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Key Messages 52 

• Mathematical algorithms developed to manage high-dimensional data, i.e. viSNE, SPADE 53 

and FlowSOM reveal that cTFH cells are a subset of T cells that are distinct from TH2 and 54 

TH2A cells in grass pollen allergics. 55 

• IL-4+ and IL-21+ cTFH cells show increased proliferative capacity following in vitro grass 56 

pollen allergen stimulation in grass pollen allergics (GPA) but not non-atopic healthy controls 57 

(NAC) and induces B cell class switching and plasma B cell differentiation. 58 

• Chromatin landscape in cTFH and TFR cells are altered in grass pollen-induced seasonal 59 

allergic rhinitis and following SCIT and SLIT.  60 

 61 

Capsule Summary 62 

cTFH cells are dysregulated in grass pollen allergics and restored following SCIT and SLIT treatment, 63 

and these changes are underscored by changes in the chromatin landscape. 64 

 65 

Keywords 66 

Allergy, seasonal allergic rhinitis, allergen-specific immunotherapy, T follicular helper cells, T 67 

follicular regulatory cells, chromatin accessibility, ATAC-seq. 68 

 69 
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AIT, Allergen-specific immunotherapy; SCIT, Subcutaneous immunotherapy; SLIT, Sublingual 71 

immunotherapy; GPA, grass-pollen allergics; NAC, non-atopic healthy controls; TFH, T follicular 72 

helper; TFR, T follicular regulatory; Treg, T regulatory; Phlp, Phleum pratense; ATAC-seq, assay for 73 

transposase-accessible chromatin sequencing.  74 
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Abstract:  75 

Background: Allergen-specific immunotherapy (AIT) is a disease-modifying treatment that induces 76 

long-term T cell tolerance. 77 

Objective: To evaluate the role of circulating CXCR5+PD-1+T follicular helper (cTFH) and T 78 

follicular regulatory (TFR) cells following grass pollen subcutaneous (SCIT) and sublingual (SLIT) 79 

immunotherapy and the accompanying changes in their chromatin landscape. 80 

Methods: Phenotype and function of cTFH cells were initially evaluated in grass pollen-allergics 81 

(GPA, n= 28) and non-atopic controls (NAC, n=13) by mathematical algorithms developed to manage 82 

high-dimensional data and cell culture, respectively. cTFH and TFR cells were further enumerated in 83 

NAC (n=12), GPA (n=14), SCIT (n=10) and SLIT (n=8)-treated groups. Chromatin accessibility in 84 

cTFH and TFR cells was assessed by ATAC-seq to investigate epigenetic mechanisms underlying the 85 

differences between NAC, GPA, SCIT and SLIT. 86 

Results: cTFH cells were shown to be distinct from TH2 and TH2A cell subsets, capable of secreting 87 

IL-4 and IL-21. Both cytokines synergistically promoted B cell class switching to IgE and plasma cell 88 

differentiation. Grass pollen allergen induced cTFH cell proliferation in GPA but not in NAC (P<.05). 89 

cTFH cells were higher in GPA compared to NAC and were lower in SCIT and SLIT (P<.01). Time-90 

dependent induction of IL-4, IL-21 and IL-6 were observed in nasal mucosa following intranasal 91 

allergen challenge in GPA but not in SCIT and SLIT groups. TFR and IL-10+ cTFH cells were induced 92 

in SCIT and SLIT (all, P<.01). ATAC-seq analyses revealed differentially accessible chromatin 93 

regions in all groups.  94 

Conclusion: For the first time, we showed dysregulation of cTFH cells in GPA compared to NAC, 95 

SCIT and SLIT and induction of TFR and IL-10+ cTFH cells following SCIT and SLIT. Changes in the 96 

chromatin landscape were observed following AIT in cTFH and TFR cells.  97 
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INTRODUCTION 98 

Seasonal allergic rhinitis (SAR) is an immunoglobulin (Ig) E-mediated disease associated with 99 

inflammation of the nasal mucosa resulting upon exposure to prevalent common aeroallergens1. Near 100 

20% (1 in 5) do not respond to conventional treatments and in those patients, grass pollen 101 

immunotherapy administered subcutaneously (SCIT) or sublingually (SLIT) is effective. SCIT and 102 

SLIT are the only disease-modifying treatments that confer long-term clinical benefit and allergen 103 

tolerance2–5, as well as improvement in the quality of life6. 104 

SAR consists of a biphasic response that occurs within 15-20 minutes and 6-12 hours7. The former 105 

requires allergen-IgE induced cross-linking of FcεRI on mast cells and the latter involves recruitment 106 

of TH2 cells into the local target organ. Allergen-specific TH2A cells are a subset of TH2 cells and 107 

share similar function as they secrete type 2 cytokines. They have recently been reported as a key 108 

driver of allergen-induced inflammation. TH2A cells are characterized by the expression of CRTH2, 109 

CD161 and CD49d and lack the expression of CD27. They have been shown to be elevated in allergic 110 

patients and associated with the clinical response following SCIT and SLIT8,9. Moreover, other T cell 111 

subsets such as T follicular helper (TFH) cells have been shown to have the capacity to promote pro-112 

allergic responses10–13. TFH cells are a distinct subset of T cells within the germinal center (GC) that 113 

provide signals to B cells to differentiate into antibody-producing plasma cells14. TFH cells express 114 

high levels of the chemokine receptor, CXCR5, that aids their migration into the B cell follicle in 115 

response to a CXCL13 gradient15, and the transcription factor, Bcl-616. Following the initial discovery, 116 

numerous studies have also identified TFH cells in peripheral blood17. These circulating TFH (cTFH) 117 

cells are a surrogate of GC TFH cells and have lower BCL6 expression18. TFH cells are responsible for 118 

providing B cell survival signals and plasma cell differentiation through the expression of cytokines 119 

IL-4 and IL-2114, involving a STAT3-dependent pathway19. The interaction between B cells and TFH 120 

cells is tightly regulated by T follicular regulatory (TFR) cells20,21 to prevent autoimmunity and/or 121 

allergy. TFR cells share characteristics with cTFH cells in the expression of follicular markers, CXCR5 122 

and PD-1, suggesting a similar follicular origin20. However, unlike cTFH cells, TFR cells express the 123 
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transcription factor of T regulatory (Treg) cells, FoxP3. Murine knockout studies of TFR cells have 124 

shown characteristics of overactive GC response, highlighting their role in moderating GC reactions20, 125 

although their role in SAR has not been extensively studied. 126 

Immune mechanisms of tolerance induction following SCIT and SLIT are associated with induction 127 

of B regulatory cells, immune deviation from TH2 to TH1 responses and deletion of TH2 and TH2A 128 

cells. Moreover, FoxP3+ Treg cells and inducible IL-10+ and IL-35+ Treg cells have been reported to 129 

contribute towards tolerance induction following allergen-specific immunotherapy (AIT)22–24. 130 

