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Abstract
The vitamin A metabolite retinoic acid (RA) has been reported to suppress 
Th1 responses and enhance Th2 responses. Here we investigated whether 
differences in vitamin A metabolism could underlie the differences between 
C57BL/6 and BALB/c mice, which are reportedly seen as Th1 and Th2 
responders, respectively. BALB/c mice were shown to have higher RALDH 
activity in MLN-DCs, increased ability to induce CCR9 expression on CD4+ 
T cells and more FoxP3+ regulatory T cells. Within BALB/c small intestines, 
higher expression levels of RALDH enzymes, RA-mediated signaling and 
IgA secretion was observed, as well as increased accumulation of T cells 
and B cells in the small intestinal lamina propria. Therefore, the level of RA 
production and consequently the degree of RA-mediated signaling is crucial 
for the efficiency of the mucosal immune system.
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Introduction
Vitamin A has long been known for its role in immunity, especially since 
vitamin A deficiency ablates proper mucosal immune responses, leading to 
diarrhea, infections and early childhood mortality1-3 Vitamin A is a fat soluble 
vitamin and is absorbed from the gastrointestinal tract. It can be consumed 
preformed as retinyl esters, as found in animal source foods such as liver, 
egg, fish and whole fat dairy products 3 Dietary vitamin A can also be obtained 
from provitamin A carotenoids as found in vegetables and fruits. Vitamin A 
is metabolized into the active metabolite retinoic acid (RA) in two oxidative 
steps. Vitamin A is first reversibly oxidized by alcohol dehydrogenases (ADH) 
to form retinaldehyde. Next, retinaldehyde is irreversibly metabolized to RA 
by three members of the aldehyde dehydrogenase gene family, ALDH1A1 
(RALDH1), ALDH1A2 (RALDH2) and ALDH1A3 (RALDH3) 4-6. The active 
metabolite RA binds to retinoic acid receptors (RARs) which in turn act as 
transcription factors that bind retinoic acid responsive elements within the 
promoter regions of target genes7-9.
RALDH expression is associated with the mucosal immune system and 
reported to be functionally active within intestinal epithelial cells 10-12. Also, 
DCs in PPs, MLNs and intestinal lamina propria express RALDH enzymes, 
while splenic or PLN DCs display only very low expression 13-17. Furthermore, 
stromal cells within MLNs express RALDH enzymes 14, 17. We have shown 
that RA itself directly regulates the level of RALDH expression in BM-DCs as 
well as lymph node stromal cells in vitro, and that RALDH expression within 
the mucosal immune system requires dietary intake of vitamin A (Molenaar 
et al, manuscript in preparation). Generation of RA is crucial for the induction 
of gut-homing molecules α4β7 and CCR9 on activated T cells 16. Furthermore, 
the induction of FoxP3 regulatory T cells relies on RA, in combination with 
TGFβ  13, 18-23, while it suppresses the differentiation of Th17 cells 18, 21, 22. 
Moreover, RA is reported to skew immunoglobulin class switching in B 
cells to an increased secretory IgA production 24-26, which protects the host 
against the vast array of microbes constantly present in the intestinal lumen. 
Therefore, RA appears to be a key molecule that controls mucosal immune 
responses. 
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The genetic background of inbred mice was found to be a determing factor 
in the preferential induction of either a Th1 or Th2 immune response 27, 28. 
The subset of T cells termed Th1 cells, which produce interleukin-2 (IL2), 
interferon-γ (IFNγ) and lymphotoxin, are important mostly for immunity against 
intracellular pathogens, such as Leishmania major. In contrast, Th2 cells 
produce IL4, IL5, IL10 and IL13, which contributes to the direct enhancement 
of humoral-mediated immunity. T cells from C57BL/6 mice preferentially 
produce Th1 cytokines with high IFNγ and low IL4, whereas T cells from 
BALB/c mice favor Th2 cytokine production with low IFNγ and high IL4 when 
stimulated in vitro 27. Interestingly, it has been shown that RA can suppress 
Th1 responses and enhance Th2 responses 15. In this study we therefore 
investigated whether C57BL/6 and BALB/c mice differ in the production of RA 
and in mucosal immune functions that are RA-dependent. We demonstrate 
that MLN-DCs from BALB/c mice displayed higher RALDH activity, which 
correlated with increased induction of gut-homing molecules on CD4+ T cells 
and more FoxP3+ regulatory T cells. In addition, BALB/c mice showed higher 
expression levels of RALDH enzymes and RA-mediated signaling within the 
small intestines compared to C57BL/6 mice. Within the lamina propria of 
the small intestines, an increased accumulation of T cells and B cells was 
observed in BALB/c mice, with a concomitantly enhanced secretion of IgA 
into the intestinal lumen. In conclusion, enhanced RA production in BALB/c 
mice is associated with the development of a more efficient mucosal immune 
system.

