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IgE memory responses are temporally and clonally linked to
allergen-specific IgG+ memory B cells
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Key M essages

» Life-long persistence of allergy is underscoredtly existence of allergen-
specific lgG+ memory B cells that are prone to ypet switching and
secretion of IgE.

* The fixed composition of the IgE repertoire duritige first year of SLIT
treatment provides evidence to why long-term imntbhe@py is not

associated with any signs of disease progression.

Capsule Summary

Evidence from clinical trials with sublingual immasherapy supports that

immunological IgE memory responses originate frdlergen-specific IgG+ B cells.
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Immunoglobulin E, Sublingual Immunotherapy, graskgm allergy, B cells,

plasmablasts, memory B cells.

Abbreviations

GC, germinal center; IgE, Immunoglobulin E; 1gG,nmnoglobulin G; IgG, IgG+
memory B cells; mab, monoclonal antibody; SHM, Stenhypermutations; SLIT,

Sublingual Allergen Immunotherapy; VH, heavy chaamiable gene.
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ABSTRACT

Background: Immunoglobulin E (IgE) are least abundant, tighthgulated and IgE
producing B cells are rare. The cellular origin anblution of IgE responses are

poorly understood.

Objective: To investigate the cellular and clonal origin gEl memory responses

following mucosal allergen exposure by sublingaainunotherapy (SLIT).

Methods. In a randomized double-blind, placebo-controll@tgtcourse SLIT study,
peripheral blood mononuclear cells (PBMCs) and Iniegsies were collected from
forty adults with seasonal allergic rhinitis at &lase, 4, 8, 16, 28 and 52 weeks. RNA
was extracted from PBMCs, sorted B cells and nasgbsies for VH repertoire
sequencing. Moreover, monoclonal antibodies wergvel® from single B cell

transcriptomes.

Results: Combining VH repertoire sequencing and single tcatiscriptomics yielded
direct evidence of a parallel boost of two clonadiyd functionally related B cell
subsets of short-lived IgE+ plasmablasts and IgGmory B cells (termed 1g&.
Mucosal grass pollen allergen exposure by SLIT Itedun highly diverse IgE and
IgGe repertoires. These were extensively mutated apdapd relative stable as per
heavy chain isotype, somatic hypermutations andatloomposition. Single Ig&+
memory B cell and IgE+ pre-plasmablast transcrig®®encoded antibodies that were
specific for major grass pollen allergens and vabie to elicit basophil activation at

very low allergen concentrations.

Conclusion: For the first time, we have shown that upon mulcaargen exposure,

human IgE memory resides in allergen-specific Ig@amory B cells. These rapidly
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switch isotype and expand into short-lived IgE+sptablasts and serve as a potential

target for therapeutic intervention.
INTRODUCTION

Allergic diseases are typically life-long and evienthe absence of allergen
exposure this phenomenon to occur requires sonme édrimmunological memory.
Current concepts on the cellular origin of IgE meynare primarily based on murine
studies using various strains of transgenic rhitehas been reported that IgG+
memory B cells are able to induce antigen-speddiE memory responses when
transferred into naive hosts Although these studies do not exclude the possiloif
long-lived IgE+ memory B cells, they confirm the portance of indirect isotype
switching which leads to allergen-specific IgE m@sges. In contrast, one study
reported a transfer of IgE memory responses bybaeswof IgE+ B cell§,although it
was later rectified to contain a mixed populatidnlg@G+ and IgE+ B cellS. In
general, studies have confirmed that IgE+ B cedlgehan impaired ability to enter
germinal centers (GCs) leading to short-lived plaisiasts and absence of affinity
maturatior®’ Similarly, IgE+ B cells are predisposed to diffetiate into short-lived
plasmablast§® A more recent finding, using a murine model of meaallergy,
showed that allergen-specific IgG response preckfesesponsé,and expansion of
allergen-specific 1IgG1+ memory B cells was acconggnby bone marrow
reconstitution with IgE+ plasmablasts in mice redtdnged with allergen nine
months after sensitizatichTaken together, mouse studies have provided coimgn
evidence for the role of IgG+ memory B cells in naining IgE memory responses.
However, these findings have not yet been confirmeallergic individuals. A recent
study utilizing a validated and highly sensitive RRBased methodology failed to