However, the effect of grass pollen-SCIT and -SLIT on cTFH and TFR cells that are important in 131 

modulating IgE-mediated pro-allergic response remains to be elucidated. 132 

Here, using flow cytometry-based unbiased machine learning algorithms, we demonstrate that cTFH 133 

cells have a distinct phenotype compared to conventional TH2 and TH2A cells8. Moreover, IL-4- and 134 

IL-21-producing cTFH cells are dysregulated in patients with SAR. We also demonstrate that IL-4 and 135 

IL-21 are involved in driving GC reactions, class switching of B cells to IgE and differentiation into 136 

antibody-producing plasma cells. Furthermore, in a cross-sectional study, we show that cTFH and TFR 137 

cells are modulated following grass pollen SCIT and SLIT, resulting in an altered chromatin 138 

accessibility landscape.  139 
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METHODS 140 

Subjects 141 

To conduct initial validation experiments to determine the phenotype and function of cTFH, TH2 and 142 

TH2A cells, 28 untreated patients with moderate-severe SAR (GPA) and 12 non-atopic healthy 143 

controls (NAC) were recruited (Table I). In a cross-sectional, controlled, proof-of-concept study of 144 

SCIT and SLIT, 14 GPA, 13 NAC, 10 patients receiving SCIT (timothy grass, Phleum pratense 145 

[Phlp],  Aquagen SQ, 100 000 SQ-U, ALK-Abello, Hørsholm, Denmark) and 8 patients receiving 146 

SLIT (Grazax tablet, 75 000 SQ-U, ALK-Abello) were recruited (Table II). Details on inclusion and 147 

exclusion criteria and rhinoconjunctivitis total symptom score (RTSS) questionnaire are described in 148 

the Online Repository. The study complied with Good Clinical Practice and was approved by the 149 

National Research Ethics Service (Camberwell St Giles office, London, UK), and by the Research 150 

Office of the Royal Brompton and Harefield NHS Foundation Trust. Informed, written consent was 151 

obtained from all patients.  152 

Cell staining by flow cytometry and quantitative PCR 153 

Methods for peripheral blood mononuclear cells (PBMCs) isolation, cell staining, and quantitative 154 

PCR are described in the Online Repository.  155 

B cell stimulation and culture 156 

Naïve and memory B cells were stimulated with CD40L (R&D Systems), in the absence and presence 157 

of IL-4 (R&D Systems), IL-21 (BioLegend) and/or IL-10 (R&D Systems) for up to 14 days. 158 

Nasal cytokines measurements 159 

Nasal allergen challenge was performed with Aquagen (ALK-Abelló) Phlp extract. Nasal fluid 160 

samples were collected and processed as described previously25 and nasal IL-4, IL-21 and IL-6 were 161 

analyzed. Additional information is provided in the Online Repository. 162 

ATAC-seq 163 
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ATAC-seq was performed on sorted cTFH (CD4+CXCR5+PD-1+CD25-CD127+) and TFR 164 

(CD4+CXCR5+PD-1+CD25+CD127-) cells as previously described26. The analysis was performed as 165 

previously described27 (Fig E1) using Partek® Flow® (Partek, MO, USA). Additional information is 166 

provided in the Online Repository. 167 

Statistical analysis 168 

Statistical analysis of data was performed using GraphPad Prism 7.02 (GraphPad Software, La Jolla, 169 

USA). Non-parametric Mann-Whitney test was used for statistical comparisons between different 170 

groups of patients and Wilcoxon signed-rank test for comparisons within the same group. A P value 171 

of < .05 was considered statistically significant.  172 
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RESULTS 173 

cTFH cells are distinct from conventional TH2 and TH2A cells 174 

Phenotypic composition of cTFH, TH2 and TH2A cells in GPA was evaluated by multiparametric flow 175 

cytometry and further confirmed by visualization tools developed to manage high-dimensional data, 176 

i.e. viSNE, SPADE and FlowSOM. CXCR5+PD-1+ cTFH cells (Fig 1, A) were interrogated by viSNE28 177 

which utilizes the Barnes-Hut implementation of tSNE algorithm29, allowing a two-dimensional 178 

visualization whereby phenotypically similar cells form a cluster. CD4+ cells showed a cluster of 179 

CXCR5-expressing cells that co-expressed PD-1 indicating a cTFH cell population (Fig 1, B, orange 180 

arrow). A proportion of CD4+ cells with high CRTH2 expression (Fig 1, B, green arrow) revealed low 181 

expression of CD27, indicating a TH2 cell subset. Moreover, we confirmed that TH2A cells8 resided 182 

within the TH2 subset and expressed CD49d and CD161 (Fig 1, B, red arrow). 183 

SPADE (Spanning-tree Progression Analysis of Density-normalized Events) analysis connected 184 

hierarchical clusters of phenotypically similar cells in ‘steps’ using a minimal spanning tree (MST). 185 

We confirmed that clusters of CXCR5-expressing cells that co-express PD-1 (cTFH cells) and TH2 and 186 

TH2A cell clusters that express low CD27 and high CRTH2 expression were separated into different 187 

branches, thus highlighting the distinct phenotype between these cell subsets (Fig 1, C). Furthermore, 188 

an unbiased approach of FlowSOM30, that allows grouping of cell subsets into metaclusters (clusters 189 

of cell clusters), confirmed that cTFH, TH2 and TH2A cell subsets form distinct metaclusters (Fig 1, D 190 

and E). 191 

The expression of CXCR5, PD-1, CRTH2, CD27, CD49d and CD161 was also investigated in cTFH, 192 

TH2 and TH2A cells. cTFH cells demonstrated higher expression of CXCR5, PD-1 and CD27, but 193 

lower CRTH2 expression, compared to TH2 and TH2A cell subsets. cTFH and TH2 cells showed lower 194 

expression of CD49d and CD161 compared to TH2A cells (Fig 1, F and G; Table E1). Moreover, TH2 195 

and TH2A cells constituted a larger proportion of IL-4-producing cells compared to cTFH cells whilst 196 

cTFH cells constituted a higher proportion of IL-21-expressing cells compared to the TH2 and TH2A 197 
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cells (Fig 1, H and I). These findings, therefore, demonstrated the distinct phenotype of TFH and TH2 198 

and TH2A cells. 199 

Synergistic effect of IL-4 and IL-21 in driving IgE-producing plasma B cell differentiation 200 

