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Abstract

Background: Despite efficacy of allergen-specific immunothergpyT), the role of trained

immunity and tolerance in this process has not lederidated.

Objective: Here, we performed a comprehensive, longitudinalymms of systemic innate

immune cell repertoire in the course of AIT.

Methods: Allergic patients received standard preseasonatigaheous AIT with allergoids
to birch and/or grass. Healthy controls were maadowithout any intervention. Flow
cytometry of ILC, NK, monocyte, and DC subsets wadormed at baseline, 3 months (birch
season), 6 months (grass seasons), and 12 motghghef therapy in patients or in similar
seasonal time points in controls. Additional anesysere performed in th&'3ear birch and

grass season.

Results: We observed a durable decrease of ILC2 and anaseref ILC1 after AIT with
dynamic changes in their composition. We found that expansion of CD12ZD25"
clusters caused observed shifts in ILC1 heterogenai addition, we observed development
of CD127CD25"c-Kit" ILC3 clusters. Moreover, we found an increase riterimediate
monocytes, in parallel to the reduction of non-sieel monocytes during first year after AlT.
Classical and intermediate monocytes presentedfiseymt heterogeneity in allergic patients,
but AIT reduced HLA-DR' clusters. Finally, an increase in pDCs and CD1#DCs was

observed in allergic individuals, while CDlmDCs were reduced during' $ear of AIT.

Conclusion: AIT induces changes in the composition and hetereiye of circulating innate
immune cells and brings them to the level obsemeédatalthy individuals. Monitoring of ILC,

monocytes, and DCs during AIT might serve as a hobemarker strategy.
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Key M essages

* ILC2 and ILC3 are downregulated and ILC1 upreguaatethe course of AIT

+ AlT-induced systemic decrease of ILC2 and increddeC1 remains stable up td*3
year of AIT

* ILC1 clusters with higher CD25 expression are insesl in the course of AIT

* AIT induces shift from proinflammatory (non-clasalictowards anti-inflammatory
(intermediate) phenotype of circulating monocytethie ' year after AIT

« pDCs and CD141mDCs are upregulated in the course of AIT

* AIT induces changes in the repertoire of systemm@aie immune cells, restoring their

frequency and composition towards a healthy imnsiatis
Capsule Summary

AIT induces time-dependent changes in the systeamnaposition of subpopulations of ILC,
monocytes and DCs with increased regulatory aneffammatory potential.

Key words

allergen immunotherapy, innate immune cells, antigesenting cells, monocytes, DCs, ILC,
NK cells

Abbreviations

AIT (Allergen-Specific Immunotherapy)

CD (Cluster of Differentiation)

DCs (Dendritic Cells)

ILC (Innate Lymphoid Cells)

IL (Interleukin)

LPS (Lipopolysaccharide)

CD1c¢ mDCs (myeloid CDItDendritic Cells)
CD14T mDCs (myeloid CD141Dendritic Cells)
NK cells (Natural Killer Cells)

pDCs (Plasmacytoid Dendritic Cells)
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PBMCs (Peripheral Blood Mononuclear Cells)
sIgE (Specific Immunoglobulin E)

slgG4 (Specific Immunoglobulin G4)

tigE (Total IgE)

TSLP (Thymic Stromal Lymphopoietin)

tSNE (T-distributed Stochastic Neighbor Embedding)
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I ntroduction

Currently, allergen-specific immunotherapy (AIT) mains the only available
causative treatment for patients with allergic dg®s, such as allergic rhinitis and allergic
asthma. AIT is based on long-term administrationaldérgen preparations and mediates
suppression of humoral and cellular effectors.dat,fthe vast majority of available studies
focus on the mechanisms of adaptive immune resppnsastly T and B cell responses, while
innate immune mechanisms still remain eluSiveanate immune cells such as innate
lymphoid cells (ILC), cytotoxic innate lymphoid &I(NK cells), monocytes/macrophages,
and dendritic cells (DCs) orchestrate adaptive imentesponses through indirect (soluble
factor release) and direct (cell-to-cell interagjiomechanisnfs *. Moreover, functional
reprogramming of innate immune cells caused byr timdtial activation may lead to more
(trained immunity) or less (trained tolerance) n#e response towards the second challenge,
and is referred to as innate immune merfiiryt is possible that innate memory may
represent one of the mechanisms of successful Aflrshould be associated with systemic
changes in the composition and phenotype of diftecell subsets. Therefore, understanding
the role of various innate immune cells in the seuof AIT will help to fully elucidate
complex mechanisms providing long-lasting toleratacallergens.

Based on the specific patterns of cytokine productimembrane markers and
transcription factor expression, ILC are classifiatb three functionally distinct subsets,
namely: group 1 (ILC1), group 2 (ILC2), and group(lBC3) innate lymphoid cells,
resembling Th1, Th2 and Th17 subsets, respecfivielyaddition, due to the current advances
in single cell sequencing, even greater heterogeéitissue and peripheral blood ILC has
been reporteéd®. ILC play a crucial function in the early stage asftimicrobial response,
tissue repair and preservation of epithelial iritggt'* ILC2 have essential functions in
allergic diseases. Increased numbers of these amdlobserved in peripheral blood after
allergen challenge and they are regulated duriif A, Thus, the role of ILC in allergic
inflammation, as well as their phenotypical and clional heterogeneity need further
evaluation.

