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Abstract
Background: Vitamin A regulates the adaptive immune response and a modulatory 
impact on type I allergy is discussed. The cellular mechanisms are largely unknown.
Objective: To determine the vitamin A-responding specific lymphocyte reaction in 
vivo.
Methods: Antigen-specific B and T lymphocytes were analyzed in an adoptive trans-
fer airway inflammation mouse model in response to 9-cis retinoic acid (9cRA) and 
after lymphocyte-specific genetic targeting of the receptor RARα. Flow cytometry, 
quantitative PCR, next-generation sequencing, and specific Ig-ELISA were used to 
characterize the cells functionally.
Results: Systemic 9cRA profoundly enhanced the specific IgA-secreting B-cell fre-
quencies in the lung tissue and serum IgA while reducing serum IgE concentrations. 
RARα overexpression in antigen-specific B cells promoted differentiation into plas-
mablasts at the expense of germinal center B cells. In antigen-specific T cells, RARα 
strongly promoted the differentiation of T follicular helper cells followed by an en-
hanced germinal center response.
Conclusions: 9cRA signaling via RARα impacts the allergen-specific immunoglobulin 
response directly by the differentiation of B cells and indirectly by promoting T fol-
licular helper cells.
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1  | INTRODUC TION

Type I allergy results from a complex interaction of different im-
mune cell types that promote a B-cell differentiation into IgE secret-
ing cells. In this process, antigen-dependent B-cell activation and 
differentiation typically take place during the germinal center (GC) 
reaction in secondary lymphoid organs where the subset of T fol-
licular helper (Tfh) cells provide help via the production of CD40L 
and IL-21.1,2 This T-cell subset is characterized by high expression 
of the transcription factor Bcl-6, Programmed Cell Death Protein 
(PD)-1, and the chemokine receptor CXCR5 which enables them 
to migrate into B-cell zones. In this context, vitamin A was recog-
nized as an antigen-independent modulator of the specific humoral 
immune response.3-5 The vitamin A deficiency-caused impaired hu-
moral immune response is associated with increased mortality from 
infections.6-8 Thus, the WHO recommends vitamin A administration 
before vaccination against measles, tetanus, or polio in high-risk re-
gions, especially Africa and southern Asia.9,10 Vitamin A acts through 
the active metabolite retinoic acid (RA) on lymphocyte activation, 
proliferation, homing, and through signaling of the nuclear retinoic 
acid receptors (RARs).11 These ligand-activated transcription factors 
dimerize with retinoic X receptors (RXRs) and bind to specific pro-
moter regions. RA is produced by dendritic cells, macrophages, and 
stromal cells via retinal aldehyde dehydrogenases (RALDH1 and 2) 
and metabolized through the enzyme CYP26A, which is induced by 
RA itself.12 These receptors are widely expressed on different im-
mune cells including T and B lymphocytes and dendritic cells. The 
functions of RA include the induction of gut-homing molecules such 

as α4ß7 integrin and CCR9 on lymphocytes.13,14 The reports on RA 
functions on T helper cell differentiation and polarization are het-
erogeneous, suggesting a context-dependent setting.15-19 While B 
cells are promoted by RA to differentiate into antibody-secreting 
cells,5,20,21 vitamin A deficiency in mice leads to reduced serum IgA 
and IgG.22,23 In an established type I allergy model, we identified the 
physiologic vitamin A metabolite 9-cis retinoic acid (9cRA) as a potent 
modulator to induce specific IgA response at the expense of IgE in 
vivo.24 These observations corroborate data from human B-cell cul-
tures24,25 and regarding IgE also data from patients during systemic 
9cRA-therapy (ie, Alitretinoin).26 Until now, the cellular mechanism 
of 9cRA is not known, whether lymphocyte-intrinsic mechanisms or 
complex interactions between several different cell types including 
stromal cells are involved. In this work, we investigated the functions 
of 9cRA, which is used in humans with a beneficial safety profile 
and previously shown immunomodulatory properties, and followed 
the hypothesis that RARα functions modulate the differentiation in 
a lymphocyte-specific manner, that is, the differentiation of B cells 
into antibody-secreting cells and the polarization of T (follicular) 
helper cells.

2  | MATERIAL S AND METHODS

2.1 | Mice

All experiments were approved by the local authority (Landesamt 
für Gesundheit und Soziales, Berlin, Germany) and performed in 

G R A P H I C A L  A B S T R A C T
This study analyzes antigen-specific B and T lymphocytes in an adoptive transfer airway inflammation mouse model in response to 9-cis 
retinoic acid (9cRA) and after lymphocyte-specific genetic targeting of the receptor RARα. RARα overexpression in antigen-specific B cells 
promotes differentiation into plasmablasts at the expense of germinal center B cells. In antigen-specific T cells, RARα strongly promotes the 
differentiation of T follicular helper cells followed by an enhanced germinal center response.
Abbreviations: FDC, follicular dendritic cell; GC, germinal center; Tfh, T follicular helper cell; RARα, retinoic acid receptor alpha.
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accordance with the German animal protection laws. Mice were bred 
under specific pathogen-free conditions in the DRFZ animal facility 
at the Federal Institute for Risk Assessment, Berlin. C57BL/6NCrl 
and CD28 knock-out mice27 were used as recipients for adoptive 
transfer. Smarta TCR-transgenic mice28 were additionally back-
crossed to B6PL mice (Jax stock 000406; Thy-1.1+) to track cells 
after adoptive transfer. For analysis of antigen-specific B cells, nitro-
phenol (NP)-specific BCR knock-in B1-8i mice29 were crossed to κ-L 
chain knock-out mice30 to ensure NP specificity of all B cells and Ly-
5.1 mice (Jax stock 002014; CD45.1+) to track cells via this congenic 
markers after the transfer (either B220−CD4+ Thy-1.1+ for Smarta-
specific T cells or CD4−CD8−CD19+CD45.2−CD45.1+ for NP-specific 
B cells) (Figure S1). For all experiments, female mice were used at an 
age of 8-16 weeks.

