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Abstract

Background: Vitamin A is a potent regulator of adaptive immynithe impact of the endogenous
metabolite 9-cis retinoic acid (9cRA) on allergansitization is unknown.

Objective: To investigate whether and to what extent 9cRA wietés the humoral immune
response.

Methods: BALB/c mice were sensitized and challenged withlbumin (OVA). 9cRA was applied
repeatedly together with the antigen. Immunoglobydroduction and cellular analysis were
performed by ELISA, ELISPOTs and flow-cytometry. relan CD19 B cells were activateth
vitro in the presence or absence of 9cRA and activatiarkers, proliferation and secreted Ig were
analyzed by flow-cytometry and ELISA.

Results: 9cRA applied together with repeated OVA challenigassiently increased specific serum
IgA, IgE and 1gG1 serum levels (2.0-8.9-fold). Aft@VA recall, specific IgE concentrations were
reduced by a mean of 57% after adding 9cRA, wigke was strongly induced (20-fold) and IgG1
remained unchanged. Correspondingly, less spdgiiie and more IgA secreting cells resided in
the spleen in the 9cRA groups. Additionally, 9cRArmoted the migration of specific B cells to the
mesenteric, but not the draining lymph nodes. Inifipd stimulated human B cells, 9cRA markedly
reduced IgE production and enhanced IgA product®iell activation was modulated by 9cRA
reducing the expression of CD86 and promoting IL-10

Conclusions: Our data indicate that 9cRA modulates the alleigimune response by reducing the
IgE response but promoting the IgA response. TBEBRA can modulate the allergic immune
response towards a non-IgE condition.

240/250 words
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Key M essages.
* Repeated antigen challenge in the presence of Je&Aes IgA instead of IgE in mice

* Induction of IgE-producing human B cells by Th2rsts is hampered with 9cRA

* 9cRA contributes to the control of type | allergy

Capsule summary.
The physiological vitamin A receptor agonist 94@$inoic acid contributes to the control of type |

allergic immune reactions in mice and humans byced) IgE and inducing IgA.

Key Words: allergy, B cell, IgE, 9-cis retinoic acid, vitami

Abbreviations. 7-AAD, 7-aminoactinomycin; 9cRA, 9-cis retinoicidc o4p7, integrin-alpha4-

beta7; ASC, antibody secreting cell; ATRA, all-tsaretinoic acid; BCR, B cell receptor; CCR,
chemokine receptor; CD, cluster of differentiati@ESE, carboxyfluorescein diacetat succinimidyl
ester; Ig, immunoglobulin; IL, interleukin; i.p.ntraperitoneal; NP-KLH, nitrophenyl sensitized
mice; OVA, ovalbumin; PBMC, peripheral blood monolear cell; PPAR, peroxisome
proliferator-activated receptor; RA, retinoic aclRAR, retinoic acid receptor; RXR, retinoid-X-

receptor; SEM, standard error mean; TGF, transfogrgrowth factor; TLR, toll-like receptor.
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I ntroduction

The adaptive immune response is shaped by envimnaiactors including vitamin A.? Their
effective impact on the protective immune respgmsenpted the WHO to recommend vitamin A
treatment in conjunction with vaccination againseasies, tetanus, or polio in developing
countries® * Analysis of vitamin A deficient mice confirms abragated specific IgG1/3-humoral
immune response after vaccination or infection,clvhs effectively restored by vitamin A repletion
or the active metabolite retinoic aéid.The underlying mechanisms include a defective IT ce
function, reduced B cell proliferation, and diffetiation during primary and memory antibody
responsé: ' Moreover, vitamin A was shown to facilitate theypiologic IgA response under
homeostatic conditiorfsput also during infectioh,and immunizatiod® Human B cells can be
directly targeted by the active vitamin A metabméitl-trans retinoic acid (ATRA), which enhances
toll-like receptor-9-(TLR9)-induced proliferationna differentiation into IgG secreting celfs.
However, the function of vitamin A in allergy istndear. We previously demonstrated in human B
cells that IgE production is inhibited by impairegE-germline transcript expression and blocked
interleukin-(IL)-6 production when activated in theesence of ATRA? 13

At the molecular level, vitamin A operates in itsige forms by activation of retinoic acid- (RAR

v) and retinoic-X-receptors (RXRy) and transcriptional regulation of target getfeshe diversity

of vitamin A functions results from cell-specifixgession of vitamin A receptors, its activating
metabolite, and also transcriptional cofactdriduman B cells express RARRARB, and RXR.'?

