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ABSTRACT
Background: Allergen immunotherapy (AIT) is a therapeutic approach to restore allergen tolerance and prevent asthma pro-
gression. Previous studies have shown exhaustion of T cells and the induction of T cells expressing IL-17 and FOXP3 early in 
AIT, which are relevant for the clinical outcome. This study aims to investigate the dynamic transition from type-3 immunity to 
a regulatory state observed in the first year during allergic inflammation, as well as the subsequent dysfunction of effector cells 
during AIT.
Methods: Human and experimental models of allergic airway inflammation were used to assess the impact of AIT on Treg, 
Tr17 and Th17 cell populations using flow cytometry and proliferation assays. Additionally, human blood samples were analysed 
using single-cell transcriptomics to characterise transcriptional signatures associated with the transition from pro-inflammatory 
to regulatory states.
Results: AIT restored balance of Tr17 and Treg populations and increased their proliferative capacity, whereas Th17 cells re-
mained functionally impaired. Single-cell transcriptomics identified Tr17 cells as intermediate states between pro-inflammatory 
and regulatory T-cell programs after AIT. In parallel, AIT reprogrammed intracellular communication networks, with TNF/
LTA-associated signalling pathways emerging as prominent mediators of tolerogenic signalling.
Conclusion: These findings highlight that AIT reprograms immune responses by enhancing regulatory dominance, inducing 
Tr17 plasticity and leveraging TNF/TNFR2-mediated tolerance. Understanding the cellular dynamics during AIT suggests that 
therapeutic strategies aimed at targeting Th17 functional impairment could further enhance treatment efficacy for allergic air-
way diseases. This insight opens new avenues for refining immunotherapeutic approaches to more effectively restore immune 
balance and improve patient outcomes.
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1   |   Introduction

Allergen immunotherapy (AIT) is an established tolero-
genic treatment for allergic airway diseases and allergic 
rhinitis (AR), inducing long-term immune tolerance to spe-
cific allergens [1, 2]. AIT shifts the immune response from a 
pro-inflammatory Th2 profile toward a more regulatory phe-
notype. Recent single-cell transcriptomic studies [3, 4] have 
provided insights into these cellular and molecular changes, 
which complement clinical observations of reduced symptoms 
and complications. This regulatory phenotype replaces the 
type-2 immune response, which creates a pro-inflammatory 
environment through IL-4-driven IgE, activation of mast cells 
and infiltration of eosinophils [5]. However, recent research 
indicates that other T-cell subsets such as T helper 17 (Th17) 
cells and regulatory T-cells (Tregs), significantly contribute to 
allergic airway disease pathogenesis [6, 7].

Type-3 innate immune responses are central to the initiation 
and propagation of inflammatory cascades in autoimmunity, 
ultimately contributing to tissue damage when regulation fails 
[8]. In effect, the innate immune reaction in many autoimmune 
disorders is largely reflected by these type-3 immune responses, 
which help to sustain chronic inflammatory environments [9]. 
In airway allergic diseases, such as neutrophilic asthma, Th17 
cells contribute to airway inflammation and neutrophilic re-
sponses [10]. On the contrary, Tregs are essential in counter-
acting the pro-inflammatory effects driven by the effector Th2 
and Th17 cells [11]. We and others previously identified a ‘Tr17’ 
population co-expressing IL-17A and FOXP3 that represents a 
transitional phenotype between Th17 and Treg cells [12, 13]. 
These cells emerge during the first year of AIT and have been 
associated with early prediction of treatment success, suggest-
ing a potential role in restoring immune tolerance.

Chronic antigen exposure can induce dysfunctional or hy-
poresponsive T-cell states characterised by altered cytokine 
production, reduced proliferation and expression of inhibitory 
receptors such as PD-1 and CTLA-4 [14, 15]. Understanding 
the interactions between these various T cell subsets and their 
state of exhaustion during the course of AIT could poten-
tially lead to optimisation of treatment efficiency for allergic 
diseases.

Building on our previous research, peripheral frequencies 
of Th17 and Tr17 cells in patients who received AIT cor-
related with the clinical success of the treatment defined by 
the Retrospective Assessment of seasonal Allergic Symptoms 
(RAAS) score [13]. Our current study investigates the role 
of these subsets at the site of allergic inflammation and their 
state of exhaustion during the course of immunotherapy. Our 
murine models coupled with human sputum and blood anal-
yses reveal that allergic inflammation drives strong local re-
cruitment of these subsets, while the spleen shows higher Treg 
frequencies along with signs of Th17 dysfunction. AIT re-
stores the cellular balance and proliferative capacities of Tr17 
and Treg cells; however, the Th17 subset remains functionally 
impaired. Single-cell transcriptomics are consistent with an 
intermediate transitional state of Tr17 cells capable of shifting 
between pro-inflammatory Th17 and regulatory Treg states 
following AIT. This plasticity potentially plays a prominent 

role in reprogramming the local inflammatory environment 
through TNF/LT-dependent signalling pathways.

2   |   Methods

Refer to Supplementary Methods section (Data S1).

3   |   Results

To determine the effect of AIT on the dynamics of the Th17 
and Treg population in allergic airway inflammation, we 
performed flow cytometry using an established OVA mouse 
model (Figure 1A) and human samples of the AIT clinical trial 
PACIFIC. The mouse model's characteristics of OVA-specific 
Th2 and OVA-specific IgE response along with AIT-mediated 
suppression were previously described [16].

3.1   |   AIT Restores the Balance of Th17, 
Tr17 and Treg Populations in Allergic Airway 
Inflammation

We quantified the population of Th17, Tr17 and Tregs locally 
in lung suspension cells and bronchoalveolar lavage (BAL) 
(Figure S1) Here, we observed that allergic airway inflamma-
tion significantly increased Th17, Tr17 and Treg populations 
in the lungs (Figure 1B–D). Even though a similar trend was 
observed in BAL, only Tr17 and Treg populations reached 
statistical significance (Figure  1E–G). In contrast, this 
inflammation-mediated increase in Th17 and Tr17 cell fre-
quency was not observed in the spleen. Instead, they were sig-
nificantly decreased (Figure 1H,I), while the Tregs remained 
unchanged (Figure  1J). Notably, AIT decreased the Th17, 
Tr17 and Tregs population to levels nearly comparable to non-
allergic controls in the lungs and BAL (Figure 1B–G). On the 
contrary, Th17, Tr17 and Treg populations in the spleen were 
markedly reduced following allergic airway inflammation in 
comparison to healthy controls and they were significantly 
increased following AIT (Figure  1H–J). Collectively, these 
results indicate that AIT restores the local immune balance 
in the airways while also promoting systemic rebalance, 
emphasising its role as a potent modulator of local immune 
responses.

