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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
aregulatory 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,
Trl7 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
Trl7 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.

Abbreviations: AA, Allergic asthma; AAI Allergic airway inflammation; AIT, Allergen Immunotherapy; AR, Allergic rhinitis; BAL, Bronchoalveolar Lavage; CCR,
C-C Chemokine Receptor; CTL, Cytotoxic T Lymphocyte; CTLA-4, Cytotoxic T-Lymphocyte Associated Protein 4; FOXP3, Forkhead Box P3; HVEM, Herpesvirus
Entry Mediator; iTregs, Induced Regulatory T cells; LAG-3, Lymphocyte-Activation Gene-3; LT, Lymphotoxin; PD-1, Programmed Death-1; T2-type asthma, Type-2
Asthma; Thi7, T Helper 17; Th2, T Helper 2; TIM-3, T-cell Immunoglobulin and Mucin-Domain Containing Protein 3; TNF, Tumour Necrosis Factor; TNFRSF14,
Tumour Necrosis Factor Receptor Superfamily Member 14; TNFRSF1B, Tumour Necrosis Factor Receptor Superfamily Member 1B; Tr17, Transitional FOXP3+
IL17A+ 17 Cells; Treg(s), Regulatory T Cells.
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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 Trl7 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 Trl7 and Treg populations reached
statistical significance (Figure 1E-G). In contrast, this
inflammation-mediated increase in Th17 and Trl7 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,
Trl7 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, Trl7 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-0).

In allergic mice, PD-1* Th17, Trl7 and Treg cells were sig-
nificantly increased in the lungs compared with non-allergic
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FIGURE 1 | Murine model of allergic airway inflammation and impact of AIT on Thi7, 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=38). 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, Jand 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).

controls (Figure 2D-F). CTLA-4* Th17 cells were also elevated
(Figure 2G), whereas CTLA-4* Trl7 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 20). AIT significantly reduced PD-1* and CTLA-
4* expression in Th17 cells (Figure 2J,M), but not in Tr17 or Treg
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FIGURE 2 | Modulation of Th17, Tr17 and Treg cell exhaustion and proliferation by AIT. Flow cytometric analysis of Th17, Trl17, and Treg popula-
tions in Lungs (A-I) and in BAL (J-O) in mice with and without AIT (Control n=8; AAI n=38; AAI+ AIT n=3). Quantification of Ki67+ prolifer-
ating Th17 (A), Tr17 (B) and Treg (C) cells in lungs. Quantification of exhaustion markers PD1 and CTLA4: PD-14 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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populations (Figure 2K-0). 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 Trl7 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
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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.

(age: f=0.015,95% CI —0.013 to 0.043, p=0.29; sex: f=—0.091,
95% CI —0.395 to 0.213, p=0.55). Predicted Th17 values at the
median age (24years) 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, Trl7 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 SS5A 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* Thl7 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 1year 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, Trl7,
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), Trl7 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 Trl7 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,

Allergy, 2026

B5U2D 1 SUOWILIOD SAIIERID) @[Geo1 dde 8Ly AQ pauseA0b a2 BRI VO 88N JO S3INU 10} AR1G 1T BUIIUO /B 1A LD (SUORIPUOD-PUR-SWIRY W™ A8 I ARRIq 1 BUIIUO//SUNY) SUORIPUOD PUe SW L 3} 305 *[9202/50/20] U0 AR1q178UIIUO AB]IM ‘WNAUSZSBUNLDSI0S SSUISINSQ UBLOURN I WNILBZ Z)OUWRH AQ Z9E0L " IIR/TTTT OT/I0PALI0" 5| imALeiq uluo//SARy WOy papeojumoq ‘0 ‘G66686€T



CTL_CD4+

® iTregs
iTregs (TR)

® Th17

® Tr17

® CCR10+ CCR6+ Tregs
CCR10+ FOXP3 (lo) Tregs

E IL-17A F RORC

5.0 5.0
CCLI0+FOXP3(0) - /CCL10+FOXP3/)

2.5 Tregs Thi 2.5 T@XP:X )

0.0l CCL10+CCRB+ CTL_CDA+ 0.0/ CCL10+CCRBH "QT‘

iTregs = Tregs : ; iTregs Tegs - 3
25  iTregs(TR] e 25 iTregs[TRI AR
-5.0{ -5.0]
=% =3 [ 3 6 =6 -3 [ 3 3

Pseudotime

25

0.0

-6

FIGURE 4

-3 0

| Legend on next page.