identify IgE+ memory B cells in allergic patieritand VH repertoire sequencing data
6
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are consistent with indirect switching to IgE frgmmarily IgG expressing B cells in

humans®

Moreover, observations from several clinical triafsgrass pollen SLIT have shown
an increase in IgE antibodies in serum that peakthe first weeks of treatment
followed by a gradual decline over tife™® We therefore hypothesized that the
transient increase in serum IgE during SLIT coiesidwith a clonal boost of
migratory allergen-specific B cells in blood as\poeisly demonstrated in a study of
tetanus-toxoid vaccinatiort8.Here, we investigate the cellular and clonal origf
IgE memory responses using next generation sequen®lGS) of total antibody
heavy chain variable gene (VH) repertoires in coraton with cell sorting

techniques and single B cell transcriptomics.
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METHODS
Clinical trial samples

The study (NCT02005627) was conducted at a singaemic center, Imperial
College London, and included recruitment of 40 agadtients with moderate to
severe seasonal allergic rhinitis (see RepositagyE for trial design and Table E1
for subject characteristics). The trial was a randed double-blind, placebo-
controlled, time course sublingual immunotherapydgt(GRAZAX®, ALK-Abello
Horsholm, Denmark). The trial protoédland amendments were approved by the
relevant ethics committees and institutional revisvards. Written informed consent

was obtained from all participants.

RNA extraction from PBM C, sorted cells and nasal biopsies

For the sampling time points Baseline, 4 weekse8ks, 16 weeks, 7 months and 12
months after SLIT treatment initiation, total RNAasv purified from 20 million
PBMCs and nasal biopsies using the RNeasy Mini(&itagen) following the
recommendations of the supplier. From sorted Bsc&NA was isolated using the
RNeasy Mini kit if the sample contained more thd®0,800 cells, otherwise the

RNeasy Micro kit was used.

I mmunoglobulin heavy chain sequencing and annotation

Amplification of the heavy chain V(D)J region, ldywy preparation and high-

throughput sequencing was performed by iReperttie (USA). The resulting
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157  sequences were trimmed and filtered for sequenaktyjuand paired-end reads were
158 joined using PEAR Vv0.9.% Identical sequences were collapsed using
159 fastx_collapser, a part of the FASTX Toolkit v04D.1
160  (http://hannonlab.cshl.edu/fastx_toolkit/index.ntml Singleton sequences were
161 discarded from further analysis. Isotype was asgidrased on the first 17 nucleotides
162 of the constant region, and annotation of V familyfamily, CDR1, CDR2, and
163 CDR3 was performed using migmap v0.9.8 (httpshtditcom/mikessh/migmapj.
164 PCR cross-over events were removed by discardiggesees that contributed with
165 <5% to a given CDR3-defined clonotype. VH sequengere clustered into clonal
166 families using the DefineClones tool of the Cha@y@ackage v0.3.% Sequences
167 were assigned to the same clonal family if they liael same V and J family
168 annotation, if the CDR3 region had the same leragt if the sequence identity
169 between the CDR3 regions was >90% on nucleotidel.leMn IgE clonotype was
170 defined as a clonal family that contains more tBarigk transcripts at a given time
171  point. A more sensitive transcription cut-off wdsosen to define Ig&clonotypes: A
172  clonal family was required to contain at least @B and at least 10 IgG transcripts at

173  any time point.
174
175 B cdl FACSsorting

176  For B cell FACS sorting, PBMCs were stained with TBITC, CD19 PE, IgD
177 PerCP/Cy5.5, CD38 PE-Cy7, CD138 APC and CD27 Rad#iue. Live/Dead
178 Fixable Aqua Dead Cell Stain Kit (ThermoFisher, ¥Waim, MA, USA) was used to
179  ensure sorting of viable cells. Naive B cells (CB18D27-, IgD+), Memory B cells

180 (Double memory cells, CD19+CD27-IgD-; Classical noeypn CD19+CD27+IgD-;
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and IgM memory; CD19+,CD27+,lgD+) and plasmabla@@®19+/low, CD27+,

CD38+, CD138-) populations were sorted into sepatalbes. To prepare for single
cell transcriptomics, single memory B cells frontipat DO4 were gated as (IgE+,
CD19+, CD4-, CD8-) and sorted directly into 96-weLR microtiter plates. Staining
for surface IgE appeared unspecific, likely reflegtsurface-bound IgE complexes on

non-IgE memory B cells expressing the low affir@®23 (FeRII) receptor.