Materials and Methods
Mice
C57BL/6 mice and BALB/c mice aged 10-14 weeks were obtained from 
Charles River (Charles River, Maastricht, The Netherlands). DO11.10 
transgenic mice and OT-II transgenic mice were bred at the animal facility 
of the VU Medical center and used at the age of 7 weeks. Both DO11.10 
mice, generated on a BALB/c background, and OT-II mice, generated on 
a C57BL/6 background, have a  transgenic T cell receptor specific for the 
ovalbumin (OVA) 323-339 peptide. All mice were kept under standard animal 
housing conditions. The Animal Experiments Committee of the VU Medical 
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Center approved all of the experiments described in this study.

T cell enrichment, CFSE labelling, transfer and antigenic stimulation
Spleens and LNs from DO11.10 and OT-II mice were minced through a 100-
µm gauze to obtain single cell suspensions. To deplete erythrocytes from 
spleen cell suspension, cells were incubated for 2 minutes on ice in lysis 
buffer (150 mM NH4, 1 mM NaHCO3, pH 7.4). CD4+ cells were enriched using 
the CD4 negative selection kit (Dynal, Invitrogen, Breda, The Netherlands). 
Cells were labelled with 5 µM of 5,6-carboxy-succinimidyl-fluoresceine-
ester (CFSE; Molecular Probes, Invitrogen) at 3x107 cells/ml for 10 min at 
37˚ C, after which the cells were washed. BALB/c and C57BL/6 mice were 
injected with approximately 4x106 OVA-specific T cells and received 50 mg 
OVA (Sigma-Aldrich, Zwijndrecht, The Netherlands) in 200 µl saline 24 hours 
later by intragastric (i.g.) administration. Seventy-two hours after antigenic 
stimulation, MLNs were dissected and used as single cell suspensions for 
FACS analysis. 

Flow cytometry and ALDEFLUOR assay
Single cell suspensions were made by cutting LNs with scissors, followed 
by digestion at 37ºC for 25 min while constantly stirring, using 0.5 mg/ml 
Blendzyme 2 (Roche, Penzberg, Germany) and 0.2 mg/ml DNAse I (Roche) 
in PBS. Cell clumps were removed by pipetting the cells over a nylon mesh. 
The LN cells were washed and resuspended in PBS with 2% NBCS. 
RALDH activity in individual cells was measured using the ALDEFLUOR assay 
kit (StemCell Technologies, Grenoble, France), according to the manufacturer’s 
protocol with modifications. Briefly, cells resuspended at 106 cells per ml in 
ALDEFLUOR assay buffer containing activated ALDEFLUOR substrate (365 
nM) with or without the RALDH inhibitor diethylaminobenzaldehyde (DEAB, 
7.5 μM) were incubated for 40 min at 37°C. For flow cytometric analysis 
of ALDEFLUOR-reacted cells, cells were subsequently stained with PE-
conjugated anti-CD11c (clone N418, eBioscience, Immunosource, Halle-
Zoersel, Belgium), biotin-conjugated anti-CD103 (clone M290, BD Bioscience, 
Breda, The Netherlands) Alexa fluor (Invitrogen, Breda, The Netherlands) 
647-conjugated anti-MHC-II (clone M5/114) and with Sytox Blue (Invitrogen) 
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to discriminate between live versus dead cells. Secondary antibody used 
was Percp-conjugated (BD Bioscience) or PE-Cy7-conjugated streptavidin 
(eBioscience).
Upon OVA administration, MLNs were isolated from BALB/c and C57BL/6 
mice and single cell suspensions were made by digestion as described above. 
Subsequently, cells were stained with biotinylated anti-mouse DO11.10 TCR 
(KJ1-26, Caltag Laboratories, Burlingame, CA) or PE conjugated anti-mouse 
V-alpha-2 TCR (clone B20.1, eBioscience) to identify OVA-specific T cells in 
BALB/c and C57BL/6 mice, respectively. To analyze expression of gut-homing 
molecules, cells were also stained with anti-α4β7 integrin (clone DATK32, 
kindly provided by Dr. Alf Hamann, Charité Universitätsmedizin Berlin, 
Germany) and anti-CCR9 (clone 7E7, kindly provided by Prof. Dr. Reinhold 
Förster, Hannover Medical School, Hannover, Germany), in combination 
with PE-Cy7 conjugated anti-CD4 (clone GK1.5, eBioscience) and Sytox 
Blue (Invitrogen) to discriminate between live versus dead cells. Secondary 
antibody used was Alexa 647-conjugated anti-rat antibody (Invitrogen). Cells 
were analyzed with a Cyan ADP flow cytometer (Beckman Coulter, Mijdrecht, 
The Netherlands). 

