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Abstract

Background: Peanut is a potent inducer of pro-allergenic Tégponses in susceptible
individuals. Antigen-presenting cells (APC) incladidendritic cells and monocytes instruct
naive T cells to differentiate into various effeatells, determining immune responses such as
allergy and tolerance.

Objective: We sought to detect peanut protein (PN)-induceshghs in gene expression in
human myeloid dendritic cells (mDC) and monocyigsntify signaling receptors that mediate
those changes, and assess how PN-induced gen&dnmpact their ability to promote T cell
differentiation.

Methods: mDC, monocytes, and naive CDR cells were isolated from blood bank donors and
peanut-allergic patients. APC were incubated withaAd associated stimulants, then mRNA
was isolated for microarray and RT-qPCR. To as$esdl differentiation, mDC were co-
cultured with naive Th cells.

Results: PN induced a unique gene expression profile in mB&uding the gene that encodes
retinaldehyde dehydrogenase 2 (RALDH2), a ratetiingienzyme in the retinoic acid (RA)-
producing pathway. Stimulation of mDC with PN aisduced a 7-fold increase in enzymatic
activity of RALDH2. Blocking antibodies against TLR'LR2, as well as siRNA targeting
TLR1/TLR2, reduced expression of RALDHZ2 in PN-stlated APC by 70%. Naive Th cells co-
cultured with PN-stimulated mDC showed an RA-degend-fold increase in production of IL-
5 and expression of integrinpy;.

Conclusions:PN induces RALDH2 in human APC by signaling throdlge TLR1/TLR2
heterodimer. This leads to production of RA, whadlts on Th cells to induce IL-5 and gut-
homing integrin. RALDHZ2 induction by PN in APC aRd\-promoted Th2 differentiation could
be an important factor determining allergic resgen® peanut.

Key messages:
* Peanut protein signals through TLR2 to induce esgpom and activity of the retinoic
acid-producing enzyme RALDHZ2 in human myeloid démcells and monocytes.
» Retinoic acid produced by these antigen-presemigtlg promotes Th2 differentiation
and gut homing in naive CDZ cells.
» These findings shed a new light on the interplayben innate and adaptive immune
responses to peanut, and may help explain its paliengenicity.

Capsule summary:

Peanut protein induces expression and activityAfBH2 in human antigen-presenting cells
via TLR2, and retinoic acid produced by these galtsnotes Th2 differentiation and gut-
homing of naive Th cells.

Key words:
Peanut allergy, peanut, dendritic cells, monocy®#s,DH2, TLR2, retinoic acid, Th2, IL-5,
integrinaaf;
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Abbreviations:
ALDH1A2  Aldehyde dehydrogenase 1 family, member A2

APC Antigen-presenting cells

CCL22 C-C motif chemokine ligand 22
CLA Cutaneous lymphocyte-associated antigen
CLR C-type lectin receptor

CT Cholera toxin

DEAB Diethylaminobenzaldehyde

IFN-y Interferony

LPS Lipopolysaccharide

mDC Myeloid dendritic cells

MoDC Monocyte-derived dendritic cells
PBMC Peripheral blood mononuclear cells
pDC Plasmacytoid dendritic cells

PN Peanut protein extract

PRR Pattern recognition receptor

RA Retinoic acid

RAL Retinal

RALDH2 Retinaldehyde dehydrogenase 2
RAR Retinoic acid receptor

RT-gPCR Reverse transcription quantitative polyserzhain reaction
SiRNA Small interfering RNA

TGFH Transforming growth factds-

TLR Toll-like receptor
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Introduction

Peanut allergy currently affects approximately 1%the US population, and its
prevalence appears to be increasifganut is a potent inducer of pro-allergenic fésbonses
and peanut-specific IgE production in susceptibéividual$™. Hence, the ratio of allergen-
specific IgE to total IgE tends to be higher in mataallergic patients than in persons sensitized
to other food or inhalant allergens/oreover, the symptoms of peanut allergy aretixelly
severe as compared to other food allergies, anaup@dlergy is less frequently outgrown and
more likely to occur at any a{j& Dendritic cells (DC) are the key innate immunbscier
antigen presentation and differentiation of naitec@lls" '°. Therefore, we hypothesize that
direct DC activation by peanut protein may helplaxpthe strongly polarized immune response
to it.

Type 2 immunity and IgE are induced by extraceflplathogens such as parasitic
helminthg?, as well as by noxious substances including baem&" '3 In addition, fungi such
asAlternaria andAspergillus, which can cause allergic disease and Th2-skemfdrimation,
also contain molecules that activate DC to induie® differentiation® > These and other
allergens and associated molecules have been eldsertrigger Th2 immune responses by
activating DC through protease-activated recept@#ype lectin receptors (CLRs), and other
mechanisnm$. For example, glycans present in allergen exfract house dust mite activate
DC by binding to the CLR Dectin-2, and induce theduction of cysteinyl leukotrienes which
promote Th2 responsesPrevious work from our group showed that theffreipeanut
glycoprotein allergen Ara h 1 binds to the CLR DIGN, and activates human monocyte-
derived DC (MoDC) to induce Th2 differentiationradive T cell&.