15 9.cis retinoic acid (9cRA) is a naturally occugilioactive vitamin A metabolite, which is
formed by spontaneous isomerization of ATEAN addition to targeting RARy like ATRA,
9cRA also activates RXRy.** Currently, 9cRA is used for the treatment of clizotherapy-
resistant hand eczema (alitretinoin). Our previdata show that different RXRpartner receptors

modulate B cell activation, including vitamin D eptor:®*® RARe,** * liver-X-receptor’® and
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Peroxisome proliferator-activated receptor (PRAR However, the impact of 9cRA on B cells and

the allergic immune response is not known.
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M ethods

Animals and treatments

All animal procedures complied with the Germanitnibnal, state and federal guidelines (LaGeSo
Berlin). Female BALB/c mice (strain cByJR], Elevagenvier Le Genest St. Isle, France) were
kept specific-pathogen free and treated as destpbeviously? Briefly, the mice were sensitized
intraperitoneally (i.p.) with 10 pg Ovalbumin (OVAlbsorbed to alumn (Figure 1A). To target
specific lymphocytes with 9cRA, starting on day Wwhen the sensitization-induced plasmablast
response declinéd, 100 pg OVA s.c. was applied in weekly intervalghwor without 9cRA
(Basilea, Switzerland, dissolved in 10% DMSO, 20%e€&€n80 in 0.9% NacCl). Control mice
received PBS/solvents accordingly. The doses & Gntl 2.43 mg/kg 9cRA in mice correspond to
the human treatment daily dose of 3 and 30 mg derisig the body surface ar&aFinally, the
specific memory B cells were challenged by i.peatijon with 100 pg OVA after allergen-free
intervals of 4-5 weeks on day 1009.

Cdl culture

All procedures were approved by the local ethianmittee and conducted in accordance with the
Declaration of Helsinki. After a written informedmsent was obtained, CD1®8 cells were
isolated from peripheral blood mononuclear cellBNEE) of healthy donors by magnetic cell
sorting (Miltenyi Biotec, Bergisch Gladbach, Germaand cultured as previously describéd?
Consecutive separation of CD27aive and CDZ7memory B cells in some experiments was
performed magnetically according to the manufactsirmstructions (Miltenyi Biotec)ln vitro-
induced IgE expression was analyzed from CD@man B cells stimulated by anti-CD40 (clone
626.1, Santa Cruz Biotechnology, USA or clone 83R&D system, Wiesbaden, Germany, both 1
pg/mL) and IL-4 (Miltenyi Biotec, 5 ng/mL) after ays. To analyze the impact on IgA-secretion,
CD27 naive B cells were activated 4 days with anti-Igi&b2)’-fragments (Jackson

Immunobioresearch, Dianova, Hamburg, Germany, 2nj)gio crosslink the antigen receptor
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(BCR), CD40L (Miltenyi Biotec, 1 pg/mL), IL-4 (Miényi Biotec, 5 ng/mL) and IL-21 (Miltenyi
Biotec, 50 ng/mL) followed by IL-10 and IL-21 (Mdhyi Biotec, 50 ng/mL) stimulation for 72 hrs
in IMDM (supplemented with 4 mM L-glutamine non essal amino acids, 5 pg/mL transferrin
and 5 pg/mL insulin (Sigma Aldrich), respectiveBcRA was added at the beginning of cell
culturing in concentrations ranging from 10 pmolltqumol (used in 100 nmol/mL if not stated
otherwise; kindly provided by Basilea or Sigma Adtl).