Intracellular FoxP3 staining 
Cell suspensions were prepared from C57BL/6 and BALB/c MLNs by 
digestion as described above. Cells were stained with Alexa 488-conjugated 
anti-CD4 (clone GK1.5) and biotinylated anti-CD25 (clone 7D4, BD 
Bioscience). Secondary antibody used was PE-Cy7-conjugated streptavidin 
(eBioscience). For FoxP3 staining, cells were subsequently fixed in Fix/Perm 
buffer (eBioscience), followed by permeabilization and staining for FoxP3 with 
Alexa 647-conjugated anti-FoxP3 (clone FJK-16s, eBioscience) according to 
the manufacturer’s instructions (eBioscience). Cells were analyzed with a 
Cyan ADP flow cytometer (Beckman Coulter).

Enzyme-linked immunosorbent assay for secretory IgA

The faeces of the small intestines (SI) of C57BL/6 and BALB/c mice were 
collected in cold PBS buffer (faecal content of 33 cm SI in 2 ml PBS). Debris 
was removed by cold centrifugation for 20 min at 2000 rpm to harvest the 
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supernatant for analysis of secretory IgA after an appropriate dilution. Secretory 
IgA was determined by sandwich-ELISA according to the manufacturer’s 
protocol (Gentaur Europe, Brussels, Belgium), in which the anti-mouse IgA 
capture antibody was coated on the plate and bound faecal IgA was detected 
with horseradish peroxidase labeled anti-mouse IgA detecting antibody. 
Samples were analyzed with a Fluostar Optima microplate reader (BMG 
Labtech, Isogen Lifescience, de Meern, The Netherlands). The concentration 
of secretory IgA was expressed as µg/ml PBS-dissolved faeces. 

RNA isolation and Real time PCR
Small intestines were dissected from C57BL/6 and BALB/c mice, flushed 
with PBS and homogenized in TRIZOL (Gibco, Invitrogen). RNA was isolated 
by precipitation with isopropanol. The concentration of RNA was measured 
with the Nanodrop Spectrophotometer (Nanodrop Technologies, Wilmington, 
DE). cDNA was synthesized from total RNA using RevertAid First Strand 
cDNA Synthesis Kit (Fermentas Life Sciences, Burlington, Canada) according 
to the manufacturer’s protocol. MLN cells from C57BL/6 and BALB/c were 
lysed and mRNA was isolated using the mRNA capture kit (Roche). cDNA 
was synthesized with the Reverse Transcriptase kit (Promega, Leiden, The 
Netherlands) according to the manufacturer’s protocol. Specific primers 
for CD45, CD3, CD19, Foxp3, Csf2 (GM-CSF), IL4, IFNy, RARβ, RALDH1 
(Aldh1A1), RALDH2 (Aldh1A2), and RALDH3 (Aldh1A3) and primers for 
housekeeping genes Ubiquitin C and GAPDH (Isogen Life Science, De Meern, 
Netherlands; Invitrogen) were designed across exon-intron boundaries using 
Primer Express software (PE Applied Biosystems, Foster City, CA) and Vector 
NTI software (Invitrogen). Real time PCR analysis was performed on an ABI 
Prism 7900HT Sequence Detection System (PE Applied Biosystems). Total 
volume of the reaction mixture was 10 µl, containing cDNA, 300 nM of each 
primer and SYBR Green Mastermix (PE Applied Biosystems).