3.2   |   AIT Restores Th17 Cell Functionality 
and Enhances Proliferative Responses in Tr17 
and Treg Cells

To assess the proliferative capacity of different T-cell popu-
lations before and after AIT, Ki67+ Th17, Tr17 and Treg cells 
were quantified. A significant increase in Ki67+ proliferating 
Tr17 and Tregs was observed following AIT, but not in the Th17 
population (Figure 2A–C). PD-1+ and CTLA-4+ Th17, Tr17 and 
Treg cells were quantified in both lungs and BAL to assess acti-
vation and exhaustion status (Figure 2D–O).

In allergic mice, PD-1+ Th17, Tr17 and Treg cells were sig-
nificantly increased in the lungs compared with non-allergic 
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3Allergy, 2026

controls (Figure 2D–F). CTLA-4+ Th17 cells were also elevated 
(Figure 2G), whereas CTLA-4+ Tr17 and Treg populations re-
mained unchanged (Figure 2H,I). Following AIT, PD-1+ expres-
sion in all three cell types decreased to near non-allergic levels 
(Figure 2D–F), while CTLA-4+ expression was significantly re-
duced only in Th17 cells (Figure 2G).

In BAL, PD-1+ and CTLA-4+ Th17 cells were similarly in-
creased in allergic mice (Figure 2J,M), whereas Tr17 levels re-
mained unchanged (Figure  2K,N). PD-1+ Tregs were reduced 
in allergic mice (Figure 2L), while CTLA-4+ Tregs were unaf-
fected (Figure 2O). AIT significantly reduced PD-1+ and CTLA-
4+ expression in Th17 cells (Figure 2J,M), but not in Tr17 or Treg 

FIGURE 1    |    Murine model of allergic airway inflammation and impact of AIT on Th17, Tr17 and Treg populations. Schematic illustration of OVA-
induced murine model of AAI (A); Mice were sensitised on Days 0, 7, 14 and 28 followed by instillation challenges on Days 34, 41, 48, 63, 66 and 69 
(blue arrows). Subcutaneous OVA AIT was performed on Days 35, 39, 51 and 55 (brown arrows) followed by analysis was performed on Day 70 (con-
trol n = 8; AAI n = 8; AAI + AIT n = 8). Representative flow cytometry plots (B) of frequency of RORgt and FOXP3 of CD4 + CD3+, CCR6+ live cells. 
Quantification of Th17 (Red), Tr17 (black) and Treg (Green) populations in lungs (C, D and E), in bronchoalveolar lavage (BAL; F, G and H) and in spleen 
(I, J and K). Statistical analysis was performed using Mann–Whitney U test and the statistical significance is indicated by * p < 0.05, p < 0.01, ***p < 0.001. 
(NA, Non-Allergic; AAI, Allergic Airway Inflammation; AIT, Allergen Immunotherapy). The data were not pooled (no. of experiments = 1).
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4 Allergy, 2026

populations (Figure 2K–O). A similar pattern was observed in 
the spleen (Figure S2A–E).

Together, these findings suggest that AIT selectively reverses 
the exhaustion-like phenotype in Th17 cells while enhancing 
the proliferative capacity of Tr17 and Treg populations, con-
tributing to the restoration of immune tolerance in the local 
microenvironment.

3.3   |   AIT Restores Mucosal Immune Balance but 
Does Not Reverse Circulating Th17 Functional 
Impairment

To assess the impact of AIT on Th17-associated immune popula-
tions, sputum samples from AR and asthmatic patients were an-
alysed before and after treatment. Sensitivity analysis indicated 
that age and sex did not significantly influence Th17 frequencies 

FIGURE 2    |    Modulation of Th17, Tr17 and Treg cell exhaustion and proliferation by AIT. Flow cytometric analysis of Th17, Tr17, and Treg popula-
tions in Lungs (A–I) and in BAL (J–O) in mice with and without AIT (Control n = 8; AAI n = 8; AAI + AIT n = 8). Quantification of Ki67+ prolifer-
ating Th17 (A), Tr17 (B) and Treg (C) cells in lungs. Quantification of exhaustion markers PD1 and CTLA4: PD-1+ Th17 (D, J), Tr17 (E, K) and Treg 
(F, L) cells in lungs and BAL respectively; CTLA4+ Th17 (G, M), Tr17 (H, N) and Treg (I, O) cells in lungs and BAL respectively. Statistical analysis 
was performed using the Mann–Whitney U test, and the statistical significance is indicated by * p < 0.05, **p < 0.01, ***p < 0.001. The data were not 
pooled (no. of experiments = 1).
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5Allergy, 2026

(age: β = 0.015, 95% CI −0.013 to 0.043, p = 0.29; sex: β = −0.091, 
95% CI −0.395 to 0.213, p = 0.55). Predicted Th17 values at the 
median age (24 years) were comparable between sexes (0.76% 
vs. 0.69%), indicating minimal confounding. Sputum data were 
therefore analysed cross-sectionally across healthy controls 
(HC), AR patients without AIT and AR patients receiving AIT 
(n = 20/6/10; supplementary methods [Data S1] and Table S1).

Flow cytometric analysis (Figure S3) revealed significantly el-
evated frequencies of Th17, Tr17 and Treg cells in AR patients 
compared with healthy controls (Figure 3A–C). Following AIT, 
these populations were significantly reduced, returning to levels 
comparable to healthy individuals. This normalisation was not 
observed in asthmatic patients (Figure S4), suggesting that AIT 
restores mucosal immune equilibrium in AR but not in asthma.

We next examined circulating Th17 cells using longitudinal 
blood samples collected before, during and after AIT. Flow cy-
tometry revealed dynamic changes in cytokine production and 
activation markers (Figure  S5A and Figure  S6). AIT signifi-
cantly increased IL-17A+ Th17 cells during the top-dose phase 
and in follow-up seasons (Figure S5B). In contrast, PD-1+ Th17 
and IL-2+PD-1+ Th17 cell frequencies remained unchanged 
(Figure  S5C,D). CTLA-4+ Th17 cells significantly increased 
at T9 in the final follow-up season (Figure  S5E), whereas 
IL-2+CTLA-4+ Th17 cells decreased at the same time point 
(Figure  S5F). Additional subsets associated with anergy-like 
states, including TCF1+PD-1+ Th17, TCF1+CTLA-4+ Th17 and 
PD-1+CTLA-4+ Th17 cells, remained stable throughout treat-
ment (Figure S7A–C).

To determine whether checkpoint blockade could restore Th17 
effector function, peripheral blood cells were stimulated with 
anti-CD3 and anti-CD28 in the presence of the anti-PD-1 anti-
body Nivolumab or an IgG control. PD-1 blockade did not alter 
IL-2+ Th17 or IL-2+PD-1+ Th17 frequencies, which remained 
comparable between conditions (Figure S5G,H).

Together, these findings indicate that AIT restores mucosal 
Th17-associated immune balance in AR but does not reverse the 
unresponsive phenotype of circulating Th17 cells, even upon 
PD-1 blockade.