Flow cytometry

For the flow-cytometric analysis, murine B cellsrevestained after Fcreceptor blockade (clone
2.4G2), using fluorescent labeled antibodies agad®20 (clone RA3.6B2), CD38 (clone 90,
BioLegend), CD138 (clone 281-2, BD Pharmingen), m#toactinomycin (7-AAD, eBioscience),
CCR9-PE (R&D Systems), ani#B7 (clone DATK32, DRFZ). For plasma cell analysis tells
were additionally fixed in 1 % paraformaldehydetrmpeabilized in 0.5 % saponin/PBS and stained
intracellular with OVA-FITC (Sigma) and IgG1-APCl¢oe X56, BD Pharmingen). The human B
cells were stained by fluorescence conjugated adits against IgD, CD23, CD54, CD86, CD38,
IgD and CCR-9 (BD Pharmingen), CD2iltenyi Biotec), 7-aminoactinomycin D (7-AAD,
eBioScience, San Diego, USA). B cell proliferatiomas analyzed after labeling with
carboxyfluorescein diacetat succinimidyl ester (EFSigma) before activation, as previously
described® 2° Cells were cultured 3-10 days as indicated, iriogé medium change for the Ig-
cultures on day 3 (measurement intervals were hted previously by optimal expression levels,
data not showrm)® *° All flow cytometric analyses were performed usinylACSQuant® Analyzer
(Miltenyi Biotec) and Flowjo software (Tree Stamgcl, Ashland, OR, USA).

Detection of IL-10 expression in human B cells

Human viable B cells were stained for IL-10 seariby the IL-10 capture assay (Miltenyi Biotec)
as previously described Briefly, activated B cells were activated for 4ydat 1.5 x 1®cells/mL

as indicated following restimulation with PMA (pla myristate acetate, 10 ng(mL) and
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ionomycin (1 pg/ml, both Sigma Aldrich) for 2.5 Harvested CD19B cells were incubated with
an anti-CD45-1L-10 bivalent antibody matrix whicblacates secreted IL-10 on the B cell surface
and 45 min. Positive cells are subsequently labeWati a second fluorescent IL-10-specific
antibody.

Enzyme-linked Immunosor bent Assay (ELISA) and ELISPOT

Murine Ig serum concentrations and ELISPOT assageevwdetermined as described in detalil
previously’® 2 The OVA-specific Ig levels were obtained by seddution of a highly positive
serum pool and 4-point analysis calculating re&ataboratory units (RU/L). Human IgM, IgA, IgG
and IgE ELISA were analyzed from cell free supeantt after 10 day of cell culture as described
previously*® Human IL-10 protein were determined from cell fepernatants according to the
manufacturer’s instructions (Duoset, R&D Systems).

Statistical analysis

Statistical analyses and graphical presentatiore vparformed using GraphPad Prism software
(GraphPad Software, La Jolla, USA). The values depicted as mean + standard error mean
(SEM). Comparisons between two groups were deteuninosing Mann-Whitney-U-Test or

Students T-Test. Statistical significance was aergid at p-values 0.05.
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Results

9-cisretinoic acid (9cRA) promotes specific IgA and reduces the IgE allergic immune response

To investigate the impact of 9cRA on the allergieriune response, OVA-sensitized BALB/c mice
were challenged three times with OVA in weekly imtds as described in the presence or
absence of increasing doses of 9cRA. The readativati OVA-specific memory cells (OVA-recall)
was performed 6 weeks after challenge and 1 wedkrdoeorgan analysis of the mice by
administering OVA i.p. (Figure 1A). Before sengitiion, OVA-specific antibodies were below the
detection threshold. The sensitization induced a®VA-specific IgE and IgG1 in all groups
(Figure 1B-D). By repetitive OVA-challenges stagtiat day 56, the addition of 9cRA increased all
specific isotypes in the 30 mg 9cRA group comparedontrol group (Figure 1B-D; OVA-IgA
p<0.0001, OVA-IgE p=0.06, OVA-IgG1 p=0.008) as wad total IgA with p<0.01 and IgE with
p<0.05 (Supplementary Figure 1 in this article’sli@m repository at www.jacionline.org).
Interestingly, 6 weeks after challenge, OVA-spedi@JA remained higher in the 30 mg 9cRA group
(Figure 1B, p<0.001) and OVA-specific IgE declintxd values lower than control (Figure 1C,
p<0.01), respectively. Challenging the specific mgmimmune response at day 109 (OVA-recall)
showed within 1 week an induction of OVA-specifigAl by 9cRA resulting in 20-fold higher
concentrations (Figure 1B, p<0.001, 1600-fold igteup difference) and OVA-specific IgE
remained stable and still lower than in controleniEigure 1C, p<0.01), but total IgE was induced
compared to control (Supplementary Fig. 1B in thasticle’s Online repository at
www.jacionline.org). OVA-IgG1, total-IgA and totéfG1 memory response were not significantly
affected by 9cRA after recall. (Figure 1 and Supmatary Fig. 1 in this article’s Online repository