Retinoic acid (RA) is a metabolite of vitamin Atjrel), and it plays various roles in
immune responsés Its production is regulated by an irreversibleateon catalyzed by retinal
dehydrogenases (RALDHSs), the expression of whitiglly regulated. Expression of the
isoform RALDH2 occurs in leukocytes and can be etlin human basophils by 112%31n
mice, the TLR2 agonist zymosan induces RALDH?2 ilesioc DC*. Furthermore, murine
intestinal DC constitutively express RALDHZ2, whiishinduced by RA from gut epithelium and
stromal cell&?% Human gut-associated DC have also been showonttitutively express
RALDH2, and expression is increased in patients @itohn’s diseasa

RA is a potent regulator of T cell differentiatiSnin mice, RA produced by intestinal
DC induces expression of the gut-homing receptiegyiina,B; and CCR9 on T ceft§
Furthermore, RA promotes the T@Fmediated differentiation of peripheral FoXp@gulatory
T cells (Tregs) in murine modéfs®’. Hence, RA may play an important role in the depeient
and maintenance of oral tolerance. Induction ofy$iey RA in synergy with TGB-has also
been shown in human T cells in vitfphowever, RA without TG induces differentiation of
Th2 cells and enhances production of Th2 cytokiimeparticular IL-5° *° A similar Th2-
promoting and Th1-downregulating effect of RA waswn in murine T celf8. Adding to the
complexity, other studies have shown that RA igesal for CD4 T cell immunity in general,
including the maintenance of Th1 lineage stabflifi? Therefore, regulation of T cell
differentiation by RA appears to be dependent @opanying signals, which decide whether a
regulatory or effector response is promoted.

Our objective in the present study was to invegtiglae innate immunostimulatory
properties of peanut protein extract (PN), andrd@tee how these may contribute to peanut-
induced Th2 immunity. We found that PN stronglyundd expression &LDH1A2, the gene
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encoding RALDH2, in human myeloid DC (mDC) and moytes. In addition, we observed that
PN signaled through the TLR1/TLR2 heterodimer tuiteALDH1A2 expression, and this
response was higher in monocytes of peanut-allg@afients than tolerant subjects. Moreover,
RA produced by PN-stimulated mDC acted in trans@cultured naive CD4T cells to induce
expression of integrin,f;, reduce expression of the skin-homing receptaredus
lymphocyte-associated antigen (CLA), and enhancdymtion of IL-5. These findings provide
novel insight into the interplay between innate addptive immune responses to peanut protein,
and elucidate a mechanism that may be relevarileirgg to peanut.
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Methods

Cells

Human peripheral blood mononuclear cells (PBMC)ensolated by means of density
gradient centrifugation (Ficoll-Paque Plus; GE Hweadre, Chicago, IL), from blood donor buffy
coats (New York Blood Center, New York, NY, and [dashusetts General Hospital Blood
Transfusion Service, Boston, MA), and from patielobd samples. The patients were recruited
with informed consent, and the study was approweth® Institutional Review Board of Mass
General Brigham (protocol no. 2010P002672). IndlEtients, peanut allergy was confirmed or
ruled out by double-blind placebo-controlled fodltenge at the Food Allergy Center at
Massachusetts General Hospital. Myeloid DC andhmdaytoid DC were isolated from PBMC
by using the CD1c (BDCA-1)DC isolation kit and the Diamond (BDCA-4plasmacytoid DC
isolation kit, respectively (Miltenyi Biotec, Besgih Gladbach, Germany). Naive CO4helper
cells were isolated using the EasySep human nad4 T cell isolation kit (Stemcell
Technologies, Vancouver, British Columbia, Canat¥nocytes and basophils were isolated
using the EasySep human CD14 positive selectiomkd EasySep human basophil isolation kit,
respectively (Stemcell Technologies). All cells eeultured in StemSpan serum-free expansion
medium (Stemcell Technologies) with penicillin (100ml) and streptomycin (100 pg/ml)
(Thermo Fisher, Waltham, MA).

Peanut protein extract and other allergens

Unsalted dry-roasted peanuts (Runner and Virginigvars) were shelled and ground to
a smooth paste, which was defatted by washing agétone. The acetone was drained using
Whatman paper, and the defatted peanut paste vealsaihd pulverized into a powder. Protein
was extracted by agitating the peanut powder wBB Bontaining protease inhibitor cocktail
without EDTA (Roche, Basel, Switzerland). This sersgion was cleared by centrifugation, and
the supernatant (peanut protein extract, PN) wagesfiltered before use in cell cultures. A low
level of endotoxin (4 EU/mg, 0.4 ng/mg) was detéctethe PN. However, in PN-coated culture
plate wells, endotoxin contamination was below dé&te levels (<0.01 EU/mI, PyroGene assay;
Lonza, Basel, Switzerland). A separate peanut extnade from raw peanuts (Florunner
cultivar, obtained from Dr. Marshall Lamb, Natiof@anut Research Laboratory (NPRL),
Dawson, GA) was used to isolate a peanut protaition (PN Fr.) with higiALDH1A2-
inducing activity. This peanut extract was brouh65% saturation with ammonium sulfate and
cleared by centrifugation. The supernatant wasditbto 100% saturation with ammonium
sulfate and again cleared by centrifugation. Tleeipitate was dissolved in buffer A (65 mM
Tris-Cl pH 7.0, 100 mM NacCl, 1 mM EDTA). Insolubteaterial was removed by filtration with
Whatman paper and the solution was loaded ont@h Sicolumn (Bio-Rad, Hercules, CA).
The column was washed with buffer A, and the PNwas eluted with buffer B (65 mM Tris-Cl
pH 7.0, 300 mM NaCl, 1 mM EDTA). Purified naturatadh 1 and Ara h 2 were obtained from
Indoor Biotechnologies (Charlottesville, VA). Sogneprotein extract was from Dr. M.
Masilamani, Icahn School of Medicine at Mount Sjidéw York, NY. Birch pollen, cockroach
and cat dander allergen extracts were from Stalerg Greer (Cambridge, MA). Cow's milk
protein (skim milk powder) was from Millipore-SignfBurlington, MA).