Statistics
Results are given as the mean ± SD. Statistical analyses were perfomed 
using the 2-tailed Student’s t test. 
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Results
BALB/c express higher levels of RALDH enzymes in small intestines 
compared to C57BL/6
Since BALB/c mice are known as prototypical Th2-type mice and RA has been 
described to skew T cells towards the Th2-type profile upon activation, while 
inhibiting Th1 cytokine production 15, 18, we hypothesized that the expression 
of RA-producing enzymes may be differentially expressed by BALB/c and 
C57BL/6 mice. Since epithelial cells from the small intestines are known to 
express RALDH enzymes 10-12, we decided to compare RALDH mRNA levels 
in the small intestines of both mouse strains with real time PCR. Indeed, 
expression of RALDH1, -2, and -3 was significantly enhanced in BALB/c 
small intestines compared to C57BL/6 (Figure 1A). The largest difference 
was observed for RALDH1, which is known to be highly expressed by 
epithelial cells lining the gut 16, 29. Remarkably, when expression of RALDH1 
was analyzed along the gut axis, starting at the stomach, we observed 
the highest expression in the proximal small intestine, while expression 
decreased towards the distal part of the small intestines (Figure 1B). In all 
three parts analyzed, RALDH1 expression was significantly higher in BALB/c 
mice compared to C57BL/6 mice. 
RARβ is a retinoic acid receptor, known to be a direct target gene of RA 30, 31. 
Expression levels of RARβ mRNA can therefore be viewed as an indicator of 
RA-mediated signaling in cells. Analysis of RARβ showed that mRNA levels 
were significantly increased in BALB/c small intestine compared to C57BL/6, 
indicating that within the small intestines of BALB/c mice more RA-mediated 
signaling is taking place (Figure 1C). Since a relation between GM-CSF-
mediated signaling and RALDH expression in DCs has been suggested in 
literature 32, we also checked whether GM-CSF levels were different between 
the 2 mouse strains. No significant difference could be found (Figure 1D). 
As a control, we analyzed IFNγ and IL4 mRNA levels, corrected for CD3 
mRNA expression, in small intestines as markers for Th1- and Th2-skewing, 
respectively. As expected, IFNγ expression was significantly higher in 
C57BL/6 small intestines, while the expression of IL4 mRNA was significantly 
higher in small intestine samples from BALB/c mice (Figure 1E). 
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Figure 1 - RALDH enzyme expression is increased in BALB/c small intestine
Expression levels of RALDH1, RALDH2, RALDH3 mRNA (A), RARβ mRNA (C) and GM-CSF (D) were 
analyzed in small intestine samples from C57BL/6 (black bars) and BALB/c (grey bars) by real time 
PCR. Expression of transcripts was normalized to Ubiquitin C. Relative expression levels in C57BL/6 
small intestines was set at 1.0 for each gene analyzed. Per group 5 animals were used. (B) Expression 
of RALDH1 mRNA was analyzed in proximal, middle and distal parts of the small intestine. Expression 
of transcripts was normalized to Ubiquitin C. Relative expression levels in the proximal C57BL/6 small 
intestine was set at 1.0. Five animals were used for analysis. (E) Expression levels of IFNγ and IL4 
mRNA were analyzed in whole small intestine samples from C57BL/6 and BALB/c by real time PCR. 
Expression of transcripts was normalized to CD3 mRNA levels. Relative expression levels in C57BL/6 
small intestines was set at 1.0 for both genes analyzed. Per group 5 animals were used. Significant 
differences are indicated by * (p<0.05), ** (p=0.02), or *** (p=0.001).