at www.jacionline.org).

Increased numbers of specific IgA secreting cells by 9cRA

To further elucidate whether the observed changespéecific Ig serum concentrations by 9cRA
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were induced by altered differentiation of Ig séiagp cells and/or homing, ELISPOT analyses were
performed on day 115 from spleen and bone mardosviwo major accumulation sites of antibody
secreting cells in this model (Figure 2). The totainber of splenocytes and bone marrow cells did
not differ between the groups (p=0.73 - 0.34, data shown). However, in the spleen, the
frequencies of OVA-IgA secreting cells were incexhsn the presence of 9cRA in a dose
dependent manner compared to control (Figure 2,0d8), and robustly decreased regarding
OVA-IgE (p=0.052) and OVA-IgG1 (p<0.01) at the 3@ miose. In the bone marrow, the presence
of 9cRA reduced the numbers of OVA-IgG1 secretialisanarginally and the other isotypes were
comparable among the groups. Accordingly, the albsalumbers of OVA-IgA secreting cells were

increased in the presence of 30 mg 9cRA comparedbetaontrol group in the spleen and bone
marrow (p=0.015 and 0.013), while those regardingA@gG1l were reduced in the spleen

(p=0.015, both data not shown). Finally, OVA-IgG&hdaOVA-IgE cell numbers in the bone

marrow were reduced although statistical signifceawas not reached (p>0.05, data not shown).

OVA-specific B cells and plasmablasts migrate towar ds the intestine by 9cRA

As 9cRA modulated the presence of specific IgA kil secreting cell numbers in the spleen, we
addressed the question, whether specific B celisaliered in their homing to lymphoid tissue, too.
Therefore, OVA-specific memory B cells (BZZID138 small lymphocytes), and plasmablasts
(CD138B220 lymphoblasts) were analyzed by flow cytometry frtme bone marrow, spleen and
lymph nodes (Figure 3, gating strategy and OVA-dgp#y shown in Supplementary Figure 2 in
this article’s Online repository at www.jacionlineg). Due to the limitations in IgEcell numbers
we focused our analysis on IgGtells, which are also induced by IL-4. On day 11
frequencies of OVA-IgG1 B memory cells and plasraatd were reduced by 9cRA in the spleen in
the 30 mg 9cRA group (p=0.051, p>0.05, respectjwddya not shown). Moreover, the data show a

reduced presence within the axillar and inguinal, increased presence in the mesenteric lymph



207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

Heine et al. -11 -

nodes (Figure 3B), whereby statistical calculatias limited due to only 2 samples. We detected,
in line with OVA-IgA induction in the blood, IgGIOVA-specific B cells in the mesenteric LN,
which are most likely of IgA isotype, as OVA IgEllseare very rare and are not induced by OVA
challenge (Figure 1C)

To further analyze whether 9cRA induces gut homafigB cells during an allergic immune
response, B cells were stained for the retinoid-awlucible gut-homing molecules CC-chemokine
receptor 9 (CCR9) and integrin-alpha4-bet@B7). CCR9 was expressed on mostly IgBtells,

but also few IgG1l B cells (Supplementary Figure 3A in this article®nline repository at
www.jacionline.org), but not on plasmablasts. Inceniwith 9cRA-treatment, more CCR9
mesenteric IgG1B cells were detectable. The cell numbers4f7* B cells were comparable in the
spleen in all 3 study groups (data not shown). H@awrein the mesenteric lymph nodes, higher
frequencies of all 3 B cell subsets were observigd &an increasing dose of 9cRA (Supplementary
Figure 3B). This data indicates that 9cRA medidkedexpression of gut-homing surface molecules

in a Th2 mediated immune response, namely CCR9 cglIB and4p7 on plasmablasts.

