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TGF-b1 is known to have a pro-inflammatory impact by inducing Th9 and Th17 cells, while
it also induces anti-inflammatory Treg cells (Tregs). In the context of allergic airway
inflammation (AAI) its dual role can be of critical importance in influencing the outcome of
the disease. Here we demonstrate that TGF-b is a major player in AAI by driving effector T
cells, while Tregs differentiate independently. Induction of experimental AAI and airway
hyperreactivity in a mouse model with inducible genetic ablation of the gene encoding for
TGFb-receptor 2 (Tgfbr2) on CD4+T cells significantly reduced the disease phenotype.
Further, it blocked the induction of pro-inflammatory T cell frequencies (Th2, Th9, Th17),
but increased Treg cells. To translate these findings into a human clinically relevant
context, Th2, Th9 and Treg cells were quantified both locally in induced sputum and
systemically in blood of allergic rhinitis and asthma patients with or without allergen-
specific immunotherapy (AIT). Natural allergen exposure induced local and systemic Th2,
Th9, and reduced Tregs cells, while therapeutic allergen exposure by AIT suppressed Th2
and Th9 cell frequencies along with TGF-b and IL-9 secretion. Altogether, these findings
support that neutralization of TGF-b represents a viable therapeutic option in allergy and
asthma, not posing the risk of immune dysregulation by impacting Tregs cells.

Keywords: TGF-beta, Th2, Th9, Th17, asthma, allergen-specific immunotherapy, induced sputum
INTRODUCTION

The three isoforms of transforming growth factor-b (TGF-b), TGF-b1, TGF-b2 and TGF-b3 in
mouse and human, encoded by separate genes, are involved in a plethora of biological processes
during development, lineage commitment, wound healing, proliferation, migration and survival of
cells (1). Each isoform and the TGF-b receptors (TGF-bR) are expressed in specific and temporal
Abbreviations: AA, allergic asthma; AAI, allergic airway inflammation; AHR, airway hyperreactivity; AIT, allergen-specific
immunotherapy; AR, allergic rhinitis; BAL, Bronchoalveolar lavage; BALF, Bronchoalveolar lavage fluid; ICI, Inflammatory
cell infiltrate; i.p., intraperitoneal; Mch, metacholin; n.d., not detectable; OVA, ovalbumin; PBMC, peripheral blood
mononuclear cell; PBS, Phosphate-buffered saline; mRQLQ, Rhinoconjunctivitis Quality of Life mini Questionnaire; tIgE,
total Immunoglobulin E; Tregs, regulatory T cells; Th, T helper cells.
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patterns making their functions strongly context-dependent for
various tissues and cell types (2). TGF-b was first described as
suppressor of T cell proliferation (3). Within the immune system
TGF-b signaling was later found to have essential roles in the T
cell, B cell and phagocyte compartments, among others. Initially
it was thought that TGF-b was a checkpoint molecule of T cell-
mediated autoimmune inflammatory disease, mediated by Treg
dependent (4) and independent (5) mechanisms. However, later
it was found that this phenomenon was dependent on a
lymphopenic environment (6, 7). TGF-b is now known to be
involved, and in some cases essential, for the development of
regulatory T (Treg) cells, for differentiation and lineage
commitment of Interleukin-17 producing T helper (Th17) cells
(mouse only), of follicular T helper (Tfh) cells (human only) and
of IL-9 producing T helper (Th9) cells (8, 9). Furthermore, TGF-
b is an important inducer of integrins, particularly of CD103 in
CD8+ resident T memory cells (10), Th1 cells (11), and Treg cells
(12, 13), which makes it also a regulator of cell migration during
and after inflammation. The various outcomes of TGF-b
signaling are achieved through combinatorial sensing of
additional cytokines (such as IL-6, IL-1, IL21 in combination
with TGF-b for Th17 induction), hence result from specific local
cytokine milieus (14).

Allergic diseases are characterized by an uncontrolled immune
reaction towards harmless environmental antigens to which the
body is exposed either via airways, as seen in allergic rhinitis (AR)
and allergic asthma (AA), via skin (atopic dermatitis),
gastrointestinal tract (food allergy) or by systemic exposure
(anaphylaxis). In healthy individuals, allergen exposure is
tolerated. Loss of T cell tolerance towards environmental antigens
is a prerequisite for initiation of an allergic reaction and can lead to
activation of Th2 cells, humoral (IgE) effector mechanisms as well as
infiltration of inflammatory cells at the site of allergen exposure. At
these tissue sites, increased mucus production (15), smooth muscle
(16) and airway epithelial cell activation (17) are observed,
subsumed as airway hyperreactivity (AHR).

In airway inflammation TGF-b1 is involved in tissue
remodeling (18), yet all isoforms are expressed throughout the
normal lung, including expression by bronchial epithelium,
macrophages, vascular endothelium, smooth muscle and
fibroblasts (19, 20). TGF-b is also a core inducer of the
epithelial-mesenchymal transition process during fibrotic
remodeling of airways (21). Both, TGF-b1 and TGF-b2 have
been shown to be increasingly expressed during airway
hyperreactivity (AHR), especially in eosinophils (22) and
macrophages (23); in case of TGF-b2, in epithelium (24) and
neutrophils. The amount of TGF-b1 in bronchoalveolar lavage
(BAL) is increased in AA and both TGF-b1 and -2 levels are
increased upon segmental allergen challenge of the lung (25).
TGF-b is part of the regulatory mechanisms of Tregs (26), which
can keep the potentially pathogenic IL-4-producing Th2 cells
under control and thus avoid AAI (27). The production of IL-4
by Th2 cells is also observed in healthy individuals (28).
Therefore, IL-4 cannot be alone acting as a disease checkpoint.
In contrast, IL-9-producing T helper cells (Th9) were recently
identified as critical subset in AA (29). In fact, increased IL-9-
Frontiers in Immunology | www.frontiersin.org 2
secretion was observed in BALF and lung tissue of AA patients
(30). Allergen-induced-IL-9 was described to directly induce
mucus production (31), support de novo mast cell generation
and their proliferation in situ (32). It further serves as
chemoattractant for recruitment of inflammatory cells to sites
of inflammation (33). For Th9 cells both TGF-b-dependent (34)
and –independent (35, 36) mechanisms of induction were
described. TGF-b can directly induce Th9 cells without the
need of another T-cell subset by epigenetic mechanisms (37,
38). Importantly, TGF-b primes together with IL-4 the
production of IL-9 in PPARg+ Th2 cells (39), as also shown for
the induction of Th17 and Treg cells (40).

Beyond systemic autoimmune inflammation, TGF-b
signalling was found to be essential for pathological T cell-
mediated effects in a variety of diseases, such as experimental
autoimmune encephalomyelitis, a multiple sclerosis model (7).
Further, in lymphopenic disease induced by early abrogation of
TGF-b signalling in T cells a pronounced involvement of the
lung was a consistent observation (6, 7). Nevertheless, while this
was connected to the extreme situation of lymphopenia, it
remained an open question to which extent the TGF-b
pathway would be involved in the homeostasis of T cells in
AAI. To address this question, we used our system for inducible
ablation of TGF-bRII in Th cells and interrogated the role of
TGF-b signaling in a mouse model of AAI. While we confirmed a
role of TGF-b signaling in T cells not only for the disease course
but also in the development or recruitment of inflammatory T
cells in AAI, we found astonishingly little involvement in Treg
homeostasis. To test whether similar observation could be made
in human rhinitis patients we took advantage of induced sputum
as a non-invasive window to lung pathology in allergic patients
and in context of allergen-specific immunotherapy (AIT). We
confirmed opposite regulation of TGF-b with respect to IL-4 and
IL-9 by disease and treatment and found no influence of local
TGF-b signaling on Treg cells. Taken together, in contrast to our
expectation, TGF-b signaling had a direct influence on
pathogenic T cell compartments. This appeared to be directly
responsible for the establishment of AIT mediated tolerance. In
contrast, Treg cells did not show dependence on TGF-b in
airway inflammation in mouse and human.
RESULTS

Reduced Airway Hyperreactivity and Lung
Cell Infiltration in Allergic iCD4TGFBR2
Mice
We used OVA-induced AAI in a mouse model to address the
question whether TGF-b is the cytokine that tips the balance
between inflammatory or regulatory T cells upon allergen
exposure. Because of the requirement of TGF-b for
development of these pro and anti-inflammatory cell types it
was an open question whether abrogation of TGF-b signaling
would lead to an ameliorated or worse AAI disease course. We
restricted our analysis to the time period after the sensitization
January 2022 | Volume 12 | Article 763243
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phase, to exclude the known effects of TGF-b signalling on T cell
receptor signal strength during the priming phase of our
experiment. In our setup we compared presence versus absence
of TGF-b signaling by use of tamoxifen-facilitated Cre-loxP-
mediated deletion of TGFBR2 in CD4+ cells (Figure 1A). These
iCD4TGFBR2 mice (7) were compared to wildtype (WT)
C57BL/6/J animals. Twenty-four hours after the last allergen
challenge, we observed decreased AHR to methacholine in
absence of TGF-b signaling (Figure 1B), showing a role of this
pathway in T cells during the effector phase of AAI. The
reduction of disease upon Tgfbr2 ablation went along with
significantly decreased number of leukocytes, specifically
eosinophils , neutrophils , and lymphocytes but not
Frontiers in Immunology | www.frontiersin.org 3
macrophages in BAL, with the most prominent change in the
eosinophil population (Figures 1C, D). PAS-staining of lungs
revealed decreased perivascular and peribronchiolar
inflammatory cell infiltration (Figures 1E, H) and lower
mucus hypersecretion following AAI upon Tgfbr2 ablation
(Figures 1E, I), confirming the ameliorated clinical outcome.
These local changes to the severity of AAI by abrogation of TGF-
b signaling in CD4+ T cells were reflected in serum, in which the
levels of total IgE (Figure 1F) and OVA-specific IgE (Figure 1G)
were drastically reduced. Without induction of AAI, induced Th
cell specific Tgfbr2 ablation did not result in any of the above-
described outcomes, hence highlighting the critical role of TGF-b
signaling during the challenge phase of established AAI.
A B

