stockinger (21).

The IL-17 fate mapping mice resulted from the breeding of
WT R26YFP or Tec−/− R26YFP mice with WT IL-17ACRE or Tec−/−

IL-17ACRE mice, respectively. All mice were bred and maintained
in the preclinical research facility of the Medical University of
Vienna, and animal experiments were done according to
protocols approved by the Federal Ministry for Education,
Science and Art (GZ:BMWF-66.009/0105-WF/II/3b/2014,
BMBWF-66.009/0039-V/3b/2019). Animal experiments were
performed under national laws in agreement with guidelines of
the Federation of European Laboratory Animal Science
Associations (FELASA), which correspond to the National
Center for the Replacement, Refinement, and Reduction of
Animals in Research (ARRIVE) guidelines.

Flow Cytometric Analysis, Antibodies,
and Reagents
The following antibodies and reagents were used in our study: from
BD Biosciences (Franklin Lakes, NJ, USA): IL-17A (TC11-
18H10.1), IL-10 (JES5-16E3), pSTAT1 (4a), pSTAT3 (4/P-
STAT3), pSTAT4 (38/p-Stat4), and pSTAT5 (47); from Thermo
Fisher (Waltham, MA, USA): CD4 (clone RM4-5), CD8a (53-6,7),
CD45.1 (A20), CD45.2 (104), Foxp3 (FJK-16s), IL-22 (IL22JOP),
and fixable viability dye eFluor™ 506; and from BioLegend (San
Diego, CA,USA): CD16/CD32 (2.4G2), CD44 (IM7), CD19 (6D5),
CD45.2 (104), CD62L (MEL-14), CD45RB (MB4B4), IFN-g
(XMG1.2), IL-23R (12B2B64), TCR-b (H57-597), and IL-6Ra
(D7715A7). The clone number is indicated in brackets.

Differentiation of CD4+ T Cells and
Cytokine Measurements
CD4+ T cells were isolated from spleen and lymph nodes of 8-
week-old mice as previously described (28). Sorted naive
(CD44lowCD62L+) CD4+ T cells were stimulated (day 0) with
plate-bound anti-CD3ϵ (1 µg/ml) and anti-CD28 (3 µg/ml) on
96-well plates (2 × 105 cells/well) in 200 µl T-cell medium (RPMI
GlutaMAX-I supplemented with 10% FCS, antibiotics, and 2-
ME; all from Invitrogen, Waltham, MA, USA) under various
cytokine conditions as indicated in the figure legend. For Th17
conditions, IL-6 (20 ng/ml, or as indicated in the figure legend)
and TGF-b1 (1 ng/ml, or as indicated in the figure legend) were
used. Cells were cultured for 72 h or as indicated in the figure
legend. Where indicated, IL-1b (20 ng/ml, BioLegend) and IL-23
(20 ng/ml, R&D, Minneapolis, MN, USA) were added to the
differentiation medium. Cells were analyzed after 60 h by flow
cytometry on a LSRII Fortessa (BD Biosciences).

Intracellular Cytokine, Transcription
Factor, and pSTAT Stainings
T cells were cultured under various conditions as described above.
For intracellular cytokine detection, cells were stimulated in 96-well
plates for 3 h with PMA (50 ng/ml) and ionomycin (500 ng/ml)
(Sigma-Aldrich, St. Louis, MO, USA) in the presence of GolgiStop
Frontiers in Immunology | www.frontiersin.org 3
(BDBiosciences). After harvesting, T cells were surface stainedwith
appropriate antibodies. Subsequently, cells were fixed for 10 min
with Cytofix Fixation Buffer (BD Biosciences), permeabilized 15
minutes with Perm/Wash Buffer (BD Biosciences), and stained for
intracellular proteins according to the manufacturer’s protocol.
Intracellular phosphorylated STAT levels were assessed using BD
Phosflow protocol.

cDNA Synthesis and Quantitative
Real-Time PCR
Cells were harvested, and total RNA was isolated with Qiagen
RNA isolation kit according the manufacturer’s instructions.
RNA was reversely transcribed using the iScript cDNA
synthesis kit (Bio-Rad, Hercules, CA, USA). Quantitative real-
time PCR (qRTPCR) analysis was performed with the
SuperScript III qPCR MasterMix (Invitrogen) on the CFX 96
Real-Time PCR detection system (Bio-Rad). The list of primers
used can be found in the Supplementary Table.

Cytometric Bead Arrays and ELISAs for
Cytokine Measurements
Mouse IL-17A and IFN-g ELISA MAX Deluxe sets (BioLegend)
and Mouse IL-21 DuoSet Elisa (R&D) were used to measure IL-
17A, IFN-g, and IL-21 from the culture supernatant of Th17
cultures from CD4+ T cells isolated from WT or Tec-
deficient mice.

Immunoblot Analysis
T cells (0.5 × 106) were lysed in (50 µl) Carin lysis buffer (20 mM
Tris-HCl [pH 8.0], 138 mM NaCl, 10 mM EDTA, 100 mM NaF,
1% Nonidet P-40, 10% glycerol, 2 mM Na orthovanadate)
supplemented with complete protease inhibitors (Roche, Basel,
Switzerland). Proteins were separated on 10% SDS-
polyacrylamide gels and blotted onto PVDF membranes
according to standard protocols. The following primary
antibodies were used: anti-actin (AC-74; Sigma-Aldrich, St.
Louis, MO, USA) and rabbit anti-Tec. Secondary antibody was
a peroxidase-conjugated AffiniPure goat anti-rabbit IgG (H+L)
(Jackson ImmunoResearch Laboratories, West Grove, PA, USA).
Signals were detected using ECL (SuperSignal West Dura
Extended Duration Substrate from ThermoScientific).

T-Cell Transfer Experiment and
Immunization
Recipient mice (CD45.1+) received 5 × 105 CD45.2+ Tec−/− or
Tec+/+ OTII IL-17Acre R26YFP CD4+ T cells intravenously 1 day
before immunization with 100 mg OVA(323–339) in CFA
subcutaneously in the flank. Draining inguinal lymph nodes
were isolated, and phenotype of OTII+ cells was assessed by flow
cytometry, gating on live CD4+CD45.2+ cells.

Colitis and Isolation of Lymphocytes From
Small Intestine, Colon, and IEL/LPL From
Small Intestine
CD4+CD45RBhiCD25−CD45.2+ T cells were purified from CD4+

T cells isolated from spleens and LNs of Tec−/− and control mice,
December 2021 | Volume 12 | Article 750466
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and intraperitoneally injected into Rag1−/− CD45.1+ mice or
Rag2−/−CD45.2+ mice (4 × 105 cells per mouse) as indicated in
the figures. After 3 or 7 weeks, as indicated in the figures, mice
were sacrificed and intestines removed and placed in ice-cold
PBS. The colon length was measured, and the tissue was kept for
histology or used for cell isolation. After removal of residual
mesenteric fat tissue, the small intestine or colon was opened
longitudinally. The intestine was then thoroughly washed in ice-
cold PBS and cut into 1.5 cm pieces. The pieces were washed
twice with 10 mM Hepes, 10% fetal bovin serum in Hanks’
balanced salt solution (HBSS) to remove excess mucus and
incubated twice in 5 ml of 5 mM EDTA in HBSS for 15–20
min at 37°C with shaking. After each incubation, the epithelial
cell layer, containing the intraepithelial lymphocytes (IELs), was
removed by intensive vortexing and passing through a 100-mm
cell strainer, and new EDTA solution was added. After the
second EDTA incubation, the pieces were washed in HBSS, cut
in small pieces using scissors, and placed in 5 ml digestion
solution containing 4% fetal calf serum and 0.5 mg/ml each of
collagenase D (Roche) and DNase I (Sigma). For isolation of
lymphocytes from small intestine or colon 3 weeks after transfer,
cells were not incubated with EDTA for IEL isolation and
processed directly for digestion. Digestion was performed by
incubating the pieces at 37°C for 20 min with shaking. After the
initial 20 min, the solution was vortexed intensely and passed
through a 40-mm cell strainer. The pieces were collected and
placed into fresh digestion solution, and the procedure was
repeated a total of three times. Supernatants from all three
digestions (or from the EDTA treatment for IEL isolation)
from a single small intestine were combined, washed once in
cold FACS buffer, resuspended in 10 ml of the 40% fraction of a
40:80 Percoll gradient, and overlaid on 5 ml of the 80% fraction
in a 15-ml Falcon tube. Percoll gradient separation was
performed by centrifugation for 20 min at 2,500 rpm at room
temperature. Lamina propria lymphocytes (LPLs) were collected
at the interphase of the Percoll gradient, washed once, and
resuspended in FACS buffer or T-cell medium. The cells were
used immediately for experiments.