3.4   |   AIT-Driven Trans-Differentiation Mediated 
by Tr17 Cells

Single-cell mRNA sequencing of CCR6+, FOXP3+, and/or 
IL-17A + T cells from the PACIFIC cohort: collected at base-
line (T0) and following 1 year of AIT during the maintenance 
phase (T6) revealed distinct immune cell subsets via Louvain 
clustering such as Th17, Tr17, induced Tregs (iTregs), iTregs 
(TR), CCL10+ CCR6+ Tregs, CCL10+ FOXP3(lo) Tregs, and 
CTL-CD4+ cells (Figure  4A,B). We defined the Th17, Tr17, 
and Treg population using their respective index genes of the 
three populations: IL17A, RORC, IKZF2, and FOXP3, and as-
signed their origin to specific and separate cell compartments 
(Figure  4C–F). Developmental pseudotime trajectory analy-
sis revealed potential developmental relationships among the 
identified CCR6+ T-cell populations, which were mediated by 
AIT. UMAP projection coloured by pseudotime (Figure 4G,I) 
visualised a continuous developmental trajectory linking 
multiple cell states, with the trajectory backbone (black lines) 
delineating potential differentiation pathways. Under control 
conditions (Figure  4H), Tr17 cells were positioned in close 
proximity to Th17 cells, indicating a more pro-inflammatory 
phenotype in the absence of treatment. A shift in the cellu-
lar trajectories was observed following AIT (Figure  4J), po-
sitioning Tr17 cells to a more central position between Th17 
and iTregs, potentially indicating that AIT may drive a trans-
differentiation process in which Tr17 cells assume an inter-
mediary state.

3.5   |   Notable Alterations in 
Receptor-Ligand-Mediated Communications 
Between Different T-Cell Types Before 
and After AIT

To investigate the functional implications of the shift observed 
in the trajectory analysis, cell–cell communication network 
analysis was performed in both conditions: Before (T0) and 
After AIT (T6). This analysis identified differences in the num-
ber, strength and directionality of interactions between various 
cell subsets. Network visualisation showed differences in in-
teraction numbers and strengths among all identified subsets, 

FIGURE 3    |    Effect of AIT on Th17, Tr17 and Treg populations in the sputum of Allergic Rhinitis patients. Flow cytometric quantification of Th17 
(Figure 3A), Tr17 (Figure 3B), Treg (Figure 3C) populations in the sputum samples of healthy controls (n = 20) and allergic rhinitis patients be-
fore (n = 6) and after AIT (n = 10). Statistical analysis was performed using the Mann–Whitney U test, and the statistical significance is indicated 
by *p < 0.05, **p < 0.01, ***p < 0.001. The data were not pooled (no. of experiments = 1). Analyses are cross-sectional; see Supplementary Methods 
(‘Sputum sample collection’ Data S1) and Table S1 for cohort details.
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6 Allergy, 2026

FIGURE 4    |     Legend on next page.
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7Allergy, 2026

especially Tr17 cells exhibited increased connectivity following 
AIT (Figure 5A–D).

Distinctly, the scatter plot (Figure 5E,F) revealed a notable in-
crease in both incoming and outgoing signals of only the Tr17 
cells following AIT. Differential expression analysis (DEA) 
identified various upregulated signalling pathways across 
different T-cell populations, including MIF, LT, CypA, TNF, 
LIGHT and CCL. These signalling patterns were substantially 
mediated between Th17 and Tr17 cell populations which were 
altered following AIT (Figure  S8A–D). Among these, only a 
few signalling pathways were significantly upregulated follow-
ing AIT (p < 0.01) (Figure  6G). The LTA-TNFRSF1B pathway 
had the highest communication probability, with the strongest 
interaction occurring between Th17 and Tr17 cells after AIT. 
The LTA-TNFRSF1B, LTA-TNFRSF14 and PPIA-BSG pathways 
were significantly upregulated and had a very high communi-
cation probability between the population of interest. Further 
analysis of Tr17 signalling patterns showed that members of 
the Lymphotoxin (LT) and TNF Tumour necrosis factor (TNF) 
pathways were key mediators of its interactions with other cell 
populations (Figure  S8E–H). Notably, specific ligand-receptor 
interactions such as LTA, TNFRSF1B and TNFRSF14 were 
significantly upregulated both before and after AIT. The LTA 
ligand was strongly upregulated in iTregs after AIT, while the 
TNFRSF1B receptor expression increased significantly in Tr17 
cells (Figure  S8I). Network centrality analysis identified that 
Tr17 cell populations are the most prominent mediators through 
TNF signalling (Figure  5H–K and Figure  S8J–M). These net-
work analyses suggest that AIT not only alters cellular frequen-
cies and functional states of cells but also reshapes intercellular 
communications.

3.6   |   AIT Is Associated With Enhanced TNFR-LT-α 
Axis Engagement

To validate our in silico findings from scRNA-seq, we analysed 
peripheral blood samples from grass pollen allergic patients at 
baseline (T0) and after 1 year of AIT (T6) (Figure 6A). Flow cy-
tometric profiling (Figure  6B, Figure  S9 and Figure  S12) re-
vealed a selective modulation of TNF receptor signalling and 
effector cytokine expression across Th17, Tr17, and Treg sub-
sets. Consistent with the scRNA-seq data, AIT induced a selec-
tive upregulation of TNF-receptor superfamily members and an 
increase in LT-α (TNF-β) producing cells across these subsets. 

After 1 year of treatment, we observed a clear upregulation of 
the Treg compartment, whereas total Th17 and Tr17 frequencies 
remained unchanged (Figure  6C–E). Concomitantly, LT-α ex-
pression was significantly elevated in Th17, Tr17 and Treg popu-
lations (Figure 6F–H), and the proportion of HVEM+LT-α+ and 
TNFR2+ LT-α+ double-positive cells increased in all three sub-
sets (Figure 6I–N), validating the predicted LT-α-HVEM/TNFR2 
ligand-receptor interaction. However, while the individual re-
ceptor expression of TNFR2 (TNFRSF1B) remained unaltered 
following AIT (Figure S10A–C), HVEM (TNFRSF14) expression 
was downregulated in Tr17 and significantly so in Tregs yet re-
mained unchanged in Th17 cells (Figure S10D–F). This observed 
trend in that of conventional Tregs remained the same as iTregs 
(Figure  S11). Analysis of inhibitory and proliferation markers 
revealed that PD-1 expression was significantly downregulated 
(Figure S10G–I), while CTLA-4 expression increased across Th17, 
Tr17, and Treg populations but reached statistical significance only 
in Th17 and Tr17 cells (Figure S10J–L). IL-2 production remained 
unchanged (Figure S10P–R), and Ki-67 expression in these subsets 
was decreased following AIT (Figure  S10M–O), consistent with 
reduced proliferative activity and a shift toward a less responsive 
or suppressed cellular state.

