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Abstract 49 

Background: Despite efficacy of allergen-specific immunotherapy (AIT), the role of trained 50 

immunity and tolerance in this process has not been elucidated.  51 

Objective: Here, we performed a comprehensive, longitudinal analysis of systemic innate 52 

immune cell repertoire in the course of AIT. 53 

Methods: Allergic patients received standard preseasonal subcutaneous AIT with allergoids 54 

to birch and/or grass. Healthy controls were monitored without any intervention. Flow 55 

cytometry of ILC, NK, monocyte, and DC subsets was performed at baseline, 3 months (birch 56 

season), 6 months (grass seasons), and 12 months after the therapy in patients or in similar 57 

seasonal time points in controls. Additional analyses were performed in the 3rd-year birch and 58 

grass season.  59 

Results: We observed a durable decrease of ILC2 and an increase of ILC1 after AIT with 60 

dynamic changes in their composition. We found that an expansion of CD127+CD25++ 61 

clusters caused observed shifts in ILC1 heterogeneity. In addition, we observed development 62 

of CD127+CD25++c-Kit+ ILC3 clusters. Moreover, we found an increase in intermediate 63 

monocytes, in parallel to the reduction of non-classical monocytes during first year after AIT. 64 

Classical and intermediate monocytes presented significant heterogeneity in allergic patients, 65 

but AIT reduced HLA-DR++ clusters. Finally, an increase in pDCs and CD141+ mDCs was 66 

observed in allergic individuals, while CD1c+ mDCs were reduced during 1st year of AIT.  67 

Conclusion: AIT induces changes in the composition and heterogeneity of circulating innate 68 

immune cells and brings them to the level observed in healthy individuals. Monitoring of ILC, 69 

monocytes, and DCs during AIT might serve as a novel biomarker strategy.70 
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Key Messages 71 

• ILC2 and ILC3 are downregulated and ILC1 upregulated in the course of AIT 72 

• AIT-induced systemic decrease of ILC2 and increase of ILC1 remains stable up to 3rd 73 

year of AIT   74 

• ILC1 clusters with higher CD25 expression are increased in the course of AIT 75 

• AIT induces shift from proinflammatory (non-classical) towards anti-inflammatory 76 

(intermediate) phenotype of circulating monocytes in the 1st year after AIT  77 

• pDCs and CD141+ mDCs are upregulated in the course of AIT 78 

• AIT induces changes in the repertoire of systemic innate immune cells, restoring their 79 

frequency and composition towards a healthy immune status 80 

Capsule Summary 81 

AIT induces time-dependent changes in the systemic composition of subpopulations of ILC, 82 

monocytes and DCs with increased regulatory and anti-inflammatory potential.  83 

Key words 84 

allergen immunotherapy, innate immune cells, antigen presenting cells, monocytes, DCs, ILC, 85 

NK cells  86 

Abbreviations 87 

AIT (Allergen-Specific Immunotherapy) 88 

CD (Cluster of Differentiation) 89 

DCs (Dendritic Cells) 90 

ILC (Innate Lymphoid Cells) 91 

IL (Interleukin) 92 

LPS (Lipopolysaccharide) 93 

CD1c+ mDCs (myeloid CD1c+ Dendritic Cells) 94 

CD141+ mDCs (myeloid CD141+ Dendritic Cells) 95 

NK cells (Natural Killer Cells) 96 

pDCs (Plasmacytoid Dendritic Cells) 97 
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PBMCs (Peripheral Blood Mononuclear Cells) 98 

sIgE (Specific Immunoglobulin E) 99 

sIgG4 (Specific Immunoglobulin G4) 100 

tIgE (Total IgE) 101 

TSLP (Thymic Stromal Lymphopoietin) 102 

tSNE (T-distributed Stochastic Neighbor Embedding) 103 

 104 
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Introduction 106 

Currently, allergen-specific immunotherapy (AIT) remains the only available 107 

causative treatment for patients with allergic diseases, such as allergic rhinitis and allergic 108 

asthma. AIT is based on long-term administration of allergen preparations and mediates 109 

suppression of humoral and cellular effectors. In fact, the vast majority of available studies 110 

focus on the mechanisms of adaptive immune responses, mostly T and B cell responses, while 111 

innate immune mechanisms still remain elusive1. Innate immune cells such as innate 112 

lymphoid cells (ILC), cytotoxic innate lymphoid cells (NK cells), monocytes/macrophages, 113 

and dendritic cells (DCs) orchestrate adaptive immune responses through indirect (soluble 114 

factor release) and direct (cell-to-cell interaction) mechanisms2, 3. Moreover, functional 115 

reprogramming of innate immune cells caused by their initial activation may lead to more 116 

(trained immunity) or less (trained tolerance) intense response towards the second challenge, 117 

and is referred to as innate immune memory4-6. It is possible that innate memory may 118 

represent one of the mechanisms of successful AIT and should be associated with systemic 119 

changes in the composition and phenotype of different cell subsets. Therefore, understanding 120 

the role of various innate immune cells in the course of AIT will help to fully elucidate 121 

complex mechanisms providing long-lasting tolerance to allergens.  122 

Based on the specific patterns of cytokine production, membrane markers and 123 

transcription factor expression, ILC are classified into three functionally distinct subsets, 124 

namely: group 1 (ILC1), group 2 (ILC2), and group 3 (ILC3) innate lymphoid cells, 125 

resembling Th1, Th2 and Th17 subsets, respectively7. In addition, due to the current advances 126 

in single cell sequencing, even greater heterogeneity of tissue and peripheral blood ILC has 127 

been reported8-10. ILC play a crucial function in the early stage of antimicrobial response, 128 

tissue repair and preservation of epithelial integrity11-14. ILC2 have essential functions in 129 

allergic diseases. Increased numbers of these cells are observed in peripheral blood after 130 

allergen challenge and they are regulated during AIT 15-19. Thus, the role of ILC in allergic 131 

inflammation, as well as their phenotypical and functional heterogeneity need further 132 

evaluation. 133 

Similar to ILC, NK cells possess some functional similarities with T cells and may 134 

regulate functions of other immune cells. Two distinct subsets of circulating NK cells can be 135 

distinguished based on their surface markers expression, namely CD56+CD16++ and 136 