Histology
Colon was fixed in 4% buffered formalin and embedded in
paraffin. Blocks were cut at 2 µm thickness and stained with
hematoxylin and eosin (HE). A pathologist blinded to treatment
groups evaluated slides in a semiquantitative manner. Extent and
severity of the inflammatory cell infiltrate (1-5), epithelial
changes (1-5), and lesions of the mucosal architecture (1-5)
were graded according to a scoring scheme for colonic
inflammation mediated by disturbed immune cell homeostasis
(33). Furthermore, crypt length from surface of the epithelium to
the lamina muscularis mucosae was measured with an Olympus
BX53 microscope and attached Olympus DP26 camera in three
locations of each colon perpendicular to the serosal surface. The
same microscope and camera were used for acquisition of
representative images. White balance and assembly of
images were done using Adobe Photoshop 2021. The total
histopathological score was calculated by adding the scores for
each of the parameters mentioned above as described in (34).
Frontiers in Immunology | www.frontiersin.org 4
RNA-Sequencing—Data Origin and
Processing
RNA-sequencing data were downloaded as reads per kilobase of
transcript, per million mapped reads (RPKM) from NCBI GEO
datasets (GSE16452, GSE163894, GSE168288, (35)), and Tec
expression was normalized to Hprt.

Statistical Analysis
All data are expressed as mean with SEM. Statistical analysis was
performed by using a nonpaired Student’s t-test or by one-way
ANOVA corrected with Tukey post-hoc test as indicated in the
figure legend. For multiple comparison testing, two-way
ANOVA using a Sidak’s multiple comparisons test was applied
as indicated in the figure legend. The p-values were defined as
follows: *p < 0.05; **p < 0.01; ***p < 0.001; n.s., not significant.
RESULTS

Tec Isoform a Is Predominantly
Upregulated in Th17 Cells
Tec kinases were shown to have a T helper-cell subtype-specific
expression pattern (28, 36). We revisited Tec expression profiles
among T helper subsets by reanalyzing published RNA-
sequencing data (35) (see Result section for complete datasets
used) (Figure 1A). Tec was expressed at low levels in naïve and
Th1 cells, exhibiting an intermediate expression level in Treg
cells and highest expression in Th2 and Th17 cells (Figure 1A).
To investigate how Tec expression is regulated in Th17 cells, we
isolated naïve CD4+ T cells from WT mice and cultured them
with TGF-b1 and/or IL-6 (Figure 1B). Different concentrations
of either TGF-b1 or IL-6 were used in order to test a dose
dependency. The cells were then further processed for
assessment of Tec mRNA levels. Addition of TGF-b1 alone but
not IL-6 led to a mild induction of Tec in a dose-dependent
manner. However, the combination of TGF-b1 and IL-6 resulted
in the highest induction of Tec, indicating a synergistic activity of
TGF-b1 and IL-6 signaling pathways in inducing Tec expression.
Other Th17 driving cytokines like IL-1 or IL-23 did not further
enhance Tec induction (Figure 1C). We confirmed the mRNA
expression data on a protein level (Figure 1D). Naïve CD4+ T
cells cultured under Th17 driving conditions from Tec−/− mice
were used as negative control. An analysis of the Tec locus on the
NCBI database indicates several transcript variants (1 and 2, 3,
and 4) resulting in 3 Tec protein isoforms (named a, b, and c,
respectively) (Figure 1E). In Th17 cells, we detected isoform a,
the dominant form in immune cells (37), as the major isoform
expressed (Figure 1F). Taken together, our data show that in
Th17 cells, Tec isoform a is predominantly induced via
synergistic activity of IL-6 and TGF-b1 signaling.

Tec Dampens IL-6 Signaling During Th17
Differentiation via STAT3
As Tec is highly induced under Th17 priming conditions, we
investigated how TGF-b1 or IL-6 signaling impacts on the
frequency of IL-17A-positive cells and IL-17A secretion during
December 2021 | Volume 12 | Article 750466
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activation of WT and Tec−/− naïve CD4+ T cells (Figure 2;
Supplementary Figure S1). Therefore, we activated naïve CD4+

T cells from WT or Tec−/− mice with plate-bound CD3 and
CD28 in the presence of a fixed concentration of IL-6 (20 ng/ml)
and increasing concentrations of TGF-b1 (Supplementary
Figure S1). As expected, Th17 differentiation of both WT and
Tec−/− naïve CD4+ T cells increased with higher TGF-b1
concentrations until reaching a plateau and even decreasing at
higher concentrations. The sensing of various TGF-b1
concentrations by naïve Tec−/− CD4+ cells was comparable
with the sensing of naïve WT CD4+ T cells. We also activated
naïve CD4+ T cells from WT or Tec−/− mice in the presence of a
fixed concentration of TGF-b1 (1 ng/ml) and increasing
concentrations of IL-6 (Figures 2A–C). Again, Th17
differentiation of both WT and Tec−/− naïve CD4+ T cells
increased with higher IL-6 concentrations. Notably, Tec−/−

Th17 cells exhibited higher percentages of IL-17A-positive cells
and higher IL-17A secretion at IL-6 concentrations below 20 ng/
ml (further defined as low IL-6 concentrations) compared with
WT Th17 cells implying a stronger IL-6 sensing in the absence of
Tec (Figures 2A–C). In agreement with the IL-17A secretion
data, STAT3 phosphorylation was enhanced in cells cultured for
48 or 72 h with TGF-b1 and low IL-6 concentration in the
absence of Tec, equaling out with WT levels at higher IL-6
Frontiers in Immunology | www.frontiersin.org 5
concentration (Figure 2D). Of note, STAT5 phosphorylation in
contrast to STAT1 and STAT4 phosphorylation was enhanced in
Tec-deficient cells cultured for 48 h with low IL-6 concentration,
indicating modulation of other STAT molecules by Tec
(Supplementary Figure S2). To assess whether Tec directly
regulates IL-6R signaling independently of T-cell receptor
activation, WT and Tec−/− naïve CD4+ T cells were activated
with anti-CD3 and anti-CD28 in the presence of TGF-b1 and
IL-6 for 48 h, rested in PBS with 2% FCS, and activated for
15 min with 5 or 20 ng/ml IL-6 (Supplementary Figure S3A).
A kinetic study of Tec expression revealed that Tec protein
is clearly detectable at 48 h (Supplementary Figure S3B).
STAT3 phosphorylation was enhanced in the absence of Tec
with 5 ng/ml IL-6 but not 20 ng/ml IL-6, showing that Tec
directly regulates IL-6R signaling at low IL-6 concentration
(Supplementary Figure S3C). Furthermore, the effects of
Tec were specific for the Th17 lineage as Foxp3 and IFN-g
expression in Tec−/− Th17 cells generated with increasing IL-6
concentrations was similar to WT Th17 cells (Supplementary
Figures S4A, B). IL-21 secretion which is also dependent on
STAT3 activity (38) was increased at 2.5 and 5 ng/ml IL-6 in Tec-
deficient conditions (Supplementary Figure S4B). As a result of
a stronger IL-6 signaling, the expression of Il23r was enhanced in
Tec−/− Th17 cells at low IL-6 concentration as compared with
A B D

E F

C

FIGURE 1 | Up-regulation of Tec isoform a under Th17 differentiation conditions. (A) Expression level of Tec among T helper lineages. Data were retrieved from NCBI
public data sets and are expressed as Reads Per Kilobase of transcript, per Million mapped reads (RPKM). Expression of Tec was normalized to Hprt expression.
(B) Expression of Tec was determined by RT-qPCR in naïve CD4+ T cells stimulated with immobilized anti-CD3 and anti-CD28 for 3 days under various TGFb1 and
IL-6 concentrations, as indicated in the figure below the graph. Data are represented as mean ± SEM as summary from 2 independent experiments with 3 replicates
each. (C) Expression of Tec was determined by RT-qPCR in naïve CD4+ T cells stimulated as in (A) under various cytokine conditions as indicated in the figure. Data
are represented as mean ± SEM as summary from 2 independent experiments with 3 replicates each. (D) Tec protein expression was monitored by SDS-PAGE in
naïve CD4+ T cells stimulated as in (B) under the indicated cytokine conditions. Numbers above the blot indicate the band intensity quantification normalized to actin.
As a control naïve CD4+ T cells from Tec-/- mice were added. One representative experiment out of 2 is shown. (E) Scheme depicting the protein structure and
isoforms of Tec. Number between brackets indicate the splice variant origin. Splice variants 1 and 2 have different regulatory regions upstream of the initiation codon
and both result in isoform a, splice variant 3 results in isoform b and splice variant 4 in isoform c. (F) Tec isoforms were determined in naïve CD4+ T cells stimulated
as in (A) under various cytokine conditions as indicated in the figure by PCR using isoform specific primers. Hprt was used as house-keeping gene. One
representative experiment out of two is shown. P values were calculated by one-way ANOVA corrected with Tukey post-hoc test. *P < 0.05, **P < 0.01. n.s., non
significant. AU, Arbitrary Units. PH, pleckstrin homology domain. TH, Tec homology. BH, Btk homology. PR, proline rich. SH, SRC homology. Aa, amino acid.
December 2021 | Volume 12 | Article 750466
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their WT counterparts (Figure 2E). Of note, the IL-6 receptor
levels were similar between WT and Tec−/− naïve CD4+ T cells,
excluding a stronger IL-6 response due to higher receptor
expression as a consequence of T-cell developmental
alterations (Supplementary Figure S5). Taken together, our
data indicate that Tec dampens Th17 differentiation at low
IL-6 concentrations via inhibition of STAT3 phosphorylation,
and thereby restrains IL-21 secretion and Il23r expression.