Cell culture and gene expression analysis



276 Cell culture plates (48-well) were coated overnigith PN, PN Fr., or other indicated
277 allergens at 5Qug/ml in carbonate-bicarbonate buffer (0.05M, pH, @lipore-Sigma) and

278 washed once with PBS, before mDC or other cellgypere added (2-5xi@ells/well) in

279 StemSpan medium. The controls lipopolysaccharid®S(L100 ng/ml; Millipore-Sigma) and

280 cholera toxin (CT, Jug/ml; List Biological Laboratories, Campbell, CAeve used in solution
281 instead of coated. Cells were incubated for 8-24vV&C, and total RNA was isolated using the
282 RNeasy Plus Micro Kit (Qiagen, Hilden, Germany)r fe gene array analysis, half of each
283 RNA sample was used to make an RNA pool for eadaia, including RNA from mDC of all
284  blood donors in the experiment. This was the stgmnaterial for analysis with the GeneChip
285 HumanGenome U133 Plus 2diray (Affymetrix, Santa Clara, CA). GeneChip mamay

286 assays were performed at the Microarray ShareduReséacility at Icahn School of Medicine
287 at Mount Sinai, New York, NY, according to the meauturer's instructions. The other half of
288 the RNA was used to synthesize cDNA (iScript cDNAtkesis kit; Bio-Rad). Quantitative PCR
289 (gPCR) was performed by using gene-specific prirflersnePCR SYBR Green Assay; Bio-
290 Rad), SYBR green (iTaq Universal SYBR Green SuperBio-Rad), and a StepOnePlus Real-
291 Time PCR instrument (Applied Biosystems, Fostey,GitA). RT-qPCR data were analyzed
292  using the 2*“Y method, which calculated expressiorAbDH1A2 or IL1A relative to the

293  housekeeping gerRPL41 or B2M for each variable, or using thé“2Y method, which

294  calculated expression 8L DH1A2 or IL1A in stimulated cells relative to expression of

295 ALDH1A2 orIL1A in unstimulated cells (fold change).

296
297 Analysis of gene array data
298 Gene microarray data analysis was performed WRiagftware (version 3.6.%)

299 Expression values were lpgormalized using thBMA function from the packagaffy (version
300 1.62.0§°. All log, fold change values were calculated by comparieddb-normalized

301 expression values in the stimulated samples ttotipenormalized expression values of the
302 respective unstimulated samples. Heatmaps wereretdavith thegplots package (version
303 3.0.3) using the functioneatmap.2.

304
305 Assessment of RALDH2 enzymatic activity
306 Cell culture plates (48-well) were coated overnigith PN, before mDC and soluble

307 stimuli (LPS, CT) were added as indicated. Aftein,2zells were harvested using ice-cold

308 staining buffer (PBS + 0.5% BSA + 2mM EDTA) to dgteadherent mDC. Enzymatic activity
309 of RALDH2 was assessed using the Aldefluor kit g8tell Technologies), according to the
310 manufacturer's instructions. Cells were labeledh P C-conjugated anti-CD11c (clone B-ly6),
311 PE-conjugated anti-HLA-DR (G46-6) (both from BD Baences, San Jose, CA), and

312 Live/Dead Fixable Violet stain (L34955; Thermo Fésh) and analyzed with an LSRII flow
313 cytometer (BD Biosciences).

314
315 Pattern recognition receptor ligand screen with PNFr. and Ara h 1
316 HEK?293-derived reporter cells expressing human TaRSLRs, or mouse TLR2, were

317 incubated with PN Fr. or Ara h 1 (l/ml each), or heat-killeHisteria monocytogenes (HKLM,

318 1x1(/ml), in HEK-Blue Detection medium for 16-24h ir9&-well plate, with 50,000 - 75,000
319 cells/well in 200ul total volume, in triplicate (PRR ligand screensgyvice, InvivoGen, San

320 Diego, CA). Activation of TLRs and CLRs was detemed by measuring expression and activity
321 of secreted embryonic alkaline phosphatase (SER.SEAP reporter is under the control of a

7



322 promoter inducible by the transcription factor NB- This reporter gene allows the monitoring
323 of signaling through the TLR or CLR, based on tbivation of NFxB. SEAP was secreted by
324 the cells grown in HEK-Blue Detection medium, ahi tmedium changed to a purple/blue color
325 inthe presence of SEAP activity. The optical dgnsias read at 650 nm on a SpectraMax

326 340PC absorbance detector (Molecular Devices, Gsa LCA).

327
328 TLR blocking experiments with mDC
329 Myeloid DC were pre-incubated with monoclonal naliting antibodies against human

330 TLR1 (clone H2G2) and TLR2 (T2.5), or TLR2 and TLREBCS8) (5 pg/ml each; InvivoGen) in
331 StemSpan medium for 30 minutes at room temperabefere the cells were added to PN-coated
332 culture plates and incubated for 16h. In separgter@ments, mDC were added to PN Fr.- or
333 PN-coated plates and the TLR2 inhibitor OXPAPC{80ml) or the TLR2/TLR6 agonist

334 zymosan (25 pug/ml) (both from InvivoGen) were addedndicated, before the cells were

335 incubated for 16h. RT-gPCR was performed and gepeession was analyzed as described

336 above.

337
338 TLR knockdown experiments with monocytes
339 Monocytes were isolated as described above, andfé@ted with sSiRNA using the

340 Human Monocyte Nucleofector kit (Lonza) and a Na@etor Il instrument (Amaxa/Lonza),
341 according to the manufacturer’s instructions. Th&T, TLR2, MYD88, and non-targeting

342 control (NT) siRNA pools (ON-TARGETplus SMARTpodtorizon Discovery, Cambridge,
343 UK) were used at 300 nM. Immediately following remdection, 0.5 ml of RPMI + 10% FBS
344 was added to the cells, which were put into cultuith an additional 1 ml of this medium and
345 left to recover at 37°C for 72h. Cells were haredsind a subset was used to verify efficient
346 knockdown via flow cytometry, by labeling with Bintanti-TLR1 (TLR1.136), Streptavidin-PE
347 (both from BioLegend, San Diego, CA), AF647-conjiegbanti-TLR2 (11G7), FITC-conjugated
348 CD14 (M5EZ2) (both from BD Biosciences), PE-Cy7-cmgted anti-TLR4 (HTA125), and

349 Live/Dead Fixable Violet stain (both from Thermalfer). The remaining cells were added to
350 PN Fr.-coated 48-well culture plates (5%bells/well), and incubated in StemSpan medium for
351 16h. The TLR1/TLR2 agonist Pam3CSK4 (1 pg/ml) drel TLR4 agonist LPS (Ultrapure; 100
352 ng/ml) (both from InvivoGen) were added as indidalRT-gPCR was performed and gene
353 expression was analyzed as described above.