D

E

F G IH

C

FIGURE 1 | Impact of Tgfbr2 ablation on lung inflammatory infiltrate and AHR. (A) Scheme of AAI induction, challenge and tamoxifen treatment. (B) Airway hyperreactivity
measured in intubated, mechanically ventilated animals following methacholine provocation. n= 5 - 9/group; **p < 0.01; ***p < 0.001 vs WT+PBS; ##p < 0.01 vs WT+OVA
at same methacholine concentrations (two-way analysis of variance (ANOVA) with Bonferroni’s post-hoc test). (C) BAL total cell number and (D) relative population
size of mice from the four experimental groups. (E) PAS-staining of lung sections from the four experimental groups. Arrows: inflammatory infiltrate; arrowheads: mucus
hypersecretion; scale bar: 50 µm. (F, G) Levels of total and OVA-specific Immunoglobulin E (tIgE: n=11-16/group; OVA-sIgE: n=5/group) measured in plasma samples
(two-tailed Mann-Whitney U test). (H, I) Histological scores of (H) Inflammatory cell infiltrates and (I) mucus production (mean ± SD; n=5/group). (C, I) Representative
of three independent experiments each with 5 mice per group. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, nd, not detected.
January 2022 | Volume 12 | Article 763243

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Musiol et al. TGF-b1 in Airway Allergy
Cytokine and T Cell Response Upon
Ablation of Tgfbr2 in CD4+T
Cells During AAI
To better understand how T cell-specific abrogation of TGF-b
signaling before the challenge phase was ameliorating AAI, we
determined cytokine levels in BAL fluid. As expected, AAI resulted
in a local increase of all measured cytokines in WT animals
(Figure 2A and Table S1). In absence of Tgfbr2 signals within
Th cells we observed significantly less IL-4, -5, -6, -9, -17A, IFN-g
(Figure 2A and Table S1), and TNF-a (Figure S1A), while IL-1b,
CXCL-1, CXCL-2, CCL-2, and CCL-3 showed the same trend but
did not reach statistical significance (Figure S1A). Similarly,
serum levels of IL-9 appear lower following Tgfbr2 ablation in
allergic animals (Figure S1C), but this difference did not reach
significance. IL-2, IL-10, and IL-13 levels in BAL remained
unaffected by Tgfbr2 ablation (Figure 2A).

Analysis of the specific cytokine response by splenocytes after
in vitro restimulation with OVA revealed significantly reduced
production of IL-2 and IL-5 after Tgfbr2 ablation. IL-4, IL-6, and
IL-9 appear to show the same direction of response (Figures
S1D–E). The specificity of these immunological effects is
supported by the unchanged TNF-a secretion (Figure S1E).

We next assessed whether the changes in the cytokine levels
found in BAL and serum were associated with the numbers of the
Frontiers in Immunology | www.frontiersin.org 4
respective T cell types located in the lung. We found decreased
frequencies of GATA3+ Th2 cells and RORgt+Th17 following
Tgfbr2 ablation in allergic animals (Figure 2B). Also, the number
of T cells expressing IRF4, a transcription factor active in various
T cell lineages but absolutely required for Th9 development (41,
for review see: 42), was reduced. However, the number of IL-9+ T
cells was only slightly decreased. Both, AAI induction or Tgfbr2
ablation alone led to an increased fraction of FOXP3+ Tregs in
the lung (Figure 2B), as would be expected from a previous
report (7, 43, 44). Unexpectedly, we did not find an additive or
synergistic effect of combined AAI induction and Tgfbr2 ablation
(Figure 2B) with respect to Treg cell numbers in the lung.

We also found the fraction of lung CD8+ T cells to be
increased in absence of TGF-b signaling in CD4+ T cells, while
CD4+ T cells themselves were unchanged, as also the gd T-cell
percentages (Figure S1F).

Taken together, abrogated TGF-b signaling resulted in
reduced responses of the Th2, Th9, and Th17 lineages during
AAI while Treg cells expanded independently of AAI.

Gene Network and Transcriptional
Analysis
To further understand T cell differentiation in allergy, a gene
interaction network was assembled (Figure 3A). Key
A B

FIGURE 2 | Impact of Tgfbr2 ablation on lung cytokine production and T cell subsets. (A) BAL fluid of the indicated experimental groups was analyzed using
electrochemiluminescence assay. Each data point represents an individual mouse. Data is compiled from one or two independent experiments (n=5-15/group).
*p<0.05, **p<0.01, n.s. not significant (t-test). (B) Flow cytometric analysis of lungs focusing on distinct T cell subsets, performed 24h after the last OVA-challenge.
Total Th2 (GATA3+), Th9 (IRF4+; IL-9+), Th17 (RORgt+) and Treg (FoxP3+) cells within the CD3+CD4+T cell population in non-allergic WT+PBS and iCD4TGFBR2
+PBS mice and allergic WT+OVA and iCD4TGFBR2+OVA mice were assessed. Each data point represents an individual mouse. Data are representative of two
independent experiments (n=6-13/group). *p < 0.05, **p < 0.01, ****p < 0.0001; n.s, not significant (two-tailed Mann-Whitney U test).
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transcription factors of pro-inflammatory T cell subsets that
directly or indirectly relate to TGF-b signaling are IRF-4 and
PU.1, whereby IRF-4 is known to synergize with PU.1 (50). Th2,
Th9 and Th17 are not only linked by IRF4 and SMAD3, but also
FOXO1 and FOXO2 are regulating pro-inflammatory T cell
subsets (55). Pu.1 appears to be essential for IL9 expression
(49), and IRF4 can interact with NFATc2 to enhance Il-4 gene
Frontiers in Immunology | www.frontiersin.org 5
expression (66) and with SMAD-3 to promote Il9 expression
(67). The IL-4-and TGF-b-inducible factors BLIMP-1 (not
shown) inhibits IL-2 (68) and IL-9 (69). IRF4 also facilitates
expression of the IL-17 gene (52). To assess the different
components of this network we performed expression analysis
on CD4+ T cells from lungs of animals of our four experimental
groups. Allergic inflammation enhanced the protein levels of IL-4,
A

B

C

FIGURE 3 | Impact of Tgfbr2 ablation on Th-subset transcription factors and signal molecules. (A) Illustration of the complex interaction of genes in the regulation of
T cell differentiation in allergy. The network indicates known molecular interactions or dependencies (either direct binding or gene regulation) and was inspired by the
ImmunoNet (immunet.princeton.edu) (45) and extended manually by systematic literature research. The current knowledge was compiled in a gene regulation
network of TH2, TH9 and TH17 networks. The references for the network were manually added and are as follows: [a: (46), b: (47), c: (48), d: (49), e: (50), f:(51), g: (52),
h (53), i: (54), j: (55), k: (56), l: (57), m: (58), n: (59), o: (60), p: (61), q: (62), r: (63), (64), s: (65)]. (B) CD4+ T cells were isolated from digested lungs of non-allergic and
allergic WT and iCD4TGFBR2 mice and analyzed for IL-9 expression as well as TH9 and TH2 relevant transcription factors and signal molecules using quantitative
RT-PCR. Expression levels of Il9, Pu.1, Irf4, Sgk1, Foxo1, Foxo3, Batf and Nfat5 were normalized to Gapdh house-keeping gene and relative changes were
represented as 2−DDCT (DDCT=DCT−DCControl). Data is compiled from two independent experiments (n= 5-13/group). *p < 0.05, **p < 0.01, ***p < 0.001, n.s. not
significant (t-test). (C) Comparisons of gene regulation network of T cells. Blue indicates reduced gene expression, while red indicates increased and gray unchanged
gene expression of the respective factor for the respective comparison.
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IL-9, IL-13 and IL-17 (Figure 2A) and mRNA levels of Il9, Nfat5,
whereas Foxo1 and Foxo3, Spi1 (coding for PU.1), Sgk1 and Batf
remained unchanged (Figure 3B). Ablation of Tgfbr2 decreased
expression of Il9, Pu.1, Foxo1, Foxo3 and Nfat5 in diseased
animals and of Sgk1 and Foxo3 in control animals. The current
knowledge of gene regulation networks of pro-inflammatory Th2,
Th9, and Th17 cells is overlapping or linked and some of these
factors are connected to TGF-b signaling (Figure 3C). To obtain a
schematic overview on gene regulation we assessed mRNA levels
of these factors in the lungs with and without induction of AAI.
Allergic inflammation in WT animals enhanced expression level
of some Th2, Th9, Th17, and Treg and actors including IRF4,
while the Th9 transcription factor PU.1 remained unaffected
(Figure 3C, left). Allergic inflammation in Tgfbr2-ablated
animals decreased the expression of Th17 and Th9 factors,
while Th2 and Treg factors remained unchanged (Figure 3C,
center and right) compared to WT (left). Interestingly, the IRF4
increase induced by allergic inflammation (left) is not affected by
Tgfbr2 ablation (center and right) despite the relationships of
IRF4 to the TGF-b signaling.

Taken together, ablation of Tgfbr2 seems to affect the
transcriptional network of Th17 and Th9 cells, leaving the Th2
and Treg networks largely untouched.
Effect of AIT on TGF-b and T Cell Lineage
Specific Cytokines in Induced Sputum of
Allergic Patients
In our AAI mouse model, we observed very specific effects of
Tgfbr2-ablation on cytokine production and respective T cell
lineages in the lung and proved the influence of TGF-b on local
allergic airway reactions in established AAI. To confirm the
relevance of these results for human allergy, we next investigated
immune cells of the lower airways of rhinitis patient without and
with asthma comorbidity in the context of AIT. Our cross-
sectional cohort consisted of 26 healthy controls and 38 allergic
rhinitis patients (AR), 19 of these with asthma comorbidity (AA;
Table S4). Ten AR patients and nine AA patients received AIT,
while nine untreated AR and ten untreated AA were assigned to
the untreated groups.