Tec Regulates Th17 Effector
Differentiation In Vivo in a T-Cell-
Intrinsic Way
To study whether the enhanced in vitro Th17 differentiation in
the absence of Tec can also be observed in vivo, we took
advantage of an adoptive T-cell transfer model which allows to
monitor Th17 differentiation in vivo in an antigen-specific way
(39) (Figure 3A). Th17 cells were shown to either retain IL-17A
expression and induce expression of cytokines of other lineages
or even switch to another T helper-type-like Th1, Tr1 or Tfh, a
feature also described as “plasticity” (11, 21–23, 40, 41). We
combined therefore this adoptive transfer model with the IL-17A
fate mapping mouse (21) to ensure that we also monitor Th17
cells that switched to another T helper lineage and stopped
producing IL-17A, and to further evaluate Th17 in vivo plasticity.
We transferred a low number of naïve WT or Tec−/− OT-II
IL-17Acre R26YFP CD45.2+CD4+ T cells (which are specific for
ovalbumin, and allowed IL-17A fate mapping) into
CD45.1+C57BL/6-recipient mice which were subcutaneously
immunized 24 h later with ovalbumin in complete Freund’s
Frontiers in Immunology | www.frontiersin.org 6
adjuvant (CFA). Six days later, draining lymph nodes were
investigated for IL-17A+ cells and eYFP+ CD45.2+CD4+ T cells
(for a gating strategy, see Supplementary Figure S6).
Transferred Tec−/− CD4+ T cells displayed enhanced Th17
differentiation compared with their WT counterpart, as
revealed by the expression of IL-17A after PMA/ionomycin ex
vivo restimulation of draining lymph node cells (Figures 3B–D).
It was shown that during in vitro and in vivo Th17
differentiation, eYFP-positive cells correlate partially with IL-
17A expression (21). This difference (IL-17A+YFP– cells) was
explained by a threshold Cre protein expression level required to
faithfully mark Th17 cells which have acquired full effector
functions. Therefore eYFP+ CD4+ T cells represent a subset of
more mature effector Th17 cells (21). We observed more eYFP+

CD45.2+CD4+ T cells from Tec−/− mice compared with
those from WT mice, indicating that Tec deficiency results
in an enhanced fraction of mature effector Th17 cells
(Figures 3B–D).

Tec−/− CD4+ T Cells Differentiate More
Towards Inflammatory IFN-g+Th17 Cells
In Vivo
Independent of the genotype, immunization led to a robust
induction of Th17 and Th1 cells, but only to a marginal IL-10
production by CD4+ T cells, indicating an ongoing inflammatory
immune reaction which is still not resolving (Supplementary
Figures S7A–C) (23). To understand if, in addition to an
enhanced Th17 effector differentiation, Tec−/− CD4+ T cells
show an altered plasticity and/or Th17 subset distribution
A B

D EC

FIGURE 2 | Tec impacts on IL-6 sensing during Th17 differentiation. (A) Contour plots show IL-17A and/or Foxp3 positive cells from naïve CD4+ T cells from WT and
Tec-/- mice cultured 3 days with anti-CD3, anti-CD28, 1ng/ml TGFb1 and increasing concentrations of IL-6 as indicated on the figure. One representative experiment
out of 3 is shown. (B) Quantification of (A). (C) IL-17A secretion was measured from supernatants of cells cultured as in (A). (D) Analysis by flow cytometry of STAT3
phosphorylation of naïve WT or Tec-/- CD4+ T cells cultured with TGFb1 without or with 5 or 20 ng/ml IL-6 for 24, 48 or 72 hours. (E) Il23r expression on naïve CD4+

T cells from WT and Tec-/- mice cultured as in (A) with the indicated IL-6 concentrations and constant 1 ng/ml TGFb1 concentration. A summary of two experiments
with 3 replicates each is shown. P values were calculated by two-way ANOVA using a Sidak’s multiple comparisons test (C–F). *P < 0.05, **P < 0.01.
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in vivo, we analyzed the proportion of IL-17 and IFN-g single-
and double-positive CD4+ T cells gated on eYFP+ cells among
transferred CD45.2+CD4+ T cells in the draining lymph
nodes of CD45.1+ immunized recipient animals (Figure 4;
Supplementary Figure S8 for the gating strategy). This allows
the analysis of Th17 cells which produce only IL-17A, IFN-
g+Th17 cells which secrete both IL-17A and IFN-g and Th1/
Frontiers in Immunology | www.frontiersin.org 7
exTh17 cells which secrete only IFN-g. Upon transfer, Tec−/−

CD4+ T cells differentiated more towards IFN-g+Th17 cells
(Figure 4), suggesting a higher degree of pathogenicity in the
absence of Tec, as these cells were described to have a higher
pathogenic potential (12). Taken together, our results indicate
that Tec regulates the differentiation of Th17 cells and in
particular IFN-g+Th17 cells during immunization.
A

B C

FIGURE 4 | Tec regulates IFNg+Th17 cells. (A) Contour plots represent the frequency of IL-17A and IFNg positive cells isolated from the inguinal lymph nodes after
transfer and immunization as depicted in Figure 3 and gated on eYFP+ transferred CD4+ T cells. (B) Summary of (A). (C) Summary of total cell numbers of IL-17A
and IFNg single and double producing cells resulting from the analysis performed in Figure 4A. The summary of three independent experiments is shown with three
mice per group. P values were calculated by an unpaired Two-tailed t test. **P < 0.01.
A

B DC

FIGURE 3 | Tec dampens Th17 responses in vivo. (A) Experimental scheme. (B) Dot plots represent IL-17A versus eYFP positive cells isolated from the inguinal
lymph nodes after transfer and immunization as depicted in (A). (C) Quantification of (A) (D) Summary of total cells. The summary of three independent experiments
is shown with at least three mice per group. P values were calculated by an unpaired two-tailed t test. *P < 0.05.
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Loss of Tec in CD4+ T Cells Leads to an
Enhanced Th17 Differentiation During
Onset of T-Cell-Driven Colitis
Th1 and Th17 cells and especially IFN-g+Th17 cells and Th1/
exTh17 cells were shown to play an important role in
inflammatory bowel disease (IBD) (42, 43). To understand
whether in the absence of Tec an enhanced mucosal Th17 cell
differentiation occurs during gut-related inflammatory conditions
and disease, and even contributes to the disease severity, we took
advantage of the T-cell-driven colitis model (44, 45). In this model,
naïve CD4+ T cells are adoptively transferred into Rag2−/− mice
deficient for T and B cells (Figure 5A). These transferred naïve
CD4+ T cells develop into Th1 and Th17 effector cells by exposure
to gut microbiota antigens and cause severe colitis which
recapitulates major aspects of human IBD (46). We therefore
transferred naïve WT or Tec−/− naïve CD4+ T cells from IL-17A
fate mapping mice into Rag2−/− mice and analyzed the small
intestine and colon for appearance of preconversion (Th17) and
postconversion (exTh17) effector cells 3 weeks after transfer by
monitoring eYFP+ cells (Figure 5A; Supplementary Figure S9A),
Frontiers in Immunology | www.frontiersin.org 8
a time frame which corresponds to the onset of colitis disease (47),
as exemplified by similar colon lengths between control and
treated groups (Supplementary Figure S9B). Despite similar
disease severity, we observed an increase in eYFP+ cells in small
intestine and colon of mice transferred with Tec−/− naïve CD4+ T
cells compared with those that received WT cells (Figure 5B;
Supplementary Figure S9C). Therefore, more Tec-deficient naïve
CD4+ T cells underwent Th17 differentiation before manifestation
of strong disease phenotypes.