Similar to ILC, NK cells possess some functionahitarities with T cells and may
regulate functions of other immune cells. Two distisubsets of circulating NK cells can be
distinguished based on their surface markers esjmes namely CD58D16™ and
CD56*CD16™*" NK cells. Notably, CD56NK cells represent the predominant subset (up to
90%) on the periphery, and act mainly as cytotaeits and produce low levels of cytokines,

while CD56™" NK cells are recognized as cytokine produtersterestingly, NK cells were
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reported to be activated by allergen extracts mo-specific manner and they can promote
type-2 immune response and eosinophilic inflamnnétio

Monocytes and DCs are antigen presenting celldiakdnnate and adaptive immune
responses. Notably, both subsets may act as aw8vat regulators of immune responses
depending on their antigen-presenting capacitesy@ated with the expression of checkpoint
molecules and cytokine profifé&* In fact, they have been proposed as crucial rnasiaf
immunological tolerand&?’, also in response to allergens in allergic rteffitand in fatal
asthma in childrefl.

Monocytes represent a heterogeneous cell populatioterms of phenotype and
biological properties. According to the differenaasCD14 (LPS receptor) and CD16 {Fc
receptor Ill) expression, three functionally distisubsets exist in humans, namely classical
(CD147CD16), intermediate (CDI4CD16") and non-classical (CD1@D16™) monocytes.
Non-classical monocytes are considered as proimilatory cells that upon stimulation
release high amounts of proinflammatory cytokinggluding TNF, and possess high
cytotoxic and phagocytic activities. Elevated freqoy of these cells are observed in
proinflammatory diseases, infections, and séPsis contrast, intermediate monocytes have
been referred to as anti-inflammatory since upomugation they constitute the principal
source of IL-10 among all three subgkts® and they also play essential roles in
vascularization, tissue repair and regenerationgz®ses, as well as in induction of tolerafice
3334 Notably, it is well established that monocytesynserve as macrophage and DC
progenitors. In fact, both CD16subsets are referred to as activated monocytesaemnd
considered as a more mature form of monocytes, vdoempared to the classical subset,
which can next differentiate into monocyte-deriz@s® *

It is generally accepted that three distinct DC setb can be distinguished in
peripheral blood in humans, namely plasmacytoid ICB303 pDCs), myeloid CDIt
mDCs and myeloid CD14ImDCs, with additional extent of heterogeneity lgedliscovered
due to single cell sequencitig®® pDCs are considered as an immature form of D@sesi
after a contact with antigen, which acts as a naéitm signal, can present antigen to the T
cells immediately in the lymph nodes. The remairting subsets of mDCs show features of
both immature DCs and CD3D®DC precursors. Interestingly, it has been previously
postulated that mDCs are involved mainly in theallegment of Th2 responses, whereas
pDCs may induce anti-viral responses or orchestézance development by induction of
regulatory T cell¥



173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206

In this study, we analyzed dynamic changes irsgfsemic innate immune responses
in several time points in the course of preseasenbtutaneous allergen-specific immune
therapy for birch and grass pollens and comparethtivith the physiological responses in

healthy controls.

Methods
Patients and healthy controls

Grass and/or birch pollen allergic subjects andthgaonallergic, nonatopic controls
were recruited in spring/summer 2015 at Inselsfi (Bern, Switzerland). The study was
initiated in December 2015/January 2016, when ptieeceived preseasonal subcutaneous
immunotherapy to birch and/or grass. All subjestsed in the region of Bern (Switzerland).
Patients were clinically diagnosed with pollen @ie rhinitis (symptoms in birch and/or
grass season, positive skin prick tests and theepoe of allergen-specific IgE (sIgE),
assessed with Immunocap (Phadia AB, Uppsala, Swe@e@me patients had concomitant
well-controlled allergic asthnfa Patients did not suffer from any other clinicadignificant
concomitant acute or chronic diseases. Furtherusiui criteria were pregnancy, non-
compliance, inability to follow the study procedsirerug or alcohol abuse, or participation in
a study involving investigational drug use one rhaorior and during the course of this study.
Twelve nonatopic, nonallergic healthy control selbgefrom the same region as allergic
patients were followed in the similar seasonal tipwnts as the patient’'s population to
control for potential seasonal changes in the mnaimune cell populations. Detailed
demographic and clinical characteristics of studstipipants is shown in Table 1. This study
has been reviewed and approved by the ethics caeat the Canton of Bern (Switzerland).
Each participant was familiarized with the objeetvof the study and expressed written

consent.

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

All allergic patients started the first course afbsutaneous preseasonal AIT in
between the end of November 2015 to the beginnintppuary 2016, and then in the same
format in the following two years (Online Reposytétig. E1A). According to their diagnosis,
patients received subcutaneous injections of dalbetgen extracts of grass and/or tree pollen
preparations containing the adjuvant alum (Alletggmpna Merck, Reinbek, Germany)
(Online Repository Fig. E1B-C). The standard thgrgpotocol consisted of increasing

concentrations with a total of 7 — 9 injections [[@& Repository Fig. E1B-C), given within
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first 2-3 months. For patients receiving both teeel grass pollen AIT, preparations were
injected separately each in opposite arms. Birchgrass pollen counts were retrieved from
the Federal Office of Meteorology and Climatology et®oSwiss (Zurich-Airport,
Switzerland) (Online Repository Figure E1D-E). Blosamples were collected at four time
points: time point 0 (immediately before the strpreseasonal AIT), after 3 months (at the
end of preseasonal therapy; peak of birch pollas@®), after 6 months (peak of grass pollen
season), and at 12 months (out of season) formiatand in similar time points for healthy
controls (Online repository Fig. E1) In follow-up, we also collected blood samplesnira
small subset of patients at 27 and 30 months tifeestart of AIT.