CD56++CD16+/low NK cells. Notably, CD56+ NK cells represent the predominant subset (up to 137 

90%) on the periphery, and act mainly as cytotoxic cells and produce low levels of cytokines, 138 

while CD56++ NK cells are recognized as cytokine producers20. Interestingly, NK cells were 139 
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reported to be activated by allergen extracts in a non-specific manner and they can promote 140 

type-2 immune response and eosinophilic inflammation21.  141 

Monocytes and DCs are antigen presenting cells and link innate and adaptive immune 142 

responses. Notably, both subsets may act as activators or regulators of immune responses 143 

depending on their antigen-presenting capacities, associated with the expression of checkpoint 144 

molecules and cytokine profiles22-24. In fact, they have been proposed as crucial mediators of 145 

immunological tolerance25-27, also in response to allergens in allergic rhinitis28 and in fatal 146 

asthma in children29.  147 

Monocytes represent a heterogeneous cell population in terms of phenotype and 148 

biological properties. According to the differences in CD14 (LPS receptor) and CD16 (Fcγ 149 

receptor III) expression, three functionally distinct subsets exist in humans, namely classical 150 

(CD14++CD16-), intermediate (CD14++CD16+) and non-classical (CD14+CD16++) monocytes. 151 

Non-classical monocytes are considered as proinflammatory cells that upon stimulation 152 

release high amounts of proinflammatory cytokines, including TNF, and possess high 153 

cytotoxic and phagocytic activities. Elevated frequency of these cells are observed in 154 

proinflammatory diseases, infections, and sepsis30. In contrast, intermediate monocytes have 155 

been referred to as anti-inflammatory since upon stimulation they constitute the principal 156 

source of IL-10 among all three subsets31, 32 and they also play essential roles in 157 

vascularization, tissue repair and regeneration processes, as well as in induction of tolerance26, 158 

33, 34. Notably, it is well established that monocytes may serve as macrophage and DC 159 

progenitors. In fact, both CD16+ subsets are referred to as activated monocytes and are 160 

considered as a more mature form of monocytes, when compared to the classical subset, 161 

which can next differentiate into monocyte-derived DCs31, 35.  162 

It is generally accepted that three distinct DC subsets can be distinguished in 163 

peripheral blood in humans, namely plasmacytoid DCs (CD303+ pDCs), myeloid CD1c+ 164 

mDCs and myeloid CD141+ mDCs, with additional extent of heterogeneity being discovered 165 

due to single cell sequencing32, 36. pDCs are considered as an immature form of DCs since 166 

after a contact with antigen, which acts as a maturation signal, can present antigen to the T 167 

cells immediately in the lymph nodes. The remaining two subsets of mDCs show features of 168 

both immature DCs and CD303+ DC precursors32. Interestingly, it has been previously 169 

postulated that mDCs are involved mainly in the development of Th2 responses, whereas 170 

pDCs may induce anti-viral responses or orchestrate tolerance development by induction of 171 

regulatory T cells37-39.  172 
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 In this study, we analyzed dynamic changes in the systemic innate immune responses 173 

in several time points in the course of preseasonal subcutaneous allergen-specific immune 174 

therapy for birch and grass pollens and compared them with the physiological responses in 175 

healthy controls. 176 

 177 

Methods 178 

Patients and healthy controls 179 

Grass and/or birch pollen allergic subjects and healthy nonallergic, nonatopic controls 180 

were recruited in spring/summer 2015 at Inselspital Bern (Bern, Switzerland). The study was 181 

initiated in December 2015/January 2016, when patients received preseasonal subcutaneous 182 

immunotherapy to birch and/or grass. All subjects lived in the region of Bern (Switzerland). 183 

Patients were clinically diagnosed with pollen allergic rhinitis (symptoms in birch and/or 184 

grass season, positive skin prick tests and the presence of allergen-specific IgE (sIgE), 185 

assessed with Immunocap (Phadia AB, Uppsala, Sweden). Some patients had concomitant 186 

well-controlled allergic asthma40. Patients did not suffer from any other clinically significant 187 

concomitant acute or chronic diseases. Further exclusion criteria were pregnancy, non-188 

compliance, inability to follow the study procedures, drug or alcohol abuse, or participation in 189 

a study involving investigational drug use one month prior and during the course of this study. 190 

Twelve nonatopic, nonallergic healthy control subjects from the same region as allergic 191 

patients were followed in the similar seasonal time points as the patient’s population to 192 

control for potential seasonal changes in the innate immune cell populations. Detailed 193 

demographic and clinical characteristics of study participants is shown in Table 1. This study 194 

has been reviewed and approved by the ethics committee of the Canton of Bern (Switzerland). 195 

Each participant was familiarized with the objectives of the study and expressed written 196 

consent. 197 

 198 

Preseasonal birch and/or grass pollen immunotherapy, study design and sampling 199 

All allergic patients started the first course of subcutaneous preseasonal AIT in 200 

between the end of November 2015 to the beginning of January 2016, and then in the same 201 

format in the following two years (Online Repository Fig. E1A). According to their diagnosis, 202 

patients received subcutaneous injections of depot-allergen extracts of grass and/or tree pollen 203 

preparations containing the adjuvant alum (Allergopharma Merck, Reinbek, Germany) 204 

(Online Repository Fig. E1B-C). The standard therapy protocol consisted of increasing 205 

concentrations with a total of 7 – 9 injections (Online Repository Fig. E1B-C), given within 206 
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first 2-3 months. For patients receiving both tree and grass pollen AIT, preparations were 207 

injected separately each in opposite arms. Birch and grass pollen counts were retrieved from 208 

the Federal Office of Meteorology and Climatology MeteoSwiss (Zurich-Airport, 209 