354
355 Co-cultures of mDC and naive T cells
356 Cell culture plates (48-well) were coated overnigith PN, before mDC were added

357 (1x1C/well). After 4h incubation, autologous naive CDicells were added (9xlvell),

358 together with a low dose (1 pg/ml) of staphylocderderotoxin B (SEB; List Biological

359 Laboratories) in all cultures, to provide TCR ergyagnt and induce T cell activation. All-trans
360 retinal (RAL; 25 nM), all-trans retinoic acid (R&;5 nM), 4-Diethylaminobenzaldehyde

361 (DEAB; 10uM) (all from Millipore-Sigma), and LE540 (tM; Wako Chemicals, Richmond,
362 VA) were added in indicated cultures. Myeloid DQlancells were co-cultured for 6 days,
363 before supernatants were collected for cytokinesmesment, and T cells were analyzed for
364 surface marker expression. T cells were labeleld A#t700-conjugated anti-CD3 (UCHT1),
365 APC-Cy7-conjugated anti-CD4 (RPA-T4), BV605-conjteghanti-Cutaneous Lymphocyte
366 Antigen (CLA; HECA-452) (all from BD Bioscienced}|TC-conjugated anti-integrifi;

367 (FIB504), PE-conjugated anti-integrin (CD49d; 9F10), and Live/Dead Fixable Violet stain

8
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(all from Thermo Fisher). Cytokine concentrationsupernatants were measured using
Cytometric Bead Array (IL-4, IL-5, IL-9, IL-10, 113, IFN+; BD Biosciences), according to the
manufacturer's instructions. Flow cytometry wadgrened with an LSRII instrument and data
were analyzed using FlowJo software (BD Biosciejices

Statistical analysis

Prism 7 (GraphPad Software, San Diego, CA) andeRs{on 3.6.1) were used for
statistical analysis. We used the D’Agostino-Pea@mnibus normality test or the Shapiro-Wilk
normality test to assess for normal distributione Bpecific parametric and nonparametric
statistical tests are indicated in the figure letgerstatistically significant differences are marke
with asterisks for all comparisons in all figuresept Fig. 3, E2, and E3, in which statistically
significant differences are indicated only for thest relevant comparisons.

Data availability

The GeneChip microarray datasets generated indtlse of this project have been
deposited at the National Center for Biotechnoltrdgrmation Gene Expression Omnibus
(GEO) database, under accession number GSE159706.
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Results

PN induces a unique gene expression profile in humanDC, including the upregulation of
ALDH1A2

To evaluate the innate immunostimulatory poterdfd?N, mDC were cultured with PN,
as well as various other allergens and known mr@udit In a pilot experiment, mDC from 4
non-selected blood bank donors were cultured far@h24h with and without PN (Fig. E1A,
Data file E1). The 24h time point proved to be mp&irmative for monitoring changes in
expression of immune-related genes. Moreover, @aguis study suggested that the 24h time
point is optimal for analysis of early sustainedddie sustained, and late gene expression in
human DC®. Therefore, in the main experiment, mDC from 7-atwpic blood bank donors
were incubated for 24h with PN, the purified peaallégrgens Ara h 1 and Ara h 2, and extracts
from other food and inhalant allergens (Fig. 1Ajdide E2). Lipopolysaccharide (LPS) and
cholera toxin (CT) were included as known adjuvargspectively inducing Thl- and Th2-
skewing properties in human BC*® The included 7 subjects had no detectable segém |
specific for PN or any of the other allergens,xolede the possibility of allergen binding and
signaling through the high affinity IgE receptoceRI.

PN induced a unique gene expression profile, wsfh denes upregulated and 195 genes
downregulated 2-fold or more (Fig. 1A, Data file)ERN was the most potent of all tested
allergens in inducing changes in mDC gene expras3ioe expression profile induced by PN
showed little similarity with the other allergetsit there was substantial overlap with LPS-
induced gene expression, consistent with overlaiginaling pathway activation. This was not
due to endotoxin contamination of PN, since endattevels in PN-coated wells were below the
detection limit. Furthermore, several canonicalagetinat are strongly induced by LPS, such as
IL12B, IL6 andIL1A, were not enhanced by PN (Fig. 1B, Data file Ed B8).

The most prominent gene uniquely upregulated byrPNDC wasALDH1A2, which
encodes the rate-limiting RA-producing enzyme edtliehyde dehydrogenase 2 (RALDH2)
(Fig. 1A and E1A). This gene was induced by PNra&te(18-fold) and 24h (23-fold) in the
pilot, and after 24h (9-fold) in the main experirh@Data file E1 and E2). We observed that in
addition toALDH1AZ2, the induction of other highly differentially exqssed genes by PN was
consistent between the pilot and the main expettiifiég. E1B). For the latter experiment, the
upregulation oALDH1A2 was confirmed by RT-gPCR in the 7 individual danfmnedian 35-
fold increase, P < 0.05) (Fig. 1C). No other stinsuhduced more than 3-fold up- or
downregulation oALDH1A2 expression.