9cRA inhibits anti-CD40 and IL-4 induced IgE production in human B cells

As our data show an impaired IgE response by 9aR@ nurine type | sensitization model and in
9cRA treated patients with increased serum?gie investigated its impact on IgE production by
human B cells. Following anti-CD40 + IL-4 stimulati of B cells, IgE concentrations were
strongly induced (24.4-fold), but not IgM, IgG, Ig#igure 4A). The addition of 9cRA inhibited
IgE production significantly (-67% = 8.5, p<0.0While secreted IgM was moderately increased (+
26% + 52, p<0.05) and IgG/IgA secretion remainetblst (p>0.05; Figure 4A). The comparison of
CD27 naive and CDZ7 memory B cells sorted before cell culture showex significant
differences between both subsets regarding survpwalliferation and lg-secretion (data not

shown). Of note, IgA was neither induced by theuwel conditions, nor by 9cRA. To investigate
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whether IgA-inducing conditions are required toilfeate the enhancing action of 9cRA observed
in mice (Figure 1B), we activated naive human Blscél the presence of IL-21 and BCR-
crosslinking F(ab2)'-fragments in addition to CD4bd IL-4 receptor stimulation to mimic
physiological B cell activation in the lymph nodettw T follicular helper cells. Upon these
conditions, secreted IgA was significantly induckg the stimulation (mean 60 ng/ml, in
unstimulated cells not detectable, not shown). Adidial 9cRA further increased IgA production up
to mean 7.4-fold (Figure 4B). Secretion of IgM algs were also induced by the stimulation
containing IL-21 to mean 110 ng/ml and 206 ng/nmiijali was further increased by 9cRA (mean 9-
fold and 3-fold), respectively, whereas IgE was sighificantly affected (mean 1.3 ng/ml, p=0.14).
To exclude a bias by potential reduced proliferato viability by 9cRA, flow cytometric analysis
of 7AAD-stained cells and CFSE dilution was anati/ze cultured B lymphocytes. The data
showed that the viability remained unchanged byAdé&lowing stimulations (p>0.05, data not
shown). The analysis of CFSE-labeled B cells shoimddced proliferation by anti-CD40 + IL-4
(12-fold compared to unstimulated cells), which waduced by trend in the presence of 9cRA by

49% + 10 (p=0.09, data not shown).

9-cisretinoic acid (9cRA) targets human B cells directly and modulates its activation
To assess which and how human B cell populatioestangeted by 9cRA, we determined the
surface expression of the vitamin A-inducible pmot€D38 on B cells as surrogate marker for

retinoid signaling *°

(Supplementary Figure 4 in this article’s Onlinepository at
www.jacionline.org) and the production of cytokinegich are crucial for immunoglobulin
production in an autocrine manrnérKinetic studies identified day 4 as an optimalepnint (data
not shown). The data show an increased surface @@B&ssion on anti-CD40 + IL-4 as well as

anti-CD40 + IL-4 + anti-BCR + IL-21 activated B =(Supplementary Figure 4A in this article’s

Online repository at www.jacionline.org).