3.7   |   LT-α-Induced TNF Receptor Signalling 
Reveals Differential T-Cell Responsiveness 
After AIT

To functionally validate the TNF receptor signalling axis, 
PBMCs from grass pollen-allergic patients were stimulated with 
anti-CD3/anti-CD28 in combination with LT-α, with or without 
TNFR2 blockade, at baseline (T0) and after 1 year of AIT (T6). 
LT-α stimulation did not alter Th17, increased Tr17 frequencies 
only at T6 (Figure 7A,B), and reduced Treg frequencies at both 
T0 and T6 (Figure 7C), indicating altered regulatory T-cell re-
sponsiveness following AIT.

LT-α stimulation induced robust autocrine cytokine pro-
duction across all subsets, reflected by increased LT-α+ fre-
quencies in Th17, Tr17, and Tregs (Figure 7D–F). In effector 
subsets, LT-α stimulation was accompanied by pronounced 
downregulation of HVEM and TNFR2 (Figures  7G,H and 
7J,K), consistent with ligand-induced receptor modulation. 
In contrast, Tregs displayed increased TNFR2 expression at 
T6 (Figure 7L), suggesting enhanced receptor responsiveness 
after AIT.

FIGURE 4    |    AIT-Driven Trans-differentiation Mediated by Tr17 Cells. (A) Single-cell mRNA sequencing analysis of PBMCs derived from the blood 
samples of PACIFIC cohort at baseline (T0) before AIT and after the AIT during the maintenance phase (T6). Data were analysed using Louvain 
cluster analysis, with cell identification performed by the index genes for Th17, Tr17, iTregs, iTregs (TR), CCL10+ CCR6+ Tregs, CCL10+ FOXP3(lo) 
Tregs and CTL-CD4+ cells. The cellular identity in the UMAP clustering is shown with the following cell types: CTL-CD4+ (yellow), iTregs (dark 
green), iTregs (TR) (light green), Th17 (red), Tr17 (black), CCL10+ CCR6+ Tregs (dark blue) and CCL10+ FOXP3(lo) Tregs (light blue). (B) The index 
genes and their average expression intensity. The proportion of cells expressing the respective gene is represented by the size of the circles. UMAP 
of cell frequency expressing the index genes IL17A (C), RORC (D), IKZF2 (E) and FOXP3 (F). Transitional representation of cell populations along a 
pseudotime trajectory generated with Monocle (G–J): UMAP visualisation of single-lineage cells before AIT at T0 (G) and after AIT at T6 (I) marked 
with inferred pseudotime. The black curve denotes the inferred lineage. The respective visualisation of bifurcating cells marked with inferred 
pseudotime before AIT at T0 (H) and after AIT at T6 (J). The black curve denotes the inferred lineage, and the different T-cell populations are denoted 
on the black line in their respective colour demotion.
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8 Allergy, 2026

FIGURE 5    |     Legend on next page.
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9Allergy, 2026

To assess the contribution of TNFR2 signalling, PBMCs were 
stimulated with LT-α in the presence or absence of a TNFR2-
blocking antibody. Total Th17, Tr17, and Treg frequencies re-
mained unchanged under blockade (Figure  7M–O). LT-α+ 
frequencies were largely preserved in Th17 cells but partially 
reduced in Tr17 and particularly in Tregs under TNFR2 in-
hibition (Figure  7P–R). HVEM expression was unaffected 
by TNFR2 blockade (Figure  7S–U), whereas TNFR2+ fre-
quencies decreased across subsets, most prominently in Tregs 
(Figure 7V–X), confirming effective pathway inhibition.

Further analysis of receptor-cytokine co-expression confirmed 
subset-specific responses to LT-α stimulation. TNFR2+LT-α+ 
cells increased particularly in Tregs, whereas HVEM+LT-α+ 
effector populations decreased (Figure S13). Functional profil-
ing revealed reduced PD-1 and Ki-67 together with increased 
CTLA-4 and IL-2 expression across subsets (Figure  S13). The 
CTLA-4 increase in Tregs was partially attenuated by TNFR2 
blockade (Figure S14), indicating partial TNFR2 dependence of 
the observed regulatory programme.

4   |   Discussion

In a previous study, we demonstrated that peripheral frequen-
cies of Th17 and Tr17 cells correlate with the clinical success of 
AIT after 3 years [13]. In this study, we demonstrate that AIT re-
stores the equilibrium between Th17 and Treg cells at the site of 
allergic inflammation and provide evidence that TNF signalling 
contributes to AIT-induced immune modulation, while transi-
tory Tr17 cells emerge as pivotal regulators steering the immune 
response toward tolerance.

The mouse model reproduced key features of allergic airway in-
flammation, including altered Th17, Tr17 and Treg distributions 
between the lungs, BAL and the spleen. AIT normalised Th17, 
Tr17 and Treg frequencies in the lungs and BAL while increas-
ing splenic Treg populations, suggesting a restoration of local 
immune balance together with enhanced systemic regulatory 
responses. These findings align with previous studies in similar 
mouse models reporting increased Th17 and Treg frequencies 
and elevated IL-4 and IL-17 levels in the lungs and BAL follow-
ing allergic airway inflammation [17–19]. These effects subse-
quently returned to baseline following AIT, while the level of 
IL-10 was significantly elevated only post AIT. This highlights 

the ability of AIT to reverse local inflammation and exert sys-
temic regulatory responses.

Differential responses were observed among T-cell subsets, 
with AIT markedly enhancing the proliferative capacity of both 
Tr17 and Treg cells, while Th17 cells remained unresponsive. 
Concurrently, upregulated PD-1 and CTLA-4 on Th17 cells in-
dicate that local immune activation induces an exhaustion-like 
state. PD-1 expression is known to be rapidly induced follow-
ing TCR engagement, while its co-expression with CTLA-4 
indicates exhaustion [20, 21]. These markers were effectively 
reduced by AIT in local compartments yet remained unaltered 
in the spleen; findings that imply AIT selectively reconditions 
Th17 exhaustion at the site of inflammation [19, 22]. This ob-
servation is parallel to findings in other T-cell subsets, such as 
Th2 cells, where AIT induced an upregulation of PD-1 which 
was associated with enhanced cellular exhaustion [16, 19]. In 
addition, Wang et  al. demonstrated that AIT attenuates Th2-
driven responses by reducing Th2 cytokine production, eosino-
philic inflammation and allergen-specific IgE, while increasing 
exhaustion marker expression (PD-1, CTLA-4) on Th2 cells in 
local lung tissue [16]. Together with our observations on Th17, 
Tr17 and Treg populations, these data suggest that AIT restores 
immune balance not only through regulatory and Th17 mod-
ulation but also by dampening Th2-mediated inflammation. 
The clinical relevance of our findings is further translational 
by our analysis of human sputum from AR patients, who also 
demonstrated elevated frequencies of Th17, Tr17 and Treg cells, 
which were notably reduced following AIT. Unexpectedly, this 
pattern, however, was not observed in the sputum of asthmatic 
patients. Whether this effect is due to the chronic nature of 
asthma needs to be a subject of future studies. A limitation is the 
cross-sectional design and the relatively small subgroup, which 
precluded robust multivariable adjustment; therefore, only non-
parametric group comparisons are reported.