Single cdll transcriptomics

The assay used to capture whole mRNA transcrip&lapted from the Smart-seq2
protocol!®?° Briefly, mMRNA was captured using poly-dT oligosdatiirectly reverse-
transcribed into full-length cDNA using the desedbtemplate-switching LNA
oligo.****Whole transcriptome cDNA was amplified by PCR. [@uand quantity of
cDNA amplification were assessed by capillary etgutoresis using Fragment
Analyzer (Advance Analytical) and fluorescent dsDiercalating-dye based assay
(Picogreen, Invitrogen). Before sequencing, alldites were purified using AMPure
XP beads (0.9:1). Samples were sequenced on tminlh sequencing platform,
HiSeg2500 (lllumina). Libraries generating a tadé&l172 million uniquely mapped

reads (median of1.8 million total uniquely filtered mapped reads pell).

Single-cell RNA-seq data were mapped against theamuhgl9 reference genome
and UCSC gene models using TopHat (v1.4.1., -§btgpe fr-unstranded). The
single-cell RNA-seq data was integrated with theglei cell data from Croote et &l

using the R library Seurét.

10
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Antibody expression and characterization

Recombinant IgE antibodies were transiently exmessn HEK293 suspension
cultures (Freestyle 293, Thermo Fisher Scientifi@ltham, MA, USA). Expression
plasmids were custom made at Genscript (PiscatadylUSA). Recombinant IgE
antibodies were screened for specificity by SPRa¢Bie 3000, GE-Healthcare).

Basophil activation assays were done as previalesgribed”

Statistical Analysis

P-values were calculated by a two-sample Wilcoxsh tising the "R" open source

software.

11
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RESULTS

Sublingual allergen immunotherapy activates two subsets of IgE+ and 1gG+ B

cells of common clonal origin

To evaluate the IgE repertoire development, angibebponses were investigated
using NGS of VH repertoires amplified by PCR insubjects at baseline and after 4
weeks of grass SLIT-tablet (for information aboatsencing depth see Repository
Table E2). A cluster and isotype assignment aralig@ntified 998 IgE clonotypes
derived from the 4 weeks samples during SLIT. Twedwo percent of these IgE
clonotypes clustered together with a minor popafatf IgG transcripts indicating
common clonal origin as shown in FigA, This defines a specific subset of the IgG
repertoire we here call IgGand is likely to share antigen-specificity withetigE

repertoire.

The level of IgE transcripts per sample at baseluas low and increased after 4
weeks of SLIT in accordance with a boost of migngtige+ B cells (Fig 1B). 19Ge
transcripts also increased in response to SLIToafih to a lower level than IgE (Fig
1, B). Similarly, transcripts of individual IgE clongigs (Fig 1C), identified in both
baseline and week 4 samples, increased in resptms8LIT, and the same
transcriptional increase was observed for individg&e clonotypes (Fig 1C). Most

of the IgE clonotypes shared between baseline amegeks samples were already
switched to IgE at baseline (Fig A and Repository Fig E2) indicating a pre-
commitment to the IgE linage prior to allergen exyp@. The level of somatic
hypermutations (SHM) in IgE repertoires was simtlaithat of 19gG, IgG, and IgA

(Fig E3,A) in agreement with sequential isotype switchirgfrigM to IgG and then
12
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IgE. Furthermore, the average level of SHM in tYE Bnd IgG repertoires did not
increase, even within individual IgE clonotypesg(fH3, B), despite the daily high-
dose administration of grass pollen tablet for &kee This indicates that switching

from 1gG to IgE happens without further affinity taeation.