257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

Heine et al. -13 -

To assess how 9cRA impacts B cell activation, wst fdetermined the expression of the IgE
receptor-ll (CD23) and the costimulatory molecut#354 (ICAM-I) and CD86 on B cells. Kinetic
studies identified day 3 as an optimal timepoirt@dnot shown) for further analysis. In anti-CD40
+ IL-4 stimulated cells, additional 9cRA did noteal CD23 and CD54, but CD86 expression on B
cells was significantly reduced by 9cRA (mean 2ifdfigure 5A). However, unlike in murine B
cells, chemokine receptor 9 (CCR-9) surface exprssas not altered in the presence of 9cRA on
human B cells (data not shown). Secondly, we exadhimhether 9cRA controls B cell cytokines,
involved in differentiation to IgE-secreting cellsjamely IL-10 promoting plasmablast
differentiation®® We determined the secretion of IL-10, considerthg kinetics of cytokine
expression as reported previouSly? After 3 days IL-10 was induced in B cells by stlation
with anti-CD40 + IL-4. We detected more IL-10 irethupernatants of anti-CD40 + IL-4-stimulated
B cells in the presence of 9cRA, as validated alsmonditions including IL-21 and anti-BCR. To
clarify, whether this results from a higher freqogof IL-10 secreting cells, or more secretion per
cell, we performed flow cytometric analysis. We Ilgmad B cells activated according the
established conditions to induce Igi\vitro, including IL-21 + anti-BCR, as the frequenciedlof
10" B cells and amounts of secreted IL-10 were loweBponse to anti-CD40 + IL-4 stimulatith.
The data show significant induction of IL-10 sekrgtcells by the stimulation (mean 2.8% % 0.6),
which is increased by 9cRA (mean 3.3% * 1.1, datashown and Supplementary Figure 5 in this

article’s Online repository at www.jacionline.org).
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Discussion

We have provided evidence that exogenous 9-cisaietacid (9cRA) in the context of an allergic
sensitization profoundly modulates an establishathdral IgE response, resulting in reduced
specific IgE responses and increased specific kgpaonses in mice. Data from humanvitro
studies underline that 9cRA directly targets attdehuman B cells and decreases IgE production.
Our data suggest a novel mechanism in type 1 glkergontrol IgE by a strong modulatory action
of 9cRA on allergen-specific IgA. The generationaaf IgA™ allergen-specific memory B cell pool
irreversibly limits the regeneration of IgE memdycells, as the gene encoding for IgE and 1gG
subclasses is excised during the process of isotya®s switch recombination to IfA.We
demonstrated a 9cRA-driven plasmablast generaganly( 9cRA function) and polarization of
specific memory B cells (late 9cRA function) towsuldA instead of IgE/IgG1. Accordingly, serum
OVA-IgA rapidly increased in the 9cRA groups on del5 after OVA recall (day 109) while
OVA-IgE concentrations and numbers of specific égfsting cells were unaffected. However, data
from human studies indicate that IgA remained staisider 9cRA treatment in hand eczeraut
also in CD40 + IL-4 activated B cells vitro as shown in this study. By simulating the B cell
activation in the lymph node with additional BCRi#eation and IL-21, IgA production by a factor
of up to 7.4 due to 9cRA. These findings suggest éhtemporo-spatial presence of antigens with
9cRA in a specific microenvironment, e.g. in the,3is required to achieve IgA polarization. Our
data from the murine allergic sensitization modgihg 9cRA confirms a gut-tropism of B cells
activated in the presence of vitamin A. This walteated by the increased presence of CCR9
cells and integrinkdB7’ plasmablasts in mesenteric lymph nodes rather thardraining lymph
nodes. In this respect, our study extends therfigsldf previous reporfS.We also detected a large
proportion of IgG1B cells and plasmablasts in the mesenteric lynuies in the 9cRA groups.
These were most likely IgA isotype cells and theimber was dependent on the dose of 9cRA

administered.
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Whether the induction of gut-homing molecules bigBdirectly occurs in B cells or indirectly via
specialized gut-derived dendritic cells that wearecontact with vitamin A is as yet unknown.
However, the latter option is supported by our ifngcthat these homing receptors were not induced
by 9cRA in purified human B cells.