Venous blood samples were collected at InselsBeah and transported to the Swiss
Institute for Allergy and Asthma Research (SIAF,vDg, Switzerland) at ambient air
temperature within 6 hours after venipuncture. Bleod was further processed for direct
whole blood sample staining with flow cytometry ibotlies, plasma collection, peripheral
blood mononuclear cells (PBMCSs) isolation, and sgbent flow cytometry with different
panels.

Clinical response to AIT was assessed accordinliged-uropean Academy of Allergy
and Clinical Immunology (EAACI) Guidelind Combined symptom and medication scores
(CSMS) were recorded by the CSMS questionnairethéndoctors’ office in the season
before, and at each study visit, together with damgpNon-responders to AIT were defined
as those subjects who had 30% or less improveme@SIMS as compared to the season
preceding initiation of AIT. Total IgE (tIgE), spéic IgE (sIgE) to Phl p 1 combined with Phl
p 5b, sIgE to Bet v 1 antibodies were measuredlasnpa using Immunocap (Phadia AB,
Uppsala, Sweden).

Flow cytometry

For ILC analysis, 20 million freshly isolated PBM@sre stained with a panel of anti-
human antibodies. All antibodies with their cloreasd manufactures are presented in the
Online Repository Table E1. ILC were characteriasdviable, lineage negative (CI@D4
CD19CD14CD16CD1aCD11¢CD34CD94CD123CD303FRla) CD127 cells and
further discriminated as CRTHALC2, CRTHZc-Kit™ ILC1, CRTHZc-Kit"NKp44 ILC3
(applied gating strategy is presented on the Omiegository Fig. E2).

For immunophenotyping of monocytes, DCs and NKsc@00 uL of fresh whole
blood was stained with panel of anti-human antiesdiccording to stain-lyse-wash protocol.

Briefly, antibodies were added to 200 uL of wholedd samples, mixed and incubated for 30

8
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min at room temperature in the dark. Next, 2 mLg$ing Buffer (Becton Dickinson) was
added for red blood cell lysis. Finally, the samspieere washed in PBS and analyzed by
using flow cytometry. Monocytes were classified dthoon morphology and fluorescent
markers (viable CDED19CD14"). Subpopulations were identified as classicagrimediate
and non-classical monocytes by their expressionC8fl4'CD16, CD14°CD16 or
CD14'CD16", respectively (applied gating strategy is presemie the Online Repository
Fig. E3). DC subsets were classified as viable TDA9HLA-DR™ cells and specific
marker expression, namely CD128D303 for pDCs, HLA-DR'CD1c¢ for CD1¢ mDCs
and CD14CD141" for CD14T mDCs (applied gating strategy is presented onChkne
Repository Fig. E4). NK cells were classified asblé CD19CD4 CD14CD567*CD16"**
cells (applied gating strategy is presented orCthkne Repository Fig. ES).

All specimens were acquired by using FACS ARIAfldw cytometer followed by
data analysis in FlowJo 10.1 (TreeStar, Ashland, @®A). Classical gating and t-distributed
Stochastic Neighbor Embedding (tSNE) algorithmsemgsed to assess the subpopulations.
Frequency of each analyzed subpopulation was eaémliin the parent population in gating,
unless specified otherwise. Total cell number vexslculated per uL of whole blood, based
on the initial values measured by Sysmex cell caunt

For two-dimensional reduction of manual gates FinwSNE plugin was used. The
data from each time point of each individual patware evenly downsampled to ensure that
tSNE analysis would be performed at the same numberents, namely the highest event
number in particular gate available in all timermisi Next, all files were concatenated in to
new datafile and tSNE algorithm was applied. Foitmvsettings were used for tSNE
algorithm perplexity 20 (P_20), learning rate 2&0 Z00), interations 600 (I_600), Theta 0.5
(T_0.5).

Statistics

Statistical analysis was conducted using GraphRanP7 (GraphPad Software, La
Jolla, United States). Categorical variables weraly@ed with the Fisher exact test, while
continuous variables with Mann-Whitney U test, pprapriate. The Wilcoxon test was used
to compare changes between different time pointse Tifferences were considered

statistically significant at a p<0.05.

Results

Group 2 and group 3 innate lymphoid cells decrease during the course of AIT
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First, we investigated the effect of AIT on theguency and absolute numbers of three
main and best characterized subsets of ILC, namh€ly, ILC2 and ILC3 (Fig. 1A). Three
types of comparisons were made Y)ykear time points compared to baseline, f)y@ar after
initiation of AIT compared to the®lyear time points, and iii) allergic patients comgzhto
the healthy controls analyzed at the same timetgoWe found increased frequency and
numbers of ILC1 at 6- and 12-month time points (AiB and Online Repository Fig. EGA).
In contrast, the frequency of ILC2 was decreastzt 42 months. Interestingly, the frequency
of ILC2 decreased most between 6- and 12-montin€ point; however, only a trend can be
observed in ILC2 cell numbers (Fig. 1C and Onlirepésitory Fig. E6A). ILC3 frequency
also decreased after 12 months (Fig. 1D).