To examine whether PN inducatlDH1A2 in cell types other than mDC, the response to
PN was also measured in plasmacytoid DC (pDC), mytes, naive CD4T cells, and
basophils from 4 additional nonselected blood denBN was observed to upregulatedDH1A2
expression only in mDC and monocytes (Fig. 1D).

PN increases enzymatic activity of RALDH2 in mDC

To investigate whether the robust upregulatioAldDH1A2 gene expression resulted in
increased activity of RALDH2 in mDC, the activitythis enzyme was assessed using the
Aldefluor assay (see Methods) (Fig. 2). This assayies use of a fluorescent substrate that
freely diffuses into cells, but becomes negativaigrged upon conversion by RALDH. This
prevents the substrate from leaving the cells,adlogvs for analyzing RALDH activity by flow
cytometry. Treatment of mDC with PN resulted inrafpund increase in AldeflubmDC

10



456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501

frequencies as compared with unstimulated mDC (ametlb% vs 2%, P < 0.05), indicating an
increase in RALDH2 enzymatic activity (Fig. 2B a@)l This effect was completely blocked by
the RALDH-inhibitor diethylaminobenzaldehyde (DEABRALDH2 activity was not induced
by LPS or CT, which confirmed the results obtaimngith gene array and RT-qPCR.

PN signals through the TLR1/TLR2 heterodimer to induce expression oALDH1A2 in
human mDC and monocytes

After observing the strong induction ALDH1A2 in mDC and monocytes by PN, we
hypothesized that one or multiple innate immunepéars were responsible for this effect. A
previous report had shown that the yeast cell detlivative zymosan strongly induced
expression oALDH1A2 in murine splenic DC via activation of TLR2 anddiia-1*%. We
performed a pattern recognition receptor (PRRligscreen with a fraction of PN (PN Fr., see
Methods), which was enriched fALDH1A2-inducing activity. PN Fr. was observed to signal
through TLR2, but not through Dectin-1 or any ottemted extracellular human PRR (Fig. 3A).
Furthermore, PN Fr. activated human TLR2 more gfisothan murine TLR2. In contrast, the
peanut allergen Ara h 1, which was shown previotshctivate multiple PRR% ** %° put failed
to induceALDH1A2, did not signal through TLR2 (Fig. 3B and C).

TLR1 and TLR®6, the two receptors that form a hetener with TLR2, were not
included in the screen. To assess whether PN sigimalugh the TLR1/TLR2 or TLR2/TLR6
heterodimer, mDC were pre-incubated with blockingkedies against these TLRs before
stimulating them with PN (Fig. 3D-F and Fig. E2A-@G)duction ofALDH1A2 by PN was lower
in mDC treated with blocking antibodies against TL&hd TLR2 than in untreated mDC (Fig.
3E; median 12-fold vs 29-fold induction, P < 0.0peatment with blocking antibodies against
TLR2 and TLR6 also inhibited the inductionAif DH1A2 by PN, but the blocking was not as
effective as with anti-TLR1 and -TLR2 antibodiesg(FE2B and C).

To confirm that PN induceALDH1A2 via TLR1/TLR2, we inhibited expression of these
receptors, as well as the universal TLR adapteeprd1yD88, by using specific SIRNA in
monocytes (Fig. 3G-l and Fig. E2D-J). KnockdowrmaR1 and TLR2 resulted in
approximately 50% reduction of TLR1 and TLR2 on ¢le# surface, whereas TLR4 was
unaffected (Fig. E2J). Treatment with TLR1- and Pt$pecific SIRNA, as well as with MyD88-
specific SIRNA, inhibited the induction 8LDH1A2 by PN Fr. as compared to monocytes
treated with non-targeting siRNA (Fig. 3H; mediaB-8ld and 4.2-fold vs 11.2-fold induction,
P < 0.05). The specificity of the knockdown of TLRAd TLR2 was confirmed by stimulating
the monocytes with the TLR1/TLR2 agonist Pam3CSkd the TLR4 agonist LPS. Whereas
the induction of the proinflammatory geHelA by Pam3CSK4 was inhibited in monocytes
treated with TLR1- and TLR2-specific SiRNA, tHelA response to LPS remained unaffected.
In contrast, treatment of monocytes with MyD88-sfiesiRNA inhibited the induction offL1A
by both Pam3CSK4 and LPS (Fig. E2D-I).

Lastly, we tested whether the PN-induéddH1A2 response in mDC was decreased by
the TLR2 inhibitor OXPAPC (Fig. 3J-L). In the prase of OXPAPC, the induction of
ALDH1A2 by PN Fr. was inhibited as compared to mDC wittoPAPC (Fig. 3K; median 66-
fold vs 1288-fold induction, P < 0.05).

In human mDC and monocytes, PN appears to be akeabig potent inducer of
ALDH1A2. We observed that the TLR2 agonists zymosan anmBE&K4 also induced
expression oALDH1A2, but to a lower extent than PN (Fig. 4A and B)cémtrast, PN is a poor
inducer oflL1A, whereas Pam3CSKA4 triggers a strong response4EigBased on these data,
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we suspect that in addition to TLR1/TLR2 heterodinamother receptor or signaling pathway
may be involved in the innate immune sensing ofalAl the induction cALDH1A2.

In sum, these results imply that PN induces expyass ALDH1A2 at least in part by
signaling through the TLR1/TLR2 heterodimer.

PN-induced ALDH1A2 expression is increased in monocytes from peanuliergic patients
Innate immune sensing of PN may be an importanbfac driving the type 2 immune
responses that result in sensitization and alleggctions to peanut in susceptible individuals.
To study whether thALDH1A2 response to PN differed between peanut-allergictallerant
subjects, we compared the PN-induced expressigh@H1A2 in monocytes from peanut-
allergic patients and individuals who were atopidt, clinically tolerant to peanut (Fig. E3). We
found that induction oALDH1A2 by PN Fr. was higher in peanut-allergic than ierant
subjects (Fig. E3B; median 11.1-fold vs 4.7-folduntion, P < 0.05). In contrast, Pam3CSK4-
induced expression oE1A was not different between the groups, indicatireg there was no
fundamental difference in signaling through the TER_R2 heterodimer (Fig. E3D).