FOXP3
CD4
CD8A
CD8B
IKZF2
IL2RA
TGFB1
IL10
CTLA4
TNFRSF18
TNFRSF4
LAG3
ICOS
BATF
PRDM1
STAT3
RORC
IL17A
IL17F
IL22
IL21
CCR6
CXCR6
IL23R
TBX21
RUNX1
CSF2
TNF
IFNG
CCR10
AHR
ITGAE
CD69
HLA-DRA
CD40LG

-10

10

20

Th17

@ iTregs (TR)

Y . CCR10+ CCR6+
. . Tregs

iTregs

CCR10+ FOXP3 (lo)
Tregs

Tr17

+
<
[a)
S
—
=
o
.
[ ]
:
.
Average Expression
2
1
o
-
. Percent Expressed
o
o 2
L4 ® 50
@
@
°
.
.
[}
L]
Pseudotime
9
6
3
0
CTL_CD4+
® iTregs
iTregs (TR)
® Th17
® Tr17

@® CCR10+ CCR6+ Tregs
CCR10+ FOXP3 (lo) Tregs

Pseudotime

0

CTL_CD4+

@ iTregs
iTregs (TR)

® Th17

@ Tr17

@ CCR10+ CCR6+ Tregs
CCR10+ FOXP3 (lo) Tregs

Allergy, 2026

dny) suonipuod pue stwie | 8y} 88S *[9202/50/20] U0 A%eiq1T 8ulUO AB|IM ‘WinUezSBUNYDsI0- SAYDSINSQ LByoUeN N WNIWSZ ZyouywieH Aq 29802 IIR/TTTT OT/I0p/L00 A8 | 1M Alelq1feul|uo//Sdny woj papeojumoq ‘0 ‘G66686ET

ol Areiq)

85UB017 SUOLILLIOD BAITE8.D) 3|qedl|dde ay) Aq pausenod afe ssoiie YO ‘8N JO Sa|Nni 10} ARiqiTauljuQ A8|IA\ UO (SUORIPUCO-pUR



FIGURE4 | AIT-Driven Trans-differentiation Mediated by Tr17 Cells. (A) Single-cell nRNA 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 TO (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 TO (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.

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 Trl7 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-TNFRSFIB pathway
had the highest communication probability, with the strongest
interaction occurring between Th17 and Trl7 cells after AIT.
The LTA-TNFRSFI1B, 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 Trl7 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, TNFRSFIB and TNFRSFI14 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-«
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 1year 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, Trl7, 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-a (TNF-f) producing cells across these subsets.

After lyear of treatment, we observed a clear upregulation of
the Treg compartment, whereas total Th17 and Trl7 frequencies
remained unchanged (Figure 6C-E). Concomitantly, LT-a ex-
pression was significantly elevated in Th17, Tr17 and Treg popu-
lations (Figure 6F-H), and the proportion of HVEM*LT-a* and
TNFR2* LT-at double-positive cells increased in all three sub-
sets (Figure 6I-N), validating the predicted LT-a-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 Trl7 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-1I), while CTLA-4 expression increased across Th17,
Trl17, 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 S1I0M-0), consistent with
reduced proliferative activity and a shift toward a less responsive
or suppressed cellular state.

3.7 | LT-a-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-a, with or without
TNFR2 blockade, at baseline (T0) and after 1year of AIT (T6).
LT-a stimulation did not alter Th17, increased Tr17 frequencies
only at T6 (Figure 7A,B), and reduced Treg frequencies at both
TO and T6 (Figure 7C), indicating altered regulatory T-cell re-
sponsiveness following AIT.

LT-a stimulation induced robust autocrine cytokine pro-
duction across all subsets, reflected by increased LT-at fre-
quencies in Th17, Tr17, and Tregs (Figure 7D-F). In effector
subsets, LT-a stimulation was accompanied by pronounced
downregulation of HVEM and TNFR2 (Figures 7G,H and
71,K), consistent with ligand-induced receptor modulation.
In contrast, Tregs displayed increased TNFR2 expression at
T6 (Figure 7L), suggesting enhanced receptor responsiveness
after AIT.
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FIGURES5 | 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 TO (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 Trl7 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 TO (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.

To assess the contribution of TNFR2 signalling, PBMCs were
stimulated with LT-o in the presence or absence of a TNFR2-
blocking antibody. Total Th17, Trl7, and Treg frequencies re-
mained unchanged under blockade (Figure 7M-0O). LT-at
frequencies were largely preserved in Th17 cells but partially
reduced in Trl7 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-a stimulation. TNFR2*LT-at
cells increased particularly in Tregs, whereas HVEM*LT-at
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 3years [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 Trl7 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,
Trl7 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
Trl7 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,
Trl7 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.