Importantly, we noticed that observed in thiéygar effects of AIT on ILC subsets
remained stable or were even more profound in fhgeir (Online Repository Fig. E6B). In
detail, we observed a further increase in the feeqgy of ILC1 and a further decrease in the
frequency of ILC2. We found no changes in the fezmy of ILC3 between®I and ¥-year
of AIT in the birch pollen season, while the fregag of ILC3 in the grass pollen season was

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

Having found the time course changes in ILC subdetig the I- year after AIT,

we evaluated the differences between the frequehapalyzed cells in allergic individuals in
the course of AIT and matched controls in the saessonal time points. Healthy controls
showed no seasonal changes of all analyzed ILCesl{®nline Repository Fig. E6C). In
comparison of controls to patients at the same fmiats, a lower frequency of ILC1 in
allergic patients at baseline and 6 months aftéairreatment was observed (Fig. 1E). After
12 months of treatment, there was no differencthénILC1 frequency between patients and
controls. Elevated frequency of ILC2 in allergiondos was demonstrated at baseline and at 6
months (in the grass pollen season), however tleeparne equally frequent in patients and
controls after 12 months (Fig. 1F)here were no differences in the frequency of ILC3

between patients and controls in all analyzed seddimne points (Fig. 1G).

Next, we used tSNE algorithm to analyze heteroggredi ILC subsets clustering at
baseline and their changes over time (Fig. 2). Aseeted, analyzed ILC subpopulations
clustered separately confirming the use of corgating strategy (Online Repository Fig. E2,
tSNE ILC subsets). In-depth analysis of clusteetmgeneity with subsequent quantification
of newly identified subsets by classical gating, megiced intriguing changes in ILC1 and
ILC3, but not ILC2 phenotypes over time. BrieflyJTAinduced an increase in numbers of
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ILC1 clusters with higher CD25 expression (Fig. 2&)d thus it made their signature
comparable to nonallergic individuals at 12 mor{tbeline Repository Fig. E7). In fact, there
was a significant elevation of the frequency of QBTD25 " cluster at the six-month time
point (Fig. 2B). In contrast, the frequency of CTZD25 " subset decreased at 12 months
when compared to baseline (Fig. 2C). Interestinglye found that ILC2 were quite
heterogenous, but there were no significant chamgdgbe presence (Fig. 2D and Online
Repository Fig. E8) or frequency of ILC2 clustefgy( 2E and F) over time. The signature of
ILC3 subpopulations in allergic individuals was desomplex at baseline (Fig. 2G) and
differed significantly from controls (Online Reptusly Fig. E9). At 3 months and at 6 months
after initiation of AIT, there was an increase Ime tcomplexity of ILC3 clusters, associated
with the expansion of CD12€D25"c-Kit" (Fig. 2H) and decrease of CDI2ZD25 "c-
Kit™ cells (Fig. 21). Detailed description of ILC clustecan be found in the online repository

results (Online Repository Fig. E7-E9).

Taken together, our data suggest that AIT limitsuwtating ILC2 and ILC3, in favor
of an expansion of ILC1. In addition, AIT also i an increase in ILC1 and ILC3
heterogeneity, bringing their phenotypes closertth® healthy controls. This may reflect

trained tolerance to reduce seasonal induced allgrigammation.

AIT doesnot affect the composition of circulating NK cells

Having found AIT-induced changes in the compositanILC, next we analyzed
changes in the frequency and numbers of innate Hgimdpcells with cytotoxic potential,
namely CD56CD16™* (CD56 dim) and CD58CD16" (CD56 bright) NK cells (Fig. 3A).
We observed no changes in the frequency of NK ¢ellsllergic patients undergoing AIT,
mainly due to huge individual variations (Fig. 3BdaC). Similarly, we found no significant
changes in the numbers of both analyzed subsetén@ORepository Fig. E10A). As an
interesting finding, which requires further investiion, nonallergic individuals showed a
significant decrease in the frequencies of both €b&ght and CD56 dim NK cells during
the birch season (3 months, Online Repository EipB). Consequently, we found higher
frequency of CD58CD16™ NK cells in allergic patients at 3-month time poias compared
to healthy controls, while no differences were obsé at 6 and 12 months (Fig. 3D).
Moreover, no differences in the frequency of COE®16” NK cells, between AIT patients

and healthy controls, in the same seasonal tima$uwiere observed (Fig. 3E).
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In summary, AIT did not change the systemic distiidn of cytotoxic innate
lymphoid cells. It seems, therefore, that circal@tNK cells may play a minor role in the AIT
re-induced tolerance to allergens.

Monocytes shift from proinflammatory towards anti-inflammatory phenotypes in the

courseof AIT

Next, we aimed to assess the composition of citicigannate immune cells with
antigen-presenting capacities. First, we analyzesl ¢composition and heterogeneity of
peripheral blood monocytes (Fig. 4A). We observeadiastantial decrease in the frequency of
non-classical CDI£D16™ monocytes already at 3 months (Fig. 4B). This elese was
even more profound at 6 months (Fig 4B and Onliepdgitory Fig. E11A). Moreover, there
was a steady increase in the intermediate CO@16™ monocytes in the course of AIT,
reaching maximum at 12 months (Fig. 4C and Onlimpdgitory Fig. E11A), while the
frequency of classical CDIZCD16 monocytes showed alterations reflecting changehen
other subpopulations (Fig. 4D and Online Repositogy E11A).

