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ABSTRACT

Background: A number of food allergies (e.g. fish, shellfisiuts) are lifelong, without any disease-
transforming therapies and unclear in their undieglymmunology. Clinical manifestations of food
allergy are largely mediated by IgE. Although pstesit IgE titres have conventionally been
attributed to long-lived IgEplasma cells (PCs), this has not been directly emmprehensively
tested.

Objective: To evaluate mechanisms underlying persistent Ig8 allergic responses to food
allergens.

Methods: We used a model of peanut allergy and anaphylasispus knockout mice, adoptive
transfer experiments and in vitro assays, to iflemtiechanisms underlying persistent IgE humoral

immunity over almost the entire life-span of theus® (18-20 months).



34

35

36

37

38

39

40

41

42

43

44
45

Results: Contrary to conventional paradigms, our data shiwat clinically relevant lifelong IgE
titres are not sustained by long-lived IgECs. Instead, lifelong reactivity is conferredalergen-
specific long-lived memory B cells that repleniste tigE PC compartment. B cell re-activation
requires allergen re-exposure and IL-4 productigndb4 T cells. We define the half-lives of
antigen-specific: germinal centers (23.3 days); Igiad IgG1 PCs (60 days and 234.4 days
respectively) and clinically-relevant cell-boundEl¢67.3 days).

Conclusions: These findings can explain lifelong food allergiebserved in humans as the
consequence of allergen exposures that recurrantiyate memory B cells and identify these as a

therapeutic target with disease-transforming paaént

GRAPHICAL ABSTRACT
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KEY MESSAGES

 Clinically relevant lifelong IgE titres in food allgy are not sustained by long-lived TgECs.

« Lifelong food allergy is conferred by allergen-sifiedong-lived memory B cells that replenish

the IgE PC compartment upon allergen re-exposure in an #nd CD4 T cell-dependent

manner.
» Transformative therapies for IgE-mediated food rgles should focus on disabling the

machinery that maintains and activates memory resgsupon re-exposure to allergen.
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CAPSULE SUMMARY: R. Jimenez-Saiz and D.K. Clatial. examine lifelong IgE responses in
food allergy and identify that allergen-specifiadplived memory B-cells and IL-4 producing CD4 T

cells are critical to this process by re-generatesgrvoirs of IgE-secreting plasma cells.

KEY WORDS: IgE, Mast cells, Memory B cells, Plasma cells, TRBpd allergy, Anaphylaxis,

IgG1, Peanut allergy, Germinal centers.

ABBREVIATIONS: Ag, antigen; MC, mast cell; PC, plasma cell; lpnmunoglobulin; Bcl-8°"
KO, B cell specific Bcl-6 knockout (Mbl-cre x BCY'H; OVA, ovalbumin; Th2, T helper type 2;
CYC, cyclophosphamide; BZ, bortezomib; CFSE, Cayflagrescein succinimidyl ester; mLN,

mesenteric lymph nodes; BM, bone marrow; LP, lanpnapria; GC, germinal center; WT, wild-

type.
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INTRODUCTION

Food allergy is typified by pathogenic Th2 respsnaed is of growing clinical and public concérn
. The clinical manifestations of type 1 hypersevisit reactions to foods are mediated by
immunoglobulin (Ig) E cross-linking of antigen (Agh mast cells (MCs) via ERI* °. Clinical
symptoms and signs range in severity from mildcaria, wheezing, vomiting and diarrhea, to
anaphylaxis, a systemic reaction that is rapid msed and life-threateniigAn issue of grave
concern that remains poorly understood is thatrabau of food allergies (e.g. fish, shellfish, tree
nuts, peanut$)® are lifelong while no disease-transforming theeapexist. In this study, we

investigated cellular processes underlying theigtersce of IgE-mediated clinical reactivity in an

established model of peanut allergy and anaphyli&xis

Current understanding on the maintenance of fodergyl is predominantly extrapolated from
immunity to viruses and vaccinfdsand proposes that after Ag-dependent T cell acté@ns,
germinal center (GC) B cells can generate highniyfi IgE-producing plasmablasts **
Plasmablasts exit GCs and relocate to the boneomgBM) where they terminally differentiate into
mitotically quiescent plasma cells (PEsand secrete IgE for the lifetime of the individGal
Although the establishment of PCs in the BM upostayic and mucosal Th2 immunization has
been documenté? the lifespan of IgE-producing PCs remains poechwracterized, particularly
as it refers to food allergens. This is in part tuéhe paucity of studies extending beyond 3 menth
post-sensitization as well as the historical methagical challenges of identifying rare populations
of Ag-specific IgE PCS® % Importantly, the spatiotemporal distribution oémory B cells upon

Th2 mucosal immunization and, particularly, thdinical relevance, remain largely unexplotéd

In this study, we identified immunological mechanssunderlying lifelong IgE responses with direct
relevance to food allergy. Our data show that Igethiated clinical reactivity to peanut, in allergic

mice that remained unexposed to the allergen, idlifebong. However, the potential to develop
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anaphylaxis upon peanut re-exposure is maintainediftually the lifetime of the mouse due to
long-lasting B cell memory responses dependentled-producing CD4 T cells. Re-activated
memory B cells regenerate the TgEC compartment with ensuing IgE production. We raethe

half-lives of antigen-specific: GCs; IgEand IgGI PCs and clinically-relevant cell-bound IgE.
These data demonstrate that long-lived, allergexiip memory cells are critical in the
maintenance of food allergy, and, consequenthyntifiethis cell population as a key therapeutic

target in IgE-mediated reactions.