Switzerland) (Online Repository Figure E1D-E). Blood samples were collected at four time 210 

points: time point 0 (immediately before the start of preseasonal AIT), after 3 months (at the 211 

end of preseasonal therapy; peak of birch pollen season), after 6 months (peak of grass pollen 212 

season), and at 12 months (out of season) for patients and in similar time points for healthy 213 

controls (Online repository Fig. E1)41. In follow-up, we also collected blood samples from a 214 

small subset of patients at 27 and 30 months after the start of AIT.  215 

Venous blood samples were collected at Inselspital Bern and transported to the Swiss 216 

Institute for Allergy and Asthma Research (SIAF, Davos, Switzerland) at ambient air 217 

temperature within 6 hours after venipuncture. The blood was further processed for direct 218 

whole blood sample staining with flow cytometry antibodies, plasma collection, peripheral 219 

blood mononuclear cells (PBMCs) isolation, and subsequent flow cytometry with different 220 

panels.  221 

 Clinical response to AIT was assessed according to the European Academy of Allergy 222 

and Clinical Immunology (EAACI) Guidelines42. Combined symptom and medication scores 223 

(CSMS) were recorded by the CSMS questionnaires in the doctors’ office in the season 224 

before, and at each study visit, together with sampling. Non-responders to AIT were defined 225 

as those subjects who had 30% or less improvement in CSMS as compared to the season 226 

preceding initiation of AIT. Total IgE (tIgE), specific IgE (sIgE) to Phl p 1 combined with Phl 227 

p 5b, sIgE to Bet v 1 antibodies were measured in plasma using Immunocap (Phadia AB, 228 

Uppsala, Sweden). 229 

 230 

Flow cytometry 231 

For ILC analysis, 20 million freshly isolated PBMCs were stained with a panel of anti-232 

human antibodies. All antibodies with their clones and manufactures are presented in the 233 

Online Repository Table E1. ILC were characterized as viable, lineage negative (CD3–CD4–234 

CD19–CD14–CD16–CD1a–CD11c–CD34–CD94–CD123–CD303–FcεRIa–) CD127+ cells and 235 

further discriminated as CRTH2+ ILC2, CRTH2–c-Kit– ILC1, CRTH2–c-Kit+NKp44– ILC3 236 

(applied gating strategy is presented on the Online Repository Fig. E2).  237 

For immunophenotyping of monocytes, DCs and NK cells 200 uL of fresh whole 238 

blood was stained with panel of anti-human antibodies according to stain-lyse-wash protocol. 239 

Briefly, antibodies were added to 200 uL of whole blood samples, mixed and incubated for 30 240 
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min at room temperature in the dark. Next, 2 ml of Lysing Buffer (Becton Dickinson) was 241 

added for red blood cell lysis. Finally, the samples were washed in PBS and analyzed by 242 

using flow cytometry. Monocytes were classified based on morphology and fluorescent 243 

markers (viable CD3–CD19–CD14+). Subpopulations were identified as classical, intermediate 244 

and non-classical monocytes by their expression of CD14++CD16-, CD14++CD16+ or 245 

CD14+CD16++, respectively (applied gating strategy is presented on the Online Repository 246 

Fig. E3). DC subsets were classified as viable CD3–CD19–HLA-DR+ cells and specific 247 

marker expression, namely CD123++CD303+ for pDCs, HLA-DR++CD1c+ for CD1c+ mDCs 248 

and CD14–CD141++ for CD141+ mDCs (applied gating strategy is presented on the Online 249 

Repository Fig. E4). NK cells were classified as viable CD19–CD4–CD14–CD56+/++CD16+/++ 250 

cells (applied gating strategy is presented on the Online Repository Fig. E5).  251 

All specimens were acquired by using FACS ARIA III flow cytometer followed by 252 

data analysis in FlowJo 10.1 (TreeStar, Ashland, OR, USA). Classical gating and t-distributed 253 

Stochastic Neighbor Embedding (tSNE) algorithms were used to assess the subpopulations. 254 

Frequency of each analyzed subpopulation was calculated in the parent population in gating, 255 

unless specified otherwise. Total cell number was recalculated per uL of whole blood, based 256 

on the initial values measured by Sysmex cell counter. 257 

For two-dimensional reduction of manual gates FlowJo tSNE plugin was used. The 258 

data from each time point of each individual patient were evenly downsampled to ensure that 259 

tSNE analysis would be performed at the same number of events, namely the highest event 260 

number in particular gate available in all time points. Next, all files were concatenated in to 261 

new datafile and tSNE algorithm was applied. Following settings were used for tSNE 262 

algorithm perplexity 20 (P_20), learning rate 200 (E_200), interations 600 (I_600), Theta 0.5 263 

(T_0.5).  264 

 265 

Statistics 266 

Statistical analysis was conducted using GraphPad Prism 7 (GraphPad Software, La 267 

Jolla, United States). Categorical variables were analyzed with the Fisher exact test, while 268 

continuous variables with Mann-Whitney U test, as appropriate. The Wilcoxon test was used 269 

to compare changes between different time points. The differences were considered 270 

statistically significant at a p<0.05.  271 

 272 

Results 273 

Group 2 and group 3 innate lymphoid cells decrease during the course of AIT 274 
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First, we investigated the effect of AIT on the frequency and absolute numbers of three 275 

main and best characterized subsets of ILC, namely ILC1, ILC2 and ILC3 (Fig. 1A). Three 276 

types of comparisons were made i) 1st-year time points compared to baseline, ii) 3rd-year after 277 

initiation of AIT compared to the 1st-year time points, and iii) allergic patients compared to 278 

the healthy controls analyzed at the same time points. We found increased frequency and 279 

numbers of ILC1 at 6- and 12-month time points (Fig. 1B and Online Repository Fig. E6A). 280 