It is still not clear how 9cRA induced Igih vivo. TGF is essential for the induction of IR as
IgA is absent in mice with a B cell-specific detetiof the TGH3 receptor’ There is still no
conclusive evidence whether retinoic acid can switstfor TGF$ in the induction of IgA" But
autocrine TGFB induces IgA-switching? and is known to be induced by retinoic atidherefore,

an indirect mechanism which causes 9cRA to indgéeih B cells seems probable. Alternatively,
retinoic acid-induced TGB-from other cell types like intestinal dendritidls€* or epithelial cells

8 and contact to IL-21-secreting T follicular helpzglls ** may serve as indirect mechanisms
causing IgA to be produced in B cells. The lattgodthesis is supported by our finding thatitro
anti-CD40 + IL-4 activated human B cells fail tacsste IgA in the presence of 9cRA, but not upon
BCR- and IL-21-induced IgA secretion.

In addition to its impact on specific IgA inductioour data are of great importance for the
understanding how established IgE responses arelated by endogenous and exogenous
cofactors, as 9cRA is synthesized from vitamin Ayenatically** but is also used systemically for
chronic inflammatory dermatological conditions ¢Aditinoin). Our observation that 9cRA inhibits
IgE production in isolated human B cells is in lingh reduced serum IgE concentrations in 9cRA
treated patients, suggesting that B cells may be targeted dire&ignificantly, the concentrations
of 9cRA used in this study were adjusted to leuslksd during systemic treatment. In addition, our
data improve the understanding of 9cRA, building tba insights previously gained from the
isomer all-trans retinoic acid (ATRA), which inhi®ilgE production in purified human or murine B
cells and sensitized mic¢&. * 3 |n human B cells, 9cRA promoted IL-10 as previgusl

demonstrated for ATRA™® Flow-cytometric analysis showed that 9cRA increade-10
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expression by increasing the frequencies of pradycells similar to vitamin B’ Surface CD86
expression decreased as a result of 9cRA as well AFRA,* * suggesting a common mode of
action, namely via RAR and RXR receptors.

However, the fact that B cell viability remainedatilected and the beneficial safety and tolerability
profile of 9cRA*® suggest superiority over other retinoids such aRA. B cell-derived IL-10
negatively controls IgE expressidhwhich supports the findings of a recent study ®eRA-
induced IL-10 from B cells contributes to the cohtof serum IgE’ However, further detailed
studies are required to validate this hypothesisvduld be particularly relevant to analyze the
lamina propria, the peyers patches, and the Bplehotypes in the mesenteric lymph nodes to
further understand the mechanism of action of 9cRA.

To sum up, 9cRA targets the humoral immune respamsan allergic sensitization model by
promoting a specific IgA response and decreasiadgk response. Our findings indicate that RXR
activating retinoids play a major role in the ploysgic regulation of IgE due to the endogenous
synthesis of 9cRA. Further research is necessatiatdy whether a specific allergic response can

be biased in a long-term manner towards IgA usciRy/Q
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Figure 1. Repetitive antigen promotes the 1gA response in the presence of 9cRA. (A)
Experimental setup. Arrows indicate OVA-sensitiaafi OVA-challenges (+ 9cRA at the same
time) and OVA-recall. OVA-specific serum concernitvas of (B) IgA, (C) IgE and (D) IgG1 were
determined after sensitization on day 51, aftedlehges on day 77 (open bars=without 9cRA;
orange=3 mg/kg 9cRA; red=30 mg 9cRA), pre and [@¢A recall on day 109 and day 116,

respectively. Data are shown as mean + SEM, np6s 0.05, ** p<0.01, *** p < 0.001.

Figure 2. Increased numbersof 1gA- and diminished I gE- and 1gG1-secreting cells by 9cRA in

the spleen. Mice were treated as described in Figure 1 legendig-secreting cells were analyzed
on day 115 by OVA-specific ELISPOT regarding (AAIgB) IgE and (C) IgG1 isotype. The left
column depicts the data from spleen, the right ftoembone marrow. The line indicates the mean

value, n=5-6, * < 0.05, ** p< 0.01, Mann-Whitney-U-Test compared to control.

Figure 3. 9cRA promotes the intestinal homing of OVA-specific B cells and plasmablasts.

Mice were treated as described in Figure 1A. OVAed B cells and plasmablasts were analyzed
on day 115 by flow cytometry. The dot plots weréedaon live single cells (Supplementary figure
2). The data are shown (A) as dot plots from repregive 1 experiment, (B) as mean + SEM from
different lymphatic tissues, nd=not detectable, -6=ice; cells from lymph nodes were pooled

from 3 individual mice, Mann-Whitney-U-Test compate control.