Having demonstrated that cTFH cells express IL-4 and IL-21, their role in promoting clonal expansion 201 

and differentiation of B cells that drive allergic inflammation was investigated. The role of IL-21 in 202 

promoting plasma cell differentiation has previously been described16. However, the effect of IL-21 203 

on class switch recombination (CSR), particularly to IgE, and the synergistic effect of IL-4 and IL-21 204 

have yet to be fully elucidated and remain controversial. GC reactions, marked by the upregulation of 205 

BCL6 expression, occur when TFH cells interact with B cells during the cognate TFH and B cell 206 

interaction in the GC and the production of IL-4 and IL-21. The latter lead to the induction of B cell 207 

proliferation and class switching, indicated by an increase in AICDA expression. A proportion of these 208 

B cells then undergo plasma cell differentiation, denoted by the upregulation of PRDM1 and XBP1. 209 

IL-4 stimulation resulted in an upregulation of BCL6 and AICDA in naïve B cells. Although 210 

stimulation with IL-21 upregulated AICDA expression, relative to CD40L alone, in the presence of 211 

IL-4, IL-21 downregulated BCL6 and AICDA expression in naïve B cells compared to that induced by 212 

IL-4 alone (Fig 2, A). These findings suggest that IL-4 drives GC reaction and B cell class switching 213 

whilst IL-21 inhibits these processes in the presence of IL-4 (Tables E2 and E3). 214 

An upregulation of PRDM1 was observed in response to stimulation with either IL-21, dual IL-4/IL-215 

21 and to a lesser extent with IL-4 in naïve B cells when compared to unstimulated samples (Fig 2, B; 216 

Table E4). Additionally, a significant upregulation of PRDM1 expression was observed in response to 217 

dual IL-4/IL-21 stimulation compared to IL-4 and IL-21 alone (Fig 2, B; Table E4). XBP1 expression 218 

was upregulated in naïve B cells in response to both IL-4 and IL-21 as well as dual IL-4/IL-21 (Fig 2, 219 

C; Table E5). These data suggest the differential roles of IL-4 and IL-21 in the different stages of 220 

plasma cell differentiation and clonal expansion. While IL-4 is crucial for late-phase plasma cell 221 

differentiation and secretory function, IL-21 plays a role in both the initial and late phase plasma cell 222 

differentiation. A higher proportion of CD38+CD27hi plasmablasts was observed following 223 
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stimulation with dual IL-4/IL-21 in memory and naïve B cells (Fig 2, D, left, and E2, B). Increased 224 

proportions of CD38-expressing cells were observed following stimulation with IL-4, IL-21 and dual 225 

IL-4/IL-21 compared to CD40L alone (Fig 2, D, right, and E3). Furthermore, FlowSOM analysis 226 

showed that clusters of cells highly expressing CD38 and CD27 were more abundant when stimulated 227 

with IL-4 and IL-21 (Fig 2, E). When compared to CD40L alone, IL-21 and dual IL-4/IL-21 228 

stimulation resulted in higher proportions of CD38+CD27hi plasmablasts from naïve B cells. 229 

Additionally, higher plasmablasts were demonstrated following stimulation of memory B cells with 230 

IL-4 (Fig 2, F; Table E6). These plasmablasts co-expressed IgE (Fig 2, G). The proportion of IgE+ 231 

plasmablasts were higher in response to dual IL-4/IL-21 stimulation in naïve B cells and in response 232 

to IL-4, IL-21 and dual IL-4/IL-21 in memory B cells, compared to CD40L alone (Fig 2, H, and E2, 233 

B; Table E7). The expression of ε germline transcript (εGLT) was upregulated in response to IL-4 234 

compared to CD40L alone in naïve B cells (Fig 2, I; Table E8). However, IgE+ cells were higher in 235 

response to stimulation with IL-4, IL-21 and dual IL-4/IL-21 in memory, but not naïve B cells (Fig 2, 236 

J and E2, C; Table E9). Moreover, there were higher IgE levels observed in response to IL-4 and dual 237 

IL-4/IL-21 stimulation in naïve B cells, and to a lesser extent when stimulated with IL-21 alone (Fig 238 

2, K). A similar trend was observed in memory B cells (Fig 2, K; Table E10). Higher IgG+ cells were 239 

observed in response to IL-21 and dual IL-4/IL-21 stimulation in naïve and memory B cells. IL-4 240 

stimulation also resulted in higher IgG+ cells in memory B cells (Fig 2, L, and E2, D; Table E11). 241 

Higher allergen-driven proliferation of cTFH cells in GPA compared to healthy controls 242 

The effect of in vitro allergen stimulation on the proportion of cTFH, TH2 and TH2A cells in GPA and 243 

NAC were then investigated. PBMCs were stimulated with Phlp and proliferation of T cell subsets 244 

was assessed by CellTrace Violet (Fig 3, A). A dose-dependent increase in the proliferation of IL-4+ 245 

and IL-21+ cTFH, TH2 and TH2A cells were observed in GPA, but not in NAC (Fig 3, B – E). The 246 

proliferation of IL-4+ cTFH cells, IL-21+ cTFH and TH2, and TH2A cells were higher in GPA compared 247 

to NAC (Fig 3, B – E; Table E12). This highlights the role of the allergen-driven proliferation of T 248 

cell subsets in GPA, which was not observed in NAC. 249 
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Dysregulation of IL-4+, IL-21+ and dual IL-4+IL-21+ cTFH cells in GPA and restoration following 250 

allergen-specific SCIT and SLIT 251 

In a controlled, cross-sectional study of SCIT and SLIT, cTFH cells were enumerated in NAC, GPA, 252 

SCIT and SLIT. RTSS in GPA was higher compared to NAC and was lower following SCIT or SLIT 253 

compared to GPA (Fig 4, A). Previous studies have identified a proportion of cTFH cells that express 254 

ICOS as an activated cTFH cell subset31,32. In this study, blood samples were collected during the grass 255 

pollen season and natural exposure to allergens leads to the activation of cTFH cells. Here, the 256 

proportion of activated ICOS+ cTFH cells were higher in GPA compared to NAC and were lower in 257 