In contrast, the frequency of ILC2 was decreased after 12 months. Interestingly, the frequency 281 

of ILC2 decreased most between 6- and 12-months’ time point; however, only a trend can be 282 

observed in ILC2 cell numbers (Fig. 1C and Online Repository Fig. E6A). ILC3 frequency 283 

also decreased after 12 months (Fig. 1D).  284 

Importantly, we noticed that observed in the 1st-year effects of AIT on ILC subsets 285 

remained stable or were even more profound in the 3rd-year (Online Repository Fig. E6B). In 286 

detail, we observed a further increase in the frequency of ILC1 and a further decrease in the 287 

frequency of ILC2. We found no changes in the frequency of ILC3 between 1st- and 3rd-year 288 

of AIT in the birch pollen season, while the frequency of ILC3 in the grass pollen season was 289 

increased (6- vs. 30-month time point).   290 

Having found the time course changes in ILC subsets during the 1st- year after AIT, 291 

we evaluated the differences between the frequency of analyzed cells in allergic individuals in 292 

the course of AIT and matched controls in the same seasonal time points. Healthy controls 293 

showed no seasonal changes of all analyzed ILC subsets (Online Repository Fig. E6C). In 294 

comparison of controls to patients at the same time points, a lower frequency of ILC1 in 295 

allergic patients at baseline and 6 months after initial treatment was observed (Fig. 1E). After 296 

12 months of treatment, there was no difference in the ILC1 frequency between patients and 297 

controls. Elevated frequency of ILC2 in allergic donors was demonstrated at baseline and at 6 298 

months (in the grass pollen season), however they became equally frequent in patients and 299 

controls after 12 months (Fig. 1F). There were no differences in the frequency of ILC3 300 

between patients and controls in all analyzed seasonal time points (Fig. 1G).   301 

Next, we used tSNE algorithm to analyze heterogeneity of ILC subsets clustering at 302 

baseline and their changes over time (Fig. 2). As expected, analyzed ILC subpopulations 303 

clustered separately confirming the use of correct gating strategy (Online Repository Fig. E2, 304 

tSNE ILC subsets). In-depth analysis of cluster heterogeneity with subsequent quantification 305 

of newly identified subsets by classical gating, we noticed intriguing changes in ILC1 and 306 

ILC3, but not ILC2 phenotypes over time. Briefly, AIT induced an increase in numbers of 307 
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ILC1 clusters with higher CD25 expression (Fig. 2A) and thus it made their signature 308 

comparable to nonallergic individuals at 12 months (Online Repository Fig. E7). In fact, there 309 

was a significant elevation of the frequency of CD127+CD25++ cluster at the six-month time 310 

point (Fig. 2B). In contrast, the frequency of CD127++CD25++ subset decreased at 12 months 311 

when compared to baseline (Fig. 2C). Interestingly, we found that ILC2 were quite 312 

heterogenous, but there were no significant changes in the presence (Fig. 2D and Online 313 

Repository Fig. E8) or frequency of ILC2 clusters (Fig. 2E and F) over time. The signature of 314 

ILC3 subpopulations in allergic individuals was less complex at baseline (Fig. 2G) and 315 

differed significantly from controls (Online Repository Fig. E9). At 3 months and at 6 months 316 

after initiation of AIT, there was an increase in the complexity of ILC3 clusters, associated 317 

with the expansion of CD127+CD25++c-Kit+ (Fig. 2H) and decrease of CD127++CD25++c-318 

Kit++ cells (Fig. 2I). Detailed description of ILC clusters can be found in the online repository 319 

results (Online Repository Fig. E7-E9). 320 

Taken together, our data suggest that AIT limits circulating ILC2 and ILC3, in favor 321 

of an expansion of ILC1. In addition, AIT also induces an increase in ILC1 and ILC3 322 

heterogeneity, bringing their phenotypes closer to the healthy controls. This may reflect 323 

trained tolerance to reduce seasonal induced allergic inflammation. 324 

 325 

AIT does not affect the composition of circulating NK cells 326 

Having found AIT-induced changes in the composition of ILC, next we analyzed 327 

changes in the frequency and numbers of innate lymphoid cells with cytotoxic potential, 328 

namely CD56+CD16++ (CD56 dim) and CD56++CD16+/- (CD56 bright) NK cells (Fig. 3A). 329 

We observed no changes in the frequency of NK cells in allergic patients undergoing AIT, 330 

mainly due to huge individual variations (Fig. 3B and C). Similarly, we found no significant 331 

changes in the numbers of both analyzed subsets (Online Repository Fig. E10A). As an 332 

interesting finding, which requires further investigation, nonallergic individuals showed a 333 

significant decrease in the frequencies of both CD56 bright and CD56 dim NK cells during 334 

the birch season (3 months, Online Repository Fig. E10B). Consequently, we found higher 335 

frequency of CD56+CD16++ NK cells in allergic patients at 3-month time point, as compared 336 

to healthy controls, while no differences were observed at 6 and 12 months (Fig. 3D). 337 

Moreover, no differences in the frequency of CD56++CD16+/- NK cells, between AIT patients 338 

and healthy controls, in the same seasonal time points were observed (Fig. 3E). 339 
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In summary, AIT did not change the systemic distribution of cytotoxic innate 340 

lymphoid cells. It seems, therefore, that circulating NK cells may play a minor role in the AIT 341 

re-induced tolerance to allergens. 342 

 343 

Monocytes shift from proinflammatory towards anti-inflammatory phenotypes in the 344 

course of AIT  345 

Next, we aimed to assess the composition of circulating innate immune cells with 346 

antigen-presenting capacities. First, we analyzed the composition and heterogeneity of 347 

peripheral blood monocytes (Fig. 4A). We observed a substantial decrease in the frequency of 348 

non-classical CD14+CD16++ monocytes already at 3 months (Fig. 4B). This decrease was 349 

even more profound at 6 months (Fig 4B and Online Repository Fig. E11A). Moreover, there 350 

was a steady increase in the intermediate CD14++CD16+ monocytes in the course of AIT, 351 

reaching maximum at 12 months (Fig. 4C and Online Repository Fig. E11A), while the 352 

frequency of classical CD14++CD16- monocytes showed alterations reflecting changes in the 353 

other subpopulations (Fig. 4D and Online Repository Fig. E11A). 354 

Notably, in contrast to ILC subsets, the effects of AIT on the composition of different 355 

monocyte subsets was less stable over time (Online Repository Fig. 11B). In contrast, to the 356 

early (1st-year) effects of AIT, we found a significant increase in the frequency of 357 