METHODS

Supplemental information can be found in the Meghselction in this article’s Online Repository at

www.jacionline.org.

Mice. Age-, sex-, vendor-, and strain-matched controlsewssed in all the experiments. IgE-
deficient mice (Igh-7"*%% were kindly provided by Dr. H. Oettgen (Harvard dital School,
Boston, MA) and bred in house. BCL6fl/fl mice andbMcre mice were generously provided by Dr.
T. Takemori (Riken Institute, Yokohama, Japan) &ndM. Reth (Max Planck Institute, Freiburg,
Germany) respectively. C57BL/6 mice were purchaseth Charles River and immunodeficient
Rag? yc” mice (B6Rag2™™ 112rg™"") were obtained from Taconic. All procedures were

approved by the McMaster University Research EtBizard.

Statistics. Half-life was calculated using the followingequation: (elapsed time x
log2)/[log(beginningamount/ending amountf] Data were analyzed and graphed with GraphPad
Prism 6 softwaréGraphPad Software). Continuous data are express@deans + SEMs and were
analyzed by using 1- or 2-way ANOVA with Bonferrgatist hoc tests and unpaired Studertti®st.

Differences were considered statistically significat aP value of less than .05.
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RESULTS

IgE-mediated clinical reactivity to food allergens wanes with time despite storage of IgE on

MCs

We used a well-established model of food allerggt tmimics multiple features of the human

diseasé 11 2730

to evaluate the kinetics of clinical reactivity agidculating specific IgE and IgG1
over time. Mice were sensitized to peanut, thermsep groups were challenged with the allergen at
different times post-sensitization for up to 15 then(approximately 75% of the lifespan of a
mouse}’. Each group was challenged only once. Anaphylawas assessed by measuring core
temperature over 40 minuteSig. S1 A), represented as area under 39°C for claFitg. (1 A and

Fig. S1 B), and hematocritHig. 1 B), with hemoconcentration indicating vascular lepgkaOn
average, allergic mice experience®°C drop in core temperature, ard50% increase in
hematocrit. Clinical reactivity remained significafor up to 6 months post-sensitization. Since
anaphylaxis is mainly mediated by IgE and, to ade®xtent, IgG'l we measured serum levels of
peanut-specific IgE and IgG1 by ELISA. Serum levelgpeanut-specific IgE peaked at 2 weeks
post-sensitization and gradually decreased oveg, tiumtil being undetectable at 6 months post-
sensitization Fig. 1 C). This correlated in a strong positive manner wifinical reactivity
(R?=0.923) Fig. 1 E). In contrast, sustained serum levels of peanetifip IgG1 were detected for

up to 15 months post-sensitizatidfid. 1 D) and showed a weak positive correlation with chhi

reactivity (R°=0.159) Fig. 1 E).

Paradoxically, when peanut-specific IgE was no @&ngignificant in serum at 6 months post-
sensitization Kig. 1 C), the mice still underwent severe anaphylaxis uglmallenge Fig. 1 A and
B). We hypothesized that this could be due to adlergross-linking of cell-bound IgE. To test this,

we generated a system to track the spatial disioibof IgE by serum transfer from wild-type (WT)
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allergic mice to IgE-deficient micé-{g. 2 A). As shown irFig. 2 B, serum levels of peanut-specific
IgE were elevated at 6 h post-transfer, decline@déywynd 48 h, and were no longer detected after
168 h (7 days). To determine whether the decrems&dulating peanut-specific IgE was due to the
uptake of IgE by MCs, we measured MC bound-IgEeitigient mice by flow cytometryF{g. 2 C).

As early as 6 h post-transfer MCs in IgE-deficiantmals were loaded with IgE, reaching almost
100% saturation by 24 h. Over 70% of MCs were stilited with IgE at 7 days post-transfeig( 2

D). To determine the duration of clinical reactividye to MC-bound IgE, separate groups of IgE-
deficient mice were passively immunized to peamd ahallenged once at different times post-
transfer for up to 120 day&i@. 2 E and F). Clinical reactivity peaked 2 days post-transted was
comparable to that observed in actively immunizednut-allergic miceHig 1 A and B). From days

2 to 15 clinical reactivity decreased and reachgdateau that was maintained for up to 75 days;
anaphylaxis was no longer evident after 100 days-ransfer. These data provided a calculated
half-life for MC-bound IgE-mediated reactivity o7 @ days (95% CI, 46.5-88.1) and demonstrate
that undetectable serum allergen-specific IgE dusspreclude clinical reactivity upon allergen

exposure.
Persistent 1gE production requires GC formation by Bcl-6 competent B cells

We sought to identify whether the transient IgEettwere due to follicular or extrafollicular
generation of antibody producing cells. Affinity tueation resulting in the sustained production of
high affinity antibodies occurs in GCs and the bagdaffinity of IgE to allergen contributes to the
severity of anaphylaxid To examine Ag-specific GC reactions during akergsensitization we
used ovalbumin (OVA), a model Ag that can be easdgked. We first verified that Th2 humoral
responses and clinical reactivity to OVA for up&anonths post-sensitization were comparable to
those observed with peantig. S1 C-E). To quantify the duration of GC activity, we idified Ag-
specific GC B cells by flow cytometry based on tleeexpression of CD95 and GL7, and binding to

OVA (Fig. 3 A). OVA-specific GC B cells were present at 6 dagstgsensitization both in the



161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

spleen Fig. 3 B) and the mesenteric lymph nodes (mLRjg( 3 C), becoming undetectable by 34
days in the spleerf{g. 3 B) and 60 days in the mLN-{g. 3 C). The calculated half-life of GC

reactions in this system is 23.3 days (95% ClI,-B2.®).