2.2 | Retroviral knockdown and overexpression of 
T and B cells

For specific RNA interference of RARα, RARα target sequences (5′- 
TGCAGTTCCGAAGAGATAGTTTCAAGAGAACTATCTCTTCGGAA
CTGCTTTTTTC-3′) were annealed and DNA oligonucleotides were 
cloned into the retrovirus-based vector pQCXIX (Takara Bio) contain-
ing the murine U6 promoter downstream of an EF1α promotor and GFP 
fluorescent reporter (described in31) using HpaI and SalI restriction 
sites (Figure S2). As a control, a scrambled sequence (5′-TGCTATCGA
GAAGATCAGCCTTCAAGAGAGGCTGATCTTCTCGATAGCTT
TTTTC-3′) was used. For constitutive overexpression, cDNA for 
RARα was amplified from murine spleen using the following prim-
ers: RARα forward 5′-GGAAGATCTCCATCACAACTACCTGCC-3′ 
and RARα reverse 5′ GGACTCGAGGAAGGCAGAGAAAGCCAG-3′ 
and cloned into the retroviral expression vector pMSCV (Takara 
Bio) using BglII and XhoI restriction enzymes, followed by an IRES 
site and mAmetrine as a fluorescent reporter for positive selection 
(Figure S2).

Viral particles were produced using HEK293T cells transfected 
with packaging plasmids pECO and pCGP and respective plasmids 
by calcium phosphate transfection. Retroviral supernatants were 
collected after 24 and 48 hours.

Splenocytes from Smarta mice were cultured with the addi-
tion of LCMV GP61–80 peptide (1 μg/mL; GenScript), recombinant 
IL-4 (10 ng/mL; Miltenyi Biotec), anti-IFN-γ (AN18.17.24; 10 μg/
mL), and anti-IL-12 (C17.8; 5 μg/mL) for Th2 polarization (this re-
sults in an enhanced frequency of IL-4 producers but not a strict 
Th2 phenotype, ie, T cells are still able to produce IFN-γ in vivo). 
After 24 hours of in vitro stimulation, T cells were retrovirally in-
fected as described before.32 Cells were cultured for an additional 
4 days, followed by sorting for cells expressing the corresponding 
fluorescent protein on a FACSAria II (BD Biosciences) or SH800S 
Cell Sorter (Sony).

Respectively, splenic B cells from B1-8i mice were sorted mag-
netically (Miltenyi Biotec) by depletion of CD43 positive cells and 
stimulated in the presence of NP-Ficoll (Biosearch Technologies, 

1 μg/mL) and anti-CD40 (FGK45; 10 μg/mL) for 24 hours before ret-
roviral transduction. 48 hours post-infection, B cells were sorted for 
positive mAmetrine fluorescence expression.

2.3 | Adoptive transfer airway inflammation 
model and subcutaneous immunization

2.5 × 105 Th2-biased Smarta cells were cotransferred with 1 × 106 
retrovirally transduced transgenic B1-8i B cells into C57BL/6 mice 
by intravenous injection. Alternatively, 2.5 × 105 retrovirally trans-
duced Smarta cells were cotransferred with 1 × 106 naive B1-8i B 
cells into CD28 knock-out mice, which cannot mount an endogenous 
T-cell response and therefore are ideal to study indirect effects of 
the modified Smarta T cells on the B-cell response. Before transfer, 
cells were counted with a Guava EasyCyte capillary flow cytometer 
and ViaCount solution (Merck Millipore) or sorted via fluorescence-
activated cell sorting for GFP or mAmetrine expression. For subcu-
taneous immunization, recipient mice were injected s.c. at the tail 
base with 20 µg of a synthetic cognate antigen (LCMV GP61–80 pep-
tide and iodo-NP (NIP) conjugated to mouse serum albumin; NIP-
SM-MSA) in complete Freund's adjuvant (Sigma-Aldrich) at the tail 
base.

For induction of airway inflammation, mice were repetitively 
challenged intranasally with 20 µg NIP-SM-MSA with 5 µg LPS 
(Sigma-Aldrich) as adjuvant on day 0, 1, 10, and 13. In some exper-
iments, 0.36 mg 9-cis retinoic acid (Enzo Life Science) was given 
in weekly intervals subcutaneously as described before,24 starting 
2 weeks before adoptive transfer.

2.4 | Cell isolation

After subcutaneous immunization, the draining inguinal lymph 
nodes were isolated on day 7. In the airway inflammation model, 
the lungs were analyzed on day 7 or 17. After perfusion of the lung 
with PBS, bronchial lymph nodes were dissected from the lung tissue 
under a microscope. Single-cell suspensions from lung tissue were 
prepared using the gentle MACS dissociator (Miltenyi Biotec) and 
digested with 0.5 mg/mL collagenase D and 20 mg/mL DNase I (both 
from Roche) for 25 minutes at 37°C. All cells were counted using 
a Guava EasyCyte capillary flow cytometer and ViaCount solution 
(Merck Millipore).

2.5 | Flow cytometry

Single-cell suspensions from lymph nodes, lung, or cultured 
Smarta T cells were stained with different combinations of fluo-
rophore-conjugated antibodies (Table S1). Up to 7.5 × 107 cells 
resuspended in a total volume of 200 µL in 96 well microplates 
(round type) were stained. To avoid unspecific antibody bind-
ing, cells were first incubated with Fcγ receptor block (2.4G2; 
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anti-CD16/32). To determine the optimal staining quality of anti-
bodies, the intensity of staining was tested with several dilutions 
before the experiment. Mix of antibodies diluted in PBS supple-
mented with 0.25% BSA and 0.1% NaN3 was added to the cells 
for 30-45 minutes on ice. Staining with biotinylated antibodies 
required an additional step with fluorophore-labeled streptavi-
din for 5 minutes. Streptavidin -PE-Cy7, -APC-Cy7, or -PerCP (all 
from Biolegend) was used as secondary reagents. Dead cells were 
stained and excluded either by DAPI or propidium iodide, added 
immediately before analysis.