Stable composition of |IgE repertoires during sublingual allergen

immunother apy

The effect of grass SLIT-tablet on IgE repertoievelopment during one year of
treatment was investigated by analyzing longitudisemples from three patients
selected for high levels of IgE transcripts at wdglo04, D07, D16). VH transcripts
for individual clonotypes tended to decline aftewdeks of treatment indicating a
reduced number of peripheral IgE+ B cells (FigA2, Nonetheless, IgE repertoires
remained diverse for over six months, and each poiat had a substantial fraction
of private as well as shared IgE clonotypes (FiB)2.,The IgE isotype was conserved
for most clonotypes throughout the six months efatment. The IgE repertoire
isolated at week 4 (i.e. at the peak of the sercéddgE response) yielded the highest
number of clonotypes which consistently constituigeb2% of the repertoires at later
time points (Fig 2, B, top row). This consisteniseampling rate indicates a relatively
fixed grass-tablet induced IgE repertoire. Samplatglater time points led to a
progressively less efficient sampling of the Igihedoire likely explained by a lower
number of IgE producing B cells in the blood samplee. contraction of the IgE

repertoire) as evident by the gradual drop in igiagcripts over time.

The parallel trajectories of the total levels oElgnd IgG VH transcripts further

support simultaneous activation and co-evolutiotwad clonally related populations

13
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of IgE+ and IgG+ B cells (Fig 2,C). For both repertoires, SHM levels remained
constant during treatment indicating no furthernatfy maturation (Fig 2D). Thus,
despite the daily exposure to allergen in the ewifsone year of SLIT, the cellular
IgE memory response, composed of proliferating Igiaél IgG+ B cells, appeared
relatively stable with no signs of isotype switdinclonal skewing or further

mutagenesis.

Nasal and blood IgE repertoiresare clonally related

To understand the relationship between antibodgrtepes in blood and the nasal
mucosa, VH repertoire sequencing was performedasalrbiopsies from 7 donors
collected at baseline and after one year of treatni®elative to blood, nasal biopsies
contained a larger fraction of IgA transcripts camga to matching samples collected

from blood (Fig 3A).

IgE transcripts were present in all nasal biopsiesept one, but at lower levels and
comparable to blood baseline samples (FigBB, In accordance, IgE repertoire
diversity, i.e. the number of clonotypes per sangplg 3,C), and the transcript level
of individual IgE clonotypes (Fig 3)) were low and comparable to blood baseline
values. There was a clear clonal relationship betweood and nasal IgE repertoires
(Fig 3, E) which increased at week 4 during SLIT. Similarthe blood repertoire,
nasal repertoires contained a significant and stesi fraction of Igg (Fig 3,E and
Repository Fig E4). Thus, the IgE and lg@emory responses in blood, induced by
oral allergen provocation, appeared closely astmtigo the quiescent nasal IgE

repertoire.

14
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285

286  ThelgE memory response contains a transcriptionally heter ogeneous population

287  of memory B cells

288  To understand the cellular origin of the IgE repeetin the periphery, VH repertoires
289 were analyzed from sorted subsets of naive B (€I320+, IgD+, CD38-), memory
290 B cells (CD20+, IgD-, CD38-) and plasmablasts (C#20gD-, CD38+) collected at

291 week 4 (Fig 4A-B). Naive B cells were evenly distributed in a ntulle of small

292  clusters of IgM or IgD isotypes whereas plasmablagtre of relatively large sized
293 clusters with all isotypes represented (except IgDaccordance with a repertoire
294  shaped by clonal expansion. Memory B cells conthmenultitude of small clusters

295  of all isotypes but were dominated by a few laigfe tlonotypes (Fig 8).
296

297  Transcriptomic profiling of single grass-specific IgG+ memory B cells and IgE+

298 pre-plasmablasts.

299 To address the observed transcriptional heteroeriai the memory B cell
300 compartment, we performed indexed single cell FAG®&ing followed by single-cell
301 transcriptomic profiling of single memory B cell$ subject D04 week 4 sample

302 (experimental flow outlined in Fig 3).