The development of GCs relies on the transcriptioepressor Bcl-8' ** To evaluate the role of
GCs in allergen-specific antibody production andamrylaxis, we investigated mice with a
deficiency in Bcl-6 restricted to the B cell lineagVb1-cre x BCL&"; hereafter denoted as Bct-6

el KO). Peanut-allergic Bcl%™ KO mice reacted clinically to allergen challengeanmanner
comparable to WT mice~(g. 3 D and E). Serum levels of peanut-specific IgEg. 3 F) and 1gG1
(Fig. 3 G) decreased significantly faster over time in BEF$ KO mice compared to WT mice.
These data suggest that extrafollicular antiboddpction can facilitate hypersensitivity reactions
early after sensitization, but that sustained hanéyE/IgG1l responses are dependent on GC-

derived PCs.

Poor survival of cyclophosphamide-resistant Ag-specific IgE* PCs gener ated upon sensitization

tofood allergens

Systemic immunization with Th2 adjuvants can leadhe production of IgElong-lived PCs that
home to the BM, which have been examined up toa&8@ gost-sensitizatiéh To directly identify
Ag-specific IgE PCs elicited by intestinal allergic sensitizatiove took advantage of a recently
validated flow cytometric methdt Our gating strategy and in-house re-validatiensirown irFig.

4A andFig. S2A. We evaluated Ag-specific Igior IgGT PCs in the mLN, lamina propria (LP) of
the small intestine, spleen and BM for up to 9 rhenpost-immunization. At 1 month post-
sensitization, we detected significant percentaxesg-specific IgG1 PCs in the mLNFig. S2 B)
and Ag-specific IgE or IgGI PCs in the BM Kig. 4 B). Neither population was detected in the
spleen or LP of the small intestine (data not sHownthe mLN, Ag-specific IgG1PCs decreased

over time until becoming undetectable by 3 montbst{gensitizationHig. S2 B). In the BM, Ag-
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specific IgE PCs were detected for up to 3 months post-sensitizéEig. 4 B), in agreement with
the kinetics of peanut-specific IgE in serufig, 1 C); the calculated half-life for Ag-specific IJE
BM PCs is 60 days (95% ClI, 27-93). In contrast, shgcific |gGI BM PCs were detected for at
least 9 months post-sensitizatidtid. 4 C), also consistent with the Ag-specific IgG1 titkerserum

(Fig. 1 D); the calculated half-life of Ag-specific IgGBM PCs is 234.4 days (95% Cl, 45.7-426.1).

Long-lived PCs are mitotically quiescent cells,ssiaally defined by their resistance to cytotoxic
agents such as cyclophosphamide (CYC), a chemgpietia drug that kills proliferating ceffs
Bortezomib (BZ) is a 20S proteasome inhibitor telinates cells that produce high amounts of
proteins, notably PGS Therefore, to determine if the BM-resident PC ylafion generated upon
mucosal Th2 immunization was proliferating (shared) or non-dividing (long-livedy, mice were
treated with either CYC or with BZ once GC activitgd ended (2.5 months post-sensitization). In
agreement with previous studies, BZ treatment degpl®Cs in the BMKig S3 A and B) and the
spleen Fig. S3 C and D), whereas CYC treatment dramatically reduced hbeéhB and T cell
compartmentsKig S3 E-G). Mice were sensitized to peanut and then treatddeither CYC or BZ
when GC activity had ended (2.5 months post-seasitin). After these treatments, mice were left
un-manipulated for 100 days, allowing for clinicahctivity due to cell-bound IgE to wane, and then
challenged with allergenF{g. 4 D). Compared to vehicle-treated mice, serum levélpeanut-
specific IgE Fig. 4 E) and IgG1 Fig. 4 F) after CYC-treatment (1-2 weeks post-treatmentewest
affected and CYC-treated mice exhibited full andakig upon challengeF{g. 4 G and H). In
contrast, BZ-treatment exhibited greatly reducadireelevels of peanut-specific IgEi@. 4 1) and
IgG1 (Fig. 4 J). Accordingly, BZ-treated mice did not develop pinglaxis upon allergen challenge
(Fig. 4K and L). Treatment with BZ immediately after sensitizatiwas ineffective due to ongoing
GC activity Fig. S3 H-J), and challenge immediately after BZ-treatment wad impair clinical

reactivity due to residual cell-bound IgEi¢§. S3 K-M and Fig 2 E and F). These data demonstrate

10
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the existence of cytotoxic-resistant, Ag-speciiEllong-lived PCs in the BM, which have a much

shorter half-life compared to IgGPCs of the same Ag specificity.

