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ABSTRACT 

Effects of tram and cis 
retinol and retinoic acid on 

isomers of 
IgM se~re-  

tion by bovine peripheral blood 
mononuclear leukocytes were evaluated 
in vitro. Mononuclear leukocyte cultures 
that were unstimulated or stimulated by 
pokeweed mitogen were supplemented 
with isomers of retinol and retinoic acid 
at 10-10 to 10-6 M. Concentrations of 
polyclonal IgM in supernatants from 
14-d cultures were measured by an 
ELISA. Cultures stimulated by poke- 
weed mitogen consistently secreted more 
IgM than parallel, unstimulated cultures. 
Retinoid supplementation did not affect 
basal IgM secretion by unstimulated cul- 
tures. However, each retinoid affected 
IgM secretion by cultures stimulated by 
mitogen. The nature of the effect was 
dependent on the concentration of the 
specific retinoid. All-trans-retinoic acid 
enhanced secretion at lO-l0 M and in- 
hibited secretion at 10-6 M. The other 
retinoids, however, did not inhibit IgM 
secretion at any concentration. Each reti- 
noid enhanced IgM secretion at one or 
more concentrations, although enhance 
ment was produced by much lower con- 
centrations of retinoic acid isomers than 
retinol isomers. These results indicate 
that retinol and retinoic acid modulate 
polyclonal IgM secretion by cultures of 
bovine mononuclear leukocytes stimu- 
lated by mitogen. Future research will 
determine which subsets of the 
mononuclear leukocyte population are 

Received December 14, 1992. 
Accepted March 15. 1993. 
'No endorsements are herein implied. 
*TO whom reprint quests should be addressed. 

affected and whether trans-retinoic acid 
is the metabolite that produces these ef- 
fects. 
(Key words: retinol, retinoic acid, im- 
munoglobulin, bovine lymphocytes) 

Abbreviation key: FBS = fetal bovine serum, 
MNL = mononuclear leukocytes, PWM = 
pokeweed mitogen, RAR = retinoic acid 
receptors, RXR = retinoic X receptor. 

INTRODUCTION 

Vitamin A (retinol) and its metabolites are 
essential for growth and survival of all ver- 
tebrates. Collectively referred to as retinoids, 
they are required for normal vision, growth, 
and reproduction and have recently been 
shown (6, 27, 28) to modulate immune func- 
tion and infectious disease susceptibility. Natu- 
rally occurring and experimentally induced 
vitamin A deficiencies are associated with 
depressed immunity (28). Documented effects 
of vitamin A deficiency include impaired anti- 
body production (7, 26, 29, 31). decreased 
contact sensitivity to antigen (3, depressed 
natural killer cell activity (23), reduced lymph- 
ocyte proliferation induced by mitogens and 
antigens (3, and increased susceptibility to 
bacterial and viral diseases (22, 29). In general, 
repletion of vitamin A in deficient animals 
partially or completely restored immune func- 
tion and disease resistance (7, 28). 

Clinical and experimental data suggest that 
vitamin A status influences the susceptibility 
of dairy cows to economically important infec- 
tious diseases such as mastitis (6). Plasma 
vitamin A (retinol) concentrations decline dur- 
ing the penparturient period, when the risk of 
new IMI is high (11, 15, 17), pointing to a 
potential role for vitamin A in the maintenance 
of disease resistance. During this period, the in 
vitro functions of maternal peripheral blood 
lymphocytes and polymorphonuclear leuko- 
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cytes are suppressed (10, 16). Studies by Chew 
(6) have suggested that supplemental vitamin 
A may enhance mastitis resistance. A more 
recent study (25) found that dietary sup- 
plementation with a high concentration of vita- 
min A, as retinol acetate, during the dry period 
and early lactation had no effect on udder 
health. In vitro studies by Tjoelker et al. (32, 
33) indicated that vitamin A modulates the 
function of bovine polymorphonuclear leuko- 
cytes and lymphocytes. 

Mechanisms by which retinoids exert their 
effects on immune function remain to be deter- 
mined. However, many of the effects clearly 
are mediated via nuclear receptors (8, 12). 
Indeed, hematopoietic cells of different lineage 
and stages of differentiation constitutively ex- 
press at least the CY form of the retinoic acid 
receptor (RAR), and expression is unaffected 
either by differentiation or cell cycle (18). 
Retinoids, primarily as retinoic acid, appear to 
exert their effects through inducer and effector 
immune cell populations (28). Functional 
changes induced by retinoic acid are 
manifested by changes in secretion of 
cytokines. In this manner, retinoic acid in- 
creased production of human and murine inter- 
leukins (9, 34), suppressed interferon-y 
production by human mononuclear leukocytes 
(MNL) ( l ) ,  and promoted the release, but not 
the expression, of human tumor necrosis factor 
(36). It has been proposed (3, 4) that a retinol 
metabolite, distinct from retinoic acid, is es- 
sential for B-lymphocyte growth. In those 
studies (3, 4), 12-hydroxy-4,14-retro-retinol 
was a selective and essential factor, or cofac- 
tor, in B-cell proliferation. 

