
 

Clin Exp Immunol 2004; 

 

135

 

:380–390 doi:10.1111/j.1365-2249.2004.02377.x

 

380

 

© 2004 Blackwell Publishing Ltd

 

Blackwell Science, Ltd

 

Oxford, UK

 

CEIClinical and Experimental Immunology

 

0009-9104Blackwell Publishing Ltd, 20042004

 

135

 

3

 

380390
Original Article

Y. Van der Stede 
et al.
1

 

a

 

,25(OH)

 

2

 

D

 

3

 

 increases IgA serum antibody responses and IgA antibody-secreting cell numbers

 

Correspondence: Yves Van der Stede DVM, MSc, PhD, Laboratory
Animal Health Care Antwerpen, Hagenbroeksesteenweg 167, 2500 Lier,
Belgium.

E-mail: yves.vanderstede@dgz.be

 

1

  

aaaa

 

,25-dihydroxyvitamin D

 

3

 

 increases IgA serum antibody responses and 
IgA antibody-secreting cell numbers in the Peyer’s patches of pigs after 

intramuscular immunization

 

Y. VAN DER STEDE*, T. VERFAILLIE*, E. COX*, F. VERDONCK* & B. M. GODDEERIS*† *

 

Laboratory of Veterinary 
Immunology, Faculty of Veterinary Medicine, Ghent University, Merelbeke, Belgium, and 

 

†

 

Laboratory of Physiology and Immunology 
of Domestic Animals, Faculty of Agricultural and Applied Biological Sciences, Catholic University Leuven, Leuven, Belgium

(Accepted for publication 5 December 2003)

 

SUMMARY

 

Pigs were injected intramuscularly (i.m.) twice with human serum albumin (HSA) with or without
1

 

a

 

,25-dihydroxyvitamin D

 

3

 

 [1

 

a

 

,25(OH)

 

2

 

D

 

3

 

] with a 5-week interval. The supplementation of
1

 

a

 

,25(OH)

 

2

 

D

 

3

 

 enhanced the HSA-specific IgA serum antibody response but decreased the IgM, IgG,
IgG1 and IgG2 responses. Furthermore, higher numbers of HSA-specific IgA antibody-secreting cells
were obtained in systemic lymphoid tissues (local draining lymph node, spleen and bone marrow) as
well as in Peyer’s patches and lamina propria of the gut (GALT). In addition, the 

 

in vivo

 

 mRNA expres-
sion for Th1 [interferon (IFN)-

 

g

 

, interleukin (IL-2)], Th2 (IL-4, IL-6 and IL-10) and Th3 [transforming
growth factor (TGF)-

 

b

 

] cytokines as well as the percentage of different cell subsets (CD2

 

+

 

, CD4

 

+

 

, CD8

 

+

 

,
IgM

 

+

 

, MHC II

 

+

 

, CD25

 

+

 

) of monomorphonuclear cells from the local draining lymph node were deter-
mined at different time-points after the i.m. immunizations. Cytokine profiles did not resemble a typical
Th-cytokine profile using 1

 

a

 

,25(OH)

 

2

 

D

 

3

 

: higher levels of IL-10 and significantly lower levels of IL-2
were observed the first day after the primary immunization. However, significantly higher levels of IL-
2 and significantly lower levels of IFN-

 

g

 

 were observed the first day after the second immunization. Fur-
thermore, after the second immunization TGF-

 

b

 

 mRNA expression decreased more quickly in the
1

 

a

 

,25(OH)

 

2

 

D

 

3

 

 group. This difference became significant 7 days after the second immunization. One
week later a significantly higher percentage of CD25

 

+

 

 cells was observed in this group, indicating more
activated T and B cells using the steroid hormone. These results suggest that in pigs the addition of
1

 

a

 

,25(OH)

 

2

 

D

 

3

 

 to an intramuscularly injected antigen can enhance the antigen-specific IgA-response
and prime GALT tissues, but the relation with cytokines and cell phenotype in the local draining lymph
node needs further clarification.
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INTRODUCTION
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,25-dihydroxyvitamin D
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 [(1

 

a

 

,25(OH)

 

2

 

D

 

3

 

], the active metabo-
lite of vitamin D

 

3,

 

 is a liphophilic steroid hormone which exerts its
actions through binding to a nuclear receptor, the vitamin D
receptor (nVDR) [1]. Traditionally 1

 

a

 

,25(OH)

 

2

 

D

 

3

 

 has been asso-
ciated with calcium homeostasis but the discovery of the nVDR in
most cells of the immune system such as monocytes, macrophages,
dendritic cells [2], T and B lymphocytes [3–7] suggested a role of
the hormone in the immune system. Indeed, 1

 

a

 

,25(OH)

 

2

 

D

 

3

 

stimulates the differentiation and maturation of monocytes [8]
while it inhibits the differentiation and maturation of dendritic
cells [9,10]. The steroid hormone also diminishes T cell prolifera-
tion [11,12] as well as production of cytokines required for Th1
differentiation such as interleukin (IL)-12 [2,13], interferon
(IFN)-

 

g

 

 [14], IL-2 [15,16] as well as granulocyte-macrophage col-
ony stimulating factor (GM-CSF) [17]. On the other hand,
1

 

a

 

,25(OH)

 

2

 

D

 

3

 

 is able to enhance the production of Th2-cytokines
such as IL-4 and IL-10 [2,18–20] as well as of the Th3-cytokine
transforming growth factor (TGF)-

 

b

 

 [21,22]. The latter cytokine is
involved in the induction of a mucosal immune response and/or
oral tolerance. Moreover, in man and mice TGF-

 

b

 

 is responsible
for the switch in B cells towards the IgA isotype [23]. Therefore,
the steroid hormone is classified as a Th2 and/or Th3-modulating-
adjuvant. In addition, 1