For intracellular staining of immunoglobulins (also stains sur-
face Ig), transcription factors, or cytokines, cells were fixed and 
permeabilized after surface staining. Cytokine expression was an-
alyzed after restimulation with phorbol 12-myristate 13-acetate 
(PMA; 10 ng/mL) and ionomycin (1 μg/mL) for 4 hours at 37°C 
including 3 hours Brefeldin A (5 μg/mL, Biomol). Prior to fixation, 
cells were labeled with 84 nmol/L Alexa Fluor-700, Cy7, or Brilliant 
UV350 succinimidyl ester or 1.34 μmol/L Pacific Orange succin-
imidyl ester (Invitrogen) on ice for 25 minutes, to discriminate 
dead cells.33 For immunoglobulins and cytokines, cells were fixed 
with 4% paraformaldehyde for 20 minutes at RT, permeabilized by 
washing and incubating with saponin buffer and stained with dif-
ferent fluorophore-conjugated antibodies (Table S1). Differently, 
transcription factors (Table S1) were stained using the FoxP3 
Staining Buffer Set (eBioscience) and fixed for at least 1 hour at 
4°C. Analogous to surface staining, non-specific binding of the 
antibodies was prevented by pre-incubation of the cells in 20 μg/
mL 2.4G2 (anti-CD16/32) for 5 minutes. The staining of intracel-
lular proteins was performed for 30 minutes on ice. For detection 
of IL-21, an IL-21R-Fc chimera (Table S1), followed by Alexa Fluor 
647-conjugated goat anti-human Ig (Jackson ImmunoResearch), 
was used. Cells were washed before analysis, resuspended in 
PBS/0.25% BSA/0.1% NaN3, and passed through 70 µm filter 
fabric. Flow cytometry was performed on an LSR Fortessa or 
Symphony (BD Biosciences) and data analyzed with FlowJo soft-
ware (Tree Star). Analysis gates were set on live cells, identified by 
the exclusion of DAPI-, PI- or fixable live/dead stain-positive cells 
and defined by scatter characteristics and exclusion of doublets. 
In all figures, antigen-specific T cells were identified as B220− 
CD4+ Thy-1.1+; antigen-specific B cells as live CD4− CD8− CD19+ 
CD45.2− CD45.1+.

2.6 | Enzyme-linked immunosorbent assay

NP-specific Ig was determined by ELISA as described in.34 Briefly, 
after coating of 96-well flat-bottom plates (Nunc MaxiSorp) with NP-
coupled BSA (5 μg/mL), followed by incubation with diluted serum, 
mouse IgG1 or IgA was detected using horseradish peroxidase-cou-
pled monoclonal antibodies (Southern Biotechnologies). NP-specific 
IgE was determined on plates coated with anti-mouse IgE (clone 
R35-27; BD Biosciences) and incubation with diluted serum followed 
by NP-conjugated BSA and biotinylated anti-NP (clone 18.1.16) and 

peroxidase-conjugated streptavidin. As standard served purified 
IgA (233.1.3), IgG1 (18.1.16), or recombinant NP-specific antibody 
(B1-8-IgE, all kindly provided by Klaus Rajewsky). The colorimetric 
reaction was analyzed for absorbance at 450 nm using a SpectraMax 
Photometer (Molecular Devices).

2.7 | RNA isolation and quantitative PCR

RNA was isolated from sorted lymphocytes using the Direct-zol RNA 
Kit (Zymo Research) according to the manufacturer's protocol. RNA 
was reverse transcribed using the High-Capacity cDNA Reverse 
Transcription Kit (Applied Biosystems). Gene expression was analyzed 
on a QuantStudio 7 Flex Real-Time PCR System (Applied Biosystems) 
using TaqMan gene expression assays (Thermo Fisher Scientific) for 
murine RARα (Mm01296312_m1), Cyp26A1 (Mm00487244_m1), 
and Hprt for standardization (Mm01545399_m1).

2.8 | Next-generation sequencing

RNA samples were purified using the RNeasy Micro Kit (Qiagen) and 
the quality validated using a Fragment Analyzer System and the HS 
RNA 15 nt Kit (Agilent Technologies). RNA was classified as suitable 
if samples showed optimal S28/S18 ratio (≥2.0), displayed no RNA 
degradation, and had an RNA quality number (RQN) above 8. For 
gene expression library preparation, 10 ng of total RNA was used as 
input in the Smart-Seq v4 mRNA Ultra Low Input RNA Kit (Clontech) 
and processed according to the manufacturer's instructions. After 
quality control (HS NGS Fragment Kit (1-6000 bp), Agilent) and con-
centration measurement (Qubit dsDNA HS Assay Kit, Invitrogen), 
1 ng of the purified cDNA was used for library completion with the 
Nextera XT library preparation kit (Illumina). Paired-end sequencing 
(2 × 75 nt) was performed on an Illumina NextSeq500, and raw se-
quence reads were mapped to the mouse GRCm38/mm10 genome 
with TopHat235 in very-sensitive settings for Bowtie2.36 Gene ex-
pression was quantified either by HTSeq37 for total RNA or feature 
Counts38 for mRNA and analyzed using DESeq2.39 Differential ex-
pression between empty control vector and RARα overexpression 
was regarded as significant when the adjusted P-value was <0.05 
and the log2 fold-change was >1.2.