Allergen re-exposure activates long-lived memory B cells to reinvigorate 1gE-humoral

immunity

We questioned if the abrogation of clinical reatfiwupon PC depletion was due a transient or
permanent elimination of IgE-humoral immunity. Bst this, peanut-allergic mice were treated with
BZ at 2.5 months post-sensitization to deplete P&sted for 100 days to allow for reactivity due to
mast cell-bound IgE to wane, and then challengetheSmice received allergen orally, which in the
absence of adjuvant will not drive a primary immuesponseHig. 5 A). Re-exposure to allergen at
this time did not induce any anaphylactic reacti@@za not shown). Serum levels of peanut-specific
IgE (Fig. 5B) and 1gG1 Fig. 5 C) were assessed two weeks after the allergen resexgs. Peanut-
specific IgE/IgG1 were undetectable in BZ-treatddenthat had not been re-exposed to allergen. In
contrast, serum levels of peanut-specific IgE/Ig@&re elevated in BZ-treated mice that had been
re-exposed to peanut either systemically or mubos&lotably, when these mice were later
challenged with peanut, the mice now underwent reeamaphylaxisKig. 5 D and E). Thus,

clinically silent allergen re-exposure of previguallergic mice fully regenerates disease expr@essio

The rapid appearance of circulating peanut-spedifit/lgG1l upon allergen re-exposure in BZ-
treated mice suggested that a memory responseriggered. To assess this, we evaluated Ag-
specific IgE and IgG1 memory B cellsKig. 5 F) in the LP of the small intestine, mLN and spleen
at 9 months post-sensitizatiorig. 5 G-1). While Ag-specific IgE memory B cells were

undetectable (data not shown), Ag-specific I§@&lemory B cells were abundant in the LP of the

small intestineKig. 5 G), and in lower numbers in the mLRi¢. 5 H) and the spleer{g. 51).

To test the impact of allergen re-exposure on teenory B cell compartment, allergic mice were

given Ag orally as it leads to tolerance (in theserite of adjuvarif) and, therefore, does not

11
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stimulatede novo sensitization. Oral allergen exposure induced Agg#jz IgG1 memory B cell
expansion in the LP of the small intestifég( 5 G), mLN (Fig. 5 H) and spleenKig. 5 1); in
addition, a number of Ag-specific, IgE-expressingdls became apparerii@. 5 J-L). Likewise,
Ag-specific IgE PCs, which were not present in the BM at 9 montis-pensitization, re-populated
the BM following allergen exposur€&ig. 5M). In contrast, Ag-specific IgGPCs were still present

in the BM at 9 months and remained unchanged afllergen exposureF{g. 5 N). The re-
population of the BM with Ag-specific IgEPCs resulted in the emergence of high levels of Ag-
specific IgE in the systemic circulatioRi§. 5 O) while Ag-specific IlgG1 remained at a stable and
elevated level Kig. 5 P). These data show that Th2 mucosal immunizaticssult® in the

establishment of both systemic and local long-lia#drgen-specific memory B cells.

IgE production upon recall relieson memory B cell responsesand I L-4-producing CD4 T cells

To further investigate the persistence of the mgmesponse to allergen re-exposure, we extended
our observation period until the mice werE8 months of age (over 75% of the lifespan of a sepu
Peanut sensitized mice were re-exposed to pealeungerh either systemically or mucosally at 15
months post-sensitization. Peanut-specific IgE wadetected at 15 months post-sensitization but
increased rapidly two weeks following oral allergerexposureRig. 6 A); while serum levels of
peanut-specific IgG1 remained elevated for thesfifs of the miceHg. 6 B). Soy exposure at
regular intervals in these experiments did not appe cause cross-reactivity or perpetuate allergy.
Sensitized mice not re-exposed to peanut for oBemanths did not clinically react to challenge
(Fig. 6 C and D). In contrast, mice that had been re-exposed @nyteat 15 months post-

sensitization exhibited a full anaphylactic reaatwhen challenged-{g. 6 C and D).

To gain further insights into memory lymphocytepasses at this time, splenocytes from peanut-
allergic mice were CFSE-labeled and cultured wéhrut to evaluate proliferation of memory B and

CDA4 T cells, and plasmablasts by flow cytomefrig(6 E-G). We observed significant increases in

12
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proliferation of memory B and CD4 T cellgif. 6 E and F), as well as plasmablasig. 6 G), in
response to peanut exposure at 15 months postizatisn. In addition, stimulation of these cells
caused the production of hallmark Th2 cytokinesdlland IL-5 Fig. 6 H and 1). Therefore,
allergen-specific memory B and CD4 T cells estalglisduring mucosal immunization can last for a

lifetime.

Whether or not memory humoral responses requirelThelp is contentiod$ * including the

requirement for IL-4 in secondary IgE respofi$éS To evaluate the contribution of memory CD4 T
cells to secondary B cell responses to food allesge/e developed an vivo model to adoptively
transfer immune memory. WT allergic mice were tdatvith depleting anti-CD4 antibody or
vehicle between 1 and 3 months post-sensitizasiplenocytes from either of these donors were then
transferred into immunodeficient R&ggc” recipients Fig. 7A), which lack T, B and NK cells. The
extent of CD4 T cell depletion achieved with anBLreached over 99% in both the splé¢€iy. S4

A) and LP of the small intestin{€&ig. $4 B) of donor mice. Treatment with anti-CD4 was congithu

in the recipient mice after adoptive transfer, vahigere orally exposed to Ag 3 times a week for 3
weeks followed by allergen challengeid. 7A). As expected, following allergen exposure, serum
levels of Ag-specific IgE and IgG1Fi{g. 7 B and C) were increased in mice that received
splenocytes from allergic mice. Importantly, mitett received sensitized splenocytes depleted of
CD4 T cells did not generate Ag-specific IgE an@lgfollowing allergen exposuréig. 7 B and

C). Consistent with these observations, anaphylagis observed in mice that received splenocytes
from sensitized mice but not in those depletedDf T cells Fig. 7 D and E). These data show that
CD4 T cell-help is required to replenish IgE/IgGUinforal immunity during re-call responses

following allergen exposure.