 

a

 

,25(OH)

 

2

 

D

 

3

 

 is able to mimic in the local
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draining lymph node the cytokine pattern which is produced nor-
mally by the intestinal Peyer’s patches after oral immunization
with replicating antigens. This cytokine pattern is essential for the
development of a mucosal protective immune response after oral
immunization [24]. In mice, subcutaneous injection of antigen
together with 1

 

a

 

,25(OH)

 

2

 

D

 

3

 

 evoked a Th2 pattern in the local
draining lymph node, an increased homing of IgA and IgG anti-
body secreting cells (ASC) to the LP of the intestine and the lungs
as well as an enhanced IgA response in serum and mucosal secre-
tions [18,19]. Later it was shown by the same group that induction
of the mucosal immune response is also due to the migration of
antigen-pulsed dendritic cells from the local draining lymph
nodes towards the Peyer’s patches, where the activation and dif-
ferentiation of antigen-specific B cells is initiated [25,26].

In pigs it was shown that supplementation of antigen with
1

 

a

 

,25(OH)

 

2

 

D

 

3

 

 increased the antigen-specific IgA serum antibody
response as well as the number of IgA and IgG ASC in the local
draining lymph node of an intramuscular induced immune
response [27]. This suggested that a similar immunomodulating
mechanism for 1

 

a

 

,25(OH)

 

2

 

D

 

3

 

 as described for mice could also
occur in the pig. However, in pigs the effect of 1

 

a

 

,25(OH)

 

2

 

D

 

3

 

 on
the cytokine profile as well as on homing of antigen-specific ASC
towards mucosal lymphoid tissues was not demonstrated. The aim
of the present study was to obtain insights into the immunomod-
ulating mechanism of 1

 

a

 

,25(OH)

 

2

 

D

 

3

 

 in pigs. Therefore, the phe-
notype of and Th1-/Th2-/Th3-like cytokine mRNA expression by
monomorphonuclear cells (MC) from the local draining lymph
node were examined after intramuscular (i.m.) injection with
human serum albumin (HSA) supplemented with 1

 

a

 

,25(OH)

 

2

 

D

 

3.

 

In addition, the antigen-specific serum antibodies as well as the
number of ASC in systemic and mucosal lymphoid tissues
(Peyer’s patches and lamina propria) were analysed to determine
the effect of 1

 

a

 

,25(OH)

 

2

 

D

 

3

 

 on homing towards the mucosae.

 

MATERIALS AND METHODS

 

Pigs

 

Conventional pigs (Belgian Landrace 

 

¥

 

 Piétrain) from six differ-
ent litters were used in the experiments. These pigs were weaned
at the age of 4 weeks, transported to the faculty and housed in iso-
lation units where they obtained water and food 

 

ad libitum

 

. All
pigs were seronegative for antibodies against human serum albu-
min (HSA) as determined by enzyme-linked immunosorbent
assay (ELISA) at the start of the experiment.

 

Experimental design
Effect of a single i.m. injection on immune parameters in the

local draining lymph node (the popliteal lymph node).

 

At the
age of 7 weeks, pigs were immunized i.m. with 1 mg HSA (Sigma-
Aldrich, Bornem, Belgium). Fifteen animals received one i.m.
injection in the right musculus gastrocnemius with 1 mg of HSA
and 2 

 

m

 

g of 1

 

a

 

,25(OH)

 

2

 

D

 

3

 

 (Sigma-Aldrich, Bornem, Belgium)
(D

 

3

 

 group) and one in the left m. gastrocnemius with HSA only
(control group). This was conducted to compare immune param-
eters at the left site in the absence of 1

 

a

 

,25(OH)

 

2

 

D

 

3

 

 with these at
the right site with 1

 

a

 

,25(OH)

 

2

 

D

 

3

 

) on the same pig, so excluding
interanimal variation.

 

Analysis of the effect of a booster immunization.

 

After the
first i.m. immunization, cells of the local draining lymph node will
also home to other lymphoid tissues. Therefore the effect of a

booster immunization on immune parameters was analysed in
another 24 animals. These animals received two identical i.m.
injections with a 5-week interval: 12 animals received the antigen
together with 1

 

a

 

,25(OH)

 

2

 

D

 

3

 

 (left and right musculus gastrocne-
mius, D

 

3

 

 group) while the other 12 animals received HSA only
(control group). In these animals not only effects in the local
draining lymph node but also on the HSA-specific serum anti-
body response and the HSA-specific ASC numbers in systemic
and mucosal lymphoid tissues were analysed.

The HSA-antigen was dissolved in 0·5 ml phosphate buffered
saline (PBS) and suspended in an equal volume of incomplete
Freund’s adjuvant (IFA, Difco Laboratories, Bierbeek, Belgium).
IFA was used to allow a gradual and slow release of the antigen
and 1

 

a

 

,25(OH)

 

2

 

D

 

3

 

. The 1

 

a

 

,25(OH)

 

2

 

D

 

3

 

 was dissolved in absolute
ethanol at a concentration of 8 

 

m

 

g/ml and stored at 

 

-

 

20

 

∞

 

C. Only at
the moment of immunization the HSA antigen in IFA and the dis-
solved 1

 

a

 

,25(OH)

 

2

 

D

 

3

 

 were mixed. The control group received the
same amount of HSA-antigen and an equal volume of ethanol
(250 

 

m

 

l) as the D

 