In induced sputum samples from our patient group, we
observed that AIT reduced back to baseline the elevated levels
of TGF-b found both for AR and AA patients in season of natural
pollen exposure (May-July, Figure 4A and Table S5). We also
observed that sputum levels of TGF-b1 showed a positive
correlation with total IgE (r=0.3488, p=0.0189; data not
shown). Hence, allergic patients under AIT reveal a situation
like the one artificially obtained by Tgfbr2 ablation in the mouse
model. AIT reduced back to baseline the cytokines IL-4, IL-5, IL-
9, and IL-13, thus the classical mediators of Th2 and Th9 cells
respectively (Figure 4B and Table S5). The levels of IL-2, IL-6,
IL-10, and IFN-g, hence pan-T cell, inflammatory, Treg, and Th1
cytokines, respectively, showed the opposite reaction with higher
sputum levels upon AIT (Figure 4B). While the effect sizes were
smaller, these observations were confirmed out of season
(October-January, Figure S2A).
Frontiers in Immunology | www.frontiersin.org 6
Taken together, following AIT in AR and AA patient airways
TGF-b levels are reduced in parallel with those of Th2 and
Th9 cytokines.

Decreased Th2 and Th9 and Increased
Treg Cells Upon AIT
Since TGF-b has distinct effects dependent on specific tissue
context, we quantified the frequency of Th2 cells (GATA3+

CD3+CD4+), Th9 cells (IL9+CD3+CD4+), and Treg cells
(FoxP3+ CD3+CD4+) in induced sputum samples and PBMCs
by flow cytometry (Figure 5). In season, frequencies of sputum
Th2 and Th9 cells were strongly reduced in treated patients
compared to untreated patients, both in sputum (Figure 5C) and
in blood (Figure 5E). Percentages of Treg cells were, however,
increased after AIT (Figures 5C, E). Hence, for all three T cell
lineages frequencies were basically normalized by AIT. Similar
effects, albeit less pronounced, could be observed out of season
(October-January) of natural pollen exposure (Figures 5D, F).
Surprisingly, out of season the amelioration of Th2 frequencies
by AIT in sputum was very small in contrast to the Th9
frequency change (Figure 5D), while in blood the effect size
remained large (Figure 5F). The size of the Th2 and Th9 subsets
in sputum and blood presented only weak or no correlation to
serum IgE levels (Figures 5G, I), whereas the symptom score
mRQLQ, most relevant as therapy outcome parameter, was
strongly positively correlated to the size of both Th subsets
(Figures 5H, J). These results demonstrate that AIT modulates
the local and systemic abundance of pro-allergic Th2 and Th9
cell subtypes, while Treg cells and local TGF-b were increased.
DISCUSSION

The exact role of the TGF-b pathway during allergic airway
disease awaits further delineation. With the available data TGF-b
can be postulated to play contradictory roles, pro- and anti-
inflammatory. This unclarity about TGF-b ´s role in AAI may be
one reason why the pathway has so far been excluded from
consideration as a drug target. Therefore, our study was aimed at
dissecting these contradictory pro- and anti-inflammatory roles
of TGF-b with a focus on inflammatory and regulatory T cells at
the site of allergic airway inflammation. We started our
investigation by using a murine model of AAI with induced
Tgfbr2 ablation in CD4+ T cells (7). We demonstrate that mice
with Tgfbr2 ablation induced between sensitization and challenge
phase presented reduced clinical features of AAI, confirmed by
strongly ameliorated histological and functional disease
parameters. Hereby, the study shows that during AAI TGF-b-
signaling in CD4+ T cells is an important factor for allergogenic
Th2, Th9 and Th17 cell activity in vivo, while the Treg
compartment remained largely unaffected. Th2, Th9 and Th17
cell recruitment upon allergen challenge (70) was reduced in
absence of TGFBR2 along with respective transcription factors
PU.1 (Th9), GATA3 (Th2), and NFAT5. NFAT5 is an
osmosensitive transcription factor that negatively regulates
January 2022 | Volume 12 | Article 763243
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IL-17 and IFN-g gene expression (71) and enhances Th2
response (72). Moreover, the transcription factor FOXO1,
which was recently described to be essential for Th9 cell
differentiation and IL-9 production, was clearly reduced upon
Tgfbr2 ablation, correlating with reduced airway allergy (54, 73,
74). This specific impact of Tgfbr2 depletion on T cell subsets
during AAI was not limited to the respiratory system, but also
extended to a systemic response measured in splenocytes. In line
with these reduced sizes of pathologically relevant T cell lineages,
disease activity was also ameliorated in terms of infiltrating
myeloid cells and production of total and specific IgE. Treg
cells were shown to be able to suppress AAI in various models
(75, 76). Yet, in our model of induced ablation of TGF-b
signaling on T cells we did not observe an effect on the size of
the local and systemic Treg compartments during AAI. Hence, it
Frontiers in Immunology | www.frontiersin.org 7
appears likely that the Treg compartment size is not responsible
for the reduced disease severity and associated cellular and
molecular changes in Tgfbr2-ablated mice. Another example of
such Treg independent suppression of AAI was reported for
treatment with the TLR2 agonist Pam3CSK4, although it
involved different mechanisms as seen by us (77).

Taken together, absence of TGF-b signaling by CD4+ T cells
after sensitization did not interrupt the immune control by the
Treg cell compartment, while we clearly confirmed a major role
for the Th9-, Th2-, and Th17-driven allergic response upon
challenge. A limitation of our study is that that we could not
restrict abrogation of TGF-b signaling to all the relevant
allergogenic T cell lineages or Treg cells. Also, as we found first
indications of reduced CD103 expression, an integrin regulating
tissue-residency (10–13), this may reduce migration of T cells to
A

B

FIGURE 4 | Local TGF-b is decreased along with pro-inflammatory cytokines upon AIT. Levels of selected cytokines in sputum of treated and untreated AR and AA
patients and healthy controls. (A) Secreted TGF-b cytokine levels in induced sputum of allergic rhinitis and allergic asthma patients receiving (blue colored) or not (red
colored) AIT as well as of control individuals were analyzed by LEGENDplex. Data presented by individual values and mean. (B) Levels of secreted cytokines IL-2, IL-4,
IL-5, IL-6, IL-9, IL-10, IL-13 and IFN-g detected in sputum supernatants of the groups as in (A) assessed by LEGENDplex. Data presented by individual values and
mean. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; statistical significance was determined by Kruskal-Wallis tests and only when medians across patient groups
varied significantly, multiple single comparisons were performed using two-tailed Mann-Whitney U tests.
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the inflamed lung and their retention (78). Future studies are
needed to explore the role of integrins in TGF-b dependent T cell
populations and bone marrow chimaeras could dissect direct
versus indirect effects of TGFBR2 ablation on the differentiation
of inflammatory T cell populations.
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Similarly, to the murine AAI model, in human patients
suffering from AR, treatment with AIT shows decreased levels
of sputum TGF-b along with the pro-inflammatory type-2
cytokines. We took advantage of this treatment-induced TGF-
b-modulation and monitored Treg, Th2, and Th9 cells. In the
A

B

D

E

F

G IH J

C

FIGURE 5 | Treg cells increase and Th9 as well as Th2 cells decrease upon AIT. Th2, Th9, and Treg cell frequencies in sputum of treated and untreated AR and AA
patients and healthy controls. (A) Gating strategy for Th2 and Th9 and (B) Treg cells in induced sputum. (C, D) Flow cytometric analysis of sputum derived T cell
subpopulation Th2, Th9 and Tregs in healthy subjects, AR and AA patients as described in in season (C) and out of season (D). (E, F) Flow cytometric analysis of
peripheral blood derived T cell subpopulation Th2, Th9, and Treg cells in healthy subjects, AR and AA patients as described in in season (E) and out of season (F).
Data presented by single patient values and mean. Statistical significance was determined by Kruskal-Wallis tests and only when medians across patient groups
varied significantly, multiple single comparisons were performed using two-tailed Mann-Whitney U tests. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (G, H)
Correlation of sputum TH2 and TH9 cell frequencies with total serum IgE (G) and symptom score mRQLQ (H). (I, J) Correlation of peripheral blood derived TH2 and
TH9 cell frequencies with total serum IgE (I) and symptom score mRQLQ (J). Two-sided Spearman test was used to calculate the correlations.
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AIT treated patients we demonstrate that the seasonally induced
levels of Th2/Th9 cytokines were strongly decreased, locally and
systemically, while Th1, general inflammatory cytokines, as well
as the suppressive cytokine IL-10, were increased. These
observations were mirrored by the respective population sizes,
again locally and systemically. While local sputum cytokine
levels were not yet investigated in context of AIT, it was
previously shown that AIT controls IL-9 expression in the
upper airways (79), as well as Th2 frequency in biopsies (79)
and peripheral blood (28). Interestingly, Th2 cells were also
detectable in sputum of health individuals both in- and off-
season. This finding confirms our previous studies, in which we
reported IL-4 mRNA and secreted IL-4 protein at low, but
detectable levels in the airways of healthy individuals (28).

While the presence of Treg cells was previously detected in
sputum (80) we were surprised that Treg cells constituted the
most abundant T cell subpopulation in the sputum of healthy
individuals in and off season. Furthermore, untreated AR and AA
patients consistently displayed strongly reduced Tregs frequency
compared to healthy individuals even off-season. In contrast, the
AIT treatment restored Treg cells percentages, locally and
systemically, even though TGF-b levels were reduced by AIT
even below levels of healthy individuals. This result indicates that
AIT induces a special condition of immunosuppression and is
not restoring natural allergen tolerance in the first years of
treatment. Overall, it appears that TGF-b plays a major role in
the allergic response but not its suppression. Although the study
was not powered to quantify treatment success, the symptom
load was reduced by AIT treatment and correlated strongly with
the local, and somewhat less with the reduced systemic
percentages of Th2 and Th9 cells.