We next investigated mechanisms of CD4 T cell ldelipng secondary B cell responses to food
allergens. To address this, peanut-allergic miceevileated with depleting anti-CD4 antibody or

vehiclein vivo before their splenocytes were labeled with CFSEE stimulatedex vivo with peanut

13
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in the presence of blocking antibodies to IL-4, ©D4and/or an isotype control. CD4 T cells
facilitated proliferation of memory B cells uponlemben stimulation in an IL-4- and CD40L-
independent manneFiQg. 7 D, Fig. $4 C-D). However, the lack of CD4 T cells, IL-4, or both
remarkably reduced the frequency of proliferatitgsmablastsKig 7 G, Fig. $4 E-F). These data

indicate that CD4 Th2 cells provide critical helir the differentiation of proliferating memory B

cells into plasmablasts via IL-4 secretion and pefelently of CD40L interactions.

DISCUSSION

Deciphering the generation and maintenance of &ledgy in humans is challenging given that the
critical events underlying these processes areacallg silent and occur in inaccessible tissues.
Furthermore, inadvertent, subclinical allergen expe cannot be controlled. In this study, we used
an established model of peanut allergy and anapisyta delineate the determinants of persistent

IgE responses.

We found that clinical reactivity to food allergeissnot lifelong as serum levels of allergen-sgecif
IgE, the key effector molecule in anaphylaxis, pEsared over time. However, anaphylactic
reactions persisted in the absence of detectatfe Kubo and colleagues reported severe
anaphylaxis in B cell deficient mice challengedhWitNP-BSA 56 days post-transfer of TNP-IgE,
but did not precisely define the duration of redgttidue to cell-bound IgE. Using a serum transfer
approach, we determined that MCs remained load#dalmnically-relevant levels of IgE even in the
absence of detectable serum IgE. Anaphylactic iecto allergen, in the absence of circulating
IgE, lasted 100 days (half-life 67.3 days). Thaadifgs explain why a proportion of patients with

clinical allergy paradoxically have undetectabheels of serum allergen-specific IgE

We showed that Th2 mucosal sensitization entail€daGtivity which, in turn, has been implicated

in the generation of high affinity antibodfésSerum levels of peanut-specific IgE peaked aarlie
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than 1gG1, likely due to the predisposition of g cells to commit to a PC fdfe The genetic

deletion of GC B cells did not affect early humoredponses or clinical reactivity. However, serum
titers of specific IgE/IgG1 decreased rapidly otiere as a result of this GC-independent humoral
response, which is consistent with the short-livedure of extrafollicular PC% ** These data

suggest that the extrafollicular pathway can predige of sufficient affinity to cause anaphylaxis
plausibly via random generation of B cell cloneatttwithout further B cell receptor editing, have
high enough affinity towards food allergens to iel@naphylaxis. In addition, since peanut is a
complex matrix comprising multivalent allergéhi is possible that IgE avidity contributes to the

ability of the lower affinity of antibodies to caupathology.

Th2 mucosal sensitization produced Ag-specific’IBEs that homed to the BM. While the majority
of IgE" PCs are thought to be short-livédve demonstrated that a population of cytotoxaistant
and, consequently, long-lived Ag-specific [gECs were generated by allergic sensitization. This
population is thought to be responsible for peesistigE responsé€$™ Using a comprehensive
approach that integrated direct identification af-#pecificlgE’ PCs, measurement of Ag-specific
IgE in serum and clinical readouts, we determirfed the half-life of these cells was substantially
shorter (60 days) than previously propd§ed This is in contrast to Ag-specific IgGPCs whose
half-life we calculated to be 234.4 days, or appnately 4-fold longer than IEPCs of the same
specificity. Given the brief and more apoptotic @i@ase of IgEB cells* *° as well as the relatively
inefficient migration of IgE plasmablasts to the B¥] the initial number of Ag-specific IGIPC was
expectedly lower compared to Ag-specific Ig@ICs. However, their rate of decay was nearly 3
times higher (slope value: -17.2 for [ghis -5.2 for IgGI). These data suggest that, besides
differences in competition for survival sigrnjssotype-related intrinsic mechanisms and/or a GC-
imprinted fate regulate the lifespan of IgECs. Thus, the limited half-life of BM-resident Ag-
specific IgE PCs elicited upon Th2 mucosal sensitization carfuitt account for persistent food

allergy.
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We showed that mice became clinically non-reactovallergen challenge after either natural or
drug-induced extinction of allergen-specific IgECs. However, mice underwent severe anaphylaxis
after subsequent allergen exposures. This arguethéolifelong persistence of allergen-specific
memory B cells that can be activated by allergematentially also by inflammatory environmental
stimulug®, to reconstitute the IJEPC compartment. These findings provide an expiamdbr why
certain food allergies can last for a lifetime. Yhalso raise the possibility that unintended or
intended, such might be the case of oral immunathersubclinical exposures to allergen may be
sufficient to fully regenerate and/or perpetuatsedse. In this regard, allergen-specific memory
lymphocytes have been detected in peanut-allergieqts after 12-24 months of oral

immunotherap?’.