3

 

 group.
The immune response after the i.m. immunizations was eval-

uated by (i) determining weekly the HSA-specific antibody titres
(IgM, IgA, IgG1, IgG2 and IgG) in serum from the moment of the
first immunization until 14 days post-secondary immunization
(dpsi); (ii) quantifying and localizing the number of HSA-specific
IgM, IgA, IgG1, IgG2 and IgG ASC in different lymphoid tissues
via ELIspot assays: 10 and 30 days post-primary immunization
(dppi) and at 1, 2, 7 and 15 dpsi; (iii) defining the phenotype of
MC of the local draining lymph node by flow-cytometric analysis
1, 2, 10 and 30 dppi and at 1, 2, 7 and 15 dpsi; and (iv) determining
the cytokine mRNA expression for IL-2, IL-4, IL-6, IL-10, IFN-

 

g

 

and TGF-

 

b

 

 in the local draining lymph node via real-time reverse
transcription–polymerase chain reaction (RT-PCR) at 1, 2 and 10
dppi and at 1, 2 and 7 dpsi. Euthanasia was performed by intra-
venous injection of an overdose of pentobarbital (24 mg/kg; Nem-
butal, Sanofi Sant Animale, Brussels, Belgium) followed by
exsanguination. The number of animals used for each parameter
in both groups is shown in Table 2 and in the legends of Figs 1–4.

 

Samples
Serum.

 

Blood samples were taken from the jugular vein at
the time-points shown in Fig. 1. Serum was collected and inacti-
vated subsequently at 56

 

∞

 

C during 30 min. Thereafter, the serum
was treated with kaolin (Sigma-Aldrich) to decrease the back-
ground reading in ELISA as described by Van den Broeck 

 

et al

 

.
[28]. Finally the serum was diluted 1/10 (v/v) in ELISA buffer
(PBS, 150 m

 

M

 

, pH 7·4) + 0·05% (v/v) Tween

 

®

 

20). The diluted
samples were stored at 

 

-

 

20

 

∞

 

C until tested in ELISA.

 

MC.

 

The spleen and the lymph node (LN) cells were
removed aseptically by teasing the tissues apart gently followed
by lysis of erythrocytes with ammonium chloride (0·8% (wt/vol)).
After centrifugation (380 

 

g

 

 at 4

 

∞

 

C for 10 min) the cells were
washed and resuspended at 1 

 

¥

 

 10

 

7

 

 MC/ml in leucocyte medium
(RPMI-1640 supplemented with penicillin (100 IU/ml) and strep-
tomycin (100 

 

m

 

g/ml), kanamycin (100 

 

m

 

g/ml), glutamine
(200 m

 

M

 

), sodium pyruvate (100 mM), non-essential amino acids
(100 mM) and 10% (v/v) fetal bovine serum (FBS; GIBCO BRL,
Life Technologies, Merelbeke, Belgium).

Bone marrow MC. The sternum was compressed with a for-
ceps and cells from the bone marrow (BM) were collected in cen-
trifugation tubes. Following centrifugation, the cells were washed
three times in PBS (150 mM, pH 7·4). The erythrocytes were lysed
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as described above and the cells were resuspended in leucocyte
medium at 1 ¥ 107 MC/ml.

Lamina propria and Peyer’s patches MC. Lamina propria
(LP) and Peyer’s patches (PP) were sampled only 7 and 15 dpsi.
The MC of the LP of the jejunum were isolated as described
[28,29], with slight modifications. Fifteen to 20-cm-long segments
of the mid-jejunum were flushed with PBS (150 mM, pH 7·4) to
remove the intestinal content. Subsequently, these segments were
opened longitudinally and cut into pieces of 4 cm2. These pieces
were rinsed twice with PBS and twice with Ca2+ and Mg2+-free bal-
anced salt solution (CMF-buffer, pH 7·2). This was followed by
incubation for 15 min at 37∞C in the CMF-buffer containing
0·37 mg/ml ethyline diamine tetra-acetic acid (EDTA) (Sigma)
and 0·37 mg/ml dithiothreitol (DTT, Sigma) to remove the epi-
thelial cells and intraepithelial lymphocytes. The remaining tissue
fragments were rinsed with RPMI-1640 containing 5% FBS and
20 mM HEPES (GIBCO) and incubated thereafter with collage-
nase and DNAse (RPMI-1640 + 0·1 mg/ml DNAse (Roche
Diagnostics) + 300 U/ml collagenase (Sigma) + 100 IU/ml peni-
cillin + 100 mg/ml streptomycin) for 30 min at 37∞C and rotating at
250 rounds per minute. A first fraction of cells was collected fol-
lowing filtration through stainless steel sieves (80, 150 and 200
mesh screens; Sigma). A second fraction of MC was collected by
mechanical scraping and squeezing the remaining tissue pieces on
the sieves. Subsequently, the obtained cell suspension was filtered
through a gauze filter. Both cell fractions were combined and
washed in RPMI-1640 containing 5% (v/v) FBS, 20 mM HEPES
and 0·1 mg/ml DNAse. The MC were isolated by Percoll (Amer-
sham Pharmacia, Uppsala, Sweden) gradient centrifugation.
Subsequently, the MC were washed and resuspended in leucocyte
medium.

For the isolation of MC from jejunal PP (JPP) and ileal PP
(IPP), small intestinal pieces were washed and incubated in
CMF–EDTA medium as described for the lamina propria MC
isolation. Subsequently, MC were collected by scraping the PPs
with glass slides followed by washing, filtration through a gauze
filter and resuspending of the MC in leucocyte medium.

ELISA for HSA-specific serum antibody responses
HSA-specific serum IgM, IgA, IgG1, IgG2 and IgG titres were
determined in an indirect ELISA as described previously [27].
The antibody titre was determined as the inverse of the highest
dilution that still had an OD405 higher than the cut-off value. The
cut-off value was determined by calculating the average plus
three times the standard deviation of the optical densities of the 1/
10 diluted samples measured at day 0. The cut-off values were
0·10, 0·14, 0·11, 0·15 and 0·35 for IgM, IgA, IgG1, IgG2 and IgG,
respectively.