2.9 | Statistical analysis

The sample size was predetermined using G*Power 3.40 Data are 
either displayed showing the mean value and results from single 
animals or the mean with error bars (SEM) as indicated. Data were 
statistically analyzed using Prism 8 software (GraphPad Software). 
No data were excluded. Normal distribution was analyzed using the 
Shapiro-Wilk test, and differences between the groups were evalu-
ated using a two-tailed Student's t test or Mann-Whitney U test, 
accordingly.
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3  | RESULTS

3.1 | 9cRA promotes the specific IgA response at 
the expense of IgE

To elucidate the role of 9cRA on antigen-specific T and B cells in the 
context of an allergic inflammation in vivo, we applied our estab-
lished airway allergy transfer model.34 TCR-transgenic T cells from 
Smarta mice, which had been cultured in vitro for 5 days under Th2 
polarizing conditions to enhance the frequency of IL-4 producing T 
cells, and naive B cells from B1-8i mice, with a specific receptor for 
nitrophenol (NP), were adoptively transferred into C57BL/6 recipi-
ents (Figure 1A). Mice were repeatedly challenged intranasally with 
cognate antigen resulting in an allergic lung inflammation with in-
filtrates of antigen-specific T and B cells. The transferred T and B 
cells were identified by the respective congenic markers Thy-1.1 and 
CD45.1 via flow cytometry (in the following termed Smarta-specific 

T or NP-specific B cells). The model allows to detect classical Tfh, 
GC B cells and plasmablasts in the lung-draining lymph node as well 
as Tfh-like and GC-like B cells, which interact in the non-lymphoid 
inflamed lung tissue, resulting in the local generation of plasmablasts 
in the lung.34,41

The mice received 9cRA subcutaneously in weekly intervals be-
fore and after adoptive transfer (Figure 1A). The data show the in-
duction of GC-like B cells in lung tissue characterized by a CD38low 
GL7high phenotype (Figure 1B). Additional 9cRA decreased the fre-
quency of this cell population (P < .01, Figure 1B) and increased 
those of specific plasmablasts by 1.5 fold (P < .01, CD138+CD19low 
population, Figure 1C). Most plasmablasts were of IgA or IgG1 iso-
types in this model (Figure 1D/E). Additional 9cRA increased both 
the frequencies of IgA-secreting plasmablasts by 2.5 fold compared 
to control (P < .0001, Figure 1E) and the specific serum IgA con-
centrations (P < .01, Figure 1F). Conversely, 9cRA decreased the 
frequencies of specific IgE secreting plasmablasts and the specific 

F I G U R E  1   9cRA promotes the specific IgA response to the expense of IgE. (A) Experimental setup for airway inflammation model. In 
vitro cultured Smarta-Th2 cells and naive B1-8i B cells were transferred into syngeneic C57BL/6 mice, some of which treated with 9cRA 
weekly. After repeated cognate antigen challenge, antigen-specific T and B cells were analyzed from lung as indicated. (B) Quantification of 
CD38lowGL7+ GC-like B cells in lung tissue. The flow cytometry contour plots are gated on NP-specific B cells and the frequencies are shown 
in % of the NP-specific B cells. (C) Analysis of NP-specific CD138+CD19low plasmablasts was performed accordingly and representative 
contour plots and statistic evaluation is shown. (D) Representative flow cytometric staining of NP-specific B cells in the lung regarding 
the isotype class. (E) Statistical analysis of the immunoglobulin-secreting NP-specific B cells from lung tissue. (F) Serum concentrations of 
antigen-specific IgA, IgE, and IgG1 as determined by ELISA. Each symbol represents a single animal and bars depict the mean. Data are 
representative of two independent experiments with 4 animals per group and per experiment. Two-tailed Student's t test for normally 
distributed data (Shapiro-Wilk normality test): *P < .05; **P < .01; ***P < .001; ****<P < .0001; ns P > .05

(A)

(B)

(C)
(F)

(E)

(D)
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IgE serum concentrations (P < .001, Figure 1E/F). Frequencies of 
NP-specific IgG1 plasmablasts and serum concentrations were com-
parable between both groups (P > .05, Figure 1E/F), suggesting an 
isotype-specific effect of 9cRA on IgA and IgE.

Thus, we show that 9cRA promotes a specific IgA response to 
the expense of IgE in our antigen-specific transfer model and de-
termines the immune reaction in both, the lymphatic tissue and the 
inflamed lung tissue.

3.2 | RARα promotes B-cell differentiation into 
plasmablasts, but not germinal center B cells

To further investigate the mechanism of how 9cRA controls the 
specific IgA and IgE response at the cellular level, we ectopically 
overexpressed its receptor RARα in B cells before transfer. Splenic 

naive B cells from B1-8i mice were stimulated with NP-Ficoll plus 
anti-CD40 and transduced with a retroviral vector containing RARα 
cDNA followed by an IRES site and mAmetrine as a fluorescent 
reporter protein. The functional overexpression was validated by 
quantifying the mRNA expression of RARα and the canonical down-
stream target gene Cyp26A1 (P < .0001, Figure 2A). The transduced 
B cells were adoptively transferred together with Th2-biased SM 
T cells into recipient mice followed immediately by intranasal anti-
gen challenge (Figure 2B). The recipient mice were kept on a stand-
ard diet. Kinetic studies identified day 7 as the optimal time point 
for the recovery of the activated antigen-specific B cells (data not 
shown). Transferred activated B cells were able to differentiate into 
specific GC-like B cells and antibody-secreting cells (Figure 2C/D). 
Additional RARα overexpression reduced the frequencies of specific 
GC-like B cells in lung tissue by a factor of two (P < .001, Figure 2C). 
As observed on 9cRA supplementation, the frequencies of CD138+ 

F I G U R E  2   RARα promotes B-cell differentiation into plasmablasts, but not germinal center B cells. (A) Activated B1-8i B cells were 
retrovirally transduced with RARα overexpression (RARα-OE) or empty control vector (EV), sorted for successfully transduced cells 48-96 h 
later and analyzed by qPCR for mRNA expression of RARα and Cyp26A1. (B) Experimental setup for airway inflammation model. In vitro 
activated B1-8i B cells were retrovirally transduced with a RARα overexpression vector or empty vector control and cotransferred with 
Th2-biased Smarta T cells into syngeneic C57BL/6 mice. On indicated days, recipient mice were immunized with an NIP-Smarta conjugate 
and LPS intranasally. Antigen-specific B cells from lung were analyzed on day 7. (C) Quantification of CD38lowGL7+ GC-like B cells in lung 
tissue. The flow cytometry contour plots are gated on Ag-specific B cells and the frequencies and total numbers are shown of the Ag-
specific B cells. (D) Analysis of NP-specific CD138+CD19low plasmablasts was performed accordingly and representative contour plots and 
statistic evaluation is shown. Each symbol represents a single animal and bars depict the mean. Data are representative of two independent 
experiments with 4 or 5 animals per group and per experiment. Two-tailed Student's t test for normally distributed data or Mann-Whitney 
test for nonparametric data (Shapiro-Wilk normality test): *P < .05; **P < .01; ***P < .001; ****P < .0001