RA produced by PN-stimulated mDC induces integrimB; and IL-5 in naive CD4 T cells

Increased RALDH2 activity in mDC could lead to heglproduction of RA, which has
been implicated in various aspects of T cell défetatiort®. To investigate the effect of PN-
induced RA production on differentiation of T celtlsDC treated with or without PN were co-
cultured with autologous naive CDZ% cells. Cells were cultured with medium alonérothe
presence of the RA precursor and RALDH?2 substetteal (RAL), whereas RA was used as a
positive control. Expression of the gut-homing grie a437 on the T cells, which had been
shown previously to be RA-sensitfi’é?? was measured to study the effect of newly produce
RA by the mDC. As is shown in Fig. 5A and B, baselexpression of integrim3; in co-
cultured T cells was low, whereas it was stronghjuiced by exogenous RA. Addition of RAL
enhanced expression of integag3; more on T cells co-cultured with PN-treated mD@nth
with unstimulated mDC (median 27% vs 10% integrifi;” T cells, P < 0.001), which indicated
an increased activity of RALDH2 (Fig. 5B). In comdt, we observed that expression of the skin-
homing receptor cutaneous lymphocyte-associatagesm(CLA) was decreased on T cells in
co-cultures with RAL and RA (Fig. E4A and B). Inhibn of CLA expression on T cells by RA
has been previously reported as Welhddition of RAL to the co-cultures decreased esgion
of CLA more on T cells cultured with PN-treated mBfan with unstimulated mDC (median
8% vs 38% CLAT cells, P < 0.01), which again indicated an iasesl activity of RALDH2
and enhanced RA production in PN-stimulated mD@.(E4B).

In addition to surface markers, T cell cytokinesevmeasured, in supernatants of the co-
cultures. We observed that addition of RA increabedoroduction of IL-5, but tended to
suppress the release of IL-13 and I¥#{Fig. 5D, F, G). Production of IL-4 was below the
detection limit, whereas IL-9 was slightly decrehbg RA, and IL-10 was not affected by RA
(data not shown). Addition of RAL resulted in higlpeoduction of IL-5 by T cells co-cultured
with PN-treated mDC than with unstimulated mDC (FEB; median 53 vs 12 pg/ml, P < 0.01).
Interestingly, PN-treated mDC stimulated productwdilL-5 as well as IL-13 in co-cultured T
cells even in the absence of RAL or RA, which conéd that PN has additional Th2-skewing
adjuvant properties unrelated to the induction A RH28 (Fig. 5D and F).

To validate that the increase in expression ofgmtens3; and production of IL-5in T
cells co-cultured with PN-stimulated mDC and RALswtependent on RALDH2 activity and

12



548
549
550
551
552
553
554
555
556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572
573

RA, we added either the RALDH inhibitor DEAB or theginoic acid receptor (RAR) antagonist
LE540 to the cultures (Fig. 5C and E). AdditiorDEAB as well as LE540 resulted in
significantly lower expression of integray3; and production of IL-5, indicating that these
responses were dependent on RALDH2 activity in Bidtdated mDC and RA signaling
through RAR in the co-cultured T cells.

Together, these results indicate that PN-stimulatBd have increased capacity to
metabolize RAL into RA, which can act directly oaive Th cells to induce expression of the
gut-homing integrira,f37, reduce expression of the skin-homing receptor CAtl enhance the
production of IL-5.
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Discussion

The various roles of RA in the immune system haaenhintensively studied in the past
two decades. RA is now known to be highly imporiant cell and B cell differentiation, as well
as antigen-presenting cell functidrHere, we demonstrate that peanut protein induces
expression and activity of RALDHZ2 in human monosyé®d mDC. These mDC produce RA,
which increases expression of the gut-homing imemy; on CD4 T cells, decreases the skin-
homing receptor CLA, and enhances production offthiz cytokine IL-5. All these features are
relevant in allergy to peanut, as similarly actadhii cellsin vivo will migrate to the gastro-
intestinal tract and display Th2 effector functiaqn encounter of antigen. Numerous studies
have shown a Th2-promoting effect of RA in micethtia vivo*? andin vitro®, as well as in
humang® #-3% “3with increased production of IL-4, IL-5, and ionse cases IL-13. We
observed enhanced RA-dependent production of 1i-5 bells co-cultured with PN-stimulated
mDC, but no additional RA-induced production of1B- Levels of IL-4 were below the
detection limit of our assay, although this doesrate out the possibility that low quantities of
cytokine were produced locally and consumed byllE @ean autocrine manrr Our data
indicate that RA, in the absence of co-factors acchGFB, preferentially induces
differentiation of Th2 cells. We previously repattdat RA in synergy with IL-2 triggers
production of IL-5 and IL-13 and expression of grig aB7 in human ILC2 celf§. Hence,
mDC and monocytes producing RA upon activation é&gnut protein may promote type 2
immune responses by acting on both T cells and 1t€JI2.