ELIspot assay for HSA-specific antibody-secreting cells
The ELIspot test was performed as described previously [27]. For
each MC suspension, spots in 10 wells (1 ¥ 106 MC/well) were
counted, so that a final amount of isotype-specific ASC per 1 ¥ 107

MC was obtained.

Flow cytometric analysis
Monomorphonuclear cell suspensions of the popliteal lymph
node were analysed for expression of cell surface antigens by flow
cytometry. MC (1·106/ml) were suspended in ice-cold 100 ml
RPMI-1640 supplemented with 2% immunoglobulin-free horse
serum and 0·02% sodium azide (staining medium). Subsequently,
100 ml of staining medium containing a swine leucocyte surface-

Table 1. Percentages of positive cells (± s.e.m.) in the local draining lymph node at different times post-primary and -secondary immunization

1,25(OH)2D3

Mean percentage of leucocyte subpopulation

CD2 CD4 CD8 IgM MHC II CD25

1 dppia – 49 ± 12·7 34 ± 5·8 32 ± 4·5 33 ± 8·0 n.d.d n.d.
(n = 2) + 49 ± 8·14 33 ± 2·7 35 ± 3·4 42 ± 4·5 n.d. n.d.
2 dppi – 69 ± 2·4 45 ± 4·1 30 ± 5·1 26 ± 5·1 35 ± 14·6 43 ± 3·0
(n = 5) + 68 ± 3·7 42 ± 2·2 28 ± 5·6 30 ± 5·0 31 ± 11·4 41 ± 1·9
10 dppi – 61 ± 7·8 33 ± 4·4 27 ± 1·6 38 ± 7·1 52 ± 9·9 49 ± 4·8
(n = 5) + 65 ± 4·5 37 ± 2·8 27 ± 1·7 34 ± 5·8 48 ± 9·6 42 ± 3·6
30 dppi – 77 ± 1·6 35 ± 1·4 30 ± 2·5 25 ± 3 62 ± 3·2 47 ± 5·2
(n = 3) + 79 ± 1·9 40 ± 3·1 29 ± 2·5 24 ± 2·2 56 ± 6·8 50 ± 4·5
1 dpsic – 68a ± 2 29 ± 3·2 29 ± 3·2 36 ± 7·6 39 ± 4·5 52 ± 1·8
(n = 3) + 69 ± 2·1 36 ± 6·5 30 ± 1·8 32 ± 1·3 39 ± 3·6 43 ± 4·1
2 dpsi – 68 ± 3·7 31 ± 2·0 34 ± 1·2 33 ± 4·7 47 ± 7·1 57 ± 2·3
(n = 3) + 62 ± 5·5 31 ± 3·1 33 ± 1·6 34 ± 2·7 51 ± 5·0 56 ± 6·6
7 dpsi – 71 ± 2·0 40 ± 5·6 44 ± 3·6 30 ± 2·5 46 ± 3·4 54 ± 2·3
(n = 3) + 65 ± 3·2 38 ± 2·4 33 ± 2·9 27 ± 0·2 39 ± 6·4 44 ± 6·5
15 dpsi – 67 ± 2·5 28 ± 1·5 37 ± 3·2 23 ± 3·7 47 ± 1·6
(n = 3) MFIe 917 56 ± 2·0

+ 65 ± 4·2 32 ± 1·7 31 ± 0·6 20 ± 3·1 56 ± 2·8
MFI 651† 66† ± 1·7

a After the first immunization the percentages were determined on the same animals by comparing left (without 1a,25(OH)2D3) and right (with
1a,25(OH)2D3) popliteal lymph node while different animals were used after the second immunization. MC suspensions form popliteal lymph nodes were
stained with MoAbs directed against porcine CD2, CD4, CD8, IgM, CD25 and MHC II. bdppi: days post-primary immunization, cdpsi: days post-secondary
immunization; dn.d.: not determined. eMFI: mean fluorescence intensity. †P < 0·05.
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specific MoAb was added for 45 min on ice: MSA-4 = anti-CD2
(IgG2a), 74-12-4 = anti-CD-4 (IgG2b) [30], 76-2-11 = anti-CD8
(IgG2b) [31], anti-IgM = anti IgM+B cells (IgG1) [32], MSA3
= anti-MHC II (SLA-DR, IgG2a) [33] and 231·3B2 = anti-CD25
(IL-2R, IgG1) [34]. Subsequently, the cells were washed twice
with staining medium and resuspended in staining medium con-
taining FITC-conjugate [Sheep antimouse IgG (whole molecule)
Fab-fragments (Sigma-Aldrich)]. Cells were incubated for 45 min
on ice, washed twice with staining medium and once with PBS.
Flow cytometric analysis was conducted using a FACScalibur flow
cytometer (Becton-Dickinson, San Jose, CA, USA) equipped
with a 15 mW air-cooled argon ion laser. At least 10 000 cells were
analysed per sample. Data are presented as mean percentage of
positive cells ± s.e.m. and as mean fluorescence intensity (MFI)
per cell.

RNA extraction and RT-PCR
RNA was extracted from MC of freshly isolated LN of each pig
using the acid guanidinium–isothiocyanate phenol–chloroform-
based method (RNAgents®, Promega, Leiden, the Netherlands)
as described by Verfaillie et al. [35]. Reverse transcription was
performed in a 20 ml reaction mixture containing (i) 3 mg of total
RNA; (ii) 1 ml of random hexanucleotide primer (50 mM, Perkin
Elmer, Oosterhout, the Netherlands); (iii) 4 ml of MgCl2 (25 mM);
(iv) 2 ml 10 ¥ PCR II buffer (500 mM KCl, 100 mM Tris-HCl,
pH 8·3); (v) 1 mM deoxynucleotide triphosphate mix (dNTP-mix)
of the four dNTPs (Roche, Mannheim, Germany); (vi) 200 units
of Superscript II Rnase H– reverse transcriptase (GIBCO BRL);

and (vii) 20 U of RNAsin® ribonuclease inhibitor (Promega) in
diethylpyrocarbonate-treated (DEPC) water. Briefly, the tem-
plate RNA and the random hexanucleotide primer were preincu-
bated for 10 min at 70∞C. After chilling on ice, all other
components were added. Subsequently, the reaction mix was
incubated at room temperature for 10 min and then at 42∞C for
45 min followed by heating for 5 min at 95∞C to inactivate the
reverse transcriptase.