SCIT and SLIT compared to GPA (Fig 4, B). Similarly, IL-4+ cTFH cells, IL-21+ cTFH and dual IL-258 

4+IL-21+ cTFH cells were all found to be higher in GPA compared to NAC and were lower in SCIT 259 

and SLIT compared to GPA (Fig 4, C – E). No differences were observed between SCIT and SLIT 260 

(Table E13), suggesting the potential role of IL-4 and IL-21-producing cTFH cells in the 261 

pathophysiology of SAR and modulation following SCIT and SLIT. 262 

Time-course induction of IL-4, IL-21 and IL-6 in GPA following nasal allergen challenge 263 

In the same cohort of patients in the cross-sectional study, a time-course induction of IL-4, IL-21 and 264 

IL-6 levels was observed in the nasal fluid of GPA. This was inhibited in SCIT and SLIT. No changes 265 

were observed in NAC (Fig 5, A – C, Tables E14 – E16). This further highlights the importance of 266 

these cytokines in driving local allergic inflammation.  267 

Altered epigenetic landscape of cTFH cells in GPA compared to NAC, SCIT and SLIT 268 

We then investigated the chromatin landscape by assay for transposase-accessible chromatin 269 

sequencing (ATAC-seq) in NAC, GPA, SCIT and SLIT. Highly accessible chromatin regions allow 270 

the interactions between enhancers and promoters and binding of transcription factors, thus regulating 271 

gene expression. There were 567 regions that were found to be more accessible in GPA compared to 272 

NAC, 715 regions compared to SCIT and 604 regions compared to SLIT (Fig 6, A left). In total, we 273 

observed 680 differentially accessible regions between all patient groups (Fig 6, B). The nearest genes 274 
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to the differentially accessible regions were identified and gene ontology (GO) analysis was 275 

performed. Regions that were more accessible in GPA compared to NAC were associated with genes 276 

that belong to the GO terms associated with various metabolic processes (Fig 6, C). Regions that were 277 

more accessible in GPA compared to SCIT and SLIT were associated with metabolic processes and 278 

regulation of cytokine secretion that includes endoplasmic reticulum (Fig 6, D and E). Accessible 279 

regions in SLIT compared to SCIT were mainly associated with the regulation of protein transport and 280 

secretion (Fig 6, F). Pathway enrichment analysis identified the more accessible regions in GPA 281 

compared to NAC to be associated with various signaling pathways (Fig 6, G), whilst those compared 282 

to SCIT and SLIT were associated with signaling and metabolic pathways as well as tight junction 283 

(Fig 6, H and I). Pathways that were associated with more accessible regions in SLIT compared to 284 

SCIT includes signaling pathways as well as epigenetics processes (Fig 6, J), highlighting the 285 

differential chromatin accessibility landscape in cTFH cells of GPA, NAC, SCIT and SLIT. 286 

Induction of TFR cells and IL-10+ cTFH following allergen-specific SCIT and SLIT 287 

TFR cells regulate TFH and B cell interaction and exert their suppressive function through the 288 

expression of cytotoxic T lymphocyte-associated antigen 4 (CTLA-4)33. In the same cohort of 289 

patients, suppressive CTLA-4+ TFR cells were lower in GPA compared to NAC and were higher in 290 

SCIT and SLIT compared to GPA (Fig 7, A). In parallel to this, IL-10+ cTFH cells were lower in GPA 291 

compared to NAC and were higher in SCIT and SLIT compared to GPA (Fig 7, B; Table E17). 292 

Moreover, IL-10 stimulation resulted in the upregulation of PRDM1 and XBP1 expression in the naïve 293 

B cells stimulated with dual IL-4/IL-21 (Fig 7, C and D). Although a similar trend was observed in 294 

memory B cells, no significant differences were observed (Fig 7, C and D; Tables E4 and E5). The 295 

proportion of plasmablasts were higher in the presence of IL-10 in memory, but not naïve B cells 296 

stimulated with dual IL-4/IL-21 (Fig 7, E; Table E6). IL-10 stimulation resulted in a higher proportion 297 

of IgE+ cells in naïve B cells in the presence of dual IL-4/IL-21. In contrast, a reduction in IgE+ cells 298 

was observed in memory B cells, although significance was lost at day 14 (Fig 7, F; Table E9). IL-10 299 

stimulation also resulted in a higher proportion of IgG+ cells in the presence of IL-4 in memory B 300 
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cells (Fig 7, G; Table E11). These findings, therefore, suggest the role of TFR, Treg cells and IL-10 in 301 

the immune tolerance induction following SCIT and SLIT. 302 

Epigenetic landscape of TFR cells in GPA, NAC, SCIT and SLIT 303 

ATAC-seq was carried out to identify differentially accessible regions in TFR cells in GPA and 304 

following SCIT and SLIT. There were 141 regions found to be more accessible in GPA compared to 305 

NAC, 184 regions compared to SCIT and 139 regions compared to SLIT (Fig 7, H). Moreover, a total 306 

of 221 differentially accessible regions in TFR cells were observed between NAC, GPA, SCIT and 307 

SLIT (Fig 7, I). GO analysis of the nearest gene revealed that more accessible regions in GPA 308 

compared to NAC were associated with regulation of cytokine and protein secretion (Fig 7, J). 309 

Various catabolic processes were associated with accessible regions in SCIT (Fig 7, K) and various 310 

cellular and biological processes were associated with accessible regions in SLIT (Fig 7, L) compared 311 

to GPA. Regions that were more accessible in SCIT compared to SLIT were mainly associated with 312 

various metabolic processes as well as enzymatic activity (Fig 7, M). Pathway analysis on regions that 313 

were more accessible in SCIT compared to GPA was associated with metabolic processes and 314 

pathways (Fig 7, N). Furthermore, regions that were more accessible in SCIT compared to SLIT were 315 

associated with various signaling and metabolic pathways (Fig 7, O), suggesting that changes in 316 

chromatin accessibility may potentially contribute to tolerance induction following SCIT and SLIT. 317 Jo
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DISCUSSION 318 