The dynamics that control the fate of memory Bscelliring secondary responses to foods remain
largely unexploretf. We showed that Th2 mucosal sensitization gengtatal and systemic, long-
lasting Ag-specific memory B cells that expandedrumucosal or systemic allergen exposure. The
expansion of IgGImemory B cells was accompanied by BM reconstitutiéthh Ag-specific IgE
PCs while the population of IgGRPCs of the same specificity remained unchangesijrtplies that

the recall response was driven by Ig@iemory B cells that class-switched and differeatlainto
IgE* PCs. Although sequential class switching from derimediate 1gG-expressing B cell to IgE has
been reported in patients with atopic dermafismdex vivo tonsil B cell cultures, the relevance of

both direct and sequential class switching to IyEobd allergic patients remains to be elucidzted

53

Even though GC activity was induced during the priynimmune response (sensitization), it was
absent during recall responses. These data reinftbecnotion that class-switched memory B cells,
rather than IgNM B cells, lead the secondary respcfisg and suggest that the strength of B cell
receptor-allergen binding is a major fate decisihackpoint for memory B ceffs Our data on the

activation of recall responses are in agreemefit avitecent publication that showed that in a syste
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involving transfer of splenic B cells from systeallg sensitized mice along with CD4 T cells,
followed by two systemic challenges, food allerggswelicited in naive recipient in a CD4 T cell-
dependent manngr Mechanistically, we found that CD4 T cells fagited B cell proliferation
independently of CD40L interactions, which is irregment with the low degree of co-stimulation
required by memory CD4 T cellsand the absence of GC activity observed duringateresponses

to N. brasiliensis’®. Furthermore, we show that CD4 T cell-secreted4 Iwas central for PC
proliferation and orchestrated class switching @61 memory B cells. These data explain
observations in models of helminth infection in efhserum increases of total IgE upon recall were
dependent on IL%. Hence, we propose a model of secondary Th2 resgoio food allergens in
which class-switched memory B cells are instrudigdL-4-producing CD4 T cells to proliferate

and directly become IgEPCs without additional rounds of affinity maturatio

There is a dearth of knowledge regarding the esdantents for the maintenance of Th2 humoral
immunity to allergens. While targeting I§PCs has been proposed as a potential cure of food
allergy®®° our data show that IgE-mediated clinical reattitd food allergens is not sustained by
BM resident Ag-specifidgE’ PCs. Instead, long-lived mucosal and systemic galeispecific
memory B cells, critically assisted by IL-4-produgiCD4 T cells, replenish the allergen-specific
IgE" PC compartment upon allergen exposure. These fisdimimate that lifelong food allergies
observed in humans may be the consequence ofallengposures that recurrently activate memory
B and CD4 T cells and provide a comprehensive audliable roadmap for the precise design of
therapeutic interventions. Our findings indicatatthfforts to disable the machinery that maintains
and activates memory responses may lead to thdogewent of transformative therapies for IgE-

mediated food allergies.
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Figure 1. Duration of IgE-mediated clinical reactivity to food allergens. Separate groups of mice were
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Figure 2. Duration of reactivity due to cell-bound IgE. Separate groups of IgE deficient mice were
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D). Recipient mice were challenged to PN at diffittémes post-transfer and clinical reactivity exaed by
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(E, F) or BZ (I, J). Anaphylaxis-induced hypotheam(G, K) and hemoconcentration (H, L) after

challenge. Mean + SEM, n=6-16 pooled from 5-8 (Aadp 2-3 (E-L) experiments. *P<0.05 vs naive.
n.s., nonsignificant.
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Figure 5. Allergen re-exposure reinvigorates IgE-humoral immunity. Peanut (PN)-allergic mice
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SUPPLEMENTARY METHODS

Food allergy modd. 3.75 mg of peanut butter (~1 mg of protein; Kraffj, 1 mg of OVA (A5503,
Sigma-Aldrich), with 5ug of cholera toxin (List Biologicals) in 0.5 mL d?BS was administered
intragastrically (Delvo), weekly for 4 weeks, widlystemic challenge to 5 mg of crude peanut extract
(Greer) or OVA at different times post-sensitizati®erum was collected by retro-orbital bleedingh24
before challenge and analyzed for peanut-speastdr OVA-IgE (500840, Cayman) and OVA-IGG
Core temperature was assessed rectally with atdeahometer (23226-656, VWR), and hematocrit by

centrifuging (HemataSTAT II, Fisher Scientific) enatagulated blood at 40 min after challenge.