Tec Regulates Plasticity of Th17 Cells
During Onset of Colitis
Th17 cells have a high degree of functional heterogeneity and
plasticity (41), in particular in the gut (48, 49), where pathogenic
IFN-g producing Th17 cells and anti-inflammatory IL-10
producing Th17 cells were described. Therefore, we analyzed
the production of IL-17A versus IFN-g and IL-17A versus IL-10
by eYFP+ CD4+ T cells (Figure 5C; Supplementary Figures
S9D, 10) to identify IFN-g+ Th17, Th1/exTh17, IL-10+Th17, and
Tr1/exTh17 cells. Tec−/− eYFP+ cells from small intestine or
A B

D E

F G

C

FIGURE 5 | Tec enhances Th17 differentiation and plasticity in the small intestine during onset of adoptive transfer colitis. (A) Experimental scheme. (B) Contour plots
represent the frequency of eYFP+ CD4+ T cells from small intestine after gating on transferred CD45.2+ cells. The summary is represented alongside. (C) Contour plots
represent the frequency of IL-17A and IFNg positive intestinal cells gated on eYFP+ CD45.2+ CD4+ T cells from WT and Tec-/- diseased mice. (D) Summary of (C).
(E) The scatter plot represents the expression of level of IFNg; among CD45.2+CD4+eYFP+IFNg+IL-17A- T cells gated as in (C). (F) Flow cytometry analysis showing
IL-23 receptor expression on the indicated cell type and genotype. The numbers represent the frequency of positive cells. (G) Summary of the frequencies (upper scatter
plots) and expression levels (lower scatter plots) of the IL-23 receptor from cells represented in (F). (C–E, G) represent two independent biological replicates with 3
animals per replicate for the WT group and 2 animals per replicate for the Tec-/- group P values were calculated by an unpaired Two-tailed t test. *P < 0.05, **P < 0.01.
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colon of diseased mice showed a high degree of plasticity of Th17
cells towards Th1/exTh17 cells, as Tec−/− eYFP+ had a higher
frequency of eYFP+ IFN-g+IL-17A– cells in comparison with WT
cells (Figures 5C, D; Supplementary Figures S9D, E). In addition,
theseTec−/−Th1/exTh17 cells showed enhanced IFN-g production,
as MFI of these cells was significantly higher compared with WT
Th1/exTh17 cells in small intestine (Figure5E) andas a tendency in
colon (Supplementary Figure S9F). However, IL-10+ cell
frequencies were not increased among YFP+ intestinal cells in the
absence of Tec (Supplementary Figures S10B, C). Taken together,
these data indicate thatTecnegatively regulatesTh17 cells in the gut
during onset of disease, restraining their plasticity towards Th1/
exTh17 cells.

Tec Regulates IL-23R Expression in eYFP+

Cells in Small Intestine and Colon During
Onset of Colitis
One of the most important molecular factors regulating Th17
plasticity is IL-23 (50), which was shown to promote expression
of IFN-g in Th17 cells and their transdifferentiation towards Th1
cells (51). The IL-23R has to be upregulated on Th17 cells during
their differentiation in response to IL-6 (16). Thus, mechanisms
that enhance IL-23R levels on Th17 cells also promote their
Frontiers in Immunology | www.frontiersin.org 9
plasticity. We therefore monitored the expression of the IL-23R
on Th17, IFN-g+Th17, and Th1/exTh17 cells from small
intestine or colon of diseased mice. We observed a significant
higher frequency of IL-23R-positive cells among Tec−/− Th17,
IFN-g+Th17, and Th1/exTh17 cells from small intestine
(Figures 5F, G, upper panel) correlating with higher IL-23R
expression levels (Figure 5G, lower panel). The frequency of IL-
23R-positive cells was enhanced among Tec−/− IFN-g+Th17 cells
from colon origin (Supplementary Figures S9G, H, upper
panel) correlating with a tendency towards higher receptor
levels (Supplementary Figure S9H, lower panel). Taken
together, our data show enhanced IL-23R-positive cells with
higher receptor levels among eYFP+ cells in the intestine in the
absence of Tec during onset of colitis.

Loss of Tec in CD4+ T Cells Leads to an
Enhanced Disease Severity During T-Cell-
Driven Colitis
To understand whether the altered Th17 differentiation in the
absence of Tec also affects the disease severity in the T-cell-
driven colitis model, a histopathological analysis of the colon
from Rag1−/− mice 7 weeks after transfer of WT or Tec−/− naïve
CD4+ T cell was performed (Figure 6A). At this time point,
A

B

D E

C

FIGURE 6 | Tec impacts on disease severity during overt T cell-driven colitis. (A) Experimental scheme. (B) Representative histological images of colon from WT
healthy control, and WT and Tec-/- diseased mice. HE-staining was performed. Bars represent 200µm and 50µm, respectively. (C) Disease score as calculated by
adding scores from assessment of cell infiltrate, epithelial changes and lesions of the mucosal architecture as described in Materials and Methods. (D) Representative
picture of colon of WT healthy control, and WT and Tec-/- diseased mice. (E) Summary of (D). (C, E) show the summary of three experiments with at least two
animals per group. P values were calculated by an unpaired Two-tailed t test. *P < 0.05.
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disease severity is pronounced (44). In general, colitis was
significantly induced irrespective whether WT or Tec−/− naïve
CD4+ T cell were transferred as revealed by transmural
infiltration with immune cells, epithelial cell hyperplasia, loss
of goblet cells, crypt abscesses, and focal erosions (Figure 6B). A
score was assigned by assessing all these parameters and revealed
a moderate but significantly stronger inflammation in colons of
animals that received Tec−/− naïve CD4+ T cells in comparison
with those receiving WT naïve CD4+ T cells (Figure 6C). In
agreement, colon length was significantly shorter in mice that
received Tec−/− naïve CD4+ T cells, further indicating that a
stronger colon inflammation was induced by Tec−/− naïve CD4+

T cells (Figures 6D, E). These data together support an increased
pathogenicity of Th17 subsets generated during colitis in the
absence of Tec, either because of increased frequency of Th17
cells or because of the occurrence of more pathogenic-type Th17
cells, or both.

Tec Regulates Th17 Frequency and
Plasticity During Inflammatory Stage
of Colitis
To assess whether Th17 cell differentiation and plasticity is also
altered during an inflammatory stage of colitis where disease is
pronounced, we analyzed intraepithelial lymphocytes (IEL) and
lamina propria lymphocyte (LPL) subsets 7 weeks after transfer.
We observed more eYFP+ cells among small intestine associated
IEL and LPL of diseased Tec−/− mice compared with diseased
WT mice (Figure 7A; Supplementary Figure S11). In addition.
Th1/exTh17 LPLs were significantly increased in frequency and
number in the absence of Tec (Figures 7B–D; Supplementary
Figure S12A for a gating strategy). IL-10 production was not
changed between eYFP+ WT and Tec−/− LPLs (Supplementary
Figures S12B–D). Th1 cells (eYFP−) that did not originate from
Frontiers in Immunology | www.frontiersin.org 10
Th17 cells were strongly induced in both experimental groups,
however no difference was observed in the frequency between
WT and Tec−/− Th1 cells (Supplementary Figures S12E, F).
Taken together, Tec-deficient naïve CD4+ T cells differentiated
markedly more towards effector Th17 cells with enhanced
plasticity towards Th1/exTh17 cells during overt colitis with
pronounced inflammatory phenotype.
DISCUSSION

In this study, we examined the role of the tyrosine kinase Tec in
Th17 cell differentiation and during T-cell- driven colitis, a Th1/
Th17-driven disease. As Th17 cells play a major role in
autoimmune or inflammatory diseases, it is of key importance
to identify signaling networks regulating their differentiation and
function. We found that Tec isoform a was predominantly
induced by the Th17 driving cytokines TGF-b1 and IL-6,
implying a specific function of this kinase during Th17
differentiation. We further demonstrate that Tec fine tunes the
response to IL-6 via STAT3, counteracting the upregulation of the
Il23r. Moreover, Tec negatively regulated Th17 differentiation and
pathogenicity during immunization and colitis in vivo in a T-cell
intrinsic way.

Systems biology studies (24) showed by computational
analysis that Tec is upregulated in Th17 cells, located in a
Th17-specific signal transduction node and being under
control of the transcription factor RORgt. It was however not
known which Th17-driving conditions led to its upregulation
and what implication this upregulation has on the Th17
differentiation itself and the subsequent immune response. An
important finding of this study is the cytokine-inducible nature
of Tec expression, being under control of TGF-b1 and reaching
A

B DC

FIGURE 7 | Tec supports Th1/exTh17 cells during overt T cell-driven colitis. (A) Dot plots represent the frequency of eYFP+ CD4+ T cells from LPL after gating on
transferred CD45.2+ cells. The summary of three experiments with at least two animals per group is represented alongside. (B) Dot plots represent the frequency of
IL-17A and IFNg positive LPLs gated on eYFP+ CD4+ T cells from WT and Tec-/- diseased mice. (C) Summary of (B). (D) Summary of total cell numbers of IL-17A
and IFNg single and double producing cells. (C, D) show the summary of three experiments with at least two animals per group. P values were calculated by an
unpaired Two-tailed t test. *P < 0.05, **P < 0.01.
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even higher levels by further addition of IL-6. Other cytokines
important for Th17 differentiation and expansion such as IL-23
or IL-1b did not affect the levels of Tec. We therefore determined
two crucial cytokines which are required for Th17 differentiation
and also regulate Tec expression.