BALB/c MLN-DCs show higher RALDH activity than C57BL/6 MLN-DCs
Studies have shown that CD103+ MLN-DCs represent a population of 
migratory DCs derived from the lamina propria, transporting orally derived Ag 
from the intestine to the MLN and inducing gut-tropic T cells and regulatory T 
cells 33, 34. It has been hypothesized that DC acquire the mucosal phenotype 
within the intestinal environment, which is created by the epithelial cells. 
Indeed, we and others have shown that contact of BM-derived DCs with 
gut epithelial cells induced expression of RALDH enzymes and educated 
BM-derived DCs to induce gut-homing T cells in vitro 35, 36. Furthermore, we 
have shown that RA directly induces RALDH enzyme expression levels in 
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BM-DCs in vitro (Molenaar et al, manuscript in preparation) and that in the 
absence of RA, RALDH expression is lacking in CD103+ DCs in MLNs. We 
therefore tested whether the increased RA-mediated signaling observed 
in small intestines of BALB/c mice could result in higher RALDH enzyme 
activity in CD103+ MLN-DCs when compared to C57BL/6 mice. RALDH 
activity was measured using the ALDEFLUOR assay, a flow cytometry-based 
assay with a fluorescent substrate which is specific for RALDH enzymes. 
Notably, the percentage of MHCII+ CD11c+ DCs was decreased (Figure 2A, 
left), but the proportion of DCs expressing CD103 was higher in MLNs from 
BALB/c compared to C57BL/6 mice (Figure 2 A, right). Flow cytometry plots 
of ALDEFLUOR and CD103 showed that most of the ALDEFLUOR signal 
could be observed in the CD103+ DC population of MLNs in both BALB/c 
and C57BL/6 mice (Figure 2B), confirming the report that CD103+ MLN-DCs 
express higher RALDH mRNA levels compared to CD103- DCs in MLNs 13. In 
addition, calculations of ALDEFLUOR MFI revealed that RALDH activity was 
significantly higher in BALB/c CD103+ MLN-DCs compared to C57BL/6. This 
activity was RALDH specific, since ALDEFLUOR MFI was highly decreased 
in presence of RALDH inhibitor DEAB and no difference between BALB/c 
and C57BL/6 could be observed (Figure 2C).

Induction of gut-homing T cells is enhanced in BALB/c MLNs.
Due to their highest RALDH2 expression, CD103+ MLN-DCs are now being 
recognized as the DC subset that is best equipped to induce RA-mediated 
signaling in T cells, leading to FoxP3 T cell differentiation, and the induction 
of gut homing molecules 13, 37, 38. Since BALB/c mice displayed higher RALDH 
activity in MLN-DCs when compared to C57BL/6, we addressed whether the 
induction of gut-homing T cells was different in BALB/c mice when compared 
to C57BL/6 mice. Hereto, CFSE-labeled ovalbumin (OVA) specific transgenic 
CD4+ Vα2+ T cells (OT-II cells) and OVA-specific CD4+ KJ1+ T cells (DO.11.10 
T cells) were transferred to C57BL/6 and BALB/c mice, respectively. Twenty 
four hours later, mice received 50 mg ovalbumin intragastrically and at 72 
hours after antigen administration, expression of mucosal homing molecules 
α4β7 and CCR9 was analyzed on proliferating OT-II and DO.11.10 T cells in 
MLNs by flow cytometry. 
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Figure 2 - RALDH activity is increased in MLN-DCs from BALB/c mice
 (A-C) MHC-II+ CD11chigh DCs in MLN cell suspensions from C57BL/6 and BALB/c mice were analyzed 
for CD103 expression and RALDH activity using the ALDEFLUOR assay. Data represent percentage 
MHC-II+ CD11chigh DCs of total LN cells in individual MLNs (A, left) and average percentage ± SD of 
MHC-II+ CD11chigh DCs expressing CD103 (A, right). (B) Representative FACS plots are shown for 
ALDEFLUOR signal and CD103 expression by MHC-II+ CD11chigh DCs in PLN and MLN. Box indicates 
CD103+ gate for calculations of ALDEFLUOR MFI in C. (C) Graph shows average ALDEFLUOR MFI 
± SD in CD103+ MHC-II+ CD11chigh MLN-DCs in absence or presence of RALDH inhibitor DEAB. Per 
group a total of 10 animals were used for analysis in two separate experiments. Significant differences 
are indicated by * (p=0.03), ** (p<0.001).