(A)

(C)

(D)

(B)
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F I G U R E  3   RARα regulates B-cell responses. (A) Activated Smarta T cells were retrovirally transduced with RARα overexpression (RARα-
OE) or empty control vector (EV), sorted for successfully transduced cells 48-96 h later and analyzed by qPCR for mRNA expression of RARα 
and Cyp26A1. (B) Experimental setup for airway inflammation model. Smarta Th2 cells retrovirally transduced with a RARα overexpression 
vector or empty vector control were adoptively transferred into CD28KO recipients. On indicated days, mice were immunized with an 
NIP-Smarta conjugate and LPS intranasally. Antigen-specific B and T cells from lung and lung-draining lymph node (ldLN) were analyzed 
on day 17. (C) Quantification of CD38lowGL7+ GC-like B cells in lung tissue and CD38lowGL7+ GC B cells in lung-draining lymph node. The 
flow cytometry contour plots are gated on Ag-specific B cells and frequencies are shown in % of the NP-specific B cells. (D) Analysis of 
NP-specific CD138+CD19low plasmablasts was performed accordingly and statistic evaluation is shown. (E) Representative flow cytometric 
staining of NP-specific B cells in the lung regarding the isotype class and bar graphs showing the frequency of IgA, IgE, IgG1, and IgM 
secreting B cells (intracellular flow cytometric staining for IgA, IgE, IgG1, IgM) within Ag-specific B cells. Each symbol represents a 
single animal and bars depict the mean. Data are representative of two independent experiments with 4 or 5 animals per group and per 
experiment. Two-tailed Student's t test for normally distributed data or Mann-Whitney test for nonparametric data (Shapiro-Wilk normality 
test): *P < .05; **P < .01; ***P < .001; ****P < .0001

(A)

(C)

(D)

(E)

(B)
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CD19low plasmablasts increased 3-fold after overexpression of RARα 
(P < .001, Figure 2D). Analysis of the Ig-isotype in this model showed 
equal frequencies of specific IgA, IgE, or IgG1 secreting plasmab-
lasts and serum Ig concentrations by genetic modification of RARα 
in B cells, compared to the control group (Figure S3). Hence, the data 
show that B-cell-intrinsic RARα-signaling promotes the plasmablast 
differentiation, but in contrast to 9cRA supplementation does not 
change the Ig-isotype switch.

3.3 | RARα regulates the humoral immune response 
via T follicular helper cells

Next, we investigated whether 9cRA might control the Ig-isotype 
via altered T-cell help. Therefore, RARα-overexpressing CD4+ cells 
were analyzed over time in our adoptive transfer model. Retroviral 

overexpression in Smarta T cells was effective and functional as 
the mRNA expression of RARα and the target gene Cyp26A1 was 
strongly increased compared to the control (P < .0001, Figure 3A). 
To investigate the impact on specific T- and B-cell differentiation, 
retrovirally transduced cells were transferred together with naïve B 
cells from B1-8i mice into CD28 knock-out recipient mice. The re-
cipient mice were kept on a standard diet. The lung and the draining 
lymph nodes were analyzed on day 17 after repeated intranasal im-
munization (Figure 3B). Overexpression of RARα in T cells increased 
the frequency of GC B cells in the lung-draining lymph node 2-fold 
(P < .05, Figure 3C), but not the GC-like B cells in lung tissue (P > .05, 
Figure 3C). Conversely, the T-cell-specific overexpression of RARα 
significantly decreased the frequency of CD138+CD19low plasmab-
lasts in lung-draining lymph node as well as lung tissue (P < .001, 
Figure 3D). As shown in Figure 3E, the overexpression of RARα in 
specific T cells resulted in increased frequencies of IgA (P < .001) and 

F I G U R E  4   RARα promotes Tfh-cell differentiation. (A) Experimental setup. Smarta Th2 cells retrovirally transduced with a RARα 
overexpression vector or empty vector control were adoptively transferred into C57BL/6 recipients. On indicated days, mice were 
immunized with a NIP-Smarta conjugate and LPS intranasally. Antigen-specific T cells from lung and lung-draining lymph node (ldLN) were 
analyzed on day 17. (B) Representative flow cytometric staining of Smarta-specific T cells in the lung and lung-draining lymph node regarding 
a PD-1+ CXCR5+ Tfh-cell phenotype, gated on Ag-specific T cells. (C) Statistical analysis of PD-1+ CXCR5+ Tfh cells from lung tissue and lung-
draining lymph node. Expression of CXCR5 displayed as bar graph with the geometric mean fluorescence intensity (MFI). (D) Expression of 
Bcl-6, Gata-3, T-bet, and RORγt by antigen-specific T cells, displayed as representative histograms and bar graphs with the geometric mean 
fluorescence intensity (MFI). (E) Cytokine expression by antigen-specific T cells. Cells isolated from lung tissue were restimulated in vitro 
with PMA/ionomycin and cytokine expression was analyzed by flow cytometric intracellular cytokine staining. The flow cytometry contour 
plots are gated on Ag-specific T cells and frequencies are shown as percentage of Smarta-specific T cells. Dots represent individual mice and 
bars indicate the mean. Data are representative of two independent experiments with 4 or 5 animals per group and per experiment. Two-
tailed Student's t test for normally distributed data or Mann-Whitney test for nonparametric data (Shapiro-Wilk normality test): *P < .05; 
**P < .01; ***P < .001; ****P < .0001; ns P > .05
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IgG1 (P < .01) secreting B cells in the lung, with unchanged IgE and 
IgD (P > .05) and decreased IgG2b (P < .001), IgG2a (P < .01), and IgM 
secreting B cells (P < .05, Figure 3E). Thus, RARα in T cells strongly 
impacts the differentiation of B cells into antibody-secreting cells.