The oligonucleotide primers used for the detection of the por-
cine IL-2, IL-4, IL-6, IL-10, IFN-g, TGF-b and of cyclophilin
cDNA were designed from the published nucleic acid sequences
available from the GenBank/EMBL data bases (Table 2).

Cyclophilin was used as constitutively expressed ‘housekeep-
ing control gene’ to determine the uniformity of the reverse tran-
scription reactions and as a reference for quantification of
cytokine mRNA [36]. Cytokine-cDNA was amplified and quanti-
fied by real-time PCR using the Light Cycler® (Roche, Man-
nheim, Germany) and the light-cycler–fast-start DNA Master
SYBR Green I kit (Roche, Mannheim, Germany, no. 2239264).
The reaction mixture consists of a master mix containing Taq
DNA polymerase, dNTP mixture and SYBR Green I, 3–5 mM

MgCl2, 20 pmol of sense and antisense primer and 2 ml of template
cDNA in a total volume of 20 ml. Subsequent steps were initial
denaturation for 10 min at 95∞C, followed by 40 cycles of dena-
turation for 15 s at 94∞C, annealing for 5–14 s at 50–60∞C depend-
ing on the particular cytokine and an extension for 7–15 s at 72∞C
depending on the length of the product [approximately 1 s/
25 base pairs (bp)]. These products were subjected to a melting

Table 2. Sequences of primers with the fragment length of PCR products for different porcine 
cytokines

Target mRNA Oligonucleotide sequences 5¢-3¢
Length PCR-
fragment Reference

Cyclophylin F14571a 368 [36]
Sb TAA CCC CAC CGT CTT CTT
ASc TGC CAT CCA ACC ACT CAG

IL-2 X56750 338 [37]
S GAT TTA CAG TTG CTT TTG AAG
AS GTT GAG TAG ATG CTT TGA CA

IL-4 F68330 311 [38]
S TAC CAG CAA CTT CGT CCA
AS ATC GTC TTT AGC CTT TCC AA

IL-6 M86722 310 [39]
S ATG AGA ATC ACC ACC GGT CTT G
AS TGC CCC AGC TAC ATT ATC CGA

IL-10 L20001 295 [40]
S CCA TGC CCA GCT CAG CAC TG
AS CCC ATC ACT CTC TGC CTT CGG

IFN-g X53085 360 [41]
S A TGT ACC TAA TGG TGG ACC TC
AS C TCT CTG GCC TTG GAA CAT AG

TGF-b Y00111 399 [42]
S GAC CCG CAG AGA GGC TAT AG
AS GAG CCA GGA CCT TGC TGT AC

aGenBank accession number; bsense primer; cantisense primer.
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curve analysis and subsequently agarose gel electrophoresis for
confirmation of the specificity of the PCR products. Quantifica-
tion occurred using external standards of cytokine cDNA. Calcu-
lation was performed with the LightCycler® analysis software.
The relative amount of cytokine expression was plotted as a ratio
[(= copy number of target cytokine/copy number of housekeeping
gene) ¥ 105].

Statistical analysis
Statistical analysis was performed using SPSS 7·5 for Windows.
Differences in log2 serum antibodies (IgM, IgA, IgG1, IgG2 and
IgG) between the 1a,25(OH)2D3 (D3 group) and the control
group were tested for statistical significance using the general lin-
ear model (repeated-measures analysis of variance). For ELIspot
assays differences in the number of HSA-specific ASC between
the D3 group and the control group as well as differences in the
expression of surface antigens (flow cytometer) were tested for
statistical significance using a two-sample t-test. For RT-PCR
experiments, the concentrations of the cytokines were corrected
for variations between different samples by using cyclophylin as a
housekeeping gene and are presented as a ratio (= copy numbers
of target cytokine gene/1 ¥ 105 copy numbers of housekeeping

gene). Within each group the ratios of the individual pigs were
grouped and the differences in the mean ratios between the D3

group and the control group were tested for statistical significance
with a two-sample t-test. Statistical significance was assessed at a
P-value of < 0·05.

RESULTS

The HSA-specific IgM, IgA, IgG1, IgG2 and IgG 
serum responses
The HSA-specific IgM titre peaked 7 dppi in both groups. At that
time the titre was significantly higher (P < 0·05) in the control
group (Fig. 1). The IgM titres declined to baseline values at 35
dppi when the second i.m. immunization was given. This second
immunization induced temporarily a slight increase of the IgM
titre in the control group 4 dpsi but not in the D3 group. In the D3

group, IgM became significantly higher 14 dpsi.
Serum HSA-specific IgA titres were continuously higher in

pigs of the D3 group than in pigs of the control group between 35
and 49 dppi. This difference was significant (P < 0·05) at the
moment of second immunization (35 dppi) and 14 days later. In
contrast, the HSA-specific IgG1, IgG2 and IgG titres in the D3

Fig. 1. Kinetics of the HSA-specific IgM, IgA, IgG1, IgG2 and IgG serum response following two intramuscular (i.m.) immunizations. Pigs
(the number of pigs sampled/group is 12 between 0 and 35 dppi, six on 39 and 42 dppi and three on 45 and 49 dppi) had been injected in
the m. gastrocnemi with 1 mg HSA in IFA supplemented with either 2 mg of 1a,25(OH)2D3 (�) or without steroid hormone supplementation
(�). The antibody titres are plotted as mean log2 titres ± s.e.m. Significant differences (P < 0·05) between both groups are indicated with
an asterisk.
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group were reduced in comparison with the control group and this
reduction was significant for IgG2 (P < 0·05) between 21 and 35
dppi.