We show for the first time, using unbiased machine learning algorithms and visualization tools, that 319 

cTFH cells represent a subset of T cells distinct from TH2 and TH2A cells, capable of secreting IL-4 320 

and IL-21. IL-4 stimulation of B cells resulted in the upregulation of class switching, which was 321 

inhibited in the presence of IL-21. Moreover, IL-4, IL-21 and dual IL-4/IL-21 stimulation upregulated 322 

plasma cell differentiation markers. Grass pollen-driven proliferation of cTFH cells was higher in GPA 323 

compared to NAC. More importantly, ex vivo enumeration of cTFH cell subsets following SCIT or 324 

SLIT showed a lower frequency of cTFH cell subsets compared to untreated GPA. We also report for 325 

the first time that TFR cells and IL-10+ TFH cells were induced in SCIT and SLIT. These findings 326 

highlight the potential role of IL-4- and IL-21-secreting cTFH cells in SAR and the role of TFR cells 327 

following grass pollen-specific SCIT and SLIT. 328 

TH2 cells are known as primary cells that drive allergic inflammation. However, in the GC, TFH cells 329 

interact with B cells, promoting allergic inflammation. We phenotyped TFH, TH2 and TH2A cells 330 

according to their surface marker expression using viSNE, SPADE and FlowSOM clustering. These 331 

analyses identified TFH and TH2 and TH2A cells as distinct subsets of cells and therefore, likely to play 332 

a distinct role in driving allergic inflammation. We also showed that in addition to the TH2 cytokine, 333 

IL-4, a proportion of cTFH cells also express IL-21, in line with the previous studies14. 334 

The functions of IL-4 in driving antibody production by B cells have been established16. However, the 335 

synergistic effect of IL-4 and IL-21 in human have not been fully elucidated, particularly with respect 336 

to IgE production. Here, we showed that IL-4 stimulation resulted in the upregulation of BCL6, a 337 

marker of the GC response, and AICDA, a critical component of the class switching and somatic 338 

hypermutation pathways in B cells. However, in the presence of both IL-4 and IL-21, the expression 339 

of BCL6 and AICDA was downregulated compared to IL-4 alone, highlighting the potential inhibitory 340 

role of IL-21 on GC reactions and CSR. Indeed, previous studies have demonstrated a timely 341 

secretion of IL-4 and IL-21 by TFH cells following infection. IL-21 are predominantly expressed 342 

during the early course of infections prior to migration of TFH cells to the B cell follicle, while IL-4 343 
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expression is heightened following the migration of TFH cells into the B cell follicle34,35. Furthermore, 344 

IL-21+ and IL-4+ TFH cells display distinct localization within the GC, which consists of the dark and 345 

light zone. IL-4+ TFH cells are predominantly localized distal to the dark zone and express high 346 

CD40L, while IL-21+ TFH cells express high CXCR4 and localize closer to the dark zone36. This 347 

suggests a role for IL-21+ TFH cells in promoting somatic hypermutation and affinity maturation, while 348 

IL-4+ TFH cells are crucial in the class switching of GC B cells. While the effect of IL-4 stimulation on 349 

IgE class switching has been explored, the role of IL-21 on CSR to IgE has not been fully elucidated. 350 

Despite the inhibitory effect of IL-21 observed on CSR in this study, we reported a higher proportion 351 

of IgE+ cells in the presence of dual IL-4/IL-21 stimulation. This suggests the potential role of IL-21 352 

in driving differentiation to IgE+ cell occurs post-CSR. Previous studies investigating the effect of IL-353 

21 on IgE production yield contradicting results. Studies performed on IL-21R-deficient mice 354 

reported aberrant IgE production, and that rIL-21 administration suppressed IgE production37,38. On 355 

the other hand, studies performed on sorted B cells showed elevated IgE production by IL-2139,40, 356 

which is consistent with our observations. These discrepancies are potentially due to the different 357 

experimental models used in these studies. Furthermore, whilst stimulation with IL-21 and dual IL-358 

4/IL-21 can upregulate the expression of PRDM1 and XBP1, IL-4 stimulation only resulted in the 359 

upregulation of XBP1 expression. PRDM1 expression is known to be essential for the initiation of 360 

plasma cell differentiation and XBP1 is expressed further downstream and is crucial for the unfolded 361 

protein response (UPR) that is important for the secretory function of plasma cells16. This, therefore, 362 

indicates that while IL-4 is crucial for the UPR, IL-21 plays a key role in the initiation stage of plasma 363 

cell differentiation and antibody-secretory function of plasma cells. Collectively, our findings 364 

confirmed that IL-4 promoted GC reactions and CSR, whilst IL-21 inhibited these processes. Despite 365 

this, IL-21 showed synergistic effect with IL-4 in driving the differentiation of plasmablasts, IgE+ 366 

cells and the secretion of tIgE, of which the latter promote IgE-mediated pro-allergic responses.  367 

TFH cell differentiation and interaction with B cells occurs in the GC and therefore can act on local 368 

target organs such as the nasal mucosa. There was a local induction of IL-4 and IL-21 in GPA 369 

following nasal allergen challenge which was inhibited in SCIT or SLIT. This observation was 370 

Jo
urn

al 
Pre-

pro
of



18 
 

 

consistent with the proportion of IL-4+ and IL-21+ cTFH cells demonstrated in the same patient cohort, 371 

which was elevated in GPA, but was lower in SCIT- and SLIT-treated groups. Hence, suggesting the 372 

potential contribution of cTFH cells on the elevation of nasal IL-4 and IL-21 levels. Furthermore, this 373 

suggests that the increase in cTFH cells observed in GPA is associated with the production of IgE, 374 

subsequently leading to allergic inflammation. Previous studies have also reported increased 375 

proportions of TFH cells in patients with house dust mite (HDM) allergy and mice exposed to 376 

HDM41,42. Serum IgE in patients with HDM allergy has also been shown to correlate with the 377 

proportion of cTFH cells41. Studies on autoimmune diseases and IgG4-related disease (IgG4-RD) have 378 

shown that dysregulation of cTFH cells leads to impaired antibody production in autoimmune diseases, 379 

and increased Ig levels in patients with IgG4-RD43–45. These findings highlighted the important role of 380 

cTFH cells in maintaining immune homeostasis. Moreover, IL-6 was induced as early as one hour in 381 

GPA, which was attenuated in SCIT and SLIT. IL-6 has previously been shown to be crucial in the 382 

initial phase of TFH cell differentiation in mice46 by upregulating BCL6 expression and IL-21 383 

secretion47,48. The secreted IL-21 has an autocrine role where it creates a positive feedback loop on 384 