As IgA and IgG1 are mostly derived from germinal center reac-
tions, we investigated the functional role of RARα on T-cell subset 
differentiation in a separate experiment where retrovirally trans-
duced RARα-overexpressing Th2-biased Smarta cells were trans-
ferred into C57BL/6 recipient mice (Figure 4A), which were kept on 
a standard diet. The data show that RARα overexpression in anti-
gen-specific T cells strongly promoted the differentiation into Tfh 

cells characterized by surface co-expression of CXCR5 and PD-1 in 
the lung and the draining lymph node (Figure 4B/C). We next de-
termined the expression of the master transcription factors and cy-
tokines distinguishing Th1, Th2, and Th17 helper cells. Supporting 
the upregulation of CXCR5 on T cells with RARα overexpression 
in the lung, Bcl-6 expression was higher in these cells (P < .05, 
Figure 4D). Similar results were obtained for IL-21, which is the 
major secreted cytokine of Tfh cells (P < .01, Figure 4E). Moreover, 
RARα overexpression resulted in substantially lower expression of 
T-bet, stable GATA3, and induced RORγt on a subpopulation of the 
antigen-specific T cells (P < .001, P > .5, and P < .0001, Figure 4D). 

F I G U R E  5   RARα promotes Tfh-cell differentiation and production of B-cell stimulating cytokines. (A) Activated Smarta T cells were 
retrovirally transduced with an shRNA vector for RARα knockdown (RARα-KD) or a scramble sequence, sorted for successfully transduced 
cells 48-96 h later and analyzed by qPCR for mRNA expression of RARα and Cyp26A1. Data are shown from three independent experiments. 
(B) In an independent setup, Smarta T cells were retrovirally transduced with a RARα overexpression (RARα-OE) or shRNA-mediated 
RARα-knockdown (RARα-KD) and sorted for adoptive transfer into WT recipients. Draining lymph nodes were analyzed 7 days after s.c. 
immunization for Tfh-cell differentiation, homing and activation molecules and cytokine production. (C) Antigen-specific T cells were 
analyzed by flow cytometry for a PD-1+CXCR+ Tfh phenotype. (D) Expression of CXCR5, CD69, and ICOS analyzed by flow cytometry and 
displayed as representative histograms and as bar graph with the geometric mean fluorescence intensity (MFI). (E) Antigen-specific T cells 
were analyzed by flow cytometry for CD25 expression. (F + G) Cytokine expression by antigen-specific T cells. Cells isolated from inguinal 
lymph node were restimulated in vitro with PMA/ionomycin and cytokine expression was analyzed by flow cytometric intracellular cytokine 
staining. Dots represent individual mice and bars indicate the mean. Data are representative of one or two independent experiments 
with 4 or 5 animals per group and per experiment. Two-tailed Student's t test for normally distributed data or Mann-Whitney test for 
nonparametric data (Shapiro-Wilk normality test): *P < .05; **P < .01; ***P < .001; ****P < .0001; ns P > .05
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The frequencies of T cells secreting IFN-γ were decreased, but 
3-fold increased for IL-4 and IL-17A (P < .001, P < .0001 and P < .01, 
Figure 4E). Kinetic studies showed that already 7 days after transfer 
RARα overexpression in T cells increased the frequencies of Tfh and 
plasmablasts (Figure S4). Taken together, RARα strongly promotes 
directly and long-lasting the Tfh-cell differentiation in T helper cells 
in vivo, showing a unique cytokine pattern with increased IL-4 and 
IL-17A and less IFN-γ.

3.4 | RARα-mediated transcriptional program 
differentiates Tfh2, Tfh13, and Tfh17 cells

To validate whether RARα can regulate Tfh cells in a reciprocal ap-
proach, we used an shRNA-mediated knockdown approach, which 
resulted in reduced mRNA expression of RARα and the target gene 
Cyp26A1 (P < .0001 for RARα, Figure 5A). To characterize the Tfh-
cell phenotype following RARα overexpression or knockdown in 
more detail, we switched to a simpler mouse model with subcuta-
neous antigen application at the tail base and analysis of the drain-
ing inguinal lymph node (Figure 5B), which we had previously used 
to study Tfh-cell differentiation in vivo.32,42 After 7 days, Tfh-cell 

frequencies in the lymph node were increased by RARα overexpres-
sion (P < .0001) and conversely reduced by RARα-specific shRNA-
mediated knockdown (P < .01, Figure 5C). The phenotype of RARα 
overexpressing T cells resembles Tfh cells by high levels of CXCR5 
(P > .05), the costimulatory molecule ICOS (P < .01; a marker of Tfh 
cells and essential for germinal center formation42-44) and CD69 
(P < .0001; retaining Tfh cells in the lymphoid tissue in local proxim-
ity to B-cell follicles45; Figure 5D). Moreover, the upregulation of the 
IL-2 receptor CD25 on a subset of T cells is almost completely blocked 
by RARα (P < .0001, Figure 5E). In line with this finding, it has been 
shown that IL-2 receptor signaling blocks Tfh-cell differentiation 
by direct repression of Bcl-6.46-49 Supporting the specificity of our 
findings in the allergic airway inflammation model, a functional Tfh-
cell phenotype by RARα overexpression was determined by more 
IL-21+ (P < .0001) together with IL-4+ (P < .001), IL-5+ (P < .05), IL-13+ 
(P < .05) and IL-17A+ (P < .0001) and less IFN-γ+-secreting T cells 
(P < .01) compared to the control group (Figure 5F/G). In linen with 
these findings, RARα knockdown resulted in reduced IL-4+ (P < .05), 
IL-13+ (P < .01), and IL-17+ (P < .001)-secreting T cells (Figure S5). 
The strong correlation of these cytokines with IL-21 expression sug-
gests that retinoic acid signaling promotes the development of Tfh 
cells of the Tfh2, Tfh13, and Tfh17 subtype.