HSA-specific IgM, IgA, IgG1, IgG2, IgG and IgM ASC in 
lymphoid tissues
At different time-points post-primary (10 and 30 dppi) and
secondary immunization (1, 2, 7 and 15 dpsi) pigs were euthanized
for quantifying and localizing of the HSA-specific IgM, IgA,
IgG1, IgG2 and IgG ASC in the LN, the spleen and the BM (sys-
temic lymphoid tissues). The IPP, JPP and LP (gut-associated lym-
phoid tissues: GALT) were sampled only at 7 and 15 dpsi.

Ten dppi, only HSA-specific IgM ASC could be detected in
the LN. The number of IgM ASC was slightly higher in the D3

group (mean of 23 IgM ASC per 1 ¥ 107 MC) than in the con-
trol animals (10 IgM ASC per 1 ¥ 107 MC) (data not shown).
The highest numbers of HSA-specific IgM were found in the
spleen 1 day after the second immunization. However, there
were no significant differences in IgM ASC between the groups
(Fig. 2a).

The numbers of HSA-specific IgA ASC were always higher
for the D3 group in the LN while this was not the case in the
spleen and BM, indicating the local effect of the steroid hormone
on IgA (Fig. 2b). The numbers of IgA ASC peaked after the

Fig. 2. Mean number of HSA-specific IgM (a), IgA (b) and IgG (c) ASC per 1 ¥ 107 MC in different systemic lymphoid tissues [the popliteal
lymph node (LN), spleen and bone marrow (BM)] at 30 dppi and at 1, 2, 7 and 15 dpsi. Animals were i.m. injected with either 1 mg HSA
in IFA supplemented with either 2 mg of 1a,25(OH)2D3(D3+) or without steroid hormone (D3–). The numbers of HSA-specific ASC are
the mean of three pigs/group ± s.e.m.
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second immunization with more than 50 IgA ASC in the D3
group 2 dpsi. However, this was not significantly higher than in
the control group (less than 20 IgA ASC 2 dpsi).

HSA-specific IgG ASC were higher in the three systemic lym-
phoid tissues than in the GALT (Fig. 3) and peaked 7 dpsi with no
significant differences between the groups (Fig. 2c). Similar
results were obtained for the IgG1 and IgG2 ASC (data not
shown).

GALT was collected only 7 and 15 dpsi. Seven dpsi higher
numbers of HSA-specific IgM, IgA and IgG ASC were found
in the IPP of the D3 group (P = 0·268 for IgM, P = 0·242 for
IgA and P = 0·238 for IgG) (Fig. 3a). Interestingly, in both
groups the number of IgG ASC was higher than the number of
IgA ASC. Similar tendencies were seen in the JPP (data not
shown). At that moment, low numbers of IgM, IgA and IgG
ASC were found in the LP of both groups (Fig. 3b). One week
later, HSA-specific ASC were low in both PP and in the LP in
both groups.

Phenotype of MC from the local draining lymph node
No significant differences were detected between both groups in
the percentages of CD2+, CD4+, CD8+, IgM+ and MHC II+ cells at
any moment tested (Table 1). However, 7 and 14 dpsi the mean
percentage CD8+ cells was clearly lower in the D3 group. Further-
more, 15 dpsi the percentage CD25+ cells was significantly higher
in the D3 group and the degree of MHC II expression was signif-
icantly lower (P = 0·019) in this D3 group (MFI 651 ± 38) in com-
parison with the control group (MFI 917 ± 59). The MHC II
expression after the second immunization in both groups (MFI of
653 ± 60) was also significantly higher than after the first immu-
nization (MFI 175 ± 30).

In vivo cytokine mRNA expression by MC from the local 
draining lymph node
The in vivo cytokine mRNA expression was measured 1, 2 and 10
dppi and 1, 2 and 7 dpsi. The cytokine mRNA responses peaked
1–2 days after the first (innate response) as well as after the sec-
ond (memory response) i.m. injections. The cytokine mRNA
expression per cytokine revealed the following descending rank,
irrespective of the use of 1a,25(OH)2D3: TGF-b (1·67 ¥ 1 ¥ 105

± 1·8 ¥ 1 ¥ 105) > IL-10 (1·38 ¥ 104 ± 2·65 ¥ 104) > IFN-g (7·9 ¥ 103

± 1·3 ¥ 104) > IL-2 (2·91 ¥ 102 ± 5·24 ¥ 102) > IL-4 (1·3 ¥ 102 ± 3·17
¥ 102) > IL-6 (1 ¥ 102 ± 1·2 ¥ 102).

The relative amount of cytokine mRNA expression in both
groups is shown in Fig. 4. One day after the first immunization,
IL-10 mRNA was higher and IL-2 was significantly lower
(P < 0·05) in the D3 group than in the control group. The IFN-g,
TGF-b and IL-6 mRNA expression did not differ statistically
between the groups, whereas IL-4 mRNA was not detected. One
day later IL-2 and IL-10 mRNA were almost absent in both
groups, whereas levels of IFN-g and TGF-b mRNA expression
had not changed. On the other hand, IL-6 mRNA expression was
higher in the control group and traces of IL-4 mRNA were
detected in the D3 group. However, 10 dppi IL-4 and TGF-b
mRNA expression could be detected only in the control group
(P = 0·26 and 0·15, respectively) in comparison with the D3 group,
while the expression of the other cytokines was similar in both
groups.