A key observation was the progressive accumulation of 
exhaustion-associated circulating Th17 cells during the three-
year AIT period, reflected by increased CTLA-4 and reduced 
IL-2 expression. Consistently, in  vitro PD-1 blockade with 
Nivolumab failed to restore IL-2 production, suggesting a 
persistent dysfunctional phenotype of circulating Th17 cells 
[23, 24]. These findings indicate that, despite effective local im-
mune reprogramming by AIT, systemic Th17 dysfunction may 
persist and warrants further investigation.

FIGURE 5    |    Notable alterations in receptor-ligand-mediated communications between different T-cell types before and after AIT. Circle plots depict-
ing the interaction numbers (A) and interaction strength (C) between different T-cell types. Blue lines indicate that the displayed communication is 
decreased, while red lines indicate that communication is increased. The arrows indicate the direction of intercellular communication. The same 
data of interaction numbers (B) and interaction strength (D) between different T-cell types visualised by heatmaps for annotation. Scatter plot show-
ing the intensity of the outgoing and incoming interactions in a two-dimensional manifold of different T-cell populations before AIT at T0 (E) and 
after AIT at T6 (F). The size of the circles suggests the numbers of significantly expressed receptor-ligand pathways of different T-cell populations. 
(G) Comparison of the significant pathways before and after AIT, which contribute to the signalling between the populations of interest: Th17, iTregs, 
iTregs (TR) and Tr17 subpopulations. Dot colour reflects communication probabilities and dot size represents computed p-values. Empty space 
means the communication probability is zero. p-values are computed from one-sided permutation test. Heatmap shows the relative importance of 
each cell type as sender, receiver, mediator and influencer in the LT Pathway based on the computed four network centrality measures of different 
signalling pathways (H and J). Chord diagram for visualising cell–cell communication through LT signalling pathway before AIT at T0 (I) and after 
AIT at T6 (K). The lines represent changes in ligand-receptor interaction strengths and the colour bars in the inner circles indicate targeting cell types 
of the outgoing signalling while noncolour part for incoming signalling.
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10 Allergy, 2026

Single-cell transcriptomics of patients' peripheral blood before 
and after 1 year of AIT revealed cellular heterogeneity, identi-
fying Th17, Tr17 and Treg clusters, as well as novel subsets like 
CCR10+CCR6+ Tregs, CCR10+FOXP3lo Tregs and CTL-CD4+ 
cells [25–27]. For the first time at the single-cell level, we 

confirmed a Tr17 population co-expressing IL-17A and FOXP3 
[12, 28]. Furthermore, pseudotime trajectory analysis estab-
lishes a dynamic relationship between the subsets. At baseline, 
Tr17 cells clustered with Th17 cells, reflecting pro-inflammatory 
features. Following AIT, they shifted centrally between Th17 

FIGURE 6    |    AIT is associated with enhanced TNFR-LT-α axis engagement. Schematic overview of the sample collection timeline in the grass pol-
len AIT study (A). Representative flow cytometry plots (n = 28) and quantification of Th17, Tr17 and Treg subset frequencies at baseline (T0) and after 
1 year of AIT (T6) (B–E). Frequencies of LT-α+ single-positive cells and HVEM+/TNFR2+ LT-α+ double-positive cells within Th17, Tr17 and Treg 
subsets (F–N). Statistical analysis was performed using Mann–Whitney U test and the statistical significance is indicated by *p < 0.05, **p < 0.01, 
***p < 0.001. Data represent a single experiment.
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11Allergy, 2026

FIGURE 7    |     Legend on next page.
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12 Allergy, 2026

and iTregs, implying increased plasticity and a transitional role 
in reprogramming tolerance.

In particular through the cell–cell communication network, we 
demonstrate that AIT significantly reshapes the intercellular 
signalling network, with the Tr17 population playing a central 
role. Notably, the TNF signalling pathway emerged as a critical 
mediator, with LTA-TNFRSF1B exhibiting the highest commu-
nication probability and complementing the observed pheno-
typic shifts. TNF signalling contributes to allergic inflammation 
through LT-α-HVEM interactions that promote Th2-skewed 
immune responses [29–31]. In contrast, LT-α engagement of 
TNFR2 induces regulatory T-cell function by stabilising FOXP3 
and enhancing suppressive activity  [32–35]. Consistent with 
this, after 1 year of treatment, our data indicate a shift toward 
regulatory dominance and reduced effector activity. This is re-
flected in increased LT-α/TNFR2-associated signalling, reduced 
HVEM expression particularly within effector subsets and de-
creased PD-1 and Ki-67 expression together with increased IL-2 
production. Across Treg, Tr17, and Th17 subsets, these changes 
were consistent with a shift toward regulatory signalling and re-
duced effector activity. Th17 and Tr17 cells showed features of 
a hyporesponsive effector compartment, potentially reinforced 
by CTLA-4-mediated suppression. These findings align with 
reports that LT-α/TNFR2 signalling dampens Th17 responses 
and suppresses RORγt expression, thereby mitigating allergic 
inflammation [36, 37].

Ex vivo LT-α stimulation and TNFR2 blockade demonstrate 
that AIT reshapes not only the magnitude but also the quality 
of TNF responses. LT-α induced a strong autocrine signalling 
loop across T-cell subsets, while TNFR2 signalling contributed 
particularly to LT-α-responsive Tregs. These findings indicate 
that AIT fine-tunes TNF receptor sensitivity and promotes a 
suppressive programme characterised by increased CTLA-4 ex-
pression and reduced proliferative activity.

Our data suggest that 1 year of grass pollen AIT promotes reg-
ulatory immunity while attenuating effector T-cell activity 
through LT-α/TNFR2-associated signalling. Future studies 
should define the cellular hierarchy of TNF-mediated communi-
cation and dissect TNFR1 versus TNFR2 downstream pathways 
in sorted subsets.

In summary, our study identifies an LT-α-driven autocrine sig-
nalling programme that reshapes the Th17-Tr17-Treg axis during 
AIT. While LT-α is broadly produced across CD4+ T-cell subsets, 
TNFR2 signalling selectively supports regulatory responses in 
Tregs and is accompanied by increased CTLA-4 expression and 

reduced proliferative activity, consistent with a suppressive im-
mune phenotype. These findings suggest that AIT promotes im-
mune tolerance by fine-tuning TNF receptor sensitivity rather 
than merely expanding regulatory populations, highlighting 
LT-α-TNFR2 signalling as a potential target to enhance clinical 
responses to AIT and promote sustained immune tolerance.