Itwas previously reported that Tec is expressed at very low levels
innaïveT cells, beingupregulateduponactivation, and inparticular
in Th2 cells (36). We did not observe a significant upregulation of
Tec in activated T cells in the absence of exogenous cytokines in
contrast to previous publications (36). The discrepancy might be
due to the purification of theCD4+T cells, as our cells are naïve cells
sorted based on CD44 and CD62L markers and do not contain
residual effector or memory like T cells which display a higher Tec
kinase expression compared with naïve T cells and expand during
activation (28). Stimuli/cytokines other than TGF-b1 and IL-6
might induce Tec upregulation after T-cell activation, as Tec was
shown to be upregulated in Th2 cells, in contrast to Th1 cells. In
previous studies, we did however not observe an alteration in Th2-
cell differentiation in the absence of Tec and Tec-deficient mice
displayed no change in disease severity or outcome in a model of
Th2-driven allergic airway inflammation (28). As IL-6 signaling is
also important for Th2- but not Th1-cell differentiation (52), we
cannot exclude a function of Tec in the IL-6 sensing during Th2
differentiation,with an impact onotherTh2-drivendiseases such as
worm infections. Further studies aiming at deciphering the exact
cytokine condition required for Tec upregulation during Th2
differentiation might uncover such a mechanism.

In addition to Jak proteins, Tec has been shown to be associated
with gp130, and a positive function in signal transduction from the
IL-6 receptor (IL-6R) was hypothesized for Tec (53). Our data in
contrast define Tec as a fine-tuning negative regulator of the IL-6
signaling pathway. The Src homology region 2 domain-containing
tyrosine phosphatase-1 (SHP-1) is a cytoplasmic protein tyrosine
phosphatase expressed in all hematopoietic cell lineages which was
shown to dampen IL-6 signaling and restrain Th17 differentiation
(54). It is therefore tempting to speculate that Tec promotes
recruitment of SHP-1 to the IL-6R signaling complex, thereby
mediating its inhibitory effects. Another likely molecular
mechanism is suggested by the kinetic study of STAT
phosphorylation. At low IL-6 concentration, we observed in
absence of Tec an increase in STAT1 (although only a tendency)
and STAT5 phosphorylation and the strongest effect on STAT3
phosphorylation 48 hours after the cultures were started. This
kinetic correlates with the regulation of SOCS3 expression on
protein level (55) and its inhibitory function on STAT proteins
(56). As SOCS3 was shown to interact with Tec (37, 57), Tec might
play a function in the SOCS3-mediated inhibition of STATproteins
downstream of the IL-6R. Further studies deciphering the precise
molecular interaction of Tec with SHP-1, SOCS3, and other known
negative regulators of Th17-cell differentiation or IL-6R signaling
suchasSOCS1(58), SHP-2(59), orTNFR-associated factors 2and5
(TRAF2/5) (60) are warranted.

Another important finding of our study is that Tec not only
dampens Th17 differentiation in vitro but also in vivo in a T-cell
intrinsic way. We analyzed Th17 cell plasticity based on the IL-
17A fate mapping mouse. As not all Th17 cells are marked after
Frontiers in Immunology | www.frontiersin.org 11
expressing IL-17A due to Cre protein levels, not all Th17 cell
fates can be traced. Therefore, some transdifferentiation
mechanisms might not be possible to analyze due to this
technical consideration and will be followed up by using for
instance IL-17A reporter mice and transfer systems. However,
the use of IL-17A fate mapping mice combined with in vivo
models allowed us to draw conclusions as to Th17 plasticity
towards the Th1 subset in absence of Tec. By using a short-term
immunization approach over 6 days, we identified more IL-17A
and IFN-g coproducing Th17 cells, while in a long-term T-cell-
driven colitis model over 7 weeks we observed more Th1/exTh17
cells in the absence of Tec. The difference in the type of Th17
subset that is enhanced in knockout cells in these two different in
vivo models could be related to the difference in the analyzed in
vivo sites and different cytokine environments to which Tec−/−

naïve CD4+ T cells were exposed, or it could indicate that the
plasticity of Th17 cells towards Th1/exTh17 cells occurs
gradually over time, and that IFN-g+Th17 cells are an
intermediate subset derived from Th17 cells which ultimately
lose their IL-17A secretion capacity. In the latter hypothesis, our
data identify Tec as an important factor which restrains this
process. In addition, disease severity was increased in the T-cell-
driven colitis model when Tec-deficient cells were transferred,
implying also a higher pathogenic potential of Th17 cells in
absence of Tec, either because of the increase in Th17 frequency,
or because of the increased frequency of Th1/exTh17 cells with
higher pathogenic potential, or both. Our data together show the
important function of Tec in restraining Th17 differentiation,
pathogenicity and plasticity.

In vitro, low IL-6 concentration led to a higher Il23r
expression on Tec-deficient Th17 cells. IL-23 was shown to be a
crucial factor for the inductionofTh17pathogenicity andplasticity,
strongly promoting the generation of IFN-g+Th17 or Th1/exTh17
cells (51). In addition, IL-23 is essential for the emergence of IFN-
g+Th17 during colitis (61). It is therefore tempting to speculate that,
in the absence of Tec, naïve CD4+ T cells which encounter low IL-6
concentrations in vivo differentiate more robustly towards IFN-
g+Th17 andTh1/exTh17 cells as a result of higher IL-23R induction
and therefore also a stronger susceptibility to IL-23. In favor of this
hypothesis is the higher IL-23R expression in vivo in Tec−/− Th17,
IFN-g+Th17, and Th1/exTh17 cells from small intestine of animals
with colitis. Therefore, in vivo, Tec might regulate the IL-6R
signaling pathway and/or additional signaling pathways and
thereby lead to an attenuation of Th17 differentiation and
concomitant plasticity, restraining in the same process
Th17 pathogenicity.

A limitation to our study is that Tec was deleted in all T cells
and not specifically in Th17 cells. Therefore, we cannot exclude
the possibility that T-cell subsets different from Th17 cells and
regulated by Tec impact on Th17 plasticity indirectly. Studies
based on conditional knockout mice are warranted to fully
address this issue. However, as the IL-23R is upregulated in
Th17 cells in the T-cell-driven colitis model in the absence of
Tec, it is tempting to speculate that Tec kinase regulates Th17
plasticity in an Th17-intrinsic mode by acting in the IL-6R
signaling pathway.
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Taken all our data together, we propose the following main
working model and mechanism. During T-cell activation and
after exposure to TGF-b1 and IL-6, Tec is upregulated and acts as
negative feedback loop on IL-6R signaling. This is comparable
with the SOCS proteins which are induced by IL-6R signaling
and function as a negative feedback control (62). The further
requirement of TGF-b1 signaling for Tec induction adds a level
of control and specificity for Th17-cell differentiation. After Tec
induction under high IL-6 concentrations, the positive regulators
like Jak and STAT3 might outnumber negative factors such as
Tec and a threshold STAT3 phosphorylation and translocation
can be achieved, allowing optimal Th17 differentiation
(Supplementary Figure S13A, left panel). At low IL-6
concentrations, the positive regulators are counteracted by the
inhibition of Tec (Supplementary Figure S13A, middle panel).
This leads to lower IL-23R levels at the surface of the cells, and
lower susceptibility to differentiate towards pathogenic Th17
cells with increased plasticity. In absence of Tec, the IL-6R
signaling at low IL-6 concentrations is not inhibited by Tec,
and results in higher STAT3 phosphorylation and translocation,
higher Th17 differentiation and IL-23R levels on the cell surface
(Supplementary Figure S13A, right panel). Following the
tunable diffusion-consumption mechanism of cytokine
propagation proposed by Oyler-Yaniv et al. (63) which was
shown to support cell plasticity, we propose a model in vivo
where an IL-6 producing cell surrounded by activated CD4+ T
cells is the center of a cytokine niche with a defined size
(Supplementary Figure S13B). In inflammatory conditions
and in particular even more at mucosal sites CD4+ T cells are
exposed to IL-23 (61). CD4+ T cells in close proximity of the IL-6
producing cell will have a high IL-6R signaling, and therefore
strongly upregulate IL-23R and differentiate to pathogenic Th17
cells that might even transdifferentiate to Th1 cells. CD4+ T cells
that locate further away from the IL-6-producing cell will receive
less cytokine signal, and differentiate to Th17 cells with low to no
pathogenicity and plasticity. In the absence of Tec however, the
sensitivity of these cells to IL-6 is enhanced, and therefore cells at
the border of the cytokine niche are receptive to IL-6 signals,
leading to more Th17-cell differentiation, pathogenicity, and
plasticity (Supplementary Figure S13B).