Figure 4. Effect of 9cRA on human immunoglobulin production. CD19" B cells were stimulated
with (A) anti-CD40 + IL-4 for 10 days or (B) antiB2l0 + IL-4 + anti-BCR + IL-21 for 7 days in
the absence or presence of increasing doses of QuRlAthe secreted Ig concentrations were
detected by ELISA. The mean concentration after@Dé0 + IL-4 stimulation was 1.9 ng/ml for

IgE, 29 ng/ml for IgM, 96 ng/ml for IgG and 710 ng/for IgA. The mean concentration after anti-
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CD40 + IL-4 + anti-BCR + IL-21 stimulation was Ing/ml for IgE, 110 ng/ml for IgM, 206 ng/ml|
for IgG and 60 ng/ml for IgA. Values are normalizedstimulated control shown as mean + SEM

(n=4, *=p<0.05, **=p<0.01).

Figure 5: Impact of 9cRA on B cell activation. (A, B) Hum&D19" B cells were activated by

antiCD40 + IL-4 or (C) anti-CD40 + IL-4 + anti-BCRIL-21 + 9cRA for 4 days. CD23, CD54 and
CD86 MFI was analyzed by flow cytometry. IL-10 centrations were detected by ELISA. Mean
IL-10 concentrations in the stimulated control gramere (B) 16 pg/ml and (C) 1367 pg/ml. (A)
Exemplary histograms are gated on live B celldefilgrey=stimulated, black line=stimulated +

9cRA). The bars are normalized to stimulated comind represent mean + SEM (n=4, *=p<0.05).
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Supplementary Figure 1. Stable total Ig-serum concentrations upon treatment with 9cRA
together with the antigen. Experimental setup as described in Figure 1 leg&iotal serum-Ig
concentrations were determined regarding (A) IgB) (QE and (C) IgG1l at day 51 (post-
sensitization), day 77 (post OVA challenges withuhite), with 3 mg/kg 9cRA (orange) or 30 mg
9cRA (red), day 109 and day 116 (pre and post O&#lf). Data are shown as mean + SEM, n=6.

**p <0.01.

Supplementary Figure 2. Detection of OVA-specific B cells and plasmablasts. A) Gating
strategy to detect OVA-specific IgGplasmablasts (left panel) and memory B cells ¢rijggmel)
and backgating to the scatter characteristics $5i8€, granularity=SSC). B) Specificity of OVA
plasmablasts compared by cells from naive micegpiienyl sensitized mice (NP-KLH) and OVA

sensitized mice following preincubation with unlegEOVA in excess (OVA-block).

Supplementary Figure 3. Detection of homing parameters of OV A-specific B cells. The mice
were treated as described in Figure 1A and analgmathy 115 by flow cytometry. (A3ating
strategy to detect homing parameters on B celletsb&) Expression of CCR9 andf7 on
mesenteric lymph node B cells. nd=not detectal#&:& mice; cells from lymph nodes were

pooled from 3 individual mice.

Supplementary Figure 4. 9cRA enhances surface CD38 expression in activated B cells. CD19

B cells were activated by (A) anti-CD40 + IL-4 férdays or (B) anti-CD48 IL-4 + anti-BCR +

IL-21 for 7 dayst 9cRA and analyzed by flow cytometry. A represamgahistogram of each

stimulation (right to the diagram) is gated on Ili& cells (filled grey=stimulated, black
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line=stimulated + 9cRA). The bars are normalizedtimulated control and represent mean + SEM

(n=4, *=p<0.05, **=p<0.001).

Supplementary Figure 5: 9cRA upregulates IL-10 resulting in a higher frequency of IL-10
secreting cells. Naive human B cells (CDIACD27) were stimulated for 4 days by CD40L + IL-4
+ IL-21 + anti-BCR in the absence or presence ofeasing concentrations of 9cRA. The data

show dot plots of intracellular IL-10 stained cdliesm one representative donor.
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