TFH cells to support the induction of BCL6 expression, which is indispensable for TFH cell 385 

differentiation49,50. IL-6 and IL-21 signaling induce STAT1 and STAT3 expression and result in the 386 

expression of TFH cell markers CXCR5, PD-1 and ICOS45,51. Early induction of IL-6 in GPA lead to 387 

the differentiation of TFH cells, subsequently secreting IL-4 and IL-21 cytokines in the local target 388 

organs. The autocrine role of IL-2150 potentially results in the persistent induction of TFH cell 389 

cytokines IL-4 and IL-21, which was observed for up to 8 hours in GPA. This is a proof-of-concept, 390 

cross-sectional study to assess the effect of SCIT and SLIT on the proportion of cTFH and TFR cells, 391 

and will need to be further validated in a large, prospective RDBPC study that investigate the time-392 

course effect of SCIT and SLIT. 393 

TFR cells have previously been reported to suppress TFH and B cell interaction through the expression 394 

of CTLA-4 by cell-to-cell contact manner33. However, due to the limited sample availability, it was 395 

not feasible to perform suppression assays in this study. We observed induction of CTLA-4+ TFR cells 396 

and IL-10-producing cTFH cells in SCIT- and SLIT-treated patients, which corroborates with previous 397 
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studies demonstrating the induction of TFR cells following AIT in HDM allergic patients41 and 398 

immunotherapy using allergen peptides in GPA52. Previously studied mechanism of AIT have been 399 

associated with the induction of IL-1053 from allergen-specific T cells.  400 

In the presence of IL-4 and IL-21, IL-10 stimulation drives plasmablast differentiation in memory B 401 

cells and the production of IgE+ cells from naïve B cells. Furthermore, IgG+ B cells were higher in the 402 

presence of IL-10 and IL-4 in memory B cells. However, these were not generated to a similar extent 403 

from naïve B cells. These data highlight the potential differential role of IL-10 on naïve (allergen-404 

inexperienced) and allergen-experienced memory B cells, where it may play a protective role when 405 

interacting with the latter. Previous studies have shown conflicting findings. In a PBMC culture, IL-406 

10 has been shown to negatively regulate IgE production by IL-4 when added to antigen-407 

inexperienced B cells and induced IgE production when added to IgE-switched B cells54.  Another 408 

study reported an increase in IgE production following IL-10 stimulation on PBMCs and purified pan 409 

B cells55. In the same study, IL-10 promoted proliferation of B cells and generation of CD38+ cells, 410 

which is consistent with our observations. Moreover, an upregulation of IgG4 but not IgE was shown 411 

following IL-10 stimulation in the presence of IL-4 in CD27+ memory B cell culture56. These findings 412 

are in agreement with our observations in this study. These discrepancies may be due to the different 413 

experimental model used in these studies. There are very limited studies that have investigated the 414 

effect of IL-10 on B cells in the presence of IL-4 and IL-21. Further studies are warranted to better 415 

understand the role of IL-10 in B cell proliferation and class switching.  416 

We further speculated that these changes in the peripheral blood are underscored by modifications in 417 

the chromatin landscape. NAC, GPA, SCIT and SLIT showed differential chromatin accessibility 418 

which was associated with various GO terms and pathways. We observed differentially accessible 419 

chromatin regions between GPA and NAC, SCIT and SLIT. Regions that were more accessible in 420 

cTFH of GPA compared to NAC, SCIT and SLIT were associated with the breakdown of 421 

macromolecules and the biosynthesis of lipid molecules. The catabolism of proteins and other 422 

macromolecules provides the energy that is crucial for cell survival57,58 and leads to the upregulation 423 
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of lipid synthesis, of which the associated chromatin regions were observed to be more accessible in 424 

GPA. This consequently contributes to TFH cell growth and proliferation. These findings are in 425 

agreement with other studies which have shown that the inhibition of lipid biosynthesis pathways can 426 

result in the attenuation of T cell survival and proliferation59,60. Additionally, the accessible regions 427 

were associated with ribosome biogenesis which has been shown to play a role in supporting T cell 428 

cytokine production. The activation of genes that are involved in ribosome synthesis was shown to be 429 

dependent on ERK-MAPK signaling61, which was consistently more accessible in GPA compared to 430 

NAC, SCIT and SLIT in our cohort. We also demonstrated higher chromatin accessibility in regions 431 

associated with PI3K-Akt, MAPK and AMPK signaling in GPA. These  pathways are known to play 432 

a role in glucose homeostasis61, a process known to be important for cell differentiation and growth. 433 

Regions associated with toll-like receptor (TLR) signaling pathway was also more accessible in GPA 434 

compared to NAC. To complement this, we also observed higher cTFH cells and their cytokine-435 

producing subsets in GPA compared to NAC, SCIT and SLIT. These findings not only validate the 436 

previous study highlighting the role of TLR signaling in promoting T cell responses and enhancing 437 

cytokine production62, but also suggest that the higher proportion of cTFH cells observed in GPA could 438 

be due to the predisposition of cTFH cell differentiation and cytokine production. This, however, needs 439 

to be further confirmed in a larger study. 440 

Regions that were more accessible in SLIT compared to SCIT were associated with protein secretion 441 

and transport. Metabolite transport plays a role in activated T cells and promotes cell growth and 442 

proliferation63, suggesting that cTFH cells in SLIT were more active compared to SCIT. This is in 443 

conjunction with the modest differences in IL-4+IL-21+ cTFH cells between SLIT and SCIT observed 444 

in our cohort. Interestingly, chromatin regions associated with ribosome biogenesis and MAPK 445 

signaling, which are known to be crucial for cell differentiation and growth61 were found to have 446 

differential chromatin accessibility between the different patient groups. Chromatin regions associated 447 

with these pathways were more accessible in SLIT compared to SCIT, highlighting the potential 448 

differences in the mechanism underlying the two modes of AIT. However, these regions were more 449 

accessible in GPA compared to SLIT (Fig E4). 450 
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On the other hand, chromatin regions that were more accessible in TFR cells in GPA were associated 451 

mainly with negative regulation of gluconeogenesis, cytokine and protein secretion. As discussed 452 

above, gluconeogenesis, which refers to the generation of glucose, that is important for the 453 

proliferation of T cells57,58,64 were attenuated in GPA. These findings coincide with our observation 454 

where the proportion of TFR cells were lower in GPA compared to NAC. Chromatin regions that were 455 

more accessible in SCIT compared to GPA were associated with various catabolic processes of 456 

macromolecules, which is important for cell survival and growth57,58,60. Furthermore, SLIT showed 457 

highly accessible chromatin regions associated with negative regulation of cell differentiation and 458 

proliferation and various molecular functions. These differences were reflected when chromatin 459 

accessibility between SCIT and SLIT were investigated. SCIT showed higher accessibility in regions 460 

associated with metabolic processes of macromolecules such as lipids, proteins and nucleic acids 461 

compared to SLIT, and MAPK activity (Fig E4). Furthermore, regions associated with ribosome 462 

biosynthesis were also more accessible in SCIT compared to SLIT, which is crucial in the cytokine 463 

production of T cells. Despite these differences observed at the chromatin levels, there was no 464 

difference in the proportion of TFR cells at cellular levels. These findings suggest that the mechanism 465 

of SCIT involves the induction of TFR cell differentiation and survival, whilst SLIT resulted in 466 

changes in the molecular function of TFR cells, which is important in cell organization and structure. 467 