Notably, in contrast to ILC subsets, the effect®\bf on the composition of different
monocyte subsets was less stable over time (ORepository Fig. 11B). In contrast, to the
early (flyear) effects of AIT, we found a significant inase in the frequency of
CD14'CD16™" non-classical monocytes in th&-gear pollen season. Simultaneously, the
frequency of CD14CD16 intermediate monocytes did not increase at thise t{Online
Repository Fig. E11B).

Next, we compared the frequency of different mom®cgubsets between allergic
patients and healthy controls at the same timetgointerestingly, we found that there was
slightly reduced frequency of non-classical monesyat 12 months in patients (Fig. 4E).
Surprisingly, no differences were observed in miediate monocytes (Fig. 4F). However, we
noticed slight, but significant differences in dasl monocytes at 3 and 6 months (Fig. 4G

and Online Repository Fig. E11C).

tSNE analysis of the different monocyte subsets aletnated that all analyzed
clusters separated from other cell types, configniheir distinct phenotype (Online
Repository Fig. E3, tSNE APC subsets). We foundchange in the complexity of non-
classical monocytes in the AIT patients (Fig. 5Adaealthy controls (Online Repository

Fig. E12), yet there was an increase in the exjessf HLA-DR (Fig. 5B) with stable
12



372 expression of CD141 in this subset (Fig. 5C). Intcast, we noticed significant heterogeneity
373 in remaining two subsets, namely intermediate daslstcal monocytes. Briefly, we observed
374 a reduction of HLA-DR" clusters in the intermediate monocytes (Fig. 50 &nline
375 Repository Fig. E13), and further confirmed it hyaqtification of HLA-DR (Fig. 5E) and
376 CD141 expression (Fig. 5F). In classical monocytss, found an expansion of HLA-
377 DR'CD141" clusters at 12 months in allergic patients (Fi@. &d Online Repository Fig.
378 E14). Consequently, there was a slight decreasL8fDR expression from 3 months to 12
379 months (Fig. 5H) and a significant decrease of CD#&4pression from 6 months to 12
380 months (Fig. 51). More detailed description of difint monocyte clusters can be found in the

381 online repository results (Online Repository Fig2EL4).

382 Taking together, we found that AIT reduced nonsilzel monocytes with no changes
383 in their composition. Moreover, we observed an e@ase in intermediate monocytes in
384  patients during AIT, accompanied with the dynanfiargyes in the composition of these cells,
385 associated with the expansion of clusters with ladieA-DR expression. Observed reduction
386 of HLA-DR expression on intermediate monocytes,etbgr with the increase in the

387 frequency of these cells, complementary with therelese of non-classical, proinflammatory
388 monocytes may reflect shift towards anti-inflammgtimlerogenic phenotypes. It indicates a
389 trained, systemic response to limit local inflamimrt

390 CD1c" mDCs, but not CD141" mDCsand pDCs are downregulated in the course of AIT

391 Next, we aimed to analyze whether AIT induces clkang the phenotype and
392 composition of peripheral blood DC subsets, nan@BRlc¢ mDCs, CD141 mDCs, and
393 pDCs. In contrast to different monocyte subseteywsig varying expression levels of CD14
394 and CD16, peripheral blood DCs have been charaettras more distinct subpopulations
395 expressing characteristic pattern of membrane mt@ec(Fig. 6A). Here, we observed an
396 increase in the frequency of pDCs at 6- and 12-imtinte points compared to 3 months (Fig.
397 6B). In addition, we found a substantial decreas¢he frequency and numbers of CD1c
398 mDCs in the course of AIT when compared to basdliig. 6C and Online Repository Fig.
399 E15A). Similarly, to non-classical monocytes, CDheDCs decreased significantly after 3
400 months of AIT and even further after 6 months (E§). In addition, we observed a slight
401  elevation of the frequency of CD14inDCs at 12 months when compared to 3 months (Fig.
402  6D). However, no differences were observed in timalvers of CD141mDCs, mainly due to
403  noticeable individual variations (Online Repositéig. E15A).
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Similarly, to monocytes, the AlT-induced changeghia composition of DCs in the
pollen season of the'year seem to be modified in the following seasd¥s.found a lower
frequency of pDCs in the®year birch pollen season compared to 3 monthsAld@s(Online
Repository Fig. E15B). The frequency of CDIuDCs in the %-year birch and grass pollen
seasons remains comparable to the levels obsemvéitk if' year post AIT. In contrast, the
frequency of CD141mDCs decreased significantly in th€-gear birch pollen season and
was slightly increased in the grass pollen season, still remained lower than in the

representative seasons of tifeygar.

We also assessed the time-dependent changes thyheahtrols and the differences
between allergic patients and healthy controlsaicheanalyzed time point (Online Repository
Fig. E15C and E16). We observed higher frequency®E€s in healthy controls when
compared to allergic individuals at baseline andewersed picture at 12 months, which
resulted from an increase of pDCs in patients adédcaease in healthy controls. Frequency of
CD1c¢ mDCs was lower in the allergic patients at 3-a6d 12- month time points when
compared to nonallergic individuals. Allergic pati® presented significantly higher
frequency of CD141mDCs at 6 and 12 months after initiation of AIT wheompared to

nonallergic individuals at the same time points.

tSNE analysis demonstrated that in both allergitepts and controls, CD1enDCs
were phenotypically heterogeneous at baseline @tg.F and Online Repository Fig. E17)
and clustered into three separate populations.cbneplexity of CD1& mDC clusters was
associated with subtly different expression of Clbd HLA-DR (Online Repository Fig.
E17). However, during AIT the complexity of CD1mDCs clusters decreased (Fig. 6E),
while in some of the healthy controls increased).(l6F). In contrast, pDCs and CD141
mDCs formed only one cluster per subset at baselm#® remained stable during AIT.
Detailed description of tSNE analysis of the DCstéus can be found in the online repository

results (Online Repository Fig. E17).