CD14+CD16++ non-classical monocytes in the 3rd-year pollen season. Simultaneously, the 358 

frequency of CD14++CD16+ intermediate monocytes did not increase at this time (Online 359 

Repository Fig. E11B).  360 

Next, we compared the frequency of different monocyte subsets between allergic 361 

patients and healthy controls at the same time points. Interestingly, we found that there was 362 

slightly reduced frequency of non-classical monocytes at 12 months in patients (Fig. 4E). 363 

Surprisingly, no differences were observed in intermediate monocytes (Fig. 4F). However, we 364 

noticed slight, but significant differences in classical monocytes at 3 and 6 months (Fig. 4G 365 

and Online Repository Fig. E11C).  366 

tSNE analysis of the different monocyte subsets demonstrated that all analyzed 367 

clusters separated from other cell types, confirming their distinct phenotype (Online 368 

Repository Fig. E3, tSNE APC subsets). We found no change in the complexity of non-369 

classical monocytes in the AIT patients (Fig. 5A) and healthy controls (Online Repository 370 

Fig. E12), yet there was an increase in the expression of HLA-DR (Fig. 5B) with stable 371 
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expression of CD141 in this subset (Fig. 5C). In contrast, we noticed significant heterogeneity 372 

in remaining two subsets, namely intermediate and classical monocytes. Briefly, we observed 373 

a reduction of HLA-DR++ clusters in the intermediate monocytes (Fig. 5D and Online 374 

Repository Fig. E13), and further confirmed it by quantification of HLA-DR (Fig. 5E) and 375 

CD141 expression (Fig. 5F). In classical monocytes, we found an expansion of HLA-376 

DR+CD141+/- clusters at 12 months in allergic patients (Fig. 5G and Online Repository Fig. 377 

E14). Consequently, there was a slight decrease of HLA-DR expression from 3 months to 12 378 

months (Fig. 5H) and a significant decrease of CD141 expression from 6 months to 12 379 

months (Fig. 5I). More detailed description of different monocyte clusters can be found in the 380 

online repository results (Online Repository Fig. E12-14). 381 

Taking together, we found that AIT reduced non-classical monocytes with no changes 382 

in their composition. Moreover, we observed an increase in intermediate monocytes in 383 

patients during AIT, accompanied with the dynamic changes in the composition of these cells, 384 

associated with the expansion of clusters with lower HLA-DR expression. Observed reduction 385 

of HLA-DR expression on intermediate monocytes, together with the increase in the 386 

frequency of these cells, complementary with the decrease of non-classical, proinflammatory 387 

monocytes may reflect shift towards anti-inflammatory/tolerogenic phenotypes. It indicates a 388 

trained, systemic response to limit local inflammation.  389 

CD1c+ mDCs, but not CD141+ mDCs and pDCs are downregulated in the course of AIT 390 

Next, we aimed to analyze whether AIT induces changes in the phenotype and 391 

composition of peripheral blood DC subsets, namely CD1c+ mDCs, CD141+ mDCs, and 392 

pDCs. In contrast to different monocyte subsets, showing varying expression levels of CD14 393 

and CD16, peripheral blood DCs have been characterized as more distinct subpopulations 394 

expressing characteristic pattern of membrane molecules (Fig. 6A). Here, we observed an 395 

increase in the frequency of pDCs at 6- and 12-month time points compared to 3 months (Fig. 396 

6B). In addition, we found a substantial decrease in the frequency and numbers of CD1c+ 397 

mDCs in the course of AIT when compared to baseline (Fig. 6C and Online Repository Fig. 398 

E15A). Similarly, to non-classical monocytes, CD1c+ mDCs decreased significantly after 3 399 

months of AIT and even further after 6 months (Fig. 6C). In addition, we observed a slight 400 

elevation of the frequency of CD141+ mDCs at 12 months when compared to 3 months (Fig. 401 

6D). However, no differences were observed in the numbers of CD141+ mDCs, mainly due to 402 

noticeable individual variations (Online Repository Fig. E15A).  403 
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Similarly, to monocytes, the AIT-induced changes in the composition of DCs in the 404 

pollen season of the 1st year seem to be modified in the following seasons. We found a lower 405 

frequency of pDCs in the 3rd-year birch pollen season compared to 3 months post AIT (Online 406 

Repository Fig. E15B). The frequency of CD1c+ mDCs in the 3rd-year birch and grass pollen 407 

seasons remains comparable to the levels observed in the 1st year post AIT. In contrast, the 408 

frequency of CD141+ mDCs decreased significantly in the 3rd-year birch pollen season and 409 

was slightly increased in the grass pollen season, but still remained lower than in the 410 

representative seasons of the 1st year.  411 

We also assessed the time-dependent changes in healthy controls and the differences 412 

between allergic patients and healthy controls in each analyzed time point (Online Repository 413 

Fig. E15C and E16). We observed higher frequency of pDCs in healthy controls when 414 

compared to allergic individuals at baseline and a reversed picture at 12 months, which 415 

resulted from an increase of pDCs in patients and a decrease in healthy controls. Frequency of 416 

CD1c+ mDCs was lower in the allergic patients at 3-, 6- and 12- month time points when 417 

compared to nonallergic individuals. Allergic patients presented significantly higher 418 

frequency of CD141+ mDCs at 6 and 12 months after initiation of AIT when compared to 419 

nonallergic individuals at the same time points.  420 

tSNE analysis demonstrated that in both allergic patients and controls, CD1c+ mDCs 421 

were phenotypically heterogeneous at baseline (Fig. 6E, F and Online Repository Fig. E17) 422 

and clustered into three separate populations. The complexity of CD1c+ mDC clusters was 423 

associated with subtly different expression of CD1c and HLA-DR (Online Repository Fig. 424 

E17). However, during AIT the complexity of CD1c+ mDCs clusters decreased (Fig. 6E), 425 

while in some of the healthy controls increased (Fig. 6F). In contrast, pDCs and CD141+ 426 

mDCs formed only one cluster per subset at baseline and remained stable during AIT. 427 