Allergy, 2026

B5U2D 1 SUOWILIOD SAIIERID) @[Geo1 dde 8Ly AQ pauseA0b a2 BRI VO 88N JO S3INU 10} AR1G 1T BUIIUO /B 1A LD (SUORIPUOD-PUR-SWIRY W™ A8 I ARRIq 1 BUIIUO//SUNY) SUORIPUOD PUe SW L 3} 305 *[9202/50/20] U0 AR1q178UIIUO AB]IM ‘WNAUSZSBUNLDSI0S SSUISINSQ UBLOURN I WNILBZ Z)OUWRH AQ Z9E0L " IIR/TTTT OT/I0PALI0" 5| imALeiq uluo//SARy WOy papeojumoq ‘0 ‘G66686€T



Co-Seasonal Treatment
AIT up-dosing Maintenance Phase

Maintenance dose- 25ug of grass group 5 allergens

Tr17 @2
0,83

. —~ Py - B @ Q4 Q3
@ »m @ @@ @m @ @9 90,8 172
Baseline | Top dose | Yeari | vear2 Year 3 Year4 "'0" ' :04 'Ims "ms
IL17A —
Th17 17 Tregs
10 20
+
X <
<
c a8 £ 815
o O ™+ ¥
— = I o< 1)
S © ] X0 Q
53 S o% S 10
Fa K=t ) <
<0 "
g- <*i ~O 5
5 o
=2 = X
- O
0 Lo
G :
F 100 e H 100
X +
+ [e) I
< 80 e o 8o
2 s sz 8
[T ~= 60 +,<E + L 60
2 _'E+ Q- o1
[= s L3 s
Z0O 40 g3 Fo 40
= [a ¥
[50] &) @
Q 20 9 a 20
[¢] [se) o
a
0 ) 0
£ 1 J K
< 150 150
L £ £ £
Z 3 3 5
w W w
+ Z £100 Z » 1004 Zo
< o £3 £3
- + © + © + 9
L I= Y= 39
&’ 5iE 50 L= 50 ol
o 4 h4 o
w L w
= £ £ =
0 0=
+
o]
i < £ <
4 P + +
[ 2 2 Q
(%] [T w
+ Zz2 ) Zzo
0 ~38 -3 -3
-~ N + O + O
o o= o~ oo
w < ~T =R
‘@ nHE (L/IS'_ L(/|3'_
4 14 o
L : 5 -
z 7 z Z

TO T6

T0 T6 TO T6

FIGURE 6 | AIT isassociated with enhanced TNFR-LT-c 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
lyear of AIT (T6) (B-E). Frequencies of LT-a* single-positive cells and HVEM*/TNFR2* LT-a* 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.

Single-cell transcriptomics of patients' peripheral blood before
and after 1year of AIT revealed cellular heterogeneity, identi-
fying Th17, Tr17 and Treg clusters, as well as novel subsets like
CCR10*CCR6™ Tregs, CCRIO*FOXP3° Tregs and CTL-CD4*
cells [25-27]. For the first time at the single-cell level, we

confirmed a Trl7 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

10
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FIGURE 7 | LT-a-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-a or anti-CD3/anti-CD28 + LT-« in the presence of a TNFR2-blocking
antibody at baseline (T0) and after 1year of allergen immunotherapy (T6). Frequencies of total Th17, Tr17, and Treg populations are shown in A-C.
Frequencies of LT-at (D-F), HVEM™ (G-I) and TNFR2* (J-L) cells within the respective T-cell subsets following LT-a stimulation are shown. To as-
sess the contribution of TNFR2 signalling, PBMCs were stimulated with anti-CD3/anti-CD28 + LT-a in the presence or absence of a TNFR2-blocking
antibody. Frequencies of total Th17, Tr17 and Treg populations are shown in M-0, and frequencies of LT-a* (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 1year 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.

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-TNFRSFIB exhibiting the highest commu-
nication probability and complementing the observed pheno-
typic shifts. TNF signalling contributes to allergic inflammation
through LT-a-HVEM interactions that promote Th2-skewed
immune responses [29-31]. In contrast, LT-a engagement of
TNFR2 induces regulatory T-cell function by stabilising FOXP3
and enhancing suppressive activity [32-35]. Consistent with
this, after 1year of treatment, our data indicate a shift toward
regulatory dominance and reduced effector activity. This is re-
flected in increased LT-o/ 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-a/TNFR2 signalling dampens Th17 responses
and suppresses RORyt expression, thereby mitigating allergic
inflammation [36, 37].

Ex vivo LT-a stimulation and TNFR2 blockade demonstrate
that AIT reshapes not only the magnitude but also the quality
of TNF responses. LT-a induced a strong autocrine signalling
loop across T-cell subsets, while TNFR2 signalling contributed
particularly to LT-a-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 1year of grass pollen AIT promotes reg-
ulatory immunity while attenuating effector T-cell activity
through LT-a/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-a-driven autocrine sig-
nalling programme that reshapes the Th17-Tr17-Treg axis during
AIT. While LT-a 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-a-TNFR2 signalling as a potential target to enhance clinical
responses to AIT and promote sustained immune tolerance.
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