Overall, we found that AIT induced a substanti@r@ase of pDCs with no change in
their composition. Moreover, we observed a decrdasthe frequency of CDIcmDCs
during AIT. Furthermore, we found a slight increasecD14T mDCs in late time points of
AIT. Finally, DCs heterogeneity assessed by tSNEly&is seems to be less complex
compared to ILC and monocytes. It all suggests Aiadtinduced changes in the distribution
of DCs subsets, increases their regulatory potéhtia

Discussion
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Mechanisms of immune tolerance to allergens haea Iséudied in humans by using
various models, including AIT. Recent advances maarstanding mechanisms of trained
immunity in ILC°, monocytes/macrophadésand DC8" “ as well as regulatory functions of
ILC or DC¢'® #' strongly suggest that changes in these comparsnstriuld be studied in
more detail in regard to induction of immune tofex@. In the present study, we demonstrated
one year, four time points follow up of circulatimpate immune cells in the preseasonal AIT
in comparison to the healthy controls at the same points. Moreover, we extended follow
up and assessed a composition of different inmateline subsets at th&-gear time points,
analyzing the stability of observed alterations. \8feowed that subcutaneous AIT for
aeroallergens caused dynamic changes in the systenate immune response, particularly
associated with the increased immunoregulatory giyees of innate immune cells. Thus, the

observed shifts may underlie mechanisms faciligatinined tolerance to allergens.

Successful AIT is defined as a treatment that casggificant reduction of allergic
symptoms and the need for medications, with a cmitemt decrease in proinflammatory
cells and a subsequent increase in cell populatwitis anti-inflammatory or regulatory
properties. These phenomena were often observedroyroup and others in allergen specific
T cell and B cell compartment&>. Notably, type 2 inflammation is a hallmark ofeadjic
disease and is regulated by Th2 effector celleasehg related cytokines, including IL-4, IL-
5, IL-9, and IL-13% In addition, a growing body of evidence showst inaate lymphoid
cells, namely ILC2, support type 2 inflammation as early source of IL-5 and IL-13 in
response to epithelial-derived molecules, suchL&3land Thymic Stromal Lymphopoietin
(TSLPY" >3 Therefore, ILC2 are considered to reflect effectb2 cells in their cytokine
expression patteth More importantly, allergen-trained (experiencédl2 were shown to
persist long after resolution of inflammation arespond more potently than untrained
“naive” ILC2 to the repeated allergen exposure.sltibey mediate more severe and long-
term memory-like response to allerg&nsAlthough the effector functions of ILC2 are
associated with local inflammation, their rapid uoctdon has been shown on the periphery
after allergen challeng® suggesting their trained immunity. Therefore, sitpossible that
circulating ILC play an important role in regulatiof allergic inflammatiotf. This explains
observed here higher frequency of circulating ILi@2llergic individuals at baseline, and in
the pollen season, which are reduced by AIT andllfinreached the levels observed in
healthy controls. These changes may result fromAtfiemediated trained tolerance and they
remain stable up toyear after AIT® *” Our findings support previous reports showing

significant decrease of ILC2 in the course of stieeous AlT" * with the novel findings
15
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about the relative stability of their intrasubseusters. ILC2 possess phenotypical
heterogeneity and functional plasti€ity> *® which has not been previously studied in the
context of AIT. Recently, c-KitILC2 were shown to retain an ILC3-like phenotypel dhe
ability for the conversion to IL-17-producing ILE%3% On the other hand, however, a cKit
oW subset has been proposed to represent fully nthame lineage-committed ILC2 subset
with high expression of GATA3 and high secretiontyfe 2 cytokine®. In our study, the
vast majority of ILC2 were c-Kit however, we also detected smhalC2 cluster with low c-
Kit expression in both allergic and nonallergiciinduals. Interestingly, the c-K#¥' cluster
was not presented as a separate peak in the gods®m eason in both allergic and
nonallergic individuals. It seems that AIT may ooty reduce the frequency of ILC2 but also
limit their heterogeneity during the pollen seaselawever, our understanding of ILC2
plasticity in allergic patients within the seasogeds to be further evaluated. Similarly, to
date, the role of circulating ILC1 and ILC3 in afjee inflammation remains elusive and
needs more attention. We found here that ILC1 dr@31frequency and heterogeneity
changed after AIT. Within ILC1, we found an expamsdf a novel cluster of CD25ILC1.
Furthermore, we observed the emergence of a ndwslec of CD127CD25 "c-Kit"™ ILC3
during therapy. Appearance of CO25LC1 clusters may indicate acquiring a regulatory
phenotype, as shown previously for ILENK cells do not seem to play a significant raie i
AIT, since no differences in the frequency of neittCD56*CD16” nor CD56CD16™

subsets were observed.