Author Contributions

H.S.C., A.A.G., A.M.C., C.A.J., C.B.S.-W. and S.B. designed the study. 
H.S.C., A.H., F.A., F.G., J.K., M.O., M.P., L.P., D.P., L.S.z.B., S.H., 
S.-H.W., U.M.Z. and S.K. were involved in experiments execution. C.O., 
C.A.J. and C.B.S.-W., were involved in the ethics of the study and crit-
ical review of the manuscript. H.S.C. and A.A.G. analysed the data. 
H.S.C., A.A.G., C.A.J. and C.B.S.-W., interpreted the data. H.S.C. did 
the literature search. All authors wrote the manuscript.

Acknowledgements

We would like to thank the study participants and their families for 
their valuable contribution to this study. We would also like to thank 
the staff of the participating hospital and general practices. We thank 
Stefanie Glocker, Lina Terlau, Johanna Eschenbacher, Janica Wendt 
and Dr. Samer Alashhab (Center of Allergy and Environment, ZAUM, 
Technical University of Munich and Helmholtz Munich, Munich, 
Germany) for their invaluable support. Open Access funding enabled 
and organized by Projekt DEAL.

Funding

This study was supported by the German Center for Lung Research 
(DZL) to CSW, by grants from Deutsche Forschungsgemeinschaft 
RTG2668 (Project A5, Project-ID: 435874434) to CSW, and by grants 
from Else-Kröner-Fresenius-Stiftung (CASSAVA project; 2024_
EKEA.137) to CAJ.

Conflicts of Interest

The authors declare the following competing interests: Prof. Dr. Zissler 
reports grants from Federal Ministry of Education and Research 
(BMBF) for the German Center for Lung Research, (DZL), grants and 
personal fees from German Research Foundation (DFG Grant No. 
398577603), grants and personal fees from Bavarian State Office for 
Health and Food Safety (K1-2497-GLB-20-V4), during the conduct of 
the study; grants from European Institute of Technology (EIT), grants 
from CFi-aktiv e.V. ukoviszidose Selbsthilfe Südbayern outside the sub-
mitted work. In addition, he reports personal fees from Max Aicher 
foundation for his endowed chair for building biology, airway and in-
door health as well as grants and personal fees from the Bavarian States 
Ministry of Science and Art outside the submitted work. Dr. Kotz re-
ports grants for a travelling scholarship by the German ENT society 
(DGHNO), speaker honoraria, consultancy or advisory fees and/or re-
search support and other, all via Technical University of Munich from 

FIGURE 7    |    LT-α-induced TNF receptor signalling reveals differential T-cell responsiveness after AIT. PBMCs from grass pollen-allergic patients 
were stimulated with anti-CD3/anti-CD28 alone, anti-CD3/anti-CD28 + LT-α or anti-CD3/anti-CD28 + LT-α in the presence of a TNFR2-blocking 
antibody at baseline (T0) and after 1 year of allergen immunotherapy (T6). Frequencies of total Th17, Tr17, and Treg populations are shown in A-C. 
Frequencies of LT-α+ (D–F), HVEM+ (G–I) and TNFR2+ (J–L) cells within the respective T-cell subsets following LT-α stimulation are shown. To as-
sess the contribution of TNFR2 signalling, PBMCs were stimulated with anti-CD3/anti-CD28 + LT-α in the presence or absence of a TNFR2-blocking 
antibody. Frequencies of total Th17, Tr17 and Treg populations are shown in M–O, and frequencies of LT-α+ (P–R), HVEM+ (S–U), and TNFR2+ 
(V–X) cells within the respective subsets are shown. In each subfigure, the left panels correspond to baseline samples (T0) and the right panels to 
samples obtained after 1 year of AIT (T6). Each dot represents one patient (n = 15). Statistical comparisons were performed using the two-tailed 
Mann–Whitney U test; significance is indicated as *p < 0.05, **p < 0.01, ***p < 0.001. Data are presented as mean ± SEM.

 13989995, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/all.70367 by H

elm
holtz Z

entrum
 M

uenchen D
eutsches Forschungszentrum

, W
iley O

nline L
ibrary on [07/05/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



13Allergy, 2026

GSK, HAL Allergy, and Biocryst, all outside this submitted work. Dr. 
zur Bonsen received speaking honoraria from AbbVie and Novartis, 
all outside of this submitted work. Prof. Dr. Blank has received hon-
orarium for talks or research grants from Thermo Fischer Scientific 
Inc., Bencard Allergie GmbH, Allergopharma GmbH & Co. KG, LETI 
Pharma GmbH and Allergy Therapeutics PLC, all outside the sub-
mitted work. PD Dr. Chaker reports grants from German Center for 
Lung Research (DZL) during the conduct of the study; grants, speaker 
honoraria, consultancy or advisory fees and/or research support 
and other, all via Technical University of Munich from ALK-Abello, 
AstraZeneca, Bencard/Allergen Therapeutics, ASIT Biotech, GSK, 
Hippo Dx, Novartis, LETI, Roche, Sanofi, Regeneron, Zeller, grants 
from Federal German Ministry of Education and Research, grants from 
European Institute of Technology, all outside this submitted work. Prof. 
Dr. Schmidt-Weber reports grants from Federal Ministry of Research 
and Education, during the conduct of the study and personal fees from 
Zeller AG, during the conduct of the study; grants from Allergopharma 
and personal fees from Sanofi, Leti Pharma, Aimmune, outside the sub-
mitted work. PD Dr. Jakwerth reports grants from DFG—Excellence 
University Strategy (EXU) at International Graduate School of Science 
and Engineering (IGSSE) (Imperial-TUM (Technical University 
Munich) Joint Academy of Doctoral Studies (JADS); PANORAMA 
project), Deutsche Forschungsgemeinschaft RTG2668 (Project A1, 
Project-ID: 435874434), grants from Zeller AG, outside the submit-
ted work. Ms. Charles, Dr. Gabr, Dr. Wang, Dr. Heine, Dr. Hills, Dr. 
Pogorolev, Dr. Heldner, Ms. Pechtold, Dr. Kau, Mr. Guerth, Ms. Oelsner, 
PD. Dr. Ohnmacht and Prof. Dr. Alessandrini, Dr. Plaschke have noth-
ing to disclose. AI-based tools were used for parts of the scRNA-seq data 
analysis, and Grammarly was used for language editing. All analyses 
and interpretations were performed and verified by the authors.

Data Availability Statement

The data that support the findings of this study are openly available in 
Gene Expression Omnibus (GEO) at https://​www.​ncbi.​nlm.​nih.​gov/​
geo/​.

References

1. S. R. Durham and M. H. Shamji, “Allergen Immunotherapy: Past, 
Present and Future,” Nature Reviews. Immunology 23, no. 5 (2023): 
317–328.

2. J. Bousquet, J. M. Anto, C. Bachert, et al., “Allergic Rhinitis,” Nature 
Reviews Disease Primers 6, no. 1 (2020): 95.