303 Transcriptomic data were integrated with a refeeedataset of 973 single cells
304 prepared from CD19+ B ceffsand clustered by tSNE analysis of normalized gene
305 expression counts (Fig B). Most of the sorted memory B cells (85/93) had th
306 expected naive/memory phenotype. However, 8 cdlistared as plasmablasts

307 indicating phenotypic heterogeneity within the plagpion of sorted memory B cells.

15
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The expression of signature genes of the memomgn@SAAl and IRF8) and
plasmablastRRDM1 and IRF4) populations was consistent with previous regorts
(Repository Fig E5). In accordance with the negatielection for CD38 expression
in the FACS sorting protocol, the 8 cells with agrhablast phenotype differed from
the reference population in CD38 expression (FigCy, Two transcriptomes
contained productive IgE transcripts, and they batistered with the plasmablast-
like subset of cells. Thus, it appears that the &D8D27+ pre-plasmablast
population is enriched in IgE+ cells explaining taege number of IgE transcripts in

sorted memory B cells.

For 64 single cell transcriptomes, it was possiblaetrieve the full sequence of
cognate pairs of antibody heavy and light chainalde region genes. These cognate
pairs were aligned to the total antibody VH repeet (Fig 5,D) which allowed for
selection of 11 antibody sequences based on clefationship to IgE and/or IgG
clonotypes. An additional 5 antibodies were setkttased on the presence of sterile
germline transcripts of the IGHE locus (G4)¥ indicative of active involvement in
TH2 inflammatory respons8. Fourteen of the 16 antibodies bound to grassaeixtr

and were mostly specific for major allergens (Tdble

Antibodies were of high affinity and able to triggeasophil activation at very low
concentration when combined (FigE, Eleven transcriptomes of the memory/naive
phenotype encoded allergen-specific antibodies©@figGl, IgG2 and IgG4 isotypes
which in 7 cases were co-expressed as IgE accotdingH repertoire sequencing
thereby demonstrating a direct link between ongdigly memory response and
allergen-specific IgG memory B cells. Interestinghost of the selected B cell

transcriptomes contained CD23 transcripts (15/16) d40/12 of the GL§+

16
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transcriptomes encoded allergen-specific antibodisther, the co-existence of
clonally related Igg+ memory B cells and IgE+ plasmablasts agrees with

difference in transcriptional levels (IgE>>IgGFig 1, B) and the slower kinetics in
synthesis of allergen specific IgG relative to Igk the early phases of SLIT

(Repository Fig E6).

DISCUSSION

We demonstrate for the first time that the seraalgincrease in allergen-specific IgE
following mucosal allergen exposure was accompabieda cellular boost of IgE
producing plasmablasts in blood. We observed hegbl$ of IgE transcripts in sorted
populations of plasmablasts (CD19+, CD20low, CDEZD38+) and identified single
allergen-specific B cells with a CD38 negative plasmablast phenotype in sorted
memory B cells (CD19+, CD20+, CD27+ CD38-). Stintiaa of human B cellgx
vivo shows the emergence of plasmablast-like IgE+ B ¢Blimp-1+, IgE"%", CD38)
from PBMCs of allergic patients after 5-7 days ofaulture with allergef? and IgE+

B cells (CFSEYCD19™ CcD27"") from tonsils after co-stimulation with IL-4 and
anti-CD40 antibody. Both of these phenotypes were compatible with Igie-
plasmablast and plasmablast phenotypes. The smeolts drop in serum titers and
IgE transcripts suggests that the human IgE+ plaksts are short-lived. Together
with the absence of accumulation of SHMs, this Itelsaobservations in mice, where
IgE+ plasma cells were short-lived and showed reduaffinity maturation,

presumably due to a transient and incomplete GGgha

Such extra-follicular formation of IgE memory resge$’ could explain why allergic

diseases progress slowly, in particular in adulthatue to a slowly evolving IgE

17
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repertoire. Longitudinal studies with samples takears apart have demonstrated
that IgE repertoires in allergic subjects are alignal and persist over tinfé.
Similarly, it has been demonstrated that IgE repexs sampled in two birch pollen
seasons are overlappififWe also observed such persistence of the IgE taper
demonstrated by the limited clonal evolution, bg thverlap between SLIT induced
blood IgE repertoires and nasal repertoires talemanths apart, and by the absence
of further isotype switching of the IgE repertoif@onsidering the daily exposure to
high doses of allergen for one year, this implres allergen-exposure, as such, is not

the main cause for diversification of the IgE repee.