Intestinal cell isolation. After flushing intestinal contents with cold PB&t fvas removed manually and
intestines were opened longitudinally and cut iypproximately 3-5 mm pieces. Mucus was eliminated
by means of a 15 minute-wash at 37°C, under shakirgBS containing 10 mM HEPES and 4 uM DTT
(Sigma). Epithelial cells were removed by 3 rounfid0 min-washes at 37°C, under shaking, in PBS
containing 10% FBS, 10 mM HEPES and 5 mM EDTA. Thée tissues were digested in 0.125 U/mL
Collagenase A (Roche) with 130 U/mL DNase | (Roahe)0% FBS containing RPMI for 50-60 min in
a shaker at 37°C. Lastly, the digested tissues pragsed through a 40 um nylon strainer (Falcod) an

immune cells purified via 40/70% Percoll (GE Heedtte) gradient and centrifugation

MLNs and BM processing. MLNs were triturated between frosted slides in HB&&shed and filtered

(40um). Legs were collected and BM processed as desfrib

Flow cytometry. Antibodies were obtained from eBioscience, BD, mlBgend: CD45-Alexa Fluor 700
or Pacific Blue; CD3-Brilliant Violet 785 or QdotCD4-Brilliant violet 421; CD44-APC; CD19-
PerCP.Cy5.5 or PE-Cy5; B220-Alexa Fluor 700; CD®-6 PE-Cy7; CD95-PE-Cy7; GL7-Brilliant
Violet 421; CD117-PE-Cy7; ERI-APC; IgD-Pacific Blue; IgG1-Brilliant Violet-421CD138-APC;
IgE-PE (clone RME-1). OVA-FITC was obtained from Mcular Probes (023020, ThermoFisher). In all

assays, cells were incubated with anty#&d/Ill before incubation with fluorochrome-conjuga
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antibodies. Dead cells were excluded by propidiwdide uptake (Sigma) or fixable viability dye
eFluor780 (eBioscience), and gated on singletsa@nmage, a minimum of @&nd 200,000 alive and
singlet cells were analyzed for experiments evalgaPCs, and GCs, memory B cells and MCs
respectively. Experiments that involved detectidbmg&™ B cells included un-conjugated anti-IgE (clone
RME-1) together with anti-R®II/lll and exclusive detection of intracellularHgvia IgE-PE (clone
RME-1) upon fixation/permeabilization of cells (BBlosciences). Fluorescence minus one (FMO) and
isotype controls were used for gating. Data weguied on a LSR Il or Fortessa (BD) and analyzed

using FlowJo (Treestar).

Passive sensitization model. Sera from peanut-allergic mice was administerddBEsdeficient mice. The
sera were serially transferred via i.p. injectienf@lows: 200 pL; 300 pL; and 500 pL with and med

of 48 h between each administration. Peritoneadawas performed with ice-cold 10 mM EDTA in
PBS. IgE-bearing peritoneal MCs were quantifiechgsilow cytometry as CD4&D117 FceRI'IgE”

cells.

Antibody and drug administration. CD4 T cell depletion was accomplished via 2-3 agministrations

of 200 pg of anti-CD4 (clone GK1.5; made-in housegr a one-week period. PCs were depleted with BZ
(PS-341, Selleckchem) via i.p. injections of 40 fvgp times per week, for 3 weeks. 10-15% mortality
was associated with BZ treatment. Proliferatindsoskre eliminated with CYC (C7397, Sigma-Aldrich)

via daily i.p. injection of 1 mg for 5 consecutigay$.

Evaluation of proliferation ex vivo and cytokine production. Spleenswere pressed through 40 pm
nylon strainers and red blood cells lyseih ACK before being re-suspended in RPMI suppletee
with 10% FBS, 1% L-glutamine, 1% penicillin/streptgcin, 55 uM 2-mercaptoethan{®1985-023,
Gibco), 1 mM sodium pyruvate, 10 mM HEPES and OM MEM NEAA (11140, Gibco). Viable cells
were counted via Trypan Blue (Gibco) exclusion amduspended at 8 x &€ells/mL for further CFSE

(Sigma) labelling 800,000 alive cells were cultured in sextuplisatemedium alone or with 250 pg/mL
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of crude peanut extract; 20 pg/mL of anti-IL-4 (BE0045, BYo cell); 20 ug/mL of anti-CD40L
(Medimmune); 20pg/mL of rat 1IgG1 isotype controE@88, Bio X cell), in flat-bottom 96-well plates
(BD). After 4-5days of culture at 37°C and 5% & @he sextuplicates were pooled, cells were callict
for flow cytometry analysis and cell-free supernggawere stored at -80°C until further analysis.

Cytokines in cell-free supernatants were quantifisiig Luminex (Millipore).

Adoptivetransfer model. Spleens from OVA-allergic and naive mice were bam@d and
processed under sterile conditions as describedeal®mme groups were subjectedrtaivo CD4 T cell
depletion as described above. Once processed, I adive splenocytes were injected i.v. in a total
volume of 400 pL pL into recipient immunodeficidRag?” yc”". Recipient mice were gavaged with 1
mg of OVA, 3 times a week for 3 weeks. After thetlgavage the mice rested 8-10 days before blood

was collected and clinical reactivity evaluated.

REFERENCES

1. Chu DK, Mohammed-Ali Z, Jimenez-Saiz R, Walker TD, Goncharova S, Llop-Guevara A, etal. T
helper cell IL-4 drives intestinal Th2 priming to oral peanut antigen, under the control of OX40L
and independent of innate-like lymphocytes. Mucosal Immunol 2014; 7:1395-404.

2. Swirski FK, Sajic D, Robbins CS, Gajewska BU, Jordana M, Stampfli MR. Chronic exposure to
innocuous antigen in sensitized mice leads to suppressed airway eosinophilia that is reversed by
granulocyte macrophage colony-stimulating factor. J Immunol 2002; 169:3499-506.