The differences observed in the chromatin landscape of cTFH and TFR cells provide further insights on 468 

the importance of metabolic and molecular pathways in the mechanism of tolerance induction 469 

following SCIT and SLIT. However, this needs to be investigated further. The allergen-specificity of 470 

the T cell subsets that were investigated in this study was not determined due to the limitation of 471 

blood samples collected, in addition to the small proportion of cTFH and TFR cell subsets present 472 

within the peripheral blood. However, this can be achieved by performing peptide-MHC class II 473 

tetramer staining with intracellular CD154 assays8,65, which will need to be validated in future studies. 474 

In summary, for the first time, we show that cTFH cells play a role in the pathophysiology of SAR, in 475 

addition to TH2 and TH2A cells. SCIT and SLIT treatment resulted in the modulation of cTFH cells and 476 

Jo
urn

al 
Pre-

pro
of



22 
 

 

induction of TFR and IL-10+ cTFH cells, with underlying changes in the chromatin landscape, 477 

suggestive of epigenetics modifications.  478 
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TABLE 651 

Table I Patients' demographics for initial validation experiments of the phenotypic characteristics and 652 

function of cTFH cells 653 

Characteristics NAC GPA 

Sex, n, Male:Female 5:7 15:13 

Age (y), mean ± SEM 48 ± 4 38 ± 2 

Disease duration (y), mean ± SEM n.d. 16.96 ± 1.63 

Phlp IgE (kUA/L), mean ± SEM n.d. 40.09 ± 8.15 

Total IgE (kU/L), mean ± SEM 13.87 ± 4.25 339.50 ± 108.70*** 

Cosensitization (SPT ≥ 3 mm), n (%) 

Tree 

House dust mite 

Cat epithelia 

Dog epithelia 

 

0 (0.0) 

0 (0.0) 

0 (0.0) 

0 (0.0) 

 

12 (26.7) 

13 (28.9) 

12 (26.7) 

7 (15.6) 

*** P < .001 compared to GPA, Mann-Whitney test.  654 
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Table II Patients' demographics for the cross-sectional, proof-of-concept study of SCIT and SLIT 655 

Characteristics NAC GPA SCIT SLIT 

Sex, n, 

Male:Female 

 

2:11 

 

9:5 

 

9:1 

 

2:6 

Age (y), mean ± SEM 38 ± 4 33 ± 3 43 ± 4 40 ± 5 

Disease duration (y), 

mean ± SEM 
n.d. 17.36 ± 3.03 18.80 ± 2.99 33.50 ± 5.53 

Phlp IgE (kUA/L), 

mean ± SEM 
n.d. 32.50 ± 10.68 30.96 ± 12.00 23.50 ± 7.81 

Total IgE (kU/L), 

mean ± SEM 
n.d. 179.60 ± 41.04 405.90 ± 213.20 151.60 ± 65.59 

Cosensitization, 

(SPT ≥ 3 mm), n (%), 

Tree 

House dust mite 

Cat epithelia 

Dog epithelia 

 

 

0 (0.0) 

0 (0.0) 

0 (0.0) 

0 (0.0) 

 

 

6 (13.3) 

8 (17.8) 

7 (15.6) 

7 (15.6) 

 

 

7 (53.9) 

5 (38.5) 

6 (46.2) 

2 (15.4) 

 

 

3 (27.3) 

2 (18.2) 

3 (27.3) 

4 (36.4) 
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FIGURE LEGENDS 657 

Fig 1. cTFH cells are a distinct population than TH2 and TH2A cells. A Gating strategy to identify 658 

cTFH (CD4+CXCR5+PD-1+) cells in peripheral blood. B Unbiased viSNE plots showing a proportion 659 

of CD4+ cells express CXCR5, PD-1, CRTH2, CD27, CD49d and CD161. Colors indicate the median 660 

expression level of labeled cell markers. C SPADE trees of CD4+ cells revealed that cTFH and TH2 661 

(CD4+CRTH2+CD27-)/TH2A (CRTH2+CD27+CD161+CD49d+) cells formed distinct nodes. Color of 662 

nodes represents the intensities of labeled cell markers. D FlowSOM analysis identified cTFH and TH2 663 

cells as two separate metaclusters. E cTFH cells and TH2 and TH2A cells formed different islands in 664 

overlaid viSNE plots. TH2A cells are within the TH2 cell population. Red, orange and green events 665 

indicate cTFH, TH2 and TH2A cells, respectively. F MFI of CXCR5, PD-1, CRTH2, CD27, CD49d and 666 

CD161 in cTFH, TH2 and TH2A cells. G Heatmap of CXCR5, PD-1, CRTH2, CD27, CD49d and 667 

CD161 MFI in cTFH, TH2 and TH2A cells of individual patients (n = 13). Red indicates high 668 

expression and green indicates low expression of the markers. H Proportions of cTFH, TH2 and TH2A 669 

cells within IL-4+ and IL-21+ CD4+ cells. I  Differences in the expression of IL-4 and IL-21 in cTFH, 670 

TH2 and TH2A cells. *P < .05, **P < .01, ***P < .001, Mann-Whitney test. 671 

 672 

Fig 2. Dual IL-4 and IL-21 drives differentiation of naïve and memory B cells into plasmablasts. 673 

A Relative BCL6, AICDA; C PRDM1; and D XBP1 expressions in naïve B cells. D Differentiation of 674 

memory B cells into CD38+CD27hi plasmablasts in response to stimulation with IL-4 and IL-21 as 675 

observed by conventional FACS analysis and unbiased viSNE analysis. Colors in viSNE plots 676 

indicate the intensity of CD38 within B cells. E Unbiased FlowSOM analyses showing clusters of 677 