A reduction of Tr1 cells in the context of allergic airway
disease has been reported previously and may be represented in
our dataset by the reduction in IL-10 in induced sputum of
allergic patients (81).

Taken together, our data demonstrate that TGF-b is a major
player in allergic airway inflammation by reprogramming T cells
into effector T cells. Since Treg cells remain unaffected (mouse)
or are even increased (patients with AIT) by reduced levels of
TGF-b signaling, targeting of the TGF-b pathway might
therefore not only suppress tissue-remodeling processes but
also target pro-inflammatory T cells, without the risk of
affecting immune tolerance adversely.
METHODS

Animals and Murine Model of AAI
C57Bl/6J mice, originally obtained from Charles River, and
CD4CreERT2Tgfbr2fl/fl mice (iCD4TGFBR2) were bred at the
animal facility at the Institute of Comparative Medicine of the
Helmholtz Centre Munich. Generation and characterization of
iCD4TGFBR2 mice was described elsewhere (7). All mice were
co-housed under specific pathogen-free conditions in
individually ventilated cages (VentiRack) and fed by standard
pellet diet (Altromin Spezialfutter GmbH & Co. KG) and water
Frontiers in Immunology | www.frontiersin.org 9
ad libitum. Both female and male mice aged 6-8 weeks were used
for the experiments. To induce AAI an established ovalbumin-
sensitization model was used (82). Briefly, iCD4TGFBR2 and
WT C57Bl/6J mice were sensitized by i.p.-injections of 20 µg
ovalbumin (OVA; grade V; Sigma-Aldrich) in phosphate
buffered saline (PBS) adsorbed to aluminum hydroxide (2.5
mg, ImjectAlum) on days 0, 7 and 14. Non-allergic control
mice received the same volume of PBS in alum. The assignment
to the two different groups occurred randomly. On days 29, 31
and 33 all mice were aerosol-challenged for 20 minutes with 1%
OVA in PBS delivered by a Pari-Boy nebulizer (Pari), (82). The
experimental protocol is depicted in Figure 1A. Blood samples
were taken before sensitization and at the end of the experiment.
Animals were sacrificed twenty-four hours after the last OVA
challenge. The study was conducted under federal law and
guidelines for the use and care of laboratory animals and was
approved by the Government of the District of Upper Bavaria
and the Animal Care and Use Committee of the Helmholtz
Center Munich (approval number: 55.2-1-54-2532-75-2012).

Tamoxifen Treatment
To ablate the subunit 2 of the heterodimeric TGF-b receptor,
mice were treated with tamoxifen (TM, tamoxifen-free base,
Sigma-Aldrich) after the sensitization phase. Tamoxifen was
suspended in 100% ethanol to 1 g/ml, vortexed, and mixed
with corn oil (Sigma-Aldrich) to a final concentration of 100
mg/ml. Before in vivo administration, the solution was heated to
37°C until it was properly dissolved. On day 20-24, 50 µl (5 mg)
tamoxifen per day were administered by intra-gastric gavage in
both iCD4TGFBR2 and WT control mice (7).

Measurement of Airway Hyperreactivity
AHR to methacholine (Mch; Sigma-Aldrich) was measured 24 h
after the last OVA challenge in intubated, mechanically
venti lated animals (n = 6–10/group; Data Sciences
International (DSI), as previously described (83). Briefly,
animals were anesthetized by an intraperitoneal injection of
Ketamine (100 mg/kg) and Xylazine (5 mg/kg) in PBS. After
cannulation of the trachea and starting mechanical ventilation,
the animals were challenged with increasing methacholine (Mch)
concentrations, using an in-line nebulizer (5 ml Mch solution in
PBS delivered for 30 seconds at the following concentrations: 0,
5, 10, 20 and 40 mg/ml). Data were recorded using the FinePoint
software v2.4.6 (DSI). The highest values of respiratory system
resistance (R) were recorded every 5 seconds during the data
recording interval set at 3 min after each Mch level. The heart
rate of each animal was continuously monitored using an ECG
device connected with three subcutaneous electrodes throughout
the entire experiment (DSI).

Analysis of Bronchoalveolar Lavage,
Lung Histology and Serology
BAL and evaluation of inflammatory cell infiltration were
performed as described previously (82). Aliquots of cell-free
BAL fluid were used to measure cytokines and chemokines via
mesoscale technique using two different kits (V-Plex
proinflammatory panel 1 mouse kit and V-Plex cytokine panel
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1 mouse kit; MesoScaleDiscovery) according to manufacturer’s
instructions. Total and ovalbumin-specific IgE were measured in
serum samples by ELISA as described previously (84). IL-9 was
measured in serum samples using mouse-IL-9 ELISA
(BioLegend). For lung histology, after BAL, the lungs were
excised and the left lobe fixed in 4% buffered formalin and
embedded in paraffin. Sections of 4µm thickness were stained
with hematoxylin-eosin (H&E) and periodic acid Schiff (PAS).
Mucus hypersecretion and inflammatory cell infiltration were
graded in a blinded fashion on a scale from 0 to 4 (0=none,
1=mild, 2=moderate, 3=marked, 4=severe), reflecting the degree
of the pathological alteration (82).

Isolation and Analysis of Leukocytes From
Lung Tissue
Lungs were excised, cut into small sized pieces and digested in
RPMI medium supplemented with 100 µg/ml DNAse (Sigma-
Aldrich) and 1 mg/ml Collagenase Type 1A (Sigma-Aldrich) at
37°C. Digested lungs were filtered through a 70 µm cell strainer,
pelleted (400 G, 4°C, 5 min) and resuspended in 6 ml 40% percoll
in RPMI (v/v) solution, which was underlayed with 4 ml 80%
percoll solution (GE Healthcare-Life Sciences). Tubes were
centrifuged (1600 G, RT, 15 min) with brake set to 0.
Lymphocytes were collected from the interphase and analyzed
by flow cytometry.

Isolation and Restimulation of Splenocytes
Spleens were excised and single cell suspensions were obtained
and re-stimulated as previously described (85). Cells were
washed and re-suspended in complete medium [RPMI 1640
supplemented with 10% FCS, 1% glutamine, 1% penicillin-
streptomycin, 1% Na-pyruvate, 1% non-essential amino acids
(Gibco, Li fe Technologies GmbH) and 50µM 2-b-
mercaptoethanol (Sigma-Aldrich)], plated in 96-well at a
concentration of 2x105 cells/well and cultured for 72 h with
medium alone or with OVA V (5 µg/ml; Sigma-Aldrich). Their
supernatants were analyzed for cytokine expression using the V-
Plex proinflammatory panel 1 mouse and V-plex IL-9 kit
(MesoScaleDiscovery) according to manufacturer’s instructions.

Patients
Specimen were taken from 26 healthy controls and 38 AR
patients, of whom 19 received AIT (Table S4). All subjects
completed a Rhinoconjunctivitis Quality of Life mini
Questionnaire (mRQLQ), a lung function test and sputum
induction. GINA scores were assessed from asthmatic subjects.
Each participant provided written informed consent. The study
was approved by the local ethics committee (5534/12). Among
AIT-treated patients, 9 patients were additionally affected by
asthma, 10 suffered of AR only. Asthmatic patients are
represented as a subgroup of the rhinitis patients, if not
otherwise indicated. Patients were considered as asthmatic
based on previous physician’s diagnosis and with a reported
history of shortness of breath, cough, chest tightness during
natural allergen exposure and/or earlier documented positive
bronchodilation test. All patients were in good health
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(FEV1% >70%) with a history of clinically significant hay fever
during the grass-pollen season since more than two years.
Patients of the AIT-treated groups received at least one year of
AIT treatment. Thereby, grass-pollen allergic patients with a
history of moderate-severe and chronic persistent allergic rhinitis
as defined by ARIA (Allergic Rhinitis and its Impact on Asthma)
criteria since >2 years during the grass-pollen season, a positive
skin prick test wheal >3mm in diameter and grass pollen specific
IgE-level above 0.70kU/L underwent subcutaneous grass-
pollen AIT.

In addition, total IgE was measured from sera of all
individuals included in this study. Peripheral blood samples
from all subjects included in this study were drawn at the same
time points as sputum samples and were analyzed by flow
cytometry. For flow cytometric analysis, CPT tubes (BD
biosciences) were centrifuged according to manufacturer’s
instructions. Further, each sample was adjusted to 2.0x106 cells
and used for subsequent FACS staining. All procedures were
performed in the Al lergy Sect ion, Department of
Otolaryngology, TUM School of Medicine, Munich, Germany.

Sputum Collection, Processing and
Characterization
Collection and processing of sputum as well as differential cell
counts was performed as previously described (86). Briefly,
human participants first inhaled salbutamol and consecutively
nebulized hypertonic saline at increasing concentrations of 3%,
4%, and 5% NaCl every 7 min. During this procedure,
participants cleaned their noses and rinsed their mouth to
reduce squamous epithelium cells in the samples. Sputum was
processed within one hour of collection. The selected sputum
plugs, which contained as little saliva as possible, were placed in a
weighed Eppendorf tube and processed with 4x weight/volume
of sputolysin working solution (Merck). Afterwards, 2x weight/
volume of PBS was added. Samples were filtered through a 70 µm
mesh and centrifuged for 10 min at 790 x g without break to
remove the cells. Supernatants were stored at –80°C until further
analysis. In addition, sputum cell slides were prepared for
differential cell counts. Sputum samples were successfully
collected from healthy controls (n=24; 92.3%) and allergic
patients (n=34; 89.4%) once in and out of grass pollen season
as previously described (86) and analyzed for secreted protein
levels of TGF-b, IL-9, type-2 cytokines IL-4, IL-5, and IL-13, IL-
10, type-1 cytokines IL-2, IFN-g, and IL-6. Cytokine levels were
analyzed by LEGENDplex TGF-b1 and multiplex human
inflammation panel assay (BioLegend). All nine parameters
were detectable in every sputum sample derived from patients
with AR and AA and compared to healthy control subjects.