3. Chu DK, Jimenez-Saiz R, Verschoor CP, Walker TD, Goncharova S, Llop-Guevara A, et al.
Indigenous enteric eosinophils control DCs to initiate a primary Th2 immune response in vivo. J
Exp Med 2014; 211:1657-72.

4, Luger EO, Fokuhl V, Wegmann M, Abram M, Tillack K, Achatz G, et al. Induction of long-lived
allergen-specific plasma cells by mucosal allergen challenge. J Allergy Clin Immunol 2009;
124:819-26 eA4.

5. Quah BJ, Warren HS, Parish CR. Monitoring lymphocyte proliferation in vitro and in vivo with the
intracellular fluorescent dye carboxyfluorescein diacetate succinimidyl ester. Nat Protoc 2007,
2:2049-56.



81
82
83
84 SUPPLEMENTAL FIGURES

85
A B i
40- Hypothermia 40~ Hypothermia 86
394 --g-——mmmmmm e -
39+
. 38- =381 T 87
8 37 Wn s, 8 374
o 364 . L 361
2 _-.- Naive = 2 354 AUC for allergic mice 88
5 24 - 15 mo 8 34 i
2 34-
£ 33_+ 12 mo 533_ 89
ol na 6 mo =35 )
314 3 mo 214 -8~ Allergic %0
* -2 Naive
30 o I1 mo T T T T 30 T T T T T
0 10 20 30 40 0 10 20 30 40
Time after challenge (min) Time after challenge (min) 91
92
c D E
Global nt of hylaxi
obal assessment of anapnylaxis OVA_|QE OVA-IQG‘t 93
0.6 1.0-
2504 S #* ' *
ey
200- s 0.8+ 4
) n.s *
& 4
© 150 04 . 0.6+ 95
) (=] [m]
g © OD 4
100+ 4
8 96
< 0.2+
504 0.24
ol 1 ) il 97
Naive PN OVA PN OVA PN OVA 0 1 3 6 9 ’ 0 1 3 5 %8
1 month 3 month 6 month Time (months) Time (months)
99
100

101  Supplemental Figure 1. Separate groups of mice were orally sensitizede@anpt (PN) and left un-
102  manipulated until challenge 1, 3, 6, 12 and 15 m®tdter. Anaphylaxis was evaluated by hypothermia
103  (A); for clarity, the area under 39°C (AUC) over #inhutes was calculated as shown in panel B (See al
104  Fig 1). Separate groups of mice were orally semegitito PN and OVA, left un-manipulated until
105 challenge 1, 3 and 6 months later. Anaphylaxis exaduated by hypothermia (C). Sera was collected at
106  different times post-sensitization for OVA-IgE (Bhd OVA-IgG1 (E) detection (See also Fig. 2). Mean
107 £ SEM,n=10-20 pooled from 2-3 experiments. *P<0v@Faive, or as indicated; n.s., nonsignificant.
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112 Supplemental Figure 2. Intracellular detection of IJFPCs (A) and assessment of Ag-specific I§BCTs
113  in the mLN at 1 and 3 months post-sensitization (Bge also Fig. 3). Mean + SEMn=6-10
114  representative data from 2 independent experimé&ptg.05vs naive.
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116  Supplemental Figure 3. Impact of BZ treatment on PCs and Ag-specific’IffEs in BM (A, B) and
117  spleen (C, D). Impact of CYC treatment on total celunt (E) and number of B (F) and T (G) cells.
118  Challenge of peanut (PN)-allergic mice after BZatreent (H) did not impair clinical reactivity (I).BZ-
119 treatment immediately after PN-sensitization (Kj dot affect clinical reactivity (L, M) (See alsigF3).
120 Mean + SEM, n=4-8 representative data of 2-3 inddpat experiments. *P<0.05 vs naive.

121



122

% from total

[¢]

Temperature (°C)

-~ |sotype control

B
o
]

w
o
1

N
o
1

=
o
1

% from B220*CD38"

123
124
A B
CD4 T cells (spleen) CD4 T cells (LP)
304 151
a
T 0
24| © 5 104 T
m] ° oo
£
2
104 * 54
ol— ooe-a 0l 1 sses
WT «CD4 WT aCD4
E
Proliferating plasmablasts
501 * ;
°
]
3340- i
o
O 304
(&) o =
§ 20 . «
-3
= 104 i ol | g
a
oo 0 v W | |0
Peanut - s * + - + + 4
Allergic - = + + + 4§
o - - -4 lsotype - - IL-4 Isotype
125

D
Hypothermia Hemoconcentration
651
i *
=y 60 o® a o
§ o5 ]
8 504 =
£
§ 451
-In_s. I
40 oo
T T 35 T «.
30 40 @ v
X " > N N )
Time (min) A \,ﬂé‘ o

Proliferating Memory B cells

O
* I:ID
L]

: ooH

v @) |

126  Supplemental Figure 4. The extent of antibody-mediated CD4 T-cell depletn the spleen (A) and the
127 LP (B) was evaluated by flow cytometry. Adminisioat of anti-CD40L blocking antibody during
128  systemic sensitization to peanut abrogated climeattivity upon challenge (C, D). The effect ofidb-
129 4 and corresponding isotype control plasmablaste(Eremory B cell (F) proliferation was evaluatsd

130 flow cytometry. Mean + SEMn=3-6 representative data of 2 independent expetsrn@ee also Fig. 5).
131  *P<0.001vs naive.
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