Our data show a more pronounced plasticity of Tec-deficient
Th17 cells towards Th1 cells. In an S. pneumoniae immunization
and lung infection model, more Il17a was expressed in lungs in
the absence of Tec accompanied by a reduced bacterial burden
without aggravation of tissue damage (28). One possible
explanation of this positive disease outcome is that in absence
of Tec, more IFN-g+Th17 or Th1/exTh17 cells were generated
which however in this context rather helped in controlling
bacterial infection, therefore reducing bacterial spread and
disease severity. Pathogen-specific Th17 cells expressing either
IFN-g or IL-10 have been described (64). Therefore, IFN-g+Th17
or Th1/exTh17 cells might have a context-dependent
detrimental or beneficial outcome. Follow-up studies based on
vaccination and infection experiments are warranted to test
whether Tec might be an interesting target for enhancing
Th17-specific mucosal immunity against extracellular bacteria
Frontiers in Immunology | www.frontiersin.org 12
(53) and whether Tec-specific inhibitors might be considered as
vaccine adjuvants.

In conclusion, our results provide another example how the
expression of signaling molecules is regulated in a T helper
subset-specific manner, allowing the immune system to fine tune
the response against harmful pathogens while restraining
inflammatory diseases. Therefore, Tec can be considered a
gatekeeper preventing immune overreaction at low IL-6 levels.
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.
ETHICS STATEMENT

The animal study was reviewed and approved by the Austrian
Federal Ministry for Education, Science and Art.
AUTHOR CONTRIBUTIONS

LS, MA, NB and WE designed the research; LS, MA and NB
performed most of the experiments and analyzed the data; CZ,
AH, SH, RR, LG, OS and SS performed some of the experiments;
NB wrote the manuscript and WE helped in the manuscript
editing. All authors contributed to the article and approved the
submitted version.
FUNDING

This work was supported by the Austrian Science Fund (FWF)
through the projects P24265, P30885, P27747 (P24265 and
P30885 to NB and P27747 to SS), and FWF Special Research
Program F70 (F07004 to NB and F07005 to WE). Further
support was provided by the FWF and Medical University of
Vienna doctoral program (DOC 32) “TissueHome” to WE.
ACKNOWLEDGMENTS

We would like to thank Brigitta Stockinger for providing the IL-
17Acre fate mapping mice and Dagmar Stoiber for providing the
OTII transgenic mice.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2021.750466/
full#supplementary-material
December 2021 | Volume 12 | Article 750466

https://www.frontiersin.org/articles/10.3389/fimmu.2021.750466/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2021.750466/full#supplementary-material
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Sandner et al. Tec Restrains Th17 Differentiation and Plasticity
REFERENCES
1. Chewning JH, Weaver CT. Development and Survival of Th17 Cells Within

the Intestines: The Influence of Microbiome- and Diet-Derived Signals.
J Immunol (2014) 193(10):4769–77. doi: 10.4049/jimmunol.1401835

2. Singh RP, Hasan S, Sharma S, Nagra S, Yamaguchi DT, Wong DT, et al. Th17
Cells in Inflammation and Autoimmunity. Autoimmun Rev (2014) 13
(12):1174–81. doi: 10.1016/j.autrev.2014.08.019

3. Stockinger B, Omenetti S. The Dichotomous Nature of T Helper 17 Cells. Nat
Rev Immunol (2017) 17(9):535–44. doi: 10.1038/nri.2017.50

4. Blaschitz C, Raffatellu M. Th17 Cytokines and the Gut Mucosal Barrier. J Clin
Immunol (2010) 30(2):196–203. doi: 10.1007/s10875-010-9368-7

5. Esplugues E, Huber S, Gagliani N, Hauser AE, Town T, Wan YY, et al.
Control of TH17 Cells Occurs in the Small Intestine. Nature (2011) 475
(7357):514–8. doi: 10.1038/nature10228

6. Honda K, Littman DR. The Microbiota in Adaptive Immune Homeostasis
and Disease. Nature (2016) 535(7610):75–84. doi: 10.1038/nature18848

7. McGeachy MJ, Cua DJ, Gaffen SL. The IL-17 Family of Cytokines in Health
and Disease. Immunity (2019) 50(4):892–906. doi: 10.1016/j.immuni.
2019.03.021

8. Patel DD, Kuchroo VK. Th17 Cell Pathway in Human Immunity: Lessons
From Genetics and Therapeutic Interventions. Immunity (2015) 43(6):1040–
51. doi: 10.1016/j.immuni.2015.12.003

9. Yasuda K, Takeuchi Y, Hirota K. The Pathogenicity of Th17 Cells in
Autoimmune Diseases. Semin Immunopathol (2019) 41(3):283–97.
doi: 10.1007/s00281-019-00733-8

10. McGeachy MJ, Cua DJ. Th17 Cell Differentiation: The Long and Winding
Road. Immunity (2008) 28(4):445–53. doi: 10.1016/j.immuni.2008.03.001

11. Dong C. Genetic Controls of Th17 Cell Differentiation and Plasticity. Exp Mol
Med (2011) 43(1):1–6. doi: 10.3858/emm.2011.43.1.007

12. Muranski P, Restifo NP. Essentials of Th17 Cell Commitment and Plasticity.
Blood (2013) 121(13):2402–14. doi: 10.1182/blood-2012-09-378653

13. Zuniga LA, Jain R, Haines C, Cua DJ. Th17 Cell Development: From the
Cradle to the Grave. Immunol Rev (2013) 252(1):78–88. doi: 10.1111/
imr.12036

14. Dong B, Li D, Li R, Chen SC, Liu W, Liu W, et al. A Chitin-Like Component
on Sclerotic Cells of Fonsecaea Pedrosoi Inhibits Dectin-1-Mediated Murine
Th17 Development by Masking Beta-Glucans. PLoS One (2014) 9(12):
e114113. doi: 10.1371/journal.pone.0114113

15. Dong C. Targeting Th17 Cells in Immune Diseases. Cell Res (2014) 24(8):901–
3. doi: 10.1038/cr.2014.92

16. Zhou L, Ivanov II, Spolski R, Min R, Shenderov K, Egawa T, et al. IL-6
Programs T(H)-17 Cell Differentiation by Promoting Sequential Engagement
of the IL-21 and IL-23 Pathways. Nat Immunol (2007) 8(9):967–74.
doi: 10.1038/ni1488

17. Chung Y, Chang SH, Martinez GJ, Yang XO, Nurieva R, Kang HS, et al.
Critical Regulation of Early Th17 Cell Differentiation by Interleukin-1
Signaling. Immunity (2009) 30(4):576–87. doi: 10.1016/j.immuni.2009.02.007

18. Veldhoen M, Hocking RJ, Atkins CJ, Locksley RM, Stockinger B. TGFbeta in
the Context of an Inflammatory Cytokine Milieu Supports De Novo
Differentiation of IL-17-Producing T Cells. Immunity (2006) 24(2):179–89.
doi: 10.1016/j.immuni.2006.01.001

19. Stritesky GL, Yeh N, Kaplan MH. IL-23 Promotes Maintenance But Not
Commitment to the Th17 Lineage. J Immunol (2008) 181(9):5948–55.
doi: 10.4049/jimmunol.181.9.5948

20. Ghoreschi K, Laurence A, Yang XP, Tato CM, McGeachy MJ, Konkel JE, et al.
Generation of Pathogenic T(H)17 Cells in the Absence of TGF-Beta
Signalling. Nature (2010) 467(7318):967–71. doi: 10.1038/nature09447

21. Hirota K, Duarte JH, Veldhoen M, Hornsby E, Li Y, Cua DJ, et al. Fate
Mapping of IL-17-Producing T Cells in Inflammatory Responses. Nat
Immunol (2011) 12(3):255–63. doi: 10.1038/ni.1993

22. Hirota K, Turner JE, Villa M, Duarte JH, Demengeot J, Steinmetz OM, et al.
Plasticity of Th17 Cells in Peyer's Patches Is Responsible for the Induction of
T Cell-Dependent IgA Responses. Nat Immunol (2013) 14(4):372–9.
doi: 10.1038/ni.2552

23. Gagliani N, Amezcua Vesely MC, Iseppon A, Brockmann L, Xu H, Palm NW,
et al. Th17 Cells Transdifferentiate Into Regulatory T Cells During Resolution
of Inflammation. Nature (2015) 523(7559):221–5. doi: 10.1038/nature14452
Frontiers in Immunology | www.frontiersin.org 13
24. Ciofani M, Madar A, Galan C, Sellars M, Mace K, Pauli F, et al. A Validated
Regulatory Network for Th17 Cell Specification. Cell (2012) 151(2):289–303.
doi: 10.1016/j.cell.2012.09.016

25. Yosef N, Shalek AK, Gaublomme JT, Jin H, Lee Y, Awasthi A, et al. Dynamic
Regulatory Network Controlling TH17 Cell Differentiation. Nature (2013)
496(7446):461–8. doi: 10.1038/nature11981