No difference in α4β7 and CCR9 expression was visible on the CFSE-labeled 
non-proliferating T. Flow cytometry plots also showed that in both BALB/c MLNs 
and C57BL/6 MLNs T cell activation is necessary for induction of gut-homing 
molecules α4β7 and CCR9 (Figure 3A). We observed that the fold induction 
of α4β7 expression by proliferating OVA-specific T cells in C57BL/6 MLNs is 
similar to the fold induction in BALB/c MLNs (Figure 3B, left). Moreover, the 
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fold induction of this gut-homing molecule analyzed per cell division showed 
a similar pattern in both mouse strains (Figure 3C, left). Surprisingly, the 
fold induction of CCR9 expression by proliferating OVA-specific T cells in 
BALB/c MLNs was much higher when compared to C57BL/6 MLNs (Figure 
3B, right). Examining the fold induction of CCR9 expression per cell division 
revealed that CCR9 was induced on OVA-specific T cells in C57BL/6 mice 
during the first cell divisions, but then reached levels similar to the undividing 
peak (Figure 3C). Lack of a significant induction of CCR9 is probably caused 
by the generation of both CCR9- and CCR9+ OVA-specific T cells in later 
cell divisions, which decreased the MFI of CCR9 expression of the entire 
dividing population (Figure 3A, left bottom). In BALB/c MLNs, however, CCR9 
expression levels continued to increase with every cell division (Figure 3D). 
Unfortunately, we could not compare the induction of gut-homing molecules 
on CD8+ T cells, because no transgenic mouse strain that recognizes OVA 
in the context of MHCI on the BALB/c background exists. In conclusion, the 
results strongly suggest that BALB/c mice have a more efficient induction of 
gut-homing molecule CCR9 on T cells.

BALB/c mice have relatively more FoxP3+ T cells
In addition to the essential role of RA in the induction of gut-homing molecules 
on T cells, RA also has been reported to be involved in the induction of 
FoxP3 expressing CD4+ regulatory T cells 13, 18-23. We therefore tested FoxP3 
mRNA levels in small intestine and MLN samples of both C57BL/6 and 
BALB/c mice with real time PCR. FoxP3 mRNA levels were significantly 
enhanced in both BALB/c MLN (Figure 4A) and BALB/c small intestines 
(Figure 4B) compared to the same tissues derived from C57BL/6. Moreover, 
FACS analysis of intracellular FoxP3 expression by T cells showed that the 
percentage of CD25+ FoxP3+ T cells was significantly higher in MLNs from 
BALB/c mice compared to C57BL/6 mice (Figure 4C). In conclusion, higher 
RALDH activity in BALB/c mice correlated with higher percentages of FoxP3+ 
T cells present in MLNs. 
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Figure 4 - FoxP3 expression is increased in BALB/c small intestines and MLNs
(A, B) Expression of FoxP3 mRNA was analyzed in MLN (A) and small intestine (B) samples from 
C57BL/6 (black bars) and BALB/c mice (grey bars) by real time PCR. Expression of transcripts 
was normalized to Ubiquitin C for small intestine and to GAPDH and Ubiquitin C for MLN. Relative 
expression levels in small intestines and MLNs from C57BL/6 mice was set at 1.0. Per group 5 animals 
were used. (C) Single cell suspensions of MLNs from C57BL/6 (black bars) and BALB/c mice (grey 
bars) were stained for CD4 and Foxp3 and analyzed by FACS. Data represent average percentage ± 
SD of CD25+ FoxP3+ among CD4+ T cells. Per group 6 animals were used. Significant differences are 
indicated by * (p<0.003), ** (p<0.05).