Lung Function Testing in Humans
Baseline lung function was evaluated using a calibrated handheld
pulmonary function testing device (Jaeger SpiroPro). The
following parameters were recorded: vital capacity (VC), forced
expiratory volume (FEV1), FEV1/VC, and maximum expiratory
flow 25% (MEF 25%). Bronchodilator reversibility was tested
after 400 µg of salbutamol.
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Total Serum IgE Measurement
Total serum IgE was assessed using diagnostic ImmunoCAP
assays on a Phadia 100 device.

Flow Cytometric Analysis of Human and
Murine Samples
Human sputum cell or PBMCs samples were labeled without
stimulation for flow cytometry with specific antibodies using the
Foxp3/Transcription Factor Staining Buffer Set (eBioscience)
according to manufacturer’s instructions.

For flow cytometric analyses of the murine samples, staining
for transcription factors was performed by using Foxp3 Staining
Buffer Set (eBiosciences), while cytokine staining was performed
by using the fixation/permeabilisation solution Kit (BD Bioscience
Cytofix/Cytoperm™) according to the manufacturer’s protocols.
For intracellular cytokine staining, cells were stimulated for 4h
with 50 ng/ml PMA (Applichem), 500 ng/ml Ionomycin (Thermo
Fisher Scientific) and 1:1000 GolgiPlug (BD Bioscience). Flow
cytometric analysis was performed using a BD LSRII Fortessa flow
cytometer (BD Bioscience). Flow cytometric data of both human
and mouse samples were analyzed with FlowJo software (FlowJo).
For gating strategy of human sputum cells (0.5x106 cells) or
PBMCs (2.0x106 cells) samples see Figures 5A, S2B; the murine
gating strategy is shown in Figure S1. Antibodies used for flow
cytometry are listed in Table S2 (murine) and Table S6 (human).

Real-Time Polymerase Chain Reaction
Total RNA was extracted either from mouse total lung tissue
after homogenization using the RNeasy Mini Kit (Qiagen
GmbH) or from enriched mouse lung CD4+ T cells (CD4 T
cell isolation kit, Miltenyi Biotec, Auburn, CA, USA), using
RNeasy Micro Kit (Qiagen) according to supplier ’s
instructions. RNA was reverse-transcribed directly (RevertAid
H Minus First Strand cDNA Synthesis Kit, Thermo Scientific)
and quantitative real-time PCR was performed using SYBR
Green PCR Kit Master Mix (Qiagen) and the LightCycler®480
System (Roche) as previously described (83). The used primer
sequences are listed in Table S3. Each reaction was performed in
duplicate in 284-well plates (Applied Biosystems) and turned
into mean. The expression levels were normalized to GAPDH
house-keeping gene and relative changes were represented as
2−DDCT (DDCT=DCT−DCControl).

Data Acquisition and Statistical Analysis
All experimental procedures and analyses were conducted by
blinded research staff. For the mouse experiments, differences
between the groups in AHR were evaluated with two-way
analysis of variance (ANOVA) with Bonferroni’s post-hoc test.
Otherwise, differences between two data sets were evaluated
using unpaired two-tailed Mann-Whitney test or t-test. Data
were expressed as mean ± S.D., if not otherwise indicated. All
statistically significant differences were depicted as *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001. Data were analyzed using
Prism software version 6 (GraphPad software Inc.). The network
map indicates known molecular interactions or dependencies
(either direct binding or gene regulation) and was inspired by the
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ImmunoNet (immunet.princeton.edu) (45) and extended
manually by systematic literature research. For the analysis of
human samples, non-parametric statistical test were chosen, as
the data points were not normally distributed. For Figures 4, 5,
Kruskal-Wallis tests were performed initially to avoid multiple
testing, and, only when medians across patient groups varied
significantly, multiple single comparisons were performed using
two-tailed Mann-Whitney U tests. Two-sided Spearman
correlation was used to correlate IgE or RQLQ with immune
cell frequencies in Figure 5.
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 studies involving human participants were reviewed and
approved by Ethics committee of the Klinikum rechts der Isar
(5534/12). The patients/participants provided their written
informed consent to participate in this study. The animal study
was reviewed andapprovedbyGovernment of theDistrict ofUpper
Bavaria and the Animal Care andUse Committee of theHelmholtz
Center Munich (approval number: 55.2-1-54-2532-75-2012).
AUTHOR CONTRIBUTIONS

SM, FA, SH, TB, CS-W, and UZ developed the study and
experimental layout. SM, FA, ES, BS, and JG realized
experimental disease models and measurements of murine
parameters. FA, SH, and TB supported the study on ethical
permissions and funding. AC organized study part including
human ethical approval and together with JK and MP the
management of patient visits, patient information and
sampling. Human samples were analyzed by IG, JU, JK, MP,
FG, and UZ. The manuscript was written by SM, FA, TB, and
CS-W as well as UZ. All authors contributed to the article and
approved the submitted version.
FUNDING

This study was supported by the German Center for Lung Research
(DZL) to CS-W and UZ, Helmholtz Inflammation&Immunology
(I&I) to CS-W, Grant of the German Research Foundation (DFG)
No. 398577603 to CS-W and UZ, and No. TR22 to TB.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.
763243/full#supplementary-material
January 2022 | Volume 12 | Article 763243

https://www.frontiersin.org/articles/10.3389/fimmu.2021.763243/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2021.763243/full#supplementary-material
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Musiol et al. TGF-b1 in Airway Allergy
REFERENCES
1. Massague J. TGF-Beta Signal Transduction. Annu Rev Biochem (1998)

67:753–91. doi: 10.1146/annurev.biochem.67.1.753
2. Chang Z, Kishimoto Y, Hasan A, Welham NV. TGF-Beta3 Modulates the

Inflammatory Environment and Reduces Scar Formation Following Vocal
Fold Mucosal Injury in Rats. Dis Model Mech (2014) 7:83–91. doi: 10.1242/
dmm.013326

3. Kehrl JH, Wakefield LM, Roberts AB, Jakowlew S, Alvarez-Mon M, Derynck
R, et al. Production of Transforming Growth Factor Beta by Human T
Lymphocytes and its Potential Role in the Regulation of T Cell Growth. J Exp
Med (1986) 163:1037–50. doi: 10.1084/jem.163.5.1037

4. Marie JC, Liggitt D, Rudensky AY. Cellular Mechanisms of Fatal Early-Onset
Autoimmunity in Mice With the T Cell-Specific Targeting of Transforming
Growth Factor-Beta Receptor. Immunity (2006) 25:441–54. doi: 10.1016/
j.immuni.2006.07.012

5. Li MO, Sanjabi S, Flavell RA. Transforming Growth Factor-Beta Controls
Development, Homeostasis, and Tolerance of T Cells by Regulatory T Cell-
Dependent and -Independent Mechanisms. Immunity (2006) 25:455–71. doi:
10.1016/j.immuni.2006.07.011

6. Zhang N, Bevan MJ. TGF-Beta Signaling to T Cells Inhibits Autoimmunity
During Lymphopenia-Driven Proliferation. Nat Immunol (2012) 13:667–73.
doi: 10.1038/ni.2319

7. Sledzinska A, Hemmers S, Mair F, Gorka O, Ruland J, Fairbairn L, et al. TGF-
Beta Signalling is Required for CD4(+) T Cell Homeostasis But Dispensable
for Regulatory T Cell Function. PloS Biol (2013) 11:e1001674. doi: 10.1371/
journal.pbio.1001674

8. Annunziato F, Cosmi L, Liotta F, Maggi E, Romagnani S. Human Th17 Cells:
Are They Different From Murine Th17 Cells? Eur J Immunol (2009) 39:637–
40. doi: 10.1002/eji.200839050

9. Putheti P. Polarizing Cytokines for Human Th9 Cell Differentiation.Methods
Mol Biol (2017) 1585:73–82. doi: 10.1007/978-1-4939-6877-0_6

10. Qiu Z, Chu TH, Sheridan BS. TGF-Beta: Many Paths to CD103(+) CD8 T Cell
Residency. Cells (2021) 10. doi: 10.3390/cells10050989

11. Tofukuji S, Kuwahara M, Suzuki J, Ohara O, Nakayama T, Yamashita M.
Identification of a New Pathway for Th1 Cell Development Induced by
Cooperative Stimulation With IL-4 and TGF-Beta. J Immunol (2012)
188:4846–57. doi: 10.4049/jimmunol.1103799

12. Andersson J, Tran DQ, Pesu M, Davidson TS, Ramsey H, O'shea JJ, et al. CD4+
FoxP3+ Regulatory T Cells Confer Infectious Tolerance in a TGF-Beta-
Dependent Manner. J Exp Med (2008) 205:1975–81. doi: 10.1084/
jem.20080308

13. Paidassi H, Acharya M, Lacy-Hulbert A. Alpha (V) Integrins License
Regulatory T Cells to Apoptotic Cells and Self-Associated Antigens. Ann N
Y Acad Sci (2010) 1209:68–76. doi: 10.1111/j.1749-6632.2010.05783.x

14. 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) 8:967–74. doi: 10.1038/
ni1488

15. Shim JJ, Dabbagh K, Ueki IF, Dao-Pick T, Burgel PR, Takeyama K, et al. IL-13
Induces Mucin Production by Stimulating Epidermal Growth Factor
Receptors and by Activating Neutrophils. Am J Physiol Lung Cell Mol
Physiol (2001) 280:L134–140. doi: 10.1152/ajplung.2001.280.1.L134

16. Risse PA, Jo T, Suarez F, Hirota N, Tolloczko B, Ferraro P, et al. Interleukin-13
Inhibits Proliferation and Enhances Contractility of Human Airway Smooth
Muscle Cells Without Change in Contractile Phenotype. Am J Physiol Lung
Cell Mol Physiol (2011) 300:L958–966. doi: 10.1152/ajplung.00247.2010

17. Zissler UM, Chaker AM, Effner R, Ulrich M, Guerth F, Piontek G, et al.
Interleukin-4 and Interferon-Gamma Orchestrate an Epithelial Polarization
in the Airways. Mucosal Immunol (2016) 9:917–26. doi: 10.1038/mi.2015.110

18. Coker RK, Laurent GJ, Shahzeidi S, Lympany PA, Du Bois RM, Jeffery PK,
et al. Transforming Growth Factors-Beta 1, -Beta 2, and -Beta 3 Stimulate
Fibroblast Procollagen Production In Vitro But Are Differentially Expressed
During Bleomycin-Induced Lung Fibrosis. Am J Pathol (1997) 150:981–91.