26. O'Shea JJ, Steward-Tharp SM, Laurence A, WatfordWT,Wei L, Adamson AS,
et al. Signal Transduction and Th17 Cell Differentiation. Microbes Infect
(2009) 11(5):599–611. doi: 10.1016/j.micinf.2009.04.007

27. Boucheron N, Ellmeier W. The Role of Tec Family Kinases in the Regulation
of T-Helper-Cell Differentiation. Int Rev Immunol (2012) 31(2):133–54.
doi: 10.3109/08830185.2012.664798

28. Boucheron N, Sharif O, Schebesta A, Croxford A, Raberger J, Schmidt U, et al.
The Protein Tyrosine Kinase Tec Regulates a CD44highCD62L- Th17 Subset.
J Immunol (2010) 185(9):5111–9. doi: 10.4049/jimmunol.1001734

29. Gomez-Rodriguez J, Wohlfert EA, Handon R, Meylan F, Wu JZ, Anderson
SM, et al. Itk-Mediated Integration of T Cell Receptor and Cytokine Signaling
Regulates the Balance Between Th17 and Regulatory T Cells. J Exp Med (2014)
211(3):529–43. doi: 10.1084/jem.20131459

30. Cho HS, Shin HM, Haberstock-Debic H, Xing Y, Owens TD, Funk JO, et al. A
Small Molecule Inhibitor of ITK and RLK Impairs Th1 Differentiation and
Prevents Colitis Disease Progression. J Immunol (2015) 195(10):4822–31.
doi: 10.4049/jimmunol.1501828

31. Liu CC, Lai CY, Yen WF, Lin YH, Chang HH, Tai TS, et al. Reciprocal
Regulation of C-Maf Tyrosine Phosphorylation by Tec and Ptpn22. PLoS One
(2015) 10(5):e0127617. doi: 10.1371/journal.pone.0127617

32. Ellmeier W, Jung S, Sunshine MJ, Hatam F, Xu Y, Baltimore D, et al. Severe B
Cell Deficiency in Mice Lacking the Tec Kinase Family Members Tec and Btk.
J Exp Med (2000) 192(11):1611–24. doi: 10.1084/jem.192.11.1611

33. Erben U, Loddenkemper C, Doerfel K, Spieckermann S, Haller D,
Heimesaat MM, et al. A Guide to Histomorphological Evaluation of
Intestinal Inflammation in Mouse Models. Int J Clin Exp Pathol (2014) 7
(8):4557–76.

34. Ostanin DV, Bao J, Koboziev I, Gray L, Robinson-Jackson SA, Kosloski-
Davidson M, et al. T Cell Transfer Model of Chronic Colitis: Concepts,
Considerations, and Tricks of the Trade. Am J Physiol Gastrointest Liver
Physiol (2009) 296(2):G135–146. doi: 10.1152/ajpgi.90462.2008

35. Wei G, Abraham BJ, Yagi R, Jothi R, Cui K, Sharma S, et al. Genome-Wide
Analyses of Transcription Factor GATA3-Mediated Gene Regulation in
Distinct T Cell Types. Immunity (2011) 35(2):299–311. doi: 10.1016/
j.immuni.2011.08.007

36. Tomlinson MG, Kane LP, Su J, Kadlecek TA, Mollenauer MN, Weiss A.
Expression and Function of Tec, Itk, and Btk in Lymphocytes: Evidence for a
Unique Role for Tec. Mol Cell Biol (2004) 24(6):2455–66. doi: 10.1128/
mcb.24.6.2455-2466.2004

37. Boucheron N. “Tec”. In: S Choi, editor. Encyclopedia of Signaling Molecules.
New York, NY: Springer New York (2017). p. 1–9.

38. Wan CK, Andraski AB, Spolski R, Li P, Kazemian M, Oh J, et al. Opposing
Roles of STAT1 and STAT3 in IL-21 Function in CD4+ T Cells. Proc Natl
Acad Sci USA (2015) 112(30):9394–9. doi: 10.1073/pnas.1511711112

39. Jain R, Chen Y, Kanno Y, Joyce-Shaikh B, Vahedi G, Hirahara K, et al.
Interleukin-23-Induced Transcription Factor Blimp-1 Promotes
Pathogenicity of T Helper 17 Cells. Immunity (2016) 44(1):131–42.
doi: 10.1016/j.immuni.2015.11.009

40. Stadhouders R, Lubberts E, Hendriks RW. A Cellular andMolecular View of T
Helper 17 Cell Plasticity in Autoimmunity. J Autoimmun (2018) 87:1–15.
doi: 10.1016/j.jaut.2017.12.007

41. Mazzoni A, Maggi L, Liotta F, Cosmi L, Annunziato F. Biological and Clinical
Significance of T Helper 17 Cell Plasticity. Immunology (2019) 158(4):287–95.
doi: 10.1111/imm.13124

42. Harbour SN, Maynard CL, Zindl CL, Schoeb TR, Weaver CT. Th17 Cells Give
Rise to Th1 Cells That Are Required for the Pathogenesis of Colitis. Proc Natl
Acad Sci USA (2015) 112(22):7061–6. doi: 10.1073/pnas.1415675112

43. Zhao J, Lu Q, Liu Y, Shi Z, Hu L, Zeng Z, et al. Th17 Cells in Inflammatory
Bowel Disease: Cytokines, Plasticity, and Therapies. J Immunol Res (2021)
2021:8816041. doi: 10.1155/2021/8816041

44. Powrie F, Leach MW, Mauze S, Caddle LB, Coffman RL. Phenotypically
Distinct Subsets of CD4+ T Cells Induce or Protect From Chronic Intestinal
December 2021 | Volume 12 | Article 750466

https://doi.org/10.4049/jimmunol.1401835
https://doi.org/10.1016/j.autrev.2014.08.019
https://doi.org/10.1038/nri.2017.50
https://doi.org/10.1007/s10875-010-9368-7
https://doi.org/10.1038/nature10228
https://doi.org/10.1038/nature18848
https://doi.org/10.1016/j.immuni.2019.03.021
https://doi.org/10.1016/j.immuni.2019.03.021
https://doi.org/10.1016/j.immuni.2015.12.003
https://doi.org/10.1007/s00281-019-00733-8
https://doi.org/10.1016/j.immuni.2008.03.001
https://doi.org/10.3858/emm.2011.43.1.007
https://doi.org/10.1182/blood-2012-09-378653
https://doi.org/10.1111/imr.12036
https://doi.org/10.1111/imr.12036
https://doi.org/10.1371/journal.pone.0114113
https://doi.org/10.1038/cr.2014.92
https://doi.org/10.1038/ni1488
https://doi.org/10.1016/j.immuni.2009.02.007
https://doi.org/10.1016/j.immuni.2006.01.001
https://doi.org/10.4049/jimmunol.181.9.5948
https://doi.org/10.1038/nature09447
https://doi.org/10.1038/ni.1993
https://doi.org/10.1038/ni.2552
https://doi.org/10.1038/nature14452
https://doi.org/10.1016/j.cell.2012.09.016
https://doi.org/10.1038/nature11981
https://doi.org/10.1016/j.micinf.2009.04.007
https://doi.org/10.3109/08830185.2012.664798
https://doi.org/10.4049/jimmunol.1001734
https://doi.org/10.1084/jem.20131459
https://doi.org/10.4049/jimmunol.1501828
https://doi.org/10.1371/journal.pone.0127617
https://doi.org/10.1084/jem.192.11.1611
https://doi.org/10.1152/ajpgi.90462.2008
https://doi.org/10.1016/j.immuni.2011.08.007
https://doi.org/10.1016/j.immuni.2011.08.007
https://doi.org/10.1128/mcb.24.6.2455-2466.2004
https://doi.org/10.1128/mcb.24.6.2455-2466.2004
https://doi.org/10.1073/pnas.1511711112
https://doi.org/10.1016/j.immuni.2015.11.009
https://doi.org/10.1016/j.jaut.2017.12.007
https://doi.org/10.1111/imm.13124
https://doi.org/10.1073/pnas.1415675112
https://doi.org/10.1155/2021/8816041
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Sandner et al. Tec Restrains Th17 Differentiation and Plasticity
Inflammation in C. B-17 Scid Mice. Int Immunol (1993) 5(11):1461–71.
doi: 10.1093/intimm/5.11.1461

45. Read S, Malmstrom V, Powrie F. Cytotoxic T Lymphocyte-Associated
Antigen 4 Plays an Essential Role in the Function of CD25(+)CD4(+)
Regulatory Cells That Control Intestinal Inflammation. J Exp Med (2000)
192(2):295–302. doi: 10.1084/jem.192.2.295

46. Eri R, McGuckin MA, Wadley R. T Cell Transfer Model of Colitis: A Great
Tool to Assess the Contribution of T Cells in Chronic Intestinal Inflammation.
Methods Mol Biol (2012) 844:261–75. doi: 10.1007/978-1-61779-527-5_19