3. M. Larche, C. A. Akdis, and R. Valenta, “Immunological Mechanisms 
of Allergen-Specific Immunotherapy,” Nature Reviews. Immunology 6, 
no. 10 (2006): 761–771.

4. J. A. Layhadi, R. Moya, T. J. Tan, et al., “Single-Cell RNA Sequenc-
ing Identifies Precise Tolerogenic Cellular and Molecular Pathways 
Induced by Depigmented-Polymerized Grass Pollen Allergen Ex-
tract,” Journal of Allergy and Clinical Immunology 151, no. 5 (2023): 
1357–1370.

5. I. Ogulur, Y. Mitamura, D. Yazici, et al., “Type 2 Immunity in Al-
lergic Diseases,” Cellular & Molecular Immunology 22, no. 3 (2025): 
211–242.

6. Y. Hu, Z. Chen, J. Zeng, et  al., “Th17/Treg Imbalance Is Associ-
ated With Reduced Indoleamine 2,3 Dioxygenase Activity in Child-
hood Allergic Asthma,” Allergy, Asthma and Clinical Immunology 16 
(2020): 61.

7. X. L. Zou, Z. G. Chen, T. T. Zhang, D. Y. Feng, H. T. Li, and H. L. Yang, 
“Th17/Treg Homeostasis, but Not Th1/Th2 Homeostasis, Is Implicated 
in Exacerbation of Human Bronchial Asthma,” Therapeutics and Clini-
cal Risk Management 14 (2018): 1627–1636.

8. S. Gupta and M. J. Kaplan, “Bite of the Wolf: Innate Immune Re-
sponses Propagate Autoimmunity in Lupus,” Journal of Clinical Investi-
gation 131, no. 3 (2021): e144918.

9. Y. Zhang, W. Yang, W. Li, and Y. Zhao, “NLRP3 Inflammasome: 
Checkpoint Connecting Innate and Adaptive Immunity in Autoim-
mune Diseases,” Frontiers in Immunology 12 (2021): 732933.

10. C. Schmidt-Weber, “Th17 and Treg Cells Innovate the TH1/TH2 
Concept and Allergy Research,” Chemical Immunology and Allergy 94 
(2008): 1–7.

11. L. P. Guo, M. Yan, R. B. Niu, et al., “Role of Th2, Th17 and Treg Cells 
and Relevant Cytokines in Pathogenesis of Allergic Rhinitis,” Allergy, 
Asthma and Clinical Immunology 20, no. 1 (2024): 40.

12. N. Gagliani, M. C. Amezcua Vesely, A. Iseppon, et al., “Th17 Cells 
Transdifferentiate Into Regulatory T Cells During Resolution of In-
flammation,” Nature 523, no. 7559 (2015): 221–225.

13. U. M. Zissler, C. A. Jakwerth, F. M. Guerth, et  al., “Early IL-10 
Producing B-Cells and Coinciding Th/Tr17 Shifts During Three Year 
Grass-Pollen AIT,” eBioMedicine 36 (2018): 475–488.

14. C. U. Blank, W. N. Haining, W. Held, et al., “Defining ‘T-Cell Ex-
haustion’,” Nature Reviews. Immunology 19, no. 11 (2019): 665–674.

15. S. Y. Ahn, J. Lee, D. H. Lee, T. L. Ho, C. T. T. Le, and E. J. 
Ko, “Chronic Allergic Asthma Induces T-Cell Exhaustion and 
Impairs Virus Clearance in Mice,” Respiratory Research 24, no. 1 (2023): 
160.

16. S. H. Wang, U. M. Zissler, M. Buettner, et al., “An Exhausted Phe-
notype of T(H) 2 Cells Is Primed by Allergen Exposure, but Not Rein-
forced by Allergen-Specific Immunotherapy,” Allergy 76, no. 9 (2021): 
2827–2839.

17. J. Zhao, C. M. Lloyd, and A. Noble, “Th17 Responses in Chronic Al-
lergic Airway Inflammation Abrogate Regulatory T-Cell-Mediated Tol-
erance and Contribute to Airway Remodeling,” Mucosal Immunology 6, 
no. 2 (2013): 335–346.

18. R. Afshar, J. P. Strassner, E. Seung, et  al., “Compartmentalized 
Chemokine-Dependent Regulatory T-Cell Inhibition of Allergic Pulmo-
nary Inflammation,” Journal of Allergy and Clinical Immunology 131, 
no. 6 (2013): 1644–1652.

19. X. Jie, D. Wang, H. Da, et al., “Increased Inhibitory Surface Marker 
PD-1 Expression in CD4(+)T Cells and Th2(+)T Cells in Allergen-
Specific Immunotherapy,” Immunobiology 229, no. 4 (2024): 152824.

20. K. E. Pauken and E. J. Wherry, “Overcoming T-Cell Exhaustion 
in Infection and Cancer,” Trends in Immunology 36, no. 4 (2015): 
265–276.

21. E. J. Wherry and M. Kurachi, “Molecular and Cellular Insights 
Into T-Cell Exhaustion,” Nature Reviews. Immunology 15, no. 8 (2015): 
486–499.

22. Y. L. Qiao, W. E. Jiao, S. Xu, et al., “Allergen Immunotherapy En-
hances the Immunosuppressive Effects of Treg Cells to Alleviate Al-
lergic Rhinitis by Decreasing PU-1+ Treg Cell Numbers,” International 
Immunopharmacology 112 (2022): 109187.

23. M. W. LaFleur, Y. Muroyama, C. G. Drake, and A. H. Sharpe, “Inhib-
itors of the PD-1 Pathway in Tumor Therapy,” Journal of Immunology 
200, no. 2 (2018): 375–383.

24. C. Wang, K. B. Thudium, M. Han, et al., “In Vitro Characterization 
of the Anti-PD-1 Antibody Nivolumab, BMS-936558, and in Vivo Tox-
icology in Non-Human Primates,” Cancer Immunology Research 2, no. 
9 (2014): 846–856.

25. X. Yang, J. Wu, L. Fan, B. Chen, S. Zhang, and W. Zheng, “Single-
Cell Analysis Identifies Distinct Populations of Cytotoxic CD4(+) T 
Cells Linked to the Therapeutic Efficacy of Immune Checkpoint In-
hibitors in Metastatic Renal Cell Carcinoma,” Journal of Inflammation 
Research 17 (2024): 4505–4523.

26. V. S. Patil, A. Madrigal, B. J. Schmiedel, et al., “Precursors of Human 
CD4(+) Cytotoxic T Lymphocytes Identified by Single-Cell Transcrip-
tome Analysis,” Science Immunology 3, no. 19 (2018): eaan8664.

 13989995, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/all.70367 by H

elm
holtz Z

entrum
 M

uenchen D
eutsches Forschungszentrum

, W
iley O

nline L
ibrary on [07/05/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/


14 Allergy, 2026

27. T. Duhen, R. Duhen, A. Lanzavecchia, F. Sallusto, and D. J. Camp-
bell, “Functionally Distinct Subsets of Human FOXP3+ Treg Cells 
That Phenotypically Mirror Effector Th Cells,” Blood 119, no. 19 (2012): 
4430–4440.