BALB/c mice display increased lymphocyte levels and IgA secretion in small 
intestines
Since the induction of gut-homing T cells occurred with greater efficiency in 
BALB/c MLNs when compared to C57BL/6 MLNs, we questioned whether 
this would result in increased numbers of immune cells in the small intestinal 
lamina propria. With immunostainings we observed more hematopoietic cells 
in the lamina propria of small intestines of BALB/c mice when compared 
to C57BL/6 (data not shown). To quantify this, expression levels of CD45 
(hematopoietic cells), CD3 (marker for T cells) and CD19 (marker for B cells) 
were analyzed in the small intestines from C57BL/6 and BALB/c mice with 
real time PCR. Data showed that the expression of CD45 mRNA in BALB/c 
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small intestine was increased about 2-fold compared to C57BL/6 (Figure 
4A). In addition, mRNA levels for CD3 and CD19 were significantly higher in 
BALB/c small intestines when compared to C57BL/6 small intestines. 
Since RA has been demonstrated to promote class switching of 
immunoglobulins to the IgA isotype in B cells 24-26, we wondered whether 
the secretion IgA into the intestinal lumen would differ between BALB/c and 
C57BL/6 mice. Faeces was collected from the small intestines of BALB/c 
and C57BL6 mice in which secretory IgA was measured by ELISA. We 
observed that the concentration of IgA within the faeces of BALB/c mice was 
remarkably higher compared to C57BL/6 mice (p=2.96E-10, Figure 5B). This 
could be the result of increased RA-mediated signaling within BALB/c small 
intestines as well as of increased numbers of B cells present in the small 
intestines. In conclusion, enhanced RA-mediated signaling in BALB/c mice 
correlated with increased induction of gut-homing molecules, with enhanced 
migration of lymphocytes to the small intestines, as well as with elevated 
levels of secretory IgA within the intestinal lumen. 
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Figure 5 - Increased lymphocyte levels and IgA secretion in BALB/c small intestines 
(A) Expression of CD45, CD3, and CD19 mRNA was analyzed in whole small intestine from C57BL/6 
and BALB/c by real time PCR. Expression of transcripts was normalized to Ubiquitin C. Per group 5 
animals were used. Relative expression levels in C57BL/6 small intestines was set at 1.0 for each gene 
analyzed. (B) Concentration of secretory IgA (µg/ml of PBS-dissolved faeces) in faeces from C57BL/6 
mice (black bars) and BALB/c mice (grey bars) measured by ELISA. Per group 6 animals were used. 
Significant differences are indicated by * (p<0.05), ** (p=0.003), *** (p=2.96E-10)  
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Discussion
In this study we demonstrated that C57BL/6 and BALB/c mice differ in the 
expression and activity of RALDH enzymes and consequently in RA-induced 
immune functions which are crucial for the mucosal immune system. BALB/c 
mice displayed enhanced vitamin A metabolism, since expression levels 
of RALDH enzymes and RA-mediated signaling in small intestines were 
increased, as well as RALDH activity in CD103+ MLN-DCs. Consequently, 
increased induction of CCR9 expression on CD4+ T cells was observed, 
suggesting that activated T cells from BALB/c MLNs are better equipped to 
migrate to the intestines. Indeed, we observed increased mRNA levels for 
T cells and B cells in the small intestines of these mice. In addition, higher 
levels of secretory IgA were found in the intestinal lumen of BALB/c mice 
when compared to C57BL/6 mice. Moreover, FoxP3 mRNA was increased 
in small intestines and MLNs of BALB/c mice. Although we observed a 
difference in percentage of FoxP3+ T cells in MLNs from BALB/c versus B6 
mice, we did not discriminate between naturally occurring regulatory T cells, 
which are thymus derived, and regulatory T cells that differentiated in the 
periphery towards FoxP3 expressing T cells. Whether there is a role for RA 
in the induction of regulatory T cells in the thymus is not clear.
Since RA-mediated signaling is crucial in shaping the mucosal immune system, 
it becomes important what the underlying cause of the observed differences 
between BALB/c and C57BL/6 is. Notably, it has been published that GM-
CSF is an important factor involved in imprinting of RALDH expression in 
mucosal DCs 32. However, in contrast to the difference in RALDH levels, we 
observed no significant difference in GM-CSF mRNA levels in BALB/c and 
C57BL/6 small intestines (Figure 1 D). We therefore propose that GM-CSF is 
not directly involved in imprinting of intestinal DCs, but that it may contribute 
at another level to RALDH expression. What other factors are responsible for 
the difference in RA production and signaling in these mouse strains remains 
unknown. Cellular RA availability is regulated by the vitamin A nutritional status 
and the tightly regulated balance between RA synthesis and catabolism. 
Notably, BALB/c mice and C57BL/6 mice used in these studies were kept 
under similar housing conditions and nutritional status. Possibly, factors that 
regulate the balance between RA synthesis and catabolism are differentially 
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expressed in BALB/c and C57BL/6. Polymorphisms and mutations have 
been reported to exist in some genes that encode these factors 39-46. Future 
research is needed to establish whether these mutations or polymorphisms 
indeed affect the levels of RA synthesis. 
We propose that enhanced RA-mediated signaling seen in BALB/c mice 
when compared to C57BL/6 mice may lead to a more efficient mucosal 
immune system. Consequently, BALB/c may combat mucosal associated 
pathology better. In fact, it has been shown that BALB/c mice are more 
resistant to developing colitis and require a higher dose of DSS compared to 
C57BL/6 to induce a comparable disease severity 47-49. Even with the higher 
dose of DSS, BALB/c mice lose less weight and recover more rapidly after 
withdrawal of DSS compared to C57BL/6 mice. These differences are often 
attributed to a difference in Th1-Th2 balance in these mice, since BALB/c 
mice are known as prototypical Th2-type mice, while C57BL/6 mice show a 
more Th1-driven response. In addition, treatment with RA ameliorated human 
and murine colitis by increasing the number of Treg cells 50. We propose 
here that variation in RA metabolism might determine disease susceptibility 
in these mice, since RA affects homing of T cells to the intestines as well as 
the generation of FoxP3+ regulatory T cells and isotype switching toward IgA. 
Moreover, RA availability determines epithelial integrity and increases the 
barrier function of the intestinal epithelial cells 51, 52. 
Although BALB/c mice are resistant to developing DSS-induced colitis, these 
mice are more susceptible when compared to C57BL/6 to infections that 
require a typical Th1 type response, such as Leishmania major infection 
in the skin. Resistant C57BL/6 T lymphocytes produce IFNγ that activates 
macrophages to produce NO and kill the parasite, while susceptible BALB/c 
T lymphocytes instead produce more IL-4 that suppresses macrophages 53, 