19. Coker RK, Laurent GJ, Shahzeidi S, Hernandez-Rodriguez NA, Pantelidis P,
Du Bois RM, et al. Diverse Cellular TGF-Beta 1 and TGF-Beta 3 Gene
Expression in Normal Human and Murine Lung. Eur Respir J (1996) 9:2501–
7. doi: 10.1183/09031936.96.09122501
Frontiers in Immunology | www.frontiersin.org 12
20. Coker RK, Laurent GJ, Jeffery PK, Du Bois RM, Black CM, Mcanulty RJ.
Localisation of Transforming Growth Factor Beta1 and Beta3 mRNA
Transcripts in Normal and Fibrotic Human Lung. Thorax (2001) 56:549–
56. doi: 10.1136/thorax.56.7.549

21. Zhang M, Zhang Z, Pan HY, Wang DX, Deng ZT, Ye XL. TGF-Beta1 Induces
Human Bronchial Epithelial Cell-to-Mesenchymal Transition In Vitro. Lung
(2009) 187:187–94. doi: 10.1007/s00408-009-9139-5

22. Ohno I, Nitta Y, Yamauchi K, Hoshi H, Honma M, Woolley K, et al.
Transforming Growth Factor Beta 1 (TGF Beta 1) Gene Expression by
Eosinophils in Asthmatic Airway Inflammation. Am J Respir Cell Mol Biol
(1996) 15:404–9. doi: 10.1165/ajrcmb.15.3.8810646

23. Vignola AM, Chanez P, Chiappara G, Merendino A, Zinnanti E, Bousquet J,
et al. Release of Transforming Growth Factor-Beta (TGF-Beta) and
Fibronectin by Alveolar Macrophages in Airway Diseases. Clin Exp
Immunol (1996) 106:114–9. doi: 10.1046/j.1365-2249.1996.d01-811.x

24. Chu HW, Balzar S, Seedorf GJ, Westcott JY, Trudeau JB, Silkoff P, et al.
Transforming Growth Factor-Beta2 Induces Bronchial Epithelial Mucin
Expression in Asthma. Am J Pathol (2004) 165:1097–106. doi: 10.1016/
S0002-9440(10)63371-8

25. Batra V, Musani AI, Hastie AT, Khurana S, Carpenter KA, Zangrilli JG, et al.
Bronchoalveolar Lavage Fluid Concentrations of Transforming Growth
Factor (TGF)-Beta1, TGF-Beta2, Interleukin (IL)-4 and IL-13 After
Segmental Allergen Challenge and Their Effects on Alpha-Smooth Muscle
Actin and Collagen III Synthesis by Primary Human Lung Fibroblasts. Clin
Exp Allergy (2004) 34:437–44. doi: 10.1111/j.1365-2222.2004.01885.x

26. Chung Y, Lee SH, Kim DH, Kang CY. Complementary Role of CD4+CD25+
Regulatory T Cells and TGF-Beta in Oral Tolerance. J Leukoc Biol (2005)
77:906–13. doi: 10.1189/jlb.1004599

27. Mantel PY, Schmidt-Weber CB. Transforming Growth Factor-Beta: Recent
Advances on its Role in Immune Tolerance. Methods Mol Biol (2011)
677:303–38. doi: 10.1007/978-1-60761-869-0_21

28. Zissler UM, Jakwerth CA, Guerth FM, Pechtold L, Aguilar-Pimentel JA, Dietz
K, et al. Early IL-10 Producing B-Cells and Coinciding Th/Tr17 Shifts During
Three Year Grass-Pollen AIT. EBioMedicine (2018) 36:475–88. doi: 10.1016/
j.ebiom.2018.09.016

29. Seumois G, Ramirez-Suastegui C, Schmiedel BJ, Liang S, Peters B, Sette A,
et al. Single-Cell Transcriptomic Analysis of Allergen-Specific T Cells in
Allergy and Asthma. Sci Immunol (2020) 5. doi: 10.1126/sciimmunol.aba6087

30. Erpenbeck VJ, Hohlfeld JM, Discher M, Krentel H, Hagenberg A, Braun A,
et al. Increased Expression of Interleukin-9 Messenger RNA After Segmental
Allergen Challenge in Allergic Asthmatics. Chest (2003) 123:370S. doi:
10.1378/chest.123.3_suppl.370S-a

31. Louahed J, Toda M, Jen J, Hamid Q, Renauld JC, Levitt RC, et al. Interleukin-9
Upregulates Mucus Expression in the Airways. Am J Respir Cell Mol Biol
(2000) 22:649–56. doi: 10.1165/ajrcmb.22.6.3927

32. Townsend JM, Fallon GP, Matthews JD, Smith P, Jolin EH, Mckenzie NA.
IL-9-Deficient Mice Establish Fundamental Roles for IL-9 in
Pulmonary Mastocytosis and Goblet Cell Hyperplasia But Not T Cell
Development. Immunity (2000) 13:573–83. doi: 10.1016/S1074-7613(00)
00056-X

33. Gounni AS, Hamid Q, Rahman SM, Hoeck J, Yang J, Shan L. IL-9-Mediated
Induction of Eotaxin1/CCL11 in Human Airway Smooth Muscle Cells.
J Immunol (2004) 173:2771–9. doi: 10.4049/jimmunol.173.4.2771

34. Dardalhon V, Awasthi A, Kwon H, Galileos G, Gao W, Sobel RA, et al. IL-4
Inhibits TGF-Beta-Induced Foxp3+ T Cells and, Together With TGF-Beta,
Generates IL-9+ IL-10+ Foxp3(-) Effector T Cells. Nat Immunol (2008)
9:1347–55. doi: 10.1038/ni.1677

35. Tsuda M, Hamade H, Thomas LS, Salumbides BC, Potdar AA, Wong MH,
et al. A Role for BATF3 in TH9 Differentiation and T-Cell-Driven Mucosal
Pathologies. Mucosal Immunol (2019) 12:644–55. doi: 10.1038/s41385-018-
0122-4

36. Xue G, Jin G, Fang J, Lu Y. IL-4 Together With IL-1beta Induces Antitumor
Th9 Cell Differentiation in the Absence of TGF-Beta Signaling. Nat Commun
(2019) 10:1376. doi: 10.1038/s41467-019-09401-9

37. Wang A, Pan D, Lee YH, Martinez GJ, Feng XH, Dong C. Cutting Edge:
Smad2 and Smad4 Regulate TGF-Beta-Mediated Il9 Gene Expression via
EZH2 Displacement. J Immunol (2013) 191:4908–12. doi: 10.4049/
jimmunol.1300433
January 2022 | Volume 12 | Article 763243

https://doi.org/10.1146/annurev.biochem.67.1.753
https://doi.org/10.1242/dmm.013326
https://doi.org/10.1242/dmm.013326
https://doi.org/10.1084/jem.163.5.1037
https://doi.org/10.1016/j.immuni.2006.07.012
https://doi.org/10.1016/j.immuni.2006.07.012
https://doi.org/10.1016/j.immuni.2006.07.011
https://doi.org/10.1038/ni.2319
https://doi.org/10.1371/journal.pbio.1001674
https://doi.org/10.1371/journal.pbio.1001674
https://doi.org/10.1002/eji.200839050
https://doi.org/10.1007/978-1-4939-6877-0_6
https://doi.org/10.3390/cells10050989
https://doi.org/10.4049/jimmunol.1103799
https://doi.org/10.1084/jem.20080308
https://doi.org/10.1084/jem.20080308
https://doi.org/10.1111/j.1749-6632.2010.05783.x
https://doi.org/10.1038/ni1488
https://doi.org/10.1038/ni1488
https://doi.org/10.1152/ajplung.2001.280.1.L134
https://doi.org/10.1152/ajplung.00247.2010
https://doi.org/10.1038/mi.2015.110
https://doi.org/10.1183/09031936.96.09122501
https://doi.org/10.1136/thorax.56.7.549
https://doi.org/10.1007/s00408-009-9139-5
https://doi.org/10.1165/ajrcmb.15.3.8810646
https://doi.org/10.1046/j.1365-2249.1996.d01-811.x
https://doi.org/10.1016/S0002-9440(10)63371-8
https://doi.org/10.1016/S0002-9440(10)63371-8
https://doi.org/10.1111/j.1365-2222.2004.01885.x
https://doi.org/10.1189/jlb.1004599
https://doi.org/10.1007/978-1-60761-869-0_21
https://doi.org/10.1016/j.ebiom.2018.09.016
https://doi.org/10.1016/j.ebiom.2018.09.016
https://doi.org/10.1126/sciimmunol.aba6087
https://doi.org/10.1378/chest.123.3_suppl.370S-a
https://doi.org/10.1165/ajrcmb.22.6.3927
https://doi.org/10.1016/S1074-7613(00)00056-X
https://doi.org/10.1016/S1074-7613(00)00056-X
https://doi.org/10.4049/jimmunol.173.4.2771
https://doi.org/10.1038/ni.1677
https://doi.org/10.1038/s41385-018-0122-4
https://doi.org/10.1038/s41385-018-0122-4
https://doi.org/10.1038/s41467-019-09401-9
https://doi.org/10.4049/jimmunol.1300433
https://doi.org/10.4049/jimmunol.1300433
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Musiol et al. TGF-b1 in Airway Allergy
38. Nakatsukasa H, Zhang D, Maruyama T, Chen H, Cui K, IshikawaM, et al. The
DNA-Binding Inhibitor Id3 Regulates IL-9 Production in CD4(+) T Cells. Nat
Immunol (2015) 16:1077–84. doi: 10.1038/ni.3252