We isolated single IgG+ memory B cells at the pefathe IgE memory response that
encoded antibodies specific for the major grasss@dins and belonged to clonotypes
simultaneously expressing IgE. Considering the Mgiction of allergen-specific
antibodies, at least 14 out of 67 cognate VH/VLrgan this population of memory B
cells selected solely on phenotypic markers, theeoked co-expression of CD23 and
GLTe appears as a potential marker for memory B cellslved in IgE responses.
Both markers are known to be under STAT-6 contrad &nduced by IL-£%3 |t
remains to be determined if these “TH2-polarizednmory B cells are present in a
"quiescent” state or the result of the daily expesa allergen during SLIT. Further,
the high frequency of allergen-specific B cellsaepd here contrasts all previous
studies in allergic patients, which typically repoery low prevalence of allergen-
specific B cell$?**=®The high level of IgE transcripts (15%) in the PBNtaction

of subject D04 was in accordance with the obseymathat 10 of the top 100

clonotypes in the plasmablast sorted fraction vigieeproducing.
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Are those Ig@+ memory B cells the source of the IgE+ plasmahlesponse, and
hence the provenance of IgE memory? Several oldsmmgasupport this notion: i)
Single cell transcriptomic analysis showed an egetesentation of 1g& memory

B cells and IgE+ plasmablasts and the absenceEf lgemory B cells. i) Most
(9/11) of the allergen-specific Igg memory B cells contained GETtranscripts
pointing to recent exposure toyd cytokines, such as IL-4, and thereby active
involvement in the ongoing allergic inflammationi) iThe upregulation of Ig&+
memory B cells coincided with the increase in sidgE titers and was misaligned
with the much later increase in allergen-speciéium IgG, and hence not associated
with a concurrent Igg+ plasmablast response. iv) IgE transcript levelsrew
consistently higher than levels for IlgGupporting that it is preferentially isotype-
switched IgE+ B cells that leave the memory statk differentiate into plasmablasts.
v) The similar and constant levels of SHM in IgEddgGe repertoires, even within
clonotypes, indicate isotype switching outside geaincenters and hence absence of
affinity maturation. Thus, allergen-specific IgG+emory B cells, capable of rapid
extra-follicular isotype switching to IgE, are ligethe progenitors of the IgE-
secreting plasmablasts forming the serological mg&mory response at the site of
inflammation, as recently proposed by Gould andleegles. Moreover, the
observation of high ratios of allergen-specifiddtal IgE and low levels of IgG in the

nasal mucosa of rhinitis patients corroboratesetiieslings®’

One important question remains: Do long lived Iggemory B cells exist? The low
levels of IgE transcripts at baseline in blood aadal samples could represent a rare
population of long-lived IgE+ memory B cells givingse to the subsequent IgE

plasmablast response whereas long-lived plasms-ae#l not likely to be found in
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405  blood* Considering the simultaneous presence of:lg@nscripts in these baseline
406 samples, such IgE transcripts could also be thdtre§ homeostatic self-renewal of
407 1gGg+ memory B cells turning into IgE+ plasmablasts roycrobial products or
408 bystander T cell helf’ Further, such allergen-specific plasma cells itergic
409  subjects have previously been identiffédand B cell cultures from allergic, but not
410 from healthy donors, expressed IgE by T cell bydanactivation suggesting
411 differences in the state of activation of memorgdls in these donofS.In further
412  support, mouse studies suggest that lifelong folbetgy is the consequence of

413  recurrent activation of memory B cells leadingetatively short-lived plasma celffs.