F I G U R E  6   T-cell-specific RARα-overexpression promotes germinal center B-cell formation and triggers the humoral immune response. 
(A) In two independent setups, Smarta T cells were retrovirally transduced with either a RARα overexpression (RARα-OE) or shRNA-
mediated RARα-knockdown (RARα-KD) vector for adoptive transfer into CD28 knock-out recipients. NP-specific B1-8i B cells were 
cotransferred to analyze the impact on the germinal center reaction. Seven days after s.c. immunization, inguinal lymph nodes were analyzed 
for GC B-cell differentiation and antibody-secreting B cells. (B) Quantification of CD38lowGL7+ GC B cells. Shown are representative plots 
and bar graphs with frequencies as percentage of the NP-specific B cells. (C) Analysis of NP-specific CD138+ CD19low plasmablasts was 
performed accordingly and statistic evaluation is shown. (D) Bar graphs showing the frequency of IgA, IgE, and IgG1 secreting B cells 
(intracellular flow cytometric staining for IgA, IgE, and IgG1) within Ag-specific B cells. (E) Serum concentrations of antigen-specific IgA, 
IgE, and IgG1 as determined by ELISA. Dots represent individual mice, and bars indicate the mean. Data are representative of one or two 
independent experiments with 4 or 5 animals per group and per experiment. Two-tailed Student's t test for normally distributed data or 
Mann-Whitney test for nonparametric data (Shapiro-Wilk normality test): *P < .05; **P < .01; ****P < .0001; ns P > .05
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3.5 | Increased germinal center and humoral 
immune response by RARα-induced Tfh cells

To further determine the function of the RARα-induced Tfh cells, 
naive B cells from B1-8i mice were transferred with T cells after 
RARα overexpression or knockdown and the germinal center B reac-
tion was determined after 7 days (Figure 6A). The frequency of GC 
B cells (CD38low GL7+) among antigen-specific B cells was increased 
after the transfer of T cells overexpressing RARα (P < .0001), result-
ing in 3-fold higher total numbers (P < .01, Figure 6B). Conversely, 
shRNA-mediated knockdown of RARα reduced GC B cells by 60% 
(P < .01, Figure 6B). After overexpression of RARα in T cells, the 
frequency of specific plasmablasts was not altered significantly 
(P > .05, Figure 6C). The proportion of the switched isotype-pro-
ducing cells was all increased including IgA (P < .05), IgE (P < .0001), 
and IgG1 (P < .05), which was most pronounced with IgE compared 

to the empty vector control group (Figure 6D). Accordingly, specific 
IgE (P < .05) and IgG1 (P < .01) concentrations were increased in the 
sera of T-cell-specific RARα-overexpressing mice (Figure 6E). Taken 
together, RARα-induced Tfh cells promote the germinal center reac-
tion, inducing differentiation of B cells into antibody-secreting cells 
without priming for a specific Ig-isotype.

3.6 | RARα regulates Tfh-cell-associated genes in T 
helper cells

To understand the mechanism of how RARα induces Tfh-cell differ-
entiation, we performed a global transcriptome analysis by next-
generation mRNA sequencing from Smarta T cells 18 hours after 
RARα-overexpression in the presence of 9cRA in vitro (Figure 7A). 
372 genes were found to be differentially expressed (DEG) 

F I G U R E  7   RARα regulates Tfh-cell-associated genes in T helper cells. (A) Smarta T cells were stimulated for 24 h in vitro, retrovirally 
transduced with RARα overexpression or empty control vector, sorted for successfully transduced cells 18 h later and analyzed by RNA 
sequencing. (B) Heat maps revealing genes that are differentially expressed in RARα overexpressing cells vs control of two independent 
experiments. (C) Retrovirally infected Smarta T cells were analyzed by flow cytometry for CXCR5, CXCR4, ICOS, and IL-7R expression 
24 h after infection. Data are shown from three independent experiments. *P < .05; ***P < .001; ****<P < .0001. (D) Gene Set Enrichment 
Analysis of differentially regulated genes showing gene sets upregulated in early Tfh cells relative to genes regulated by RARα-
overexpressing T cells
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between RARα-overexpression and control (>log2 1.2-fold differ-
ence and padj < 0.05, Table S2). The most prominent regulated 
genes were known RARα downstream targets including Cyp26a1, 
Dhrs3, Stra6, Tgm2, Ccr9, Itga4, and Itgb7 (Figure 7B). Also, Il10 
and Cd38 were upregulated in murine RARα-T cells (Figure 7B), 
as observed previously in activated human B cells in response to 
9cRA.24 The comparison of DEGs in RARα Smarta T cells with a 
core signature of 304 Tfh-related genes (compiled from two re-
cent publications32,42) revealed 45 commonly regulated genes 
from which the top 22 are shown in Figure 7B. Gene set enrich-
ment analysis (GSEA) confirmed this highly significant enrichment 
for genes differentially regulated in Tfh cells (Figure S6). The dif-
ferential regulation of the four most prominently regulated genes 
Cxcr5, Cxcr4, Icos, and Il7r was validated at the protein level by 
flow cytometry (Figure 7C). Strikingly, ICOS, a gene commonly as-
sociated with Tfh cells, was downregulated by RARα overexpres-
sion. However, it should be noted that ICOS plays an important 
role for the maintenance of Tfh cells in late phases of the GC reac-
tion, but has no role in early Tfh-cell differentiation.42

To further confirm that RARα overexpression induces a signa-
ture of early Tfh-cell development, we sorted Smarta-specific T 
cells 3 days after transfer and subcutaneous immunization into 
CD25high effector T cells and CD25neg early Tfh cells (Table S3). 
Next-generation sequencing identified 70 differentially regulated 
genes (50 upregulated and 20 downregulated in Tfh vs non-Tfh cells; 
>log2 1.2-fold difference and padj < 0.05). GSEA using the genes 
upregulated in early Tfh cells as a gene set shows a strong enrich-
ment of these genes in RARα-overexpressing T cells in the presence 
of 9cRA (Figure 7D). Taken together, these data identify RARα as an 
important inducer of Tfh-cell differentiation by regulation of a com-
plex transcriptional mechanism for the first time.