Detailed description of tSNE analysis of the DC clusters can be found in the online repository 428 

results (Online Repository Fig. E17).  429 

Overall, we found that AIT induced a substantial increase of pDCs with no change in 430 

their composition. Moreover, we observed a decrease in the frequency of CD1c+ mDCs 431 

during AIT. Furthermore, we found a slight increase in CD141+ mDCs in late time points of 432 

AIT. Finally, DCs heterogeneity assessed by tSNE analysis seems to be less complex 433 

compared to ILC and monocytes. It all suggests that AIT-induced changes in the distribution 434 

of DCs subsets, increases their regulatory potential43. 435 

Discussion 436 
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Mechanisms of immune tolerance to allergens have been studied in humans by using 437 

various models, including AIT. Recent advances in understanding mechanisms of trained 438 

immunity in ILC5, monocytes/macrophages44, and DCs44, 45, as well as regulatory functions of 439 

ILC or DCs46, 47 strongly suggest that changes in these compartments should be studied in 440 

more detail in regard to induction of immune tolerance. In the present study, we demonstrated 441 

one year, four time points follow up of circulating innate immune cells in the preseasonal AIT 442 

in comparison to the healthy controls at the same time points. Moreover, we extended follow 443 

up and assessed a composition of different innate immune subsets at the 3rd-year time points, 444 

analyzing the stability of observed alterations. We showed that subcutaneous AIT for 445 

aeroallergens caused dynamic changes in the systemic innate immune response, particularly 446 

associated with the increased immunoregulatory phenotypes of innate immune cells. Thus, the 447 

observed shifts may underlie mechanisms facilitating trained tolerance to allergens. 448 

Successful AIT is defined as a treatment that causes significant reduction of allergic 449 

symptoms and the need for medications, with a concomitant decrease in proinflammatory 450 

cells and a subsequent increase in cell populations with anti-inflammatory or regulatory 451 

properties. These phenomena were often observed by our group and others in allergen specific 452 

T cell and B cell compartments 48-51. Notably, type 2 inflammation is a hallmark of allergic 453 

disease and is regulated by Th2 effector cells, releasing related cytokines, including IL-4, IL-454 

5, IL-9, and IL-1352. In addition, a growing body of evidence shows that innate lymphoid 455 

cells, namely ILC2, support type 2 inflammation as an early source of IL-5 and IL-13 in 456 

response to epithelial-derived molecules, such as IL-33 and Thymic Stromal Lymphopoietin 457 

(TSLP)7, 53. Therefore, ILC2 are considered to reflect effector Th2 cells in their cytokine 458 

expression pattern53. More importantly, allergen-trained (experienced) ILC2 were shown to 459 

persist long after resolution of inflammation and respond more potently than untrained 460 

“naïve” ILC2 to the repeated allergen exposure. Thus, they mediate more severe and long-461 

term memory-like response to allergens54. Although the effector functions of ILC2 are 462 

associated with local inflammation, their rapid induction has been shown on the periphery 463 

after allergen challenge55 suggesting their trained immunity. Therefore, it is possible that 464 

circulating ILC play an important role in regulation of allergic inflammation18. This explains 465 

observed here higher frequency of circulating ILC2 in allergic individuals at baseline, and in 466 

the pollen season, which are reduced by AIT and finally reached the levels observed in 467 

healthy controls. These changes may result from the AIT-mediated trained tolerance and they 468 

remain stable up to 3rd year after AIT56, 57. Our findings support previous reports showing 469 

significant decrease of ILC2 in the course of subcutaneous AIT17, 19, with the novel findings 470 
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about the relative stability of their intrasubset clusters. ILC2 possess phenotypical 471 

heterogeneity and functional plasticity8-10, 58, which has not been previously studied in the 472 

context of AIT. Recently, c-Kit+ ILC2 were shown to retain an ILC3-like phenotype and the 473 

ability for the conversion to IL-17-producing ILC359, 60. On the other hand, however, a c-Kit–474 

/low subset has been proposed to represent fully matured and lineage-committed ILC2 subset 475 

with high expression of GATA3 and high secretion of type 2 cytokines60. In our study, the 476 

vast majority of ILC2 were c-Kit–; however, we also detected small ILC2 cluster with low c-477 

Kit expression in both allergic and nonallergic individuals. Interestingly, the c-Kitlow cluster 478 

was not presented as a separate peak in the grass pollen season in both allergic and 479 

nonallergic individuals. It seems that AIT may not only reduce the frequency of ILC2 but also 480 

limit their heterogeneity during the pollen season. However, our understanding of ILC2 481 

plasticity in allergic patients within the season needs to be further evaluated. Similarly, to 482 

date, the role of circulating ILC1 and ILC3 in allergic inflammation remains elusive and 483 

needs more attention. We found here that ILC1 and ILC3 frequency and heterogeneity 484 

changed after AIT. Within ILC1, we found an expansion of a novel cluster of CD25++ ILC1. 485 

Furthermore, we observed the emergence of a novel cluster of CD127+CD25++c-Kit+ ILC3 486 

during therapy. Appearance of CD25++ ILC1 clusters may indicate acquiring a regulatory 487 

phenotype, as shown previously for ILC247. NK cells do not seem to play a significant role in 488 

AIT, since no differences in the frequency of neither CD56++CD16+/- nor CD56+CD16++ 489 

subsets were observed.  490 

Until recently, limited number of studies in humans have referred to the changes in the 491 

phenotype of antigen-presenting cells. It was previously demonstrated that AIT induces a 492 

tolerogenic phenotype of DCs, which consequently may lead to the induction of regulatory T 493 

cells and reduction of Th2 cells61. Notably, we are showing here that this process may be 494 

supported by shifts in the particular subpopulations of monocytes, namely an increase in the 495 

intermediate and a decrease in the non-classical monocytes. In addition, we noted an AIT-496 

induced increase in the monocyte clusters with low HLA-DR expression. High HLA-DR 497 

expression level is associated with monocyte activation and their proinflammatory function62, 498 