414 IgE class switching can occur directly from IgM tgE or from sequential
415 rearrangements via IgG1, 1gG2 or IgG#:* The intermittent IgG phase allows for
416  affinity maturation and was proposed as the meshamvolved in the production of
417  affinity-matured IgE antibodies in memory respons®sPrior studies using deep
418 sequencing of human IgE repertoires show that IgEg€nes are most closely related
419 to clonal lineages of IgG, particularly 1gG1, anflase extensive patterns of
420  hypermutation with this isotyp8:>*In agreement, peanut allergen-specific antibodies
421 isolated from antigen-specific B cells were in mosses derived from class-switched
422  cells expressing Ig& We found direct evidence of indirect switchingibgntifying
423 single IgG1l+, 1gG2+ and IgG4+ memory B cells expmeg allergen-specific
424  antibodies which were simultaneously expressed lasak variants in the IgE
425 repertoire. Since IgE clonal families often weretlod same lineage as 1gG, showed
426  no clonal relationship to IgM and contained SHMleatels comparable to IgG, we
427  conclude that direct switching from IgM to IgE has insignificant role in allergen-
428 specific IgE memory responses. Our previous workwad indirect evidence,
429  switching from all IgG subclasses and less from fgénd we now prove the inferred
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antibody production. Similar to othef®3*°a limitation of the current study is that it
cannot formally exclude the existence of IgE+ memBr cells given the limited
sampling depth of single-cell transcriptomics. Setothe daily exposure of high
allergen doses might lead to different cellular a@wics than the daily low-level
exposure during a pollen season. Thus, IgE menesyanses induced by sublingual
application of SLIT tablets might not fully represea memory response to natural

allergen exposure considering that the end-re$8L6T is clinical tolerance.

Our findings have several clinical implications.€eTtelatively fixed composition of
the IgE repertoire during the first year of SLIT nuenstrates why long-term
immunotherapy is not associated with any signsiséase progression, such s
novo sensitizations. Moreover, we demonstrate thagantexposur@er se is not a
driving factor for IgE repertoire diversificatiorinally, the existence of a distinct
population of allergen-specific IgG+ memory B cefisone to isotype switching and
IgE secretion, can explain the life-long persiseent allergy and is an obvious new

target for therapeutic intervention.
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Figure captions

Figure 1. Early clonal development of the IgE memory response at baseline and
after 4 weeksduring grassSLIT. (A) Transcript level and isotype distribution of the
100 most frequent Ig&clonotypes. Each vertical bar in the large pairelgates the
transcriptional level of individual clonotypes ai&l colored according to isotype
distribution. Data are sorted according to clonetypanscript levels at week 4.
Compressed panels below show the isotype distobutvithin each clonotype.
Horizontal placement indicates clonal relationshgtween time points(B) Total
levels of IgE and Igg transcripts of individual donors before and durtreptment.
(C) Transcript levels of individual IgE clonotypes mdiéied at both baseline and
week 4 and for the whole set of identified lgGonotypes(D) Number of IgE and

IgGe clonotypes identified per donor.

Figure 2. Longitudinal development of the IgE memory response during one
year of grass SLIT. (A) Transcript level and isotype distribution of allElg
clonotypes from 3 donors at multiple time points,radicated. Clonotypes are sorted
according to transcript levels at week 4. Horizbmcement indicates clonal
relationship between time point8) Proportion of IgE clonotypes that are shared
between a reference time point (full dark purpke) @ind all other time points during
six months of SLIT. In each row a different timargaserves as reference and arrows
indicate the direction of comparison. Dark purpbdodng denotes the proportion of
shared IgE clonotypes and pie size is log-propoétito the IgE repertoire size at the
given time point. Clonotypes from 3 donors werelpddC) Longitudinal analysis of
the total transcript levels of IgE and lgGEach line represents the response of a
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single subject.(D) The average frequency of somatic hypermutations If&

clonotypes that were identified at a minimum ofife points (upper panel) and, in
the case of Igg of all clonotypes belonging to the Ig@pertoires at each time point
(lower panel). Each dot represents the averageynongmous mutation rate among

transcripts contained in any particular clonotype.