47. Chen YL, Chen YT, Lo CF, Hsieh CI, Chiu SY, Wu CY, et al. Early Detection
of T Cell Transfer-Induced Autoimmune Colitis by In Vivo Imaging System.
Sci Rep (2016) 6:35635. doi: 10.1038/srep35635

48. Krausgruber T, Schiering C, Adelmann K, Harrison OJ, Chomka A, Pearson
C, et al. T-Bet Is a Key Modulator of IL-23-Driven Pathogenic CD4(+) T Cell
Responses in the Intestine. Nat Commun (2016) 7:11627. doi: 10.1038/
ncomms11627

49. Xu H, Agalioti T, Zhao J, Steglich B, Wahib R, Vesely MCA, et al. The
Induction and Function of the Anti-Inflammatory Fate of TH17 Cells. Nat
Commun (2020) 11(1):3334. doi: 10.1038/s41467-020-17097-5

50. Agalioti T, Villablanca EJ, Huber S, Gagliani N. TH17cell Plasticity: The Role
of Dendritic Cells and Molecular Mechanisms. J Autoimmun (2018) 87:50–60.
doi: 10.1016/j.jaut.2017.12.003

51. Lee YK, Turner H, Maynard CL, Oliver JR, Chen D, Elson CO, et al. Late
Developmental Plasticity in the T Helper 17 Lineage. Immunity (2009) 30
(1):92–107. doi: 10.1016/j.immuni.2008.11.005

52. Diehl S, Rincon M. The Two Faces of IL-6 on Th1/Th2 Differentiation. Mol
Immunol (2002) 39(9):531–6. doi: 10.1016/s0161-5890(02)00210-9

53. Matsuda T, Takahashi-Tezuka M, Fukada T, Okuyama Y, Fujitani Y, Tsukada
S, et al. Association and Activation of Btk and Tec Tyrosine Kinases by Gp130,
a Signal Transducer of the Interleukin-6 Family of Cytokines. Blood (1995) 85
(3):627–33. doi: 10.1182/blood.V85.3.627.bloodjournal853627

54. Mauldin IS, Tung KS, Lorenz UM. The Tyrosine Phosphatase SHP-1
Dampens Murine Th17 Development. Blood (2012) 119(19):4419–29.
doi: 10.1182/blood-2011-09-377069

55. Sckisel GD, Bouchlaka MN, Monjazeb AM, Crittenden M, Curti BD, Wilkins
DE, et al. Out-Of-Sequence Signal 3 Paralyzes Primary CD4(+) T-Cell-
Dependent Immunity. Immunity (2015) 43(2):240–50. doi: 10.1016/
j.immuni.2015.06.023

56. Rottenberg ME, Carow B. SOCS3 and STAT3, Major Controllers of the
Outcome of Infection With Mycobacterium Tuberculosis. Semin Immunol
(2014) 26(6):518–32. doi: 10.1016/j.smim.2014.10.004

57. Gomez-Guerrero C, Lopez-Franco O, Sanjuan G, Hernandez-Vargas P,
Suzuki Y, Ortiz-Munoz G, et al. Suppressors of Cytokine Signaling Regulate
Fc Receptor Signaling and Cell Activation During Immune Renal Injury.
J Immunol (2004) 172(11):6969–77. doi: 10.4049/jimmunol.172.11.6969
Frontiers in Immunology | www.frontiersin.org 14
58. Palmer DC, Restifo NP. Suppressors of Cytokine Signaling (SOCS) in T Cell
Differentiation, Maturation, and Function. Trends Immunol (2009) 30
(12):592–602. doi: 10.1016/j.it.2009.09.009

59. Mihara M, Hashizume M, Yoshida H, Suzuki M, Shiina M. IL-6/IL-6 Receptor
System and its Role in Physiological and Pathological Conditions. Clin Sci
(Lond) (2012) 122(4):143–59. doi: 10.1042/CS20110340

60. Nagashima H, Okuyama Y, Hayashi T, Ishii N, So T. TNFR-Associated
Factors 2 and 5 Differentially Regulate the Instructive IL-6 Receptor Signaling
Required for Th17 Development. J Immunol (2016) 196(10):4082–9.
doi: 10.4049/jimmunol.1501610

61. Ahern PP, Schiering C, Buonocore S, McGeachy MJ, Cua DJ, Maloy KJ, et al.
Interleukin-23 Drives Intestinal Inflammation Through Direct Activity on T
Cells. Immunity (2010) 33(2):279–88. doi: 10.1016/j.immuni.2010.08.010

62. Starr R, Willson TA, Viney EM, Murray LJ, Rayner JR, Jenkins BJ, et al. A
Family of Cytokine-Inducible Inhibitors of Signalling. Nature (1997) 387
(6636):917–21. doi: 10.1038/43206

63. Oyler-Yaniv A, Oyler-Yaniv J, Whitlock BM, Liu Z, Germain RN, Huse
M, et al. A Tunable Diffusion-Consumption Mechanism of Cytokine
Propagation Enables Plasticity in Cell-To-Cell Communication in the
Immune System. Immunity (2017) 46(4):609–20. doi: 10.1016/
j.immuni.2017.03.011

64. Zielinski CE, Mele F, Aschenbrenner D, Jarrossay D, Ronchi F, Gattorno M,
et al. Pathogen-Induced Human TH17 Cells Produce IFN-Gamma or IL-10
and are Regulated by IL-1beta. Nature (2012) 484(7395):514–8. doi: 10.1038/
nature10957
Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Sandner, Alteneder, Zhu, Hladik, Högler, Rica, Van Greuningen,
Sharif, Sakaguchi, Knapp, Kenner, Trauner, Ellmeier and Boucheron. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.
December 2021 | Volume 12 | Article 750466

https://doi.org/10.1093/intimm/5.11.1461
https://doi.org/10.1084/jem.192.2.295
https://doi.org/10.1007/978-1-61779-527-5_19
https://doi.org/10.1038/srep35635
https://doi.org/10.1038/ncomms11627
https://doi.org/10.1038/ncomms11627
https://doi.org/10.1038/s41467-020-17097-5
https://doi.org/10.1016/j.jaut.2017.12.003
https://doi.org/10.1016/j.immuni.2008.11.005
https://doi.org/10.1016/s0161-5890(02)00210-9
https://doi.org/10.1182/blood.V85.3.627.bloodjournal853627
https://doi.org/10.1182/blood-2011-09-377069
https://doi.org/10.1016/j.immuni.2015.06.023
https://doi.org/10.1016/j.immuni.2015.06.023
https://doi.org/10.1016/j.smim.2014.10.004
https://doi.org/10.4049/jimmunol.172.11.6969
https://doi.org/10.1016/j.it.2009.09.009
https://doi.org/10.1042/CS20110340
https://doi.org/10.4049/jimmunol.1501610
https://doi.org/10.1016/j.immuni.2010.08.010
https://doi.org/10.1038/43206
https://doi.org/10.1016/j.immuni.2017.03.011
https://doi.org/10.1016/j.immuni.2017.03.011
https://doi.org/10.1038/nature10957
https://doi.org/10.1038/nature10957
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	The Tyrosine Kinase Tec Regulates Effector Th17 Differentiation, Pathogenicity, and Plasticity in T-Cell-Driven Intestinal Inflammation
	Introduction
	Materials and Methods
	Mice
	Flow Cytometric Analysis, Antibodies, and Reagents
	Differentiation of CD4+ T Cells and Cytokine Measurements
	Intracellular Cytokine, Transcription Factor, and pSTAT Stainings
	cDNA Synthesis and Quantitative Real-Time PCR
	Cytometric Bead Arrays and ELISAs for Cytokine Measurements
	Immunoblot Analysis
	T-Cell Transfer Experiment and Immunization
	Colitis and Isolation of Lymphocytes From Small Intestine, Colon, and IEL/LPL From Small Intestine
	Histology
	RNA-Sequencing—Data Origin and Processing
	Statistical Analysis

	Results
	Tec Isoform a Is Predominantly Upregulated in Th17 Cells
	Tec Dampens IL-6 Signaling During Th17 Differentiation via STAT3
	Tec Regulates Th17 Effector Differentiation In Vivo in a T-Cell-Intrinsic Way
	Tec&minus;/&minus; CD4+ T Cells Differentiate More Towards Inflammatory IFN-&gamma;+Th17 Cells In Vivo
	Loss of Tec in CD4+ T Cells Leads to an Enhanced Th17 Differentiation During Onset of T-Cell-Driven Colitis
	Tec Regulates Plasticity of Th17 Cells During Onset of Colitis
	Tec Regulates IL-23R Expression in eYFP+ Cells in Small Intestine and Colon During Onset of Colitis
	Loss of Tec in CD4+ T Cells Leads to an Enhanced Disease Severity During T-Cell-Driven Colitis
	Tec Regulates Th17 Frequency and Plasticity During Inflammatory Stage of Colitis

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