CD38- and CD27-expressing B cells (left panel). Colors in the individual clusters indicate the 678 

intensity of CD27 (yellow), CD38 (red), CD19 (aqua) and CD138 (blue). Heatmap of the population 679 

abundance of individual clusters (right panel). F Proportions of CD38+CD27+ plasmablasts following 680 

stimulations of naïve and memory B cells. G viSNE plots showing a proportion of CD38-expressing 681 

cells also co-express IgE. H The proportion of IgE+ plasmablasts following stimulations of naïve and 682 
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memory B cell. I  εGLT expression in naïve B cells. J The proportion of IgE+ cells; K  tIgE levels in 683 

culture supernatants; and L  the proportion of IgG+ cells, following stimulation of naïve and memory B 684 

cells. All qPCR data were normalized to 18S. Error bars represent SEM. *P < .05, **P < .01, ***P < 685 

.001, Wilcoxon paired signed-rank and Mann-Whitney tests. 686 

 687 

Fig 3. Allergen-driven proliferation of T cell subsets in grass pollen allergics (GPA) but not in 688 

non-atopic healthy control (NAC). A Representative plots illustrating proliferated IL-4+ and IL-21+ 689 

cTFH, TH2 and TH2A cells in response to stimulation with timothy grass (Phlp) in GPA as assessed by 690 

CellTrace Violet. Proportions of proliferated B IL-4+ cTFH (of CD4+ cells); C IL-21+ cTFH (of CD4+ 691 

cells); D TH2 (of CRTH2+CD27- TH2 cells); and E TH2A (of CD4+ cells) cells, in response to 692 

stimulation with 0.1, 1, 10 and 25 µg/mL timothy grass (Phlp) in GPA (n = 16) and NAC (n = 6). 693 

Graphs are represented as the change from baseline (unstimulated). Error bars represent SEM. GPA, 694 

grass pollen allergics; NAC, non-atopic healthy controls. *P < .05, Mann-Whitney test. 695 

 696 

Fig 4. Dysregulation of cTFH cells in patients with GPA compared to NAC and AIT-treated 697 

patients (SCIT and SLIT). A Rhinoconjunctivitis total symptom score (RTSS) of NAC (n = 13), 698 

GPA (n = 14), SCIT (n = 10) and SLIT (n = 8). B Proportions of activated ICOS+ cTFH; C IL-4+ cTFH; 699 

D IL-21+ cTFH; and E dual IL-4+IL-21+ cTFH cells, in NAC, GPA, SCIT and SLIT. NAC, non-atopic 700 

healthy controls; GPA, grass pollen allergics; SCIT, subcutaneous immunotherapy-treated patients; 701 

SLIT, sublingual immunotherapy-treated patients. *P < .05, **P < .01, ***P < .001, Mann-Whitney. 702 

 703 

Fig 5. Time-course induction of IL-4, IL-21 and IL-6 in GPA following nasal allergen challenge. 704 

A Time-course measurement of nasal fluid IL-4; B IL-21; and C IL-6, in NAC (blue), GPA (red), 705 

SCIT (green, closed circle) and SLIT (green, open circle) following nasal allergen challenge. Error 706 

bars represent SEM. Statistical significance in are represented as * for NAC, # for SCIT and ω for 707 
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SLIT, compared to GPA and + for individual timepoints in GPA compared to baseline (0 hours). 708 

NAC, non-atopic healthy controls; GPA, grass pollen allergics; SCIT, subcutaneous immunotherapy-709 

treated patients; SLIT, sublingual immunotherapy-treated patients. *,#,ω,+P < .05, **,ωω,++P < .01, 710 

***, +++P < .001, Wilcoxon paired signed-rank tests. 711 

 712 

Fig 6. Differentially accessible chromatin regions in the cTFH cells of GPA, NAC and AIT-713 

treated patients (SCIT and SLIT). A Number of accessible regions in cTFH cells of GPA compared 714 

to NAC, SCIT and SLIT. B Heatmap of the accessible chromatin landscape in NAC, GPA, SCIT and 715 

SLIT. Color represents the intensity of chromatin accessibility. Each row represents individual 716 

regions. Gene ontology (GO) enrichment analysis of biological processes for significantly accessible 717 

regions in C GPA compared to NAC; D GPA compared to SCIT; E GPA compared to SLIT; F SLIT 718 

compared to SCIT. Pathway enrichment analysis for significantly accessible regions in G GPA 719 

compared to NAC; H GPA compared to SCIT; I  GPA compared to SLIT; J SLIT compared to SCIT. 720 

NAC, non-atopic healthy controls; GPA, grass pollen allergics; SCIT, subcutaneous immunotherapy-721 

treated patients; SLIT, sublingual immunotherapy-treated patients; GO, gene ontology. 722 

 723 

Fig 7. Induction of TFR and IL-10+ cTFH cells following SCIT and SLIT. A Proportions of CTLA-724 

4+FoxP3+ TFR; and B IL-10+ cTFH cells, in NAC, GPA, SCIT and SLIT. Effect of IL-10 on C the 725 

relative PRDM1; and D XBP1 expressions in naïve and memory B cells stimulated with CD40L, IL-4 726 

and IL-21. E Proportions of CD38+CD27hi plasmablasts; F IgE+; and G IgG+ cells following 727 

stimulations of naïve and memory B cell. H Number of accessible regions in TFR cells of GPA 728 

compared to NAC, SCIT and SLIT. I  Heatmap of the accessible chromatin landscape in NAC, GPA, 729 

SCIT and SLIT. Color represents the intensity of chromatin accessibility. Each row represents 730 

individual regions. Gene ontology (GO) enrichment analysis of significantly accessible regions in J 731 

GPA compared to NAC; and K  SCIT compared to GPA; L  SLIT compared to GPA; and M SCIT 732 

compared to SLIT. Pathway enrichment analysis for significantly accessible regions in N SCIT 733 
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compared to GPA; and O SCIT compared to SLIT. Error bars represent SEM. NAC, non-atopic 734 

healthy controls; GPA, grass pollen allergics; SCIT, subcutaneous immunotherapy-treated patients; 735 

SLIT, sublingual immunotherapy-treated patients; GO, gene ontology. *P < .05, **P < .01, ***P < 736 

.001, Mann-Whitney and Wilcoxon paired signed-rank tests. 737 
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