28. H. J. Bovenschen, P. C. van de Kerkhof, P. E. van Erp, R. Woestenenk, 
I. Joosten, and H. J. Koenen, “Foxp3+ Regulatory T Cells of Psoria-
sis Patients Easily Differentiate Into IL-17A-Producing Cells and Are 
Found in Lesional Skin,” Journal of Investigative Dermatology 131, no. 
9 (2011): 1853–1860.

29. R. L. Bjordahl, C. Steidl, R. D. Gascoyne, and C. F. Ware, “Lympho-
toxin Network Pathways Shape the Tumor Microenvironment,” Current 
Opinion in Immunology 25, no. 2 (2013): 222–229.

30. A. R. da Silva, L. Madge, P. Soroosh, J. Tocker, and M. Croft, “The 
TNF Family Molecules LIGHT and Lymphotoxin Alphabeta Induce a 
Distinct Steroid-Resistant Inflammatory Phenotype in Human Lung 
Epithelial Cells,” Journal of Immunology 195, no. 5 (2015): 2429–2441.

31. H. Miki, W. B. Kiosses, M. C. Manresa, et al., “Lymphotoxin Beta Re-
ceptor Signalling Directly Controls Airway Smooth Muscle Deregula-
tion and Asthmatic Lung Dysfunction,” Journal of Allergy and Clinical 
Immunology 151, no. 4 (2023): 976–990.

32. L. K. Ward-Kavanagh, W. W. Lin, J. R. Sedy, and C. F. Ware, “The 
TNF Receptor Superfamily in co-Stimulating and co-Inhibitory Re-
sponses,” Immunity 44, no. 5 (2016): 1005–1019.

33. X. Chen, M. Baumel, D. N. Mannel, O. M. Howard, and J. J. Oppen-
heim, “Interaction of TNF With TNF Receptor Type 2 Promotes Expan-
sion and Function of Mouse CD4+CD25+ T Regulatory Cells,” Journal 
of Immunology 179, no. 1 (2007): 154–161.

34. X. Chen, X. Wu, Q. Zhou, O. M. Howard, M. G. Netea, and J. J. Op-
penheim, “TNFR2 Is Critical for the Stabilization of the CD4+Foxp3+ 
Regulatory T. Cell Phenotype in the Inflammatory Environment,” Jour-
nal of Immunology 190, no. 3 (2013): 1076–1084.

35. X. Chen and J. J. Oppenheim, “TNF-Alpha: An Activator of CD4+-
FoxP3+TNFR2+ Regulatory T Cells,” Current Directions in Autoimmu-
nity 11 (2010): 119.

36. X. M. Li, X. Chen, W. Gu, et al., “Impaired TNF/TNFR2 Signalling 
Enhances Th2 and Th17 Polarization and Aggravates Allergic Airway 
Inflammation,” American Journal of Physiology. Lung Cellular and Mo-
lecular Physiology 313, no. 3 (2017): L592–L601.

37. J. Peng, X. M. Li, G. R. Zhang, et al., “TNF-TNFR2 Signalling Inhib-
its Th2 and Th17 Polarization and Alleviates Allergic Airway Inflam-
mation,” International Archives of Allergy and Immunology 178, no. 3 
(2019): 281–290.

Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Data S1: all70367-sup-0001-Supinfo1.
docx. Table S1: Characteristics of allergic rhinitis and allergic asthmatic 
patients with without allergen immunotherapy from whom sputum was 
collected. Table  S2: Characteristics of grass pollen-allergic patients 
with immunotherapy (PACIFIC study). Table S3: Monoclonal antibod-
ies used in flow cytometry analyses. Table S4: Single cell sequencing 
cluster identification markers. Figure S1: Representative sequential 
gating strategy of OVA Mice model with allergic airway inflammation 
(AAI) and AAI treated with allergen immunotherapy (AIT). Figure S2: 
PD-1 and CTLA-4 Expression in Th17, Tr17 and Treg Populations in the 
Spleen. Figure S3: Representative sequential gating strategy of sputum 
samples of allergic rhinitis and allergic asthmatic patients with and with-
out AIT. Figure S4: Effect of AIT on Th17, Tr17 and Treg populations 
in the sputum of Asthmatic patients. Figure S5: Modulation of Th17 
Cell Phenotype in Blood Following AIT. Figure S6: Representative se-
quential gating strategy on the PBMCs isolated from allergic patients 
through the course of AIT. Figure S7: Role of AIT on the stemness of 
exhausted Th17 Cell Phenotype in blood. Figure S8: Notable alterations 
in receptors-ligands-mediated communications between different cell 

types before and after AIT. Figure S9: Representative sequential gat-
ing strategy on the PBMCs isolated from grass-pollen allergic patients 
before and after 1 year of AIT. Figure S10:. Checkpoint and prolifer-
ation markers are largely unchanged after 1 year of AIT. Figure S11:. 
TNFR-LT-α marker expression in iTregs after 1 year of AIT. Figure S12: 
Representative staining controls for PACIFIC Cohort TNF Pathway 
Profiling flow cytometry panel involving appropriate FMO and Single 
stain layover for individual markers. Figure S13:. Subset-dependent 
changes in TNF signalling following LT-α stimulation after 1 year of 
AIT. Figure S14: TNFR2 blockade attenuates LT-α-induced signalling 
and checkpoint remodelling across T-cell subsets. 

 13989995, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/all.70367 by H

elm
holtz Z

entrum
 M

uenchen D
eutsches Forschungszentrum

, W
iley O

nline L
ibrary on [07/05/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense


	TNF Pathway-Mediated Tolerogenic T-Cell Trajectory Driven by Allergen Immunotherapy
	ABSTRACT
	1   |   Introduction
	2   |   Methods
	3   |   Results
	3.1   |   AIT Restores the Balance of Th17, Tr17 and Treg Populations in Allergic Airway Inflammation
	3.2   |   AIT Restores Th17 Cell Functionality and Enhances Proliferative Responses in Tr17 and Treg Cells
	3.3   |   AIT Restores Mucosal Immune Balance but Does Not Reverse Circulating Th17 Functional Impairment
	3.4   |   AIT-Driven Trans-Differentiation Mediated by Tr17 Cells
	3.5   |   Notable Alterations in Receptor-Ligand-Mediated Communications Between Different T-Cell Types Before and After AIT
	3.6   |   AIT Is Associated With Enhanced TNFR-LT-α Axis Engagement
	3.7   |   LT-α-Induced TNF Receptor Signalling Reveals Differential T-Cell Responsiveness After AIT

	4   |   Discussion
	Author Contributions
	Acknowledgements
	Funding
	Conflicts of Interest
	Data Availability Statement
	References