4  | DISCUSSION

In this study, we dissected the cell type-specific functions of 9cRA 
on allergen-specific B and T lymphocytes in vivo. The data obtained 
from our allergy transfer model decipher direct effects in lympho-
cytes. RARα signaling in B cells promoted the differentiation into 
antibody-secreting cells whereas signaling in T cells induced Tfh-cell 
differentiation and thereby indirectly induced the differentiation 
of germinal center B cells. These different cell-specific functions of 
RARα, controlled in our experiments at a genetic level, provide new 
insight into the complex function of retinoic acid on the humoral im-
mune response in type I allergy.

First, by applying 9cRA to the recipient mice systemically after 
transferring specific lymphocytes targeting all immune cells during 
the antigen challenges, we observed enhanced differentiation of 
plasmablasts secreting specific IgA to the expense of IgE compared 
to vehicle control and stable IgG1. These data resemble findings 
from systemic RA treatment of wildtype mice21 and also from human 
B cells cultured with 9cRA in vitro.21,24,25,50,51 Showing that systemic 
9cRA efficiently targets the humoral immune response in our model, 

it is suitable to further investigate lymphocyte-specific functions of 
RARα by genetic modification before adoptive transfer.

To our knowledge, this is the first report on B-cell-specific after 
overexpression of RARα in vivo. Our data clearly show an enhanced 
differentiation into plasmablasts even in the absence of additional 
exogenous 9cRA, which underlines the long-lasting functionality of 
the effective overexpression determined at the molecular level in 
vitro. Also in human B cells, RA was shown to induce plasmablast 
differentiation,20,52,53 which suggests an evolutionary conserved 
mechanism. Our data complement the findings from mice with 
B-cell-specific absence of RARα signaling, in which plasmablast re-
sponses were impaired.54 However, in contrast to systemic 9cRA, 
the impact of RARα overexpression on the specific Ig response 
was isotype independent showing that additional tissue-specific or 
B-cell-independent mechanisms are required to upregulate IgA and 
inhibit IgE, indicating the dependence on T-cell help.

Surprisingly, ectopic RARα overexpression in T cells resulted in 
Tfh-cell induction and pronounced GC reactions. By showing this 
using two independent routes of antigen delivery, namely airway 
challenge, and subcutaneous injection, and findings in lymph nodes 
and the inflamed lung locally, a general RARα-specific mechanism is 
likely. Our transcriptome studies of RARα-expressing T cells revealed 
a Tfh-cell gene signature, with dominant upregulation of Cxcr5 and 
Cxcr4. Indeed, RARα-binding sites have been described in the distal 
portion of the Cxcr5 gene.55,56 These RARα-induced Tfh cells, char-
acterized by expression of Bcl-6, RORγt, IL-21, IL-4, IL-13, and IL-17A 
but not IFN-γ, promoted differentiation of IgA, IgE, and IgG1 secret-
ing B cells. Our findings are supported by previous reports that Th17 
responses are strongly impaired in mice lacking RARα.57 That T cells 
with RARα overexpression, which were primed in the presence of IL-4 
in vitro, expressed more IL-4 are in line with the finding that RARα 
enhances IL-4 in naïve, but not differentiated T cells,58 which ex-
plains the heterogeneous data on T-cell differentiation.21,23 Of note, 
RARα-expressing T cells enhance IgA+ B cells, indirectly showing that 
TGF-ß was secreted, as it is the essential IgA switching factor for B 
cells.59 However, we did not observe more serum IgA or plasmab-
lasts through RARα-induced Tfh cells. This might be explained by the 
strong induction of CXCR5 by RARα signaling and therefore loss of 
the CXCR5low Tfh-cell population which is important for the gener-
ation of extrafollicular plasmablasts.60 However, beyond the T-cell-
mediated functions of RARα on the isotype-specific effects of RA 
on B cells, additional functions by other immune cells, for example, 
dendritic cells or stromal cells cannot be excluded. In this study, we 
focused on RARα as a major receptor of 9cRA, as RARβ/γ was not 
significantly expressed in T and B lymphocytes in this model (data not 
shown). The RXRs, which also bind 9cRA, are central molecules of 
the nuclear receptor family and serve as binding partners for several 
different molecules including the vitamin D receptor, liver x recep-
tors, peroxisome proliferator-activated receptors, and glucocorticoid 
receptors. As these can also regulate lymphocyte differentiation and/
or the cell metabolism, targeting RXRs is an interesting task for future 
research. The 9cRA was applied s.c. and not orally to avoid a bias 
through alterations in food consumption and resorption. As the oral 
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bioavailability of 9cRA is high, and also the Ig response was regulated 
in low doses,24 we would expect also effects on the isotype switching 
after oral intake. Whether 9cRA can be used to therapeutically limit 
type I allergy is not known, but suggested by preclinical data from 
established type I allergy with 9cRA-mediated induction of specific 
IgA at the expense of IgE.

In summary, we deciphered the role of RARα on the humoral al-
lergic immune response by the precise examination of B and T cells 
at the genetic level and identified cell-specific mechanisms. B cells 
are primed by RARα signaling toward plasmablast differentiation, 
while T cells are primed toward a Tfh response. The mechanisms 
shown here support the adjuvant function of vitamin A on the vacci-
nation-induced humoral immune response, in line with WHO recom-
mendations in vitamin A deficiency regions. Moreover, our findings 
shed light on the complex physiological mechanisms of the allergic 
humoral immune response of RARα in lymphocytes and suggest 
targeting RARα or RARα-gene regulation during inflammation as a 
candidate to address humoral immune responses distinctly to either 
optimize vaccination strategies or specific immunotherapies for the 
treatment of allergic diseases.
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