Baseline expression of RALDH2 in human periphetabtd mDC is very low, which
supports the notion that production of RA by RALDId2inder tight control. Various pathogen-
derived and other components have been identifigdinduce RALDH2 expression in human
DC. The PPAR agonist rosiglitazone triggers a ~4-fold incre@ms@LDH1A2 expression in
MoDC*, and RA itself induces a ~4-fold increase in RALD&ttivity in this cell typ¥.
FurthermoreAspergillus-derived proteases as well @snansoni-derived soluble egg antigen
(SEA) generate a ~10-fold increase in expressiokL&H1A2 in MoDC*® *° In addition,
Bifidobacteriuminfantiswas shown to induce a ~6-fold increas@&ifDH1A2 expression in
mDC®, and similar results were observed when mDC wemaugated with vitamin Rin the
presence of GM-CSE In light of these findings, it is remarkable tipeanut protein, a
ubiquitous source of dietary protein around theldyanduces a >10-fold increase AbDH1A2
in human mDC. We found that PN induces expressigkLDH1A2 at least in part by signaling
through TLR2, which is the receptor that also mediALDH1A2 induction by the microbial
antigens zymosa&h S mansoni SEA*, andB. infantis™. This raised the concern that a
contaminant such as aflatoXfror endotoxin, rather than peanut protein itseffswesponsible
for its ALDH1A2-inducing effect. To answer this, we stimulated mih aflatoxin B1 (data
not shown) or LPS, but we did not detect inductd6ALDH1A2 by these components.

Whole peanut protein is a complex mixture consgstihthe known allergens Ara h 1-17,
as well as numerous other protéist is possible that the innate immunostimulatacgivity of
PN originates from known allergens as well as nidergenic proteins, which may act as a local
Th2-skewing adjuvant and promote IgE responsesd@ltlergens in the same food matrix. We
have attempted to identify tid. DH1A2-inducing component in PN, and found that neithex A
h 1, Arah 2, Arah 3, Ara h 6, or Ara h 8, noraenbination of these proteins, was responsible
for this activity. Enzymatic digestion of PN witlejsin or trypsin abrogated ié DH1A2-
inducing activity, but deglycosylation did not (datot shown). By fractionation of PN, we were
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able to isolate fractions with enhanced activitgtsas PN Fr., which was used for several
experiments in this study. We have, however, nobgen able to identify the individual peanut
protein(s) responsible for the inductionAfDH1A2. Multiple fractionation and detection
techniques will need to be applied to obtain tls®kgion necessary to isolate this protein or
these proteins, and this will be the goal of furtstedies.

An important question is whether induction of RALPH(ctivity in human APC by
peanut protein may occur vivo, and have immunological consequences. The gatsbimal
tract is specialized in inducing and maintaininigtance to dietary antigetfsin mice, intestinal
epithelial cells and gut-associated DC constitliexpress RALDH? ?® and RALDH
expression has also been shown in the human im&stHence, the environment is rich in RA,
which acts synergistically with TGE-to induce Tred®' ?”. Upon ingestion, peanut protein may
induce RALDH2 in gut-associated DC similar to oadfngs in mDC. In the immunological
context of the gut, an increase in RA productiorgbisresident DC may stimulate
differentiation of Tregs rather than Th2 cells.tAs gastrointestinal tract promotes tolerance to
food antigens by default, alternate routes of eMpmssuch as the skin, have been hypothesized
to play a role in sensitization to peanut. Thisdtiesis was first based on the observation that
peanut allergy in children correlated with the abekin preparations containing peanutil
Furthermore, infants are frequently observed tedesitized to peanut without apparent previous
ingestion, and studies have shown that whereag @l exposure to peanut is protective®
high-dose environmental (non-oral) exposure islafactor for developing peanut allergy,
especially in children with an impaired skin barti€" Elegant studies in mice have provided
evidence for an important role of the skin as \aslthe respiratory tract in sensitization to
peanut®®* It is tempting to speculate that exposure to peprotein via the skin or lungs
induces RALDH?2 in tissue-resident DC. After migngtito draining lymph nodes, these DC may
produce RA in the absence of T@Fthereby promoting Th2 differentiation and gut hognof
naive peanut-specific Th cells.

It would be of interest to study the RALDH2-indugiaffect of peanut protein in APC
and its role in sensitization and allergy to peanwanimal models. To this end, we have
stimulated various types of murine APC with RiNiitro. We did, however, not detect an
induction ofALDH1A2 expression in bone marrow-derived DC, skin DCn-skiaining lymph
node DC, mesenteric lymph node DC, splenic DC eoitgneal macrophages, from C57BL/6 as
well as BALB/c mice (data not shown). This lackre$ponse may be explained by the
observation that PN Fr. did not activate mouse TBR3trongly as human TLR2, as is shown in
Fig. 3B and C. Therefore, investigating the induectof RALDH2 in APC by peanut protein, and
its immunological consequences, may be more fluitftransgenic mice or other model
systems.

ALDH1A2 is part of a specifically and reproducibly induaghe set by PN in mDC,
which also include€CL22 (see Fig. 1A and Fig. E1). We confirmed this obagon by
measuring levels of CCL22 protein in supernatamashfsimilar cultures, and found that
production of this chemokine was significantly ugprited in mDC stimulated with PN Fr. (data
not shown). CCL22 is known to play an importanerol recruitment of Th2 cells, which
express its receptor CCR4, and it has been implilcat Th2-driven disorders such as atopic
dermatitis, asthma, and allergic rhirfitisMoreover, a recent study suggested that CCL2® als
promotes the differentiation of human Th2 ¢8li&s we observed that PN has additional Th2-
skewing adjuvant properties besides the inductfdRAl_DH2 in APC and their production of
RA (see Fig. 5D and F), it is possible that theegptation of CCL22 is one of those qualities. It
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would be interesting to explore the possibilityttimereased expression of RALDH2 and CCL22
by peanut protein-stimulated APC act in synergstimulate the differentiation as well as the
recruitment of Th2 cells. While we considered thi®e beyond the scope of this paper, it is an
attractive subject for future studies.

In sum, we have discovered a novel mechanism bghwieanut protein stimulates
human APC and acts as a Th2-promoting adjuvantsdfiedings provide additional insight into
the interplay between innate and adaptive immuspameses to peanut protein, and may help
explain the potent allergenicity of peanut in spsikde children and adults.
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Figure legends

Fig. 1. PN induces a unique gene expression profilehuman mDC, including the
upregulation of ALDH1A2.