39. Micosse C, Von Meyenn L, Steck O, Kipfer E, Adam C, Simillion C, et al.
Human "TH9" Cells are a Subpopulation of PPAR-Gamma(+) TH2 Cells. Sci
Immunol (2019) 4. doi: 10.1126/sciimmunol.aat5943

40. Mangan PR, Harrington LE, O'quinn DB, Helms WS, Bullard DC, Elson CO,
et al. Transforming Growth Factor-Beta Induces Development of the T(H)17
Lineage. Nature (2006) 441:231–4. doi: 10.1038/nature04754

41. Staudt V, Bothur E, Klein M, Lingnau K, Reuter S, Grebe N, et al. Interferon-
Regulatory Factor 4 is Essential for the Developmental Program of T Helper 9
Cells. Immunity (2010) 33:192–202. doi: 10.1016/j.immuni.2010.07.014

42. Huber M, Lohoff M. IRF4 at the Crossroads of Effector T-Cell Fate Decision.
Eur J Immunol (2014) 44:1886–95. doi: 10.1002/eji.201344279

43. Jurawitz MC, Luhrmann A, Tschernig T, Pabst R. Kinetics of Regulatory T
Cells in the Ovalbumin Asthma Model in the Rat. Int Arch Allergy Immunol
(2009) 149:16–24. doi: 10.1159/000176302

44. Faustino L, Mucida D, Keller AC, Demengeot J, Bortoluci K, Sardinha LR,
et al. Regulatory T Cells Accumulate in the Lung Allergic Inflammation and
Efficiently Suppress T-Cell Proliferation But Not Th2 Cytokine Production.
Clin Dev Immunol (2012) 2021:721817. doi: 10.1155/2012/721817

45. Gorenshteyn D, Zaslavsky E, Fribourg M, Park CY, Wong AK, Tadych A,
et al. Interactive Big Data Resource to Elucidate Human Immune Pathways
and Diseases. Immunity (2015) 43:605–14. doi: 10.1016/j.immuni.2015.08.014

46. Tamiya T, Ichiyama K, Kotani H, Fukaya T, Sekiya T, Shichita T, et al. Smad2/
3 and IRF4 Play a Cooperative Role in IL-9-Producing T Cell Induction.
J Immunol (2013) 191:2360–71.

47. Goswami R, Jabeen R, Yagi R, Pham D, Zhu J, Goenka S, et al. STAT6-
Dependent Regulation of Th9 Development. J Immunol (2012) 188:968–75.

48. Popp V, Gerlach K, Mott S, Turowska A, Garn H, Atreya R, et al. Rectal
Delivery of a DNAzyme That Specifically Blocks the Transcription Factor
GATA3 and Reduces Colitis in Mice. Gastroenterology (2017) 152:176–
92.e175.

49. Chang HC, Sehra S, Goswami R, Yao W, Yu Q, Stritesky GL, et al. The
Transcription Factor PU.1 Is Required for the Development of IL-9-
Producing T Cells and Allergic Inflammation. Nat Immunol (2010) 11:527–
34. doi: 10.1038/ni.1867

50. Yee AA, Yin P, Siderovski DP, Mak TW, Litchfield DW, Arrowsmith CH.
Cooperative Interaction Between the DNA-Binding Domains of PU.1 and
IRF4. J Mol Biol (1998) 279:1075–83. doi: 10.1006/jmbi.1998.1838

51. Mullen AC, Orlando DA, Newman JJ, Loven J, Kumar RM, Bilodeau S, et al.
Master Transcription Factors Determine Cell-Type-Specific Responses to
TGF-Beta Signaling. Cell (2011) 147:565–76.

52. Mudter J, Yu J, Zufferey C, Brustle A, Wirtz S, Weigmann B, et al. IRF4
Regulates IL-17A Promoter Activity and Controls RORgammat-Dependent
Th17 Colitis In Vivo. Inflamm Bowel Dis (2011) 17:1343–58. doi: 10.1002/
ibd.21476

53. Zhang M, Chen H, Liu MS, Zhu KY, Hao Y, Zhu DL, et al. Serum- and
Glucocorticoid-Inducible Kinase 1 Promotes Insulin Resistance in Adipocytes
via Degradation of Insulin Receptor Substrate 1. Diabetes Metab Res Rev
(2021) 37:e3451. doi: 10.1002/dmrr.3451

54. Malik S, Sadhu S, Elesela S, Pandey RP, Chawla AS, Sharma D, et al.
Transcription Factor Foxo1 is Essential for IL-9 Induction in T Helper
Cells. Nat Commun (2017) 8:815. doi: 10.1038/s41467-017-00674-6

55. Takami M, Love RB, Iwashima M. TGF-Beta Converts Apoptotic Stimuli Into
the Signal for Th9 Differentiation. J Immunol (2012) 188:4369–75. doi:
10.4049/jimmunol.1102698

56. Jash A, Sahoo A, Kim GC, Chae CS, Hwang JS, Kim JE, et al. Nuclear Factor of
Activated T Cells 1 (NFAT1)-Induced Permissive Chromatin Modification
Facilitates Nuclear factor-kappaB (NF-Kappab)-Mediated Interleukin-9
(IL-9) Transactivation. J Biol Chem (2012) 287:15445–57.

57. Kleinewietfeld M, Manzel A, Titze J, Kvakan H, Yosef N, Linker RA, et al.
Sodium Chloride Drives Autoimmune Disease by the Induction of Pathogenic
TH17 Cells. Nature (2013) 496:518–22.

58. Lu L, Wang J, Zhang F, Chai Y, Brand D, Wang X, et al. Role of SMAD and
non-SMAD Signals in the Development of Th17 and Regulatory T Cells.
J Immunol (2010) 184:4295–306.
Frontiers in Immunology | www.frontiersin.org 13
59. Seoane J, Le HV, Shen L, Anderson SA, Massague J. Integration of Smad and
Forkhead Pathways in the Control of Neuroepithelial and Glioblastoma Cell
Proliferation. Cell (2004) 117:211–23.

60. Harada Y, Harada Y, Elly C, Ying G, Paik JH, Depinho RA, et al. Transcription
Factors Foxo3a and Foxo1 Couple the E3 Ligase Cbl-B to the Induction of
Foxp3 Expression in Induced Regulatory T Cells. J Exp Med (2010)
207:1381–91.

61. Wu X, Jiang W, Wang X, Zhang C, Cai J, Yu S, et al. SGK1 Enhances Th9 Cell
Differentiation and Airway Inflammation Through NF-kappaB Signaling
Pathway in Asthma. Cell Tissue Res (2020) 382:563–74.

62. Takimoto T, Wakabayashi Y, Sekiya T, Inoue N, Morita R, Ichiyama K, et al.
Smad2 and Smad3 Are Redundantly Essential for the TGF-Beta-Mediated
Regulation of Regulatory T Plasticity and Th1 Development. J Immunol
(2010) 185:842–55.

63. Lee WH, Jang SW, Kim HS, Kim SH, Heo JI, Kim GE, et al. BATF3 Is
Sufficient for the Induction of Il9 Expression and can Compensate for BATF
During Th9 Cell Differentiation. Exp Mol Med (2019) 51:1–12.

64. Jabeen R, Goswami R, Awe O, Kulkarni A, Nguyen ET, Attenasio A, et al. Th9
Cell Development Requires a BATF-Regulated Transcriptional Network.
J Clin Invest (2013) 123:4641–53.

65. Sahu I, Pelzl L, Sukkar B, Fakhri H, Al-Maghout T, Cao H, et al. NFAT5-
Sensitive Orai1 Expression and Store-Operated Ca(2+) Entry in
Megakaryocytes. FASEB J (2017) 31:3439–48.

66. Rengarajan J, Mowen KA, Mcbride KD, Smith ED, Singh H, Glimcher LH.
Interferon Regulatory Factor 4 (IRF4) Interacts With NFATc2 to Modulate
Interleukin 4 Gene Expression. J Exp Med (2002) 195:1003–12. doi: 10.1084/
jem.20011128

67. Gomez-Rodriguez J, Meylan F, Handon R, Hayes ET, Anderson SM, Kirby
MR, et al. Itk is Required for Th9 Differentiation via TCR-Mediated Induction
of IL-2 and IRF4. Nat Commun (2016) 7:10857. doi: 10.1038/ncomms10857

68. Wang L, Van Panhuys N, Hu-Li J, Kim S, Le Gros G, Min B. Blimp-1 Induced
by IL-4 Plays a Critical Role in Suppressing IL-2 Production in Activated CD4
T Cells. J Immunol (2008) 181:5249–56. doi: 10.4049/jimmunol.181.8.5249

69. Benevides L, Costa RS, Tavares LA, Russo M, Martins GA, Da Silva LLP, et al.
B Lymphocyte-Induced Maturation Protein 1 Controls TH9 Cell
Development, IL-9 Production, and Allergic Inflammation. J Allergy Clin
Immunol (2019) 143:1119–1130 e1113. doi: 10.1016/j.jaci.2018.06.046

70. Tong R, Xu L, Liang L, Huang H, Wang R, Zhang Y. Analysis of the Levels of
Th9 Cells and Cytokines in the Peripheral Blood of Mice With Bronchial
Asthma. Exp Ther Med (2018) 15:2480–4. doi: 10.3892/etm.2018.5700

71. Alberdi M, Iglesias M, Tejedor S, Merino R, Lopez-Rodriguez C, Aramburu J.
Context-Dependent Regulation of Th17-Associated Genes and IFNgamma
Expression by the Transcription Factor NFAT5. Immunol Cell Biol (2017)
95:56–67. doi: 10.1038/icb.2016.69