One day after the booster immunization, the expression of IL-
2 and IL-10 mRNA were significantly higher (P = 0·043) and
lower (P = 0·14), respectively, in the D3 group than in the control
group, which was opposite to the first immunization. The other
cytokines showed a higher mRNA expression than after the first

Fig. 3. Mean number of HSA-specific IgM (open bars), IgA (filled bars) and IgG (shaded bars) ASC per 1 ¥ 107 MC in ileal Peyer’s
patches (a, IPP) and lamina propria (b, LP) 7 and 15 dpsi. Animals were i.m. injected with 1 mg HSA in IFA supplemented with either
2 mg of 1a,25(OH)2D3(D3+) or without steroid hormone (D3–).The numbers of HSA-specific ASC are the mean of three pigs/group ±
s.e.m.
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immunization, but expression was lower in the D3 group than in
the control group. Moreover 1a,25(OH)2D3 seems to inhibit sig-
nificantly the IFN-g mRNA expression with at least 50% 1 and 2
dpsi (P = 0·023 and 0·013, respectively), whereas the TGF-b
mRNA expression became significantly lower (P = 0·04) in the D3

group 7 dpsi. Interleukin-2, IL-6 and IL-10 mRNA were low to
absent 2 and 7 dpsi. Interleukin-4 could be detected only in the D3

group (P = 0·37) 7 dpsi.

DISCUSSION

In the present study, we examined whether addition of
1a,25(OH)2D3 could result in the appearance of antigen-specific
ASC in the GALT after i.m. administration of an antigen and
whether the steroid hormone polarizes the cytokine response
towards a Th2-cytokine profile. As in a previous study [27], co-
administration of 1a,25(OH)2D3 enhanced significantly the
serum HSA-specific IgA response and increased the numbers of

HSA-specific IgA ASC in the local draining lymph node of pigs
after i.m. injection. However, in the present study it decreased
the antigen-specific serum IgM, IgG1, IgG and IgG2 (P < 0·05)
serum response. This was most pronounced after the first i.m.
injection. This decreased IgM antibody response was not
observed in a previous study [27]. The reason is not clear, but the
i.m. injection occurred at a different place (musculus gastrocne-
mius compared to musculus gluteobiceps) and it has been
observed in previous experiments with pigs comparing immuni-
zations in the back versus the neck that the injection site can
influence the isotype profile of the antibody response [43]. There-
fore, in contrast to the serum IgA response, the steroid hormone
does not enhance consistently the serum IgM response in pigs. A
decreased as well as an increased serum IgM response using
1a,25(OH)2D3 was also observed in man [3]. In cattle, milk IgM
and IgA titres increased and IgG2 decreased [44] and in mice
serum IgG2a decreased, whereas IgG1 increased using high
doses of 1a,25(OH)2D3 [45]. The situation in the mice led to the

Fig. 4. Porcine cytokine mRNA expression 1 (n = 5), 2 (n = 5) and 10 (n = 3) dppi, 1 (n = 2), 2 (n = 3) and 7 (n = 3) dpsi of MC from the
local draining lymph node (lnn popliteus) of pigs i.m. injected with either 1 mg HSA supplemented with (black bars) or without 2 mg of
1a,25(OH)2D3 (white bars). In vivo cytokine mRNA expression was measured and quantified using real-time PCR and corrected for
individual variation by making a ratio to a housekeeping gene. The mean ratios/cytokine for the pigs with the same immunization at the
same time-point (copy number of particular cytokin/105 copy numbers of housekeeping gene) were calculated. The cytokine mRNA
expression was determined on the same animals after the first i.m. immunization by comparing left (without 1a,25(OH)2D3, control) and
right (1a,25(OH)2D3-supplemented) popliteal lymph node while different animals were used after the second immunization. Significant
differences (P < 0·05) between both groups are indicated with an asterisk.
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interpretation that 1a,25(OH)2D3 stimulates the Th2 or humoral
branch of the immune system, as a Th2-cytokine profile stimu-
lates preferentially the formation of IgG1, IgM and IgA [46]. In
relation to this we examined if addition of 1a,25(OH)2D3 corre-
lates with type I/type II control of immunoglobulin isotype
switching in pigs as well with the presupposition that IgG1 is a
type II (IL-10) immunoglobulin subclass and IgG2 is a type I
(IFN-g) subclass. Pig cytokines regulate immunoglobulin isotype
expression, because recombinant porcine IFN-g or recombinant
porcine IL-12 up-regulate IgG2 production by porcine B-cells
cultured in vitro, while recombinant porcine IL-10 up-regulates
IgG1 production [47]. The results obtained do not show that
1a,25(OH)2D3 up-regulates the IgG1 production in pigs as it does
in mice.

In order to know whether i.m. immunization with
1a,25(OH)2D3 directed the response towards the GALT, the
number of HSA-specific ASC in the jejunal PP and ileal PP as
well as in the LP were determined. Intramuscular immunization
induced IgA and IgG ASC first in the PP and later, although in
very low numbers, in the LP. This seems to indicate that there is no
direct homing of the LN cells to the effector sites in the GALT but
a preferential homing to the inductive sites. Others found that
memory B cells can reside in the GALT inductive sites after a sys-
temic immunization [48–50]. Upon mucosal antigen challenge
these memory B cells differentiate and migrate towards the lam-
ina propria, where they produce antigen-specific IgA [51]. The
ASC in the present study, however, are not memory cells and no
mucosal antigen challenge was performed. Therefore, it is not sur-
prising that only low numbers of ASC were found in the LP.
Another reason for these low numbers might be a too-short inter-
val (7 days) between both samplings of GALT. Indeed, the time
required for activation, differentiation and homing of antigen-
specific ASC from PP towards LP is at least 6 days [52]. Never-
theless, the low number of ASC may already result in a protective
effect. Indeed, i.m. injection with F4-fimbriae co-administered
with 1a,25(OH)2D3 induced a partial protection upon oral chal-
lenge with F4+ enterotoxigenic Escherichia coli which was accom-
panied with a secondary serum IgA response, indicating priming
of the intestinal mucosal immune system [53]. Further studies are
necessary in pigs to elucidate if this mucosal priming occurs via
migration of dendritic cells towards the GALT, as observed in
mice [25,26].