Figure 3. The IgE repertoire of the nasal mucosa from 7 grass patients at
baseline and after 12 months of grass SLIT-tablet treatment. (A) Isotype
distribution profiles of pooled nasal antibody rgépees from the 7 donors. The
corresponding data from pooled blood PBMC repeztoiof these seven donors at
baseline is shown for comparison (left columii) Transcript levels of total IgE of
individual donors in nasal biopsies and blo¢gd) Number of IgE clonotypes per
nasal sample in comparison to matched blood basé&om the same donorfD)
Transcript levels of individual IgE clonotypes iragal biopsies and blood (at
baseline) as indicatedE) Pooled analysis of the overlap of IgE repertore  the
seven selected donors. Overlap in IgE clonotypeyeigdark colors) of the nasal
repertoires and the blood at baseline (upper rovgt the blood IgE peak point of 4
weeks into SLIT (lower row). The total number oéidified IgE clonotypes at each

time point is indicated in brackets.

Figure 4. Cdlular phenotypes of IgE memory B cell responses. (A) FACS sorting
of PBMCs of patient D04 collected at week 4. Cellsre bulk sorted using
phenotypic markers for naive B cells, plasmablasts memory B cells as indicated.

(B) VH repertoire sequencing of the FACS sorted pdpuia. Waterfall plot of the
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transcriptional levels and isotype distribution fiedividual clonotypes. Only the 100

most frequent clonotypes are shown for each saofiderted cells.

Figure 5. Single cell transcriptomic profiling of memory B cells sorted from
donor D04 at week 4 during SLIT. (A) Single cell sequencing and analysis
workflow. (B) A pooled tSNE analysis combining the 93 singlé icahscriptomes of
subject D04 (black dots) with a reference datao§&73 B cell transcriptomes (grey
dots) )?* The two transcriptomes with productive and IgEma@gements are labeled
in purple and marked by red arrows, remaining gspexific antibodies are labeled in
orange(C) Transcription levels of the plasmablast marker €DBall transcriptomes
belonging to the plasma cell cluster in the tSNBEIysis in comparison to the CD38
levels in plasma cells of the reference data @}. Transcript levels and isotype
distribution in VH antibody repertoires, at diffatetime points, of individual VH
genes identified by both bulk repertoire sequena@nd single cell transcriptomics.
(E) Allergen-induced activation of basophils passivelyated with 3 different
mixtures of purified monoclonal antibodies (mabgading to specificity. (Blue line:
mix of 6 Phl p 5 specific mabs. Red line: mix oPBI p 6 specific mabs. Green line:
mix of all 11 mabs). Overlapping grey lines show #ctivity of the individual 11

mabs.
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Table 1 Summary of data on monoclonal antibody (MAB) clones.

MAB0O3 MABO7 MAB13 MAB17 MAB36 MAB38 MAB40 MAB41 MAB44 MAB46 MAB58 MAB77 MAB78 MAB83 MAB93 MAB94

Single cell transcriptome

Isotype 1gG4 1gG2 IgG1 IgE 1gG1 1gG2 1gG1 1gG1 IgG1 1gG2 1gG1 IgG1 1gG1 IgE IgG1 1gG4
CD23 transcript count 426 347 2438 475 842 1 826 262 1275 3179 1477 494 956 0 928 780
Sterile GLTe - + + - + - + + + + + + + - + +

Phenotype MEM MEM MEM PB PB MEM MEM MEM MEM MEM MEM MEM MEM PB MEM MEM

Bulk sequencing

Isotypes IgE IgE IgE IgE - IgE - - IgE/IgG - IgE/lgG IgE/IgG - IgE/lgG  1gG IgE/IgA
Specificity

Phl p extract + + + + + + + + - + + + - + + +

Phlip 1 - - - - - - - - - - - - - - - +

Phlp 5 - - + + + + + + - + + + - + + -

Phlp 6 - - + - + - - - - + - + - + - -

Allergen-specific clones are shaded in grey. Phl p: Phleum pratense, 1g: Immunoglobulin
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