72. Matthias J, Maul J, Noster R, Meinl H, Chao YY, Gerstenberg H, et al. Sodium
Chloride is an Ionic Checkpoint for Human TH2 Cells and Shapes the Atopic
Skin Microenvironment. Sci Transl Med (2019) 11. doi: 10.1126/
scitranslmed.aau0683

73. Buttrick TS, Wang W, Yung C, Trieu KG, Patel K, Khoury SJ, et al. Foxo1
Promotes Th9 Cell Differentiation and Airway Allergy. Sci Rep (2018) 8:818.
doi: 10.1038/s41598-018-19315-z

74. Wagner C, Uliczka K, Bossen J, Niu X, Fink C, Thiedmann M, et al.
Constitutive Immune Activity Promotes JNK- and FoxO-Dependent
Remodeling of Drosophila Airways. Cell Rep (2021) 35:108956. doi:
10.1016/j.celrep.2021.108956

75. Akbari O, Freeman GJ, Meyer EH, Greenfield EA, Chang TT, Sharpe AH,
et al. Antigen-Specific Regulatory T Cells Develop via the ICOS-ICOS-Ligand
Pathway and Inhibit Allergen-Induced Airway Hyperreactivity. Nat Med
(2002) 8:1024–32. doi: 10.1038/nm745

76. Kearley J, Barker JE, Robinson DS, Lloyd CM. Resolution of Airway
Inflammation and Hyperreactivity After In Vivo Transfer of CD4+CD25+
Regulatory T Cells is Interleukin 10 Dependent. J Exp Med (2005) 202:1539–
47. doi: 10.1084/jem.20051166

77. Patel M, Xu D, Kewin P, Choo-Kang B, Mcsharry C, Thomson NC, et al. TLR2
Agonist Ameliorates Established Allergic Airway Inflammation by Promoting
Th1 Response and Not via Regulatory T Cells. J Immunol (2005) 174:7558–63.
doi: 10.4049/jimmunol.174.12.7558
January 2022 | Volume 12 | Article 763243

https://doi.org/10.1038/ni.3252
https://doi.org/10.1126/sciimmunol.aat5943
https://doi.org/10.1038/nature04754
https://doi.org/10.1016/j.immuni.2010.07.014
https://doi.org/10.1002/eji.201344279
https://doi.org/10.1159/000176302
https://doi.org/10.1155/2012/721817
https://doi.org/10.1016/j.immuni.2015.08.014
https://doi.org/10.1038/ni.1867
https://doi.org/10.1006/jmbi.1998.1838
https://doi.org/10.1002/ibd.21476
https://doi.org/10.1002/ibd.21476
https://doi.org/10.1002/dmrr.3451
https://doi.org/10.1038/s41467-017-00674-6
https://doi.org/10.4049/jimmunol.1102698
https://doi.org/10.1084/jem.20011128
https://doi.org/10.1084/jem.20011128
https://doi.org/10.1038/ncomms10857
https://doi.org/10.4049/jimmunol.181.8.5249
https://doi.org/10.1016/j.jaci.2018.06.046
https://doi.org/10.3892/etm.2018.5700
https://doi.org/10.1038/icb.2016.69
https://doi.org/10.1126/scitranslmed.aau0683
https://doi.org/10.1126/scitranslmed.aau0683
https://doi.org/10.1038/s41598-018-19315-z
https://doi.org/10.1016/j.celrep.2021.108956
https://doi.org/10.1038/nm745
https://doi.org/10.1084/jem.20051166
https://doi.org/10.4049/jimmunol.174.12.7558
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Musiol et al. TGF-b1 in Airway Allergy
78. Bernatchez E, Gold MJ, Langlois A, Lemay AM, Brassard J, Flamand N, et al.
Pulmonary CD103 Expression Regulates Airway Inflammation in Asthma.
Am J Physiol Lung Cell Mol Physiol (2015) 308:L816–826. doi: 10.1152/
ajplung.00319.2014

79. Nouri-Aria KT, Pilette C, Jacobson MR, Watanabe H, Durham SR. IL-9 and
C-Kit+ Mast Cells in Allergic Rhinitis During Seasonal Allergen Exposure:
Effect of Immunotherapy. J Allergy Clin Immunol (2005) 116:73–9. doi:
10.1016/j.jaci.2005.03.011

80. Kawayama T, Matsunaga K, Kaku Y, Yamaguchi K, Kinoshita T, O'byrne PM,
et al. Decreased CTLA4(+) and Foxp3(+) CD25(high)CD4(+) Cells in
Induced Sputum From Patients With Mild Atopic Asthma. Allergol Int
(2013) 62:203–13. doi: 10.2332/allergolint.12-OA-0492

81. Akdis M, Verhagen J, Taylor A, Karamloo F, Karagiannidis C, Crameri R, et al.
Immune Responses in Healthy and Allergic Individuals Are Characterized by a
FineBalanceBetweenAllergen-SpecificTRegulatory1 andTHelper 2Cells. J Exp
Med (2004) 199:1567–75. doi: 10.1084/jem.20032058

82. Alessandrini F, Schulz H, Takenaka S, Lentner B, Karg E, Behrendt H, et al.
Effects of Ultrafine Carbon Particle Inhalation on Allergic Inflammation of the
Lung. J Allergy Clin Immunol (2006) 117:824–30. doi: 10.1016/
j.jaci.2005.11.046

83. Marzaioli V, Aguilar-Pimentel JA,Weichenmeier I, Luxenhofer G,WiemannM,
Landsiedel R, et al. Surface Modifications of Silica Nanoparticles Are Crucial for
Their Inert Versus Proinflammatory and Immunomodulatory Properties. Int J
Nanomedicine (2014) 9:2815–32. doi: 10.1038/s41598-018-19315-z

84. Herz U, Braun A, Ruckert R, Renz H. Various Immunological Phenotypes Are
Associated With Increased Airway Responsiveness. Clin Exp Allergy (1998)
28:625–34. doi: 10.1046/j.1365-2222.1998.00280.x

85. Wimmer M, Alessandrini F, Gilles S, Frank U, Oeder S, Hauser M, et al.
Pollen-Derived Adenosine Is a Necessary Cofactor for Ragweed Allergy.
Allergy (2015) 70:944–54. doi: 10.1111/all.12642

86. Zissler UM, Jakwerth CA, Guerth F, Lewitan L, Rothkirch S, Davidovic M,
et al. Allergen-Specific Immunotherapy Induces the Suppressive Secretoglobin
1A1 in Cells of the Lower Airways. Allergy (2021) 76(8):2461–74. doi: 10.1111/
all.14756
Frontiers in Immunology | www.frontiersin.org 14
Conflict of Interest: UZ received payment for manuscripts from Deutsches
Aerzteblatt and funds for travel from the European Academy of Allergy and
Clinical Immunology (EAACI) and Collegium Internationale Allergologicum
(CIA). CS-W received support for research projects from PLS Design, LETI,
Zeller AG, and Allergopharma and accepted honoraria for consultancy and
seminars from LETI and Allergopharma. He also received travel support from
EAACI. AC has consultant arrangements through Technical University Munich
with Allergopharma, ALK-Abello, HAL Allergy, Mundipharma, and Lofarma; has
conducted clinical studies and received research grants through Technical
University Munich from Allergopharma, Novartis, the German Federal
Environmental Agency, Bencard/Allergen Therapeutics, ASIT Biotech, and
Zeller AG; has received payment for lectures from Allergopharma, ALK-Abello,
and GlaxoSmithKline; has received payment for manuscript preparation from
Bayerisches Ärzteblatt; and has received travel support from the European
Academy of Allergy and Clinical Immunology (EAACI), DGAKI, and SMI.

The remaining 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 Musiol, Alessandrini, Jakwerth, Chaker, Schneider, Guerth,
Schnautz, Grosch, Ghiordanescu, Ullmann, Kau, Plaschke, Haak, Buch,
Schmidt-Weber and Zissler. 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.
January 2022 | Volume 12 | Article 763243

https://doi.org/10.1152/ajplung.00319.2014
https://doi.org/10.1152/ajplung.00319.2014
https://doi.org/10.1016/j.jaci.2005.03.011
https://doi.org/10.2332/allergolint.12-OA-0492
https://doi.org/10.1084/jem.20032058
https://doi.org/10.1016/j.jaci.2005.11.046
https://doi.org/10.1016/j.jaci.2005.11.046
https://doi.org/10.1038/s41598-018-19315-z
https://doi.org/10.1046/j.1365-2222.1998.00280.x
https://doi.org/10.1111/all.12642
https://doi.org/10.1111/all.14756
https://doi.org/10.1111/all.14756
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	TGF-β1 Drives Inflammatory Th Cell But Not Treg Cell Compartment Upon Allergen Exposure
	Introduction
	Results
	Reduced Airway Hyperreactivity and Lung Cell Infiltration in Allergic iCD4TGFBR2 Mice
	Cytokine and T Cell Response Upon Ablation of Tgfbr2 in CD4+T Cells During AAI
	Gene Network and Transcriptional Analysis
	Effect of AIT on TGF-β and T Cell Lineage Specific Cytokines in Induced Sputum of Allergic Patients
	Decreased Th2 and Th9 and Increased Treg Cells Upon AIT

	Discussion
	Methods
	Animals and Murine Model of AAI
	Tamoxifen Treatment
	Measurement of Airway Hyperreactivity
	Analysis of Bronchoalveolar Lavage, Lung Histology and Serology
	Isolation and Analysis of Leukocytes From Lung Tissue
	Isolation and Restimulation of Splenocytes
	Patients
	Sputum Collection, Processing and Characterization
	Lung Function Testing in Humans
	Total Serum IgE Measurement
	Flow Cytometric Analysis of Human and Murine Samples
	Real-Time Polymerase Chain Reaction
	Data Acquisition and Statistical Analysis

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /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 true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /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 true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /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 true
  /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 false
      /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