54. Therefore, BALB/c mice show enhanced mucosal immune system at the 
expense of the peripheral immune system.
An example of a typical Th17-driven immune disease is experimental 
autoimmune encephalomyelitis (EAE), an animal model for multiple sclerosis 
(MS) 55. Strain specific differences have been reported to exist in C57BL/6 and 
BALB/c mice during EAE 56, 57. Disease onset in BALB/c mice was delayed 
when compared to C57BL/6 mice. Clinical signs of EAE rapidly decreased 



130

Increased RA signaling in BALB/c mice - a more efficient immune system

 5 5

in BALB/c mice while C57BL/6 mice showed a slow decline of disease 
severity 56. Given the fact that RA has been described to skew T cells upon 
their activation towards the Th2-type profile, while inhibiting Th1 and Th17 
cytokine production 15, 18, a number of research groups have investigated 
the effect of RA treatment on EAE disease progression and severity. RA 
was shown to strongly inhibit pathogenic Th17 and Th1 responses during 
EAE. Treatment with RA dramatically delayed disease onset and strongly 
decreased disease severity 58-63. Other Th17-driven infectious diseases might 
therefore also benefit from RA treatment as was reported for the murine 
model for rheumatoid arthritis 60.
Since enhanced RA-mediated signaling may lead to a decreased Th1-Th2 
balance, increased induction of FoxP3+ regulatory T cells and epithelial barrier 
function, modulation of RA availability would be beneficial to increase the 
mucosal immune response and resistance to infections and immune diseases. 
Studies in vitamin A–deficient patients showed indeed a compromised Th2-
type immune response and a cytokine imbalance skewed towards Th1 62. 
In conclusion, our data suggest that the enhanced RA synthesis in BALB/c 
mice, when compared to C57BL/6 mice, results in the development of a more 
efficient mucosal immune system. Control of RALDH levels may therefore be 
an attractive way to direct the mucosal immune response.
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