63. Therefore, the observed changes, may be altogether recognized as the AIT-induced 499 

decrease in the activation of circulating monocytes. Interestingly, monocytes of 500 

proinflammatory properties, which have non-classical, activated phenotype (CD14+CD16++), 501 

recruited from the periphery, are crucial players in the promotion of local inflammatory 502 

responses in allergic individuals64. In contrast, intermediate monocytes were shown to possess 503 

anti-inflammatory properties with significantly reduced expression of proinflammatory TNF 504 
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and IL-1β and high expression of anti-inflammatory IL-1031. Moreover, they have reduced 505 

capability to present antigens to naïve T cells in lymph nodes and thus may serve as 506 

tolerogenic cells65. Consequently, our current findings that AIT-induced shift towards the 507 

increase in intermediate and the decrease in non-classical monocytes, together with the 508 

decrease in HLA-DR positive clusters, may indicate the systemic response to limit local 509 

inflammation and support locally induced tolerance to allergens. 510 

Notably, tolerogenic DCs represent a heterogeneous subset of cells with immature or 511 

semi-mature phenotype, highly sensitive to local microenvironmental changes. After 512 

stimulation with inflammatory mediators and antigens, maturation process is induced. It 513 

manifests itself in changes of both DCs phenotype and composition of different DC subsets66. 514 

We demonstrated that this process might be observed in the pollen season in both nonallergic 515 

and AIT-treated allergic individuals. Notably, pDCs in their steady state express low levels of 516 

HLA-DR and costimulatory molecules67 and induce suboptimal T cell priming, leading to T 517 

cell anergy or tolerance. They have been shown to induce regulatory T cells and mediate oral 518 

tolerance43, 68. Furthermore, pDCs may exert protective role against type-2 inflammation69, 70. 519 

Therefore, the lower frequency of circulating pDCs in allergic individuals at baseline may 520 

reflect their lower tolerogenic potential, further targeted and efficiently restored by AIT, as 521 

manifestation of trained tolerance. Our findings are in line with previous observations 522 

showing increased frequency of pDCs after one year of AIT71. However, in contrast to our 523 

current results, no changes in any mDCs subsets after eight weeks and one year of 524 

subcutaneous AIT were observed71. This might be due to the slightly different time points and 525 

differences in the AIT schemes. It should be noted, that mDCs were shown to support Th2 526 

responses in allergic patients and thus may promote allergic inflammation72. Therefore, 527 

systemic reduction in the frequency of CD1c+ mDCs in the course of AIT, observed in this 528 

study, may be associated with previously reported reduction of Th2 cells.  529 

In summary, we showed here that AIT induces time-dependent changes in the 530 

composition and phenotypes of circulating ILC, monocyte, and DC subpopulations. Our data 531 

demonstrate an in vivo switch towards tolerance-inducing subsets with a subsequent reduction 532 

of proinflammatory cells. It represents an evidence of AIT-induced trained tolerance and 533 

underlines the need of complex assessment of circulating innate immune cells, which may 534 

open a new window for monitoring AIT responses. 535 

 536 
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Table 1. Demography and clinical characteristics of study participants 

DEMOGRAPHY 

  Allergic patients Healthy controls P value 

N 13 12   

Age [y] 27 (19-36) 35.5 (23-63) 0.0222 

Sex, female/male 5/7 10/2 0.0894 

Weight [kg] 77 (63-100) 66.5 (53-102) 0.0612 

Height [cm] 172 (162-187) 169 (153-188) 0.2295 

CLINICAL DATA 

Allergic rhinitis, yes/no 13/0 0/12 <0.0001 

Asthma, yes/no 8/5 0/12 0.0016 

SPT positive, yes/no 13/0 0/12 <0.0001 

Total IgE [kU/l] 106 (28-274) 26 (10-73) 0.0003 

Phl p 1 + Phl p 5 IgE [kU/l] 9.88 (1.59-68.9) nd <0.0001 

Bet v 1 IgE [kU/l] 2.99 (0.1-36.4) nd 0.0005 

FEV1 [%] 101 (79-122) n/a n/a 

ALLERGEN IMMUNOTHERAPY 

Birch, yes/no 10/3 n/a n/a 

Grass, yes/no 12/1 n/a n/a 

Clinical non-responders to birch AIT*, N 

[%] 

2 (15.4) n/a n/a 

Clinical non-responders to grass AIT*, N 

[%] 

3 (23.1) n/a n/a 

Data are presented as median with range, exact numbers or percentage. Data were analyzed by Mann-Whitney 729 

test and Fisher exact test, as appropriate. * Non-responders to AIT were assessed as 30% or less decrease in 730 

combined symptoms and medication score (CSMS) as compared to the appropriate pollen season preceding 731 

initiation of AIT. FEV1- forced expiratory volume in first second; nd – not determined; n/a – not applicable 732 
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Figure legends 734 

Figure 1. AIT induce decrease in group 2 and 3 innate lymphoid cells  735 

(A) Representative gating of ILC1, ILC2 and ILC3 among lin-CD127+ ILC. Summary of flow 736 

cytometry analyses of AIT-induced changes in frequency of (B) ILC1, (C) ILC2 and (D) 737 

ILC3 in allergic patients in the course of AIT (n=11; Wilcoxon test was used). Each ILC 738 

subset is shown as a percentage in lin-CD127+ gate. Comparison of seasonal changes of (E) 739 

ILC1, (F) ILC2 and (G) ILC3 between nonallergic healthy controls (n=12), and allergic 740 

patients (n=11) in the course of AIT. Wilcoxon test was used to compare differences between 741 

time points. Mann-Whitney U test was used to compare differences between controls and AIT 742 

patients. * p<0.05; ** p<0.01; *** p<0.001 743 

Figure 2. AIT induce changes in the heterogeneity of circulating ILC  744 

Representative tSNE two-dimensional plots showing changes in complexity and clustering of 745 

different circulating ILC subsets in each analyzed time point in allergic AIT patients. (A) 746 

ILC1 clustering and quantification of (B) CD127+CD25++ ILC1 and (C) CD127++CD25++ 747 

ILC1 clusters (n=10). (D) ILC2 clustering and quantification of (E) c-Kit+CD25++ ILC2 and 748 