Until recently, limited number of studies in humdrae referred to the changes in the
phenotype of antigen-presenting cells. It was mresly demonstrated that AIT induces a
tolerogenic phenotype of DCs, which consequently tead to the induction of regulatory T
cells and reduction of Th2 céifs Notably, we are showing here that this procesy he
supported by shifts in the particular subpopulaioh monocytes, namely an increase in the
intermediate and a decrease in the non-classicabaytes. In addition, we noted an AIT-
induced increase in the monocyte clusters with wA-DR expression. High HLA-DR
expression level is associated with monocyte afitimaand their proinflammatory functiéh
% Therefore, the observed changes, may be altagedwegnized as the AlT-induced
decrease in the activation of circulating monocytdaterestingly, monocytes of
proinflammatory properties, which have non-cladsiaativated phenotype (CD1@D16™),
recruited from the periphery, are crucial playarsthie promotion of local inflammatory
responses in allergic individuéfsin contrast, intermediate monocytes were showgossess

anti-inflammatory properties with significantly neced expression of proinflammatory TNF
16
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and IL-18 and high expression of anti-inflammatory IL310Moreover, they have reduced
capability to present antigens to naive T cellslyimph nodes and thus may serve as
tolerogenic celf®. Consequently, our current findings that AlT-inddcshift towards the

increase in intermediate and the decrease in ramsichl monocytes, together with the
decrease in HLA-DR positive clusters, may indictte systemic response to limit local

inflammation and support locally induced tolerateallergens.

Notably, tolerogenic DCs represent a heterogensahset of cells with immature or
semi-mature phenotype, highly sensitive to localcroenvironmental changes. After
stimulation with inflammatory mediators and antigematuration process is induced. It
manifests itself in changes of both DCs phenotygka@mposition of different DC subs®ts
We demonstrated that this process might be obsenvi® pollen season in both nonallergic
and AlT-treated allergic individuals. Notably, pD@stheir steady state express low levels of
HLA-DR and costimulatory molecul®and induce suboptimal T cell priming, leading to T
cell anergy or tolerance. They have been showndode regulatory T cells and mediate oral
tolerancé® °® Furthermore, pDCs may exert protective role agjaype-2 inflammatiofi’
Therefore, the lower frequency of circulating pDi@sallergic individuals at baseline may
reflect their lower tolerogenic potential, furthmrgeted and efficiently restored by AIT, as
manifestation of trained tolerance. Our finding® an line with previous observations
showing increased frequency of pDCs after one wéaXIT’*. However, in contrast to our
current results, no changes in any mDCs subsets afght weeks and one year of
subcutaneous AIT were observedrhis might be due to the slightly different tipeints and
differences in the AIT schemes. It should be notedf mDCs were shown to support Th2
responses in allergic patients and thus may promatieggic inflammatiof”. Therefore,
systemic reduction in the frequency of CDIeDCs in the course of AIT, observed in this

study, may be associated with previously reporggltiction of Th2 cells.

In summary, we showed here that AIT induces timgeddent changes in the
composition and phenotypes of circulating ILC, moyte, and DC subpopulations. Our data
demonstrate am vivo switch towards tolerance-inducing subsets withl@zsequent reduction
of proinflammatory cells. It represents an evidewnteAlT-induced trained tolerance and
underlines the need of complex assessment of aitmglinnate immune cells, which may

open a new window for monitoring AIT responses.
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Table 1. Demography and clinical characteristics of study participants

[%]

DEMOGRAPHY

Allergic patients Healthy controls P value
N 13 12
Agely] 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, yesno 13/0 0/12 <0.0001
Total IgE [kU/] 106 (28-274) 26 (10-73) 0.0003
Phl p 1+ Phl p 5 IgE [kU/] 9.88 (1.59-68.9) nd <0.0001
Bet v 1 1gE [KU/I] 2.99 (0.1-36.4) nd 0.0005
FEV1[%] 101 (79-122) n/a n/a
ALLERGEN IMMUNOTHERAPY

Birch, yesno 10/3 n/a n/a
Grass, yesno 12/1 n/a n/a
Clinical non-respondersto birch AIT*, N 2 (15.4) n/a n/a
[%]
Clinical non-responderstograssAlT*, N 3(23.1) n/a n/a

Data are presented as median with range, exactensmb percentage. Data were analyzed by Mann-\&hitn

test and Fisher exact test, as appropriate. * Mgpanders to AIT were assessed as 30% or lessadedre

combined symptoms and medication score (CSMS) mpared to the appropriate pollen season preceding

initiation of AIT. FEV1- forced expiratory voluma ffirst second; nd — not determined; n/a — notiapple
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Figurelegends
Figure1l. AIT inducedecreasein group 2 and 3 innate lymphoid cells

(A) Representative gating of ILC1, ILC2 and ILC3 amdngCD127 ILC. Summary of flow
cytometry analyses of AlT-induced changes in freqyeof B) ILC1, (C) ILC2 and D)
ILC3 in allergic patients in the course of AIT (r51Wilcoxon test was used). Each ILC
subset is shown as a percentage iICIM27 gate. Comparison of seasonal change€£df (
ILC1, (F) ILC2 and () ILC3 between nonallergic healthy controls (n=12hd allergic
patients (n=11) in the course of AIT. Wilcoxon tests used to compare differences between
time points. Mann-Whitney U test was used to compulifferences between controls and AIT
patients. * p<0.05; ** p<0.01; *** p<0.001