No higher numbers of antigen-specific ASC were found in the
ileal PP (Fig. 3) compared to the jejunal PP (3–6 IgM ASC, 6–10
IgA ASC and 34 IgG ASC) of the pigs, as could be expected from
the 10-fold excess of B cells in the ileal PP in comparison with the
jejunal PP, as observed by Pabst et al. [54]in normal in gnotobiotic
pigs. However, Bianchi et al. [55] found no significant differences
in B cell populations between ileal PP and jejunal PP in pigs. This
is more in agreement with our findings and attributes a similar
importance to ileal PP as jejunal PP in the induction of an intes-
tinal antibody response in 12-week-old pigs. Bianchi et al. [55] did
observe an increase with age in the number of antibody-secreting
cells in jejunal but not in ileal PP. Together with the observation
that pig’s ileal PP show morphological differences with the jujunal
PP, this suggests another specific role such as B cell ontogeny, as
has been reported in sheep [56].

As 1a,25(OH)2D3 primarily enhances the antigen-specific
ASC in the local draining lymph node and clearly enlarges the
local draining lymph node [27], the distribution of various lym-
phocyte subsets in the local draining lymph node was analysed at

different time-points after the i.m. injection. In the present study,
however, enlargement of the local draining lymph node due to
1a,25(OH)2D3 was not observed consistently. Moreover, no sta-
tistically significant changes were observed in either the percent-
age of CD2+ (T cells), CD4+ (Th cells), CD8+ (CTL-cells) and
IgM+ (B cells) cells or in the degree of expression of these mole-
cules on the cells. In human studies, however, a decreased CD4+/
CD8+ ratio, due to a significant increase in CD8+ cells, was
observed after treatment with 0·5 mg or 2 mg of 1a,25(OH)2D3 for
60 and 14 days, respectively [57–59]. Although not statistically sig-
nificant, the CD4+/CD8+ T cell ratio appeared to be increased 7
and 15 dpsi in the present study. The most obvious differences
were observed after the second i.m. injection. This booster immu-
nization with 1a,25(OH)2D3 resulted in a significantly higher per-
centage of CD25+ cells with, however, a lower expression of MHC
II molecules. The latter is consistent with human studies in which
a decreased expression of MHC class II molecules on human
monocytes was observed due to 1a,25(OH)2D3. This decrease was
dose- and time-dependent [60–62]. The higher percentage of
CD25+ cells suggests at least an activation of more cells or a better
persistance of activated cells by the steroid hormone, as the por-
cine IL-2R (CD25) is expressed on activated T [63] and B cells in
lymph nodes [64]. For human B cells it was shown that the degree
of cellular activation, rather than the differentiation, is a criterion
for the biological receptivity to 1a,25(OH)2D3 [65]. In humans the
steroid hormone also favours the induction of CD4+CD25+ regu-
latory T cells which are able to inhibit Th1 cells [66].

The in vivo mRNA expression of Th1-like (IFN-g, IL-2), Th2-
like (IL-4 and IL-10) and Th3-like (TGF-b) cytokines showed a
high variability among the pigs. Following the first immunization
with 1a,25(OH)2D3, increased IL-10 and IL-4 mRNA and
decreased levels of IL-2 mRNA (Th1-like) were observed, indi-
cating a Th2 modulation by 1a,25(OH)2D3. A Th2-like response
could also explain the increased serum IgA and the higher num-
ber of IgA ASC in the local draining lymph node. Th2-polariza-
tion by 1a,25(OH)2D3 was also observed after in vitro stimulation
of mice lymph node cell suspensions [19,67], while others
observed inhibition of IL-4 by naive murine T cells [68]. IL-6 and
TGF-b, which are involved in the proliferation of IgA+ B cells and
in isotype switching towards IgA, respectively [69], were not
increased in the present study and therefore seem not to be cru-
cial for the effect of 1a,25(OH)2D3 in pigs. More striking differ-
ences were observed after the second immunization. Significant
lower levels of IFN-g mRNA, a Th1 cytokine, were observed in
the D3 group compared to the control group. However, lower lev-
els of Th2- (IL-4 and IL-10 mRNA) and Th3-like (TGF-b mRNA)
cytokines together with statistically significant higher levels of IL-
2 were also observed in the 1a,25(OH)2D3-treated animals. In
conclusion, the results of the present study do not allow us to con-
clude that 1a,25(OH)2D3 induces a strict Th2-like response. Only
after the primary inoculation was a Th2-like response seen. The
inverse correlation between IL-10 and IL-2 mRNA expression
appears consistent in our experiments and suggests that IL-10 is
able to down-regulate Th1-mediated immune responses as
described for man [70,71] as well as for pigs [40]. However, in man
and cattle, IL-10 is expressed by all Th and not selectively by Th2
cells, as in mice [72].

In conclusion, supplementation of 1a,25(OH)2D3 to
parenteral immunization enhanced the IgA serum antibody
response as well as the number of antigen-specific ASC in differ-
ent systemic lymphoid tissues. Moreover, 1a,25(OH)2D3
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administration resulted in an enhanced priming of the GALT,
especially in the Peyer’s patches. This was not correlated with
major changes in T/B cell subsets and a clear Th2-like (IL-4, IL-6,
IL-10) cytokine profile in the local draining lymph node.
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