(F) c-Kit-CD25++ ILC2 clusters (n=11). (G) ILC3 clustering and quantification of (H) 749 

CD127+CD25++c-Kit+ and (I) CD127++CD25++c-Kit++ ILC3 (n=11). For tSNE analysis, the 750 

cells were gated as described in Online Repository Figure E2 and a two-dimensional 751 

reduction was performed from lin-CD127+ gate (total ILC) for NKp44, CRTH2, CD25, 752 

CD127, c-Kit, and ILT3 expression. Following settings were applied for tSNE algorithm 753 

perplexity 20 (P_20), learning rate 200 (E_200), interations 1000 (I_1000), Theta 0.5 (T_0.5). 754 

Graph overlays were performed to visualize changes in cluster complexity of different ILC 755 

subsets namely, (A) ILC1, (D) ILC2 and (G) ILC3. For novel subset quantification manual 756 

gating was applied. Wilcoxon test was used to compare differences between time points. * 757 

p<0.05; ** p<0.01; *** p<0.001 758 

Figure 3. AIT does not affect the composition of circulating NK cells 759 

(A) Representative gating for CD56++CD16+/- and CD56+CD16++ NK cells. Summary of flow 760 

cytometry analyses of AIT-induced changes in frequency of (B) CD56+CD16++ NK and (C) 761 

CD56++CD16+/- cells in allergic patients in the course of AIT (n=11). Comparison of seasonal 762 

changes of (D) CD56++CD16++ and (E) CD56+CD16+/- NK cells between nonallergic healthy 763 

controls (n=12), and allergic patients in the course of AIT (n=11).  W Wilcoxon test was used 764 
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to compare differences between time points. Mann-Whitney U test was used to compare 765 

differences between controls and AIT patients. ** p<0.01 766 

Figure 4. Monocyte shift from proinflammatory towards anti-inflammatory phenotypes 767 

in the course of AIT  768 

(A) Representative gating for CD14++CD16– classical, CD14++CD16+ intermediate, and 769 

CD14+CD16++ non-classical monocytes and representative dot plots of different monocyte 770 

subsets in each analyzed time point. Summary of flow cytometry analyses of AIT- induced 771 

changes in the frequency of (B) CD14+CD16++ non-classical, (C) CD14++CD16+ 772 

intermediate, and (D) CD14++CD16– classical monocyte subsets in allergic AIT patients 773 

(n=12). Comparison of seasonal changes of (E) CD14+CD16++ non-classical, (F) 774 

CD14++CD16+ intermediate, and CD14++CD16– classical monocyte subsets between 775 

nonallergic healthy controls (n=12), and allergic patients (n=12) in the course of AIT. 776 

Wilcoxon test was used to compare differences between time points. Mann-Whitney U test 777 

was used to compare differences between controls and AIT patients. * p<0.05; ** p<0.01; *** 778 

p<0.001; ns – not significant 779 

Figure 5. AIT induce changes in the heterogeneity of different subsets of monocytes 780 

Representative tSNE two-dimensional plots representing changes in complexity and 781 

clustering of different monocytes subsets in each analyzed time point. For tSNE analysis, the 782 

cells were gated as follows. First flow check control was applied to gate out all disruptions in 783 

the instrument performance. Next doublet discrimination according to both forward scatter 784 

(FSC-H and FSC-A) and side scatter (SSC-H vs. SSC-W) was performed, followed by dead, 785 

CD3, and CD19 cell discrimination (viability). Next HLA-DR positive cells were gated. 786 

Finally, two-dimensional reduction was performed from HLA-DR+ cells for CD1c, CD14, 787 

HLA-DR, CD16, CD123, CD141, and CD303 expression. Following settings were applied for 788 

tSNE algorithm perplexity 20 (P_20), learning rate 200 (E_200), interations (I_600), Theta 789 

0.5 (T_0.5). Graph overlays were performed to visualize changes in cluster complexity. (A) 790 

CD14+CD16++ non-classical monocytes clusters with quantification of (B) HLA-DR and (C) 791 

CD141 MFI. (D) CD14++CD16+ intermediate monocyte clusters with quantification of (E) 792 

HLA-DR and CD141 expression. (G) CD14++CD16- classical monocyte clusters and 793 

quantification of (H) HLA-DR and (I) CD141 MFI (n=11). Wilcoxon test was used to 794 

compare differences between time points. * p<0.05; ** p<0.01; *** p<0.001 795 
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Figure 6. pDCs and CD141+ mDCs are upregulated, whereas CD1c+ mDCs are 797 

downregulated in the course of AIT  798 

(A) Representative gating for pDCs, CD1c+ mDCs and CD141+ mDCs. Summary of flow 799 

cytometry analyses of AIT-induced changes in the frequency of (B) CD123++CD303+ pDCs, 800 

(C) HLA-DR++CD1c+ mDCs (CD1c+ mDCs), and (D) CD14-CD141++ (CD141+ mDCs) in 801 

allergic patients in the course of AIT (n=12). Representative tSNE two-dimensional plots 802 

representing changes in complexity and clustering of different DC subsets in each analyzed 803 

time point in (E) allergic and (F) healthy nonallergic individuals. For tSNE analysis, the cells 804 

were gated as follows. First flow check control was applied to gate out all disruptions in the 805 

instrument performance. Next, doublet discrimination according to both forward scatter (FSC-806 

H and FSC-A) and side scatter (SSC-H vs. SSC-W) was performed, followed by dead, CD3, 807 

and CD19 cell discrimination (viability). Next, HLA-DR positive cells were gated. Finally, 808 

two-dimensional reduction was performed from HLA-DR+ cells for CD1c, CD14, HLA-DR, 809 

CD16, CD123, CD141, and CD303 expression. Following settings were applied for tSNE 810 

algorithm perplexity 20 (P_20), learning rate 200 (E_200), interations (I_600), Theta 0.5 811 

(T_0.5). Wilcoxon test was used to compare differences between time points. * p<0.05; ** 812 

p<0.01; *** p<0.001 813 
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