A. Heat map showing the top 20 upregulated geneshaentdp 10 downregulated genes by PN in
mDC after 24h incubation, and the induction of éhgenes by the purified peanut allergens Ara
h 1 and Ara h 2, soybean protein (SB), cow’s miiit@in (CM), birch pollen extract (BP),
cockroach allergen extract (CR), cat dander ex{@by, lipopolysaccharide (LPS), and cholera
toxin (CT).B. Heat map showing the top 20 upregulated genesnenidp 10 downregulated
genes by LPS, and the induction of these genedNbZPExpression oALDH1A2 relative to
housekeeping geriRPL41 in mDC cultured with the indicated stimuli. Cométhdata of 7
independent experiments and subjects are showrk(®.B5; PN/SB/CD vs Unstim: pairéd

test; CR/CT vs Unstim: Wilcoxon matched-pairs siynenk test)D. Expression oALDH1A2
relative to housekeeping geB2M in unstimulated and PN-stimulated mDC, pDC, motesy
naive CD4 T cells, and basophils. Basophils stimulated Witig/ml IL-3 served as positive
control. Combined data of 4 independent experimandssubjects are shown.

Fig. 2. PN increases enzymatic activity of RALDH2n mDC.

A. Representative example of the purity of freshbfated mDC from PBMCB. Representative
example of RALDH2 activity in mDC, gated on live AtDR*CD11¢ cells. The mDC were
incubated first with the indicated stimuli, and se@uently with the fluorescent RALDH
substrate Aldefluor. The RALDH inhibitor DEAB sed/as negative contraC. Summary of
Aldefluor data, obtained from 4 independent experita and subjects (* P < 0.05, paitedst).

Fig. 3. PN signals through the TLR1/TLR2 heterodimeto induce expression ofALDH1A2

in mDC and monocytes.

A. HEK293-derived reporter cell lines expressingititkcated human TLRs and CLRs were
incubated with PN Fr. in triplicate, and NdB-induced expression and activity of secreted
embryonic alkaline phosphatase was measured (st®di#y. The difference in optical density
(A OD) between wells with cells incubated with antgheut PN Fr. is showrB, C. As in panel
A, but TLR2 reporter cell lines were incubated WN Fr. or Ara h 1, or heat-killddsteria
monocytogenes (HKLM). D. Expression oALDH1A2 relative toB2M in PN-treated and
untreated mDC, incubated with or without blockimgi & LR1 and anti-TLR2 antibodies.
Combined data of 9 independent experiments anesisogre showrk. Fold change in
expression oALDH1A2 in PN-stimulated mDC treated with or without blogk antibodies (**
P < 0.01, Wilcoxon matched-pairs signed rank t&stiRelative magnitude of PN-induced
ALDH1A2 expression in mDC treated with blocking antibodgiessompared to untreated mDC.
G. Expression oALDH1AZ2 relative toB2M in monocytes treated with non-targeting (NT),
TLR1- and TLR2-, or MyD88-specific SIRNA, and inatbd with or without PN Fr. Combined
data of 7 independent experiments and subjectshanen.H. Fold change in expression of
ALDH1A2 in PN Fr.-stimulated monocytes treated with theidated siRNA (* P < 0.05, paired
test).l. Relative magnitude of PN Fr.-inducADH1A2 expression in monocytes treated with
TLR1- and TLR2-, or MyD88-specific SIRNA, comparedmonocytes treated with NT siRNA.
J. Expression oALDH1A2 relative toB2M in PN Fr.-treated and untreated mDC, incubatel wit
or without the TLR2 inhibitor OXPAPC. Combined dafa/ independent experiments and
subjects are showK. Fold change in expression AEDH1A2 in PN Fr.-stimulated mDC
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treated with or without OXPAPC (* P < 0.05, Wilcoxmatched-pairs signed rank test).
Relative magnitude of PN Fr.-inducAiDH1A2 expression in mDC treated with OXPAPC
compared to untreated mDC.

Fig. 4. Zymosan and Pam3CSK4 induce modest expressiof ALDH1A2 in human mDC
and monocytes.

A. Expression oALDH1A2 relative toB2M in mDC treated with or without PN or zymosan.
Combined data of 5 independent experiments aneststgre showrm. Expression of
ALDH1AZ relative toB2M in monocytes treated with or without PN Fr. or B&8K4.
Combined data of 7 independent experiments anestsogre shown (* P < 0.05, Wilcoxon
matched-pairs signed rank test, ** P < 0.01, pairedt).C. As in panel B, but withL1A as
readout gene instead ALDH1A2 (* P < 0.05, Wilcoxon matched-pairs signed rargt)te

Fig. 5. RA produced by PN-stimulated mDC induces itegrin a4B; and IL-5 in naive CD4"

T cells.

Naive Th cells were co-cultured with unstimulatedPdl-treated mDC, with or without the RA
precursor retinal (RAL) and RA. Representative example of integoisf3; expression on T
cells, gated on live CDED4' cells.B. Summary of integrim,3; expression data, obtained
from 10 independent experiments and subjects (*&®001, pairedtest).D, F, G.
Concentrations of IL-5, IL-13, and IFin supernatants of the co-cultures (** P < 0.0%,P <
0.001, paired test and Wilcoxon matched-pairs signed rank t€stE. Frequency of integrin
a4B;" T cells and concentration of IL-5 in supernataatf co-cultures with PN-treated mDC,
with or without RAL, the RALDH inhibitor DEAB, anthe RAR antagonist LE540. Combined
data of 5 independent experiments and subjectshangn (* P < 0.05, ** P < 0.01, pairedest).
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Fig. E2
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