Figure 2. AIT induce changesin the heter ogeneity of circulating ILC

Representative tSNE two-dimensional plots showimgnges in complexity and clustering of
different circulating ILC subsets in each analyzede point in allergic AIT patients.A()
ILC1 clustering and quantification oBY CD127CD25™ ILC1 and C) CD127°CD25™
ILC1 clusters (n=10).0F) ILC2 clustering and quantification oE) c-Kit"CD25 " ILC2 and
(F) c-KitCD25™ ILC2 clusters (n=11). @) ILC3 clustering and quantification ofH]
CD127CD25"c-Kit™ and () CD127'CD25"¢c-Kit™ ILC3 (n=11). For tSNE analysis, the
cells were gated as described in Online Repositeigure E2 and a two-dimensional
reduction was performed from lin-CD12Qate (total ILC) for NKp44, CRTH2, CD25,
CD127, c-Kit, and ILT3 expression. Following segsnwere applied for tSNE algorithm
perplexity 20 (P_20), learning rate 200 (E_200nations 1000 (I_1000), Theta 0.5 (T_0.5).
Graph overlays were performed to visualize changeduster complexity of different ILC
subsets namelyA( ILC1, (D) ILC2 and @) ILC3. For novel subset quantification manual
gating was applied. Wilcoxon test was used to complferences between time points. *
p<0.05; ** p<0.01; *** p<0.001

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

(A) Representative gating for CD86D16" and CD56CD16™ NK cells. Summary of flow
cytometry analyses of AlT-induced changes in freqyeof 8) CD56'CD16™" NK and C)
CD56"CD16™ cells in allergic patients in the course of AIE{1). Comparison of seasonal
changes of§) CD56*CD16™" and E) CD56 CD16" NK cells between nonallergic healthy

controls (n=12), and allergic patients in the cew§AIT (n=11). W Wilcoxon test was used
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to compare differences between time points. Manntvel U test was used to compare

differences between controls and AIT patients. <1

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

inthecourseof AIT

(A) Representative gating for CDTE€D16 classical, CD14CD16 intermediate, and
CD14'CD16™ non-classical monocytes and representative dds b different monocyte
subsets in each analyzed time point. Summary @ figtometry analyses of AIT- induced
changes in the frequency ofB)( CD14'CD16™ non-classical, §) CD14°CD16
intermediate, andY) CD147"CD16 classical monocyte subsets in allergic AIT pasent
(n=12). Comparison of seasonal changes B&) (CD14CD16" non-classical, R)
CD147CD16 intermediate, and CDIZCD16 classical monocyte subsets between
nonallergic healthy controls (n=12), and allergiatipnts (n=12) in the course of AIT.
Wilcoxon test was used to compare differences batwene points. Mann-Whitney U test
was used to compare differences between contral$\&ih patients. * p<0.05; ** p<0.01; ***

p<0.001; ns — not significant
Figure5. AIT induce changesin the heterogeneity of different subsets of monocytes

Representative tSNE two-dimensional plots repr@sgnichanges in complexity and
clustering of different monocytes subsets in eadlyaed time point. For tSNE analysis, the
cells were gated as follows. First flow check cohtvas applied to gate out all disruptions in
the instrument performance. Next doublet discrimiamaaccording to both forward scatter
(FSC-H and FSC-A) and side scatter (SSC-H vs. SSQva¢ performed, followed by dead,
CD3, and CD19 cell discrimination (viability). NeX{LA-DR positive cells were gated.
Finally, two-dimensional reduction was performednfr HLA-DR" cells for CD1c, CD14,
HLA-DR, CD16, CD123, CD141, and CD303 expressiarildwing settings were applied for
tSNE algorithm perplexity 20 (P_20), learning r2@0 (E_200), interations (I_600), Theta
0.5 (T_0.5). Graph overlays were performed to \igzaachanges in cluster complexitA)
CD14'CD16™ non-classical monocytes clusters with quantifamatf 8) HLA-DR and C)
CD141 MFI. D) CD14"CD16 intermediate monocyte clusters with quantificatiwin(E)
HLA-DR and CD141 expression.G]j CD14°CD16 classical monocyte clusters and
guantification of H) HLA-DR and (I) CD141 MFI (n=11). Wilcoxon test was used to

compare differences between time points. * p<0*0$<0.01; *** p<0.001
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Figure 6. pDCs and CD141" mDCs are upregulated, whereas CD1c" mDCs are
downregulated in the courseof AIT

(A) Representative gating for pDCs, CDIoDCs and CD141mDCs. Summary of flow
cytometry analyses of AlT-induced changes in tlegdency of(B) CD123"CD303 pDCs,
(C) HLA-DR™"CD1¢" mDCs (CD1¢ mDCs), and(D) CD14CD141" (CD14T mDCs) in
allergic patients in the course of AIT (n=12). Regentative tSNE two-dimensional plots
representing changes in complexity and clusterindifterent DC subsets in each analyzed
time point in(E) allergic andF) healthy nonallergic individuals. For tSNE analysiee cells
were gated as follows. First flow check control vegplied to gate out all disruptions in the
instrument performance. Next, doublet discriminmatacording to both forward scatter (FSC-
H and FSC-A) and side scatter (SSC-H vs. SSC-W)pea®rmed, followed by dead, CD3,
and CD19 cell discrimination (viability). Next, H:-BR positive cells were gated. Finally,
two-dimensional reduction was performed from HLA-D&ells for CD1c, CD14, HLA-DR,
CD16, CD123, CD141, and CD303 expression. Followsegings were applied for tSNE
algorithm perplexity 20 (P_20), learning rate 2@ Z00), interations (I_600), Theta 0.5
(T_0.5). Wilcoxon test was used to compare diffeesnbetween time points. * p<0.05; **
p<0.01; *** p<0.001
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