However, studies evaluating effects of reti- 
noids on ruminant immune cell function and 
disease susceptibility are needed. The present 
study compared the effects of the cis and trans 
isomers of retinol and retinoic acid on in vitro 
IgM secretion by bovine MNL that were un- 
stimulated or stimulated by pokeweed mitogen 
(PWM). 

MATERIALS AND METHODS 

Cows and MNL Isolation 

Eight female, age-matched, nonpregnant, 
adult Holstein cows were housed at the USDA, 
Agricultural Research Service, National Ani- 
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mal Disease Center. A pelleted diet containing 
ground corn cobs, wheat middlings, and corn, 
in addition to hay and pasture, was fed to meet 
energy and protein requirements. Water was 
provided for ad libitum intake. The cattle re- 
mained clinically normal throughout the ex- 
perimental period. Plasma retinol and @- 
carotene concentrations, as measured by 
reverse-phase HPLC (1 l),  averaged 345.8 and 
427.9 ng/ml, respectively, during the ex- 
perimental period. These values were within 
normal ranges for adult dairy cattle (11, 25). 
All animal-related procedures were approved 
by the Institutional Animal Care and Use 
Committee of the National Animal Disease 
Center. 

The peripheral blood MNL were isolated 
from each of the eight cattle, as previously 
described (24). The MNL were enumerated 
(Celltrak-3B automated cell counter; Angel 

, Waltham. MA) and adjusted to 
Engin=? 3.0 x 1 cells/ml in RPMI-1640 medium 
(Gibco, Grand Island, NY). The MNL- 
enriched cell population typically consisted of 
>95% MNL, of which approximately 90% 
were lymphocytes, and the remainder were 
monocytes. Cell viability in MNL suspensions 
was typically >90%. Cell suspension (500 pl) 
was used to seed IgM-secreting MNL cultures. 

Vitamin A Metabolites 

13-Cis-retinol, all-trans-retinol, 134s -  
retinoic acid, and all-trans-retinoic acid were 
from Sigma Chemical Co. (St. Louis, MO), 
and 9-cis-retinoic acid was generously 
provided by Milan Uskokovic (Hoffman- 
LaRoche, Nutley, NJ). Spectrophotometric and 
HPLC analysis indicated the purity of the reti- 
noids to be >98%. Individual retinoids were 
solubilized in 100% HPLC-grade ethanol and 
diluted in heat-inactivated fetal bovine serum 
(FBS; Hyclone Laboratories, Inc., Logan, UT) 
with low endogenous concentrations of retinol 
(undetectable) and &carotene (34 ng/ml). 
Analysis indicated retinoid concentration in 
FBS-retinoid stock solutions to be 1.5 x le5 
M. When this method was used to prepare 
retinoids, the concentration of ethanol in con- 
trol and retinoid-supplemented cultures was 
<.05%. This concentration of ethanol does not 
affect bovine MNL function in vitro (24). 
Retinoid-FBS preparations were stored at 
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-80°C until needed. Retinoids were exposed to 
light of minimum duration and intensity to 
minimize degradation. All retinoid prepara- 
tions were submitted to a single cycle of freez- 
ing and thawing prior to use. 

MNL Cultures 

Cultures of unstimulated MNL and MNL 
stimulated by P W M  (.08 pg/ml; Sigma Chemi- 
cal Co.) were established concurrently in 
24-well tissue culture plates (Costar, Cam- 
bridge, MA). The total volume of individual 
cultures was 1.5 ml, and cell density was 
maintained at 1.0 x lo6 celldml for all experi- 
ments. All cultures contained a total of 6.7% 
by volume of FBS. Culture conditions (i.e., 
volume, cell density, mitogen concentration, 
and incubation period) providing optimal 
secretion of polyclonal IgM by PWM- 
stimulated MNL from donor cattle were estab- 
lished prior to the study. Retinoids in FBS 
were added to cultures at the initiation of the 
incubation period at concentrations ranging 
from 10-10 to 1 0 4  M. Parallel, control cultures 
received an equivalent volume of FBS without 
retinol or retinoic acid. The concentration of 
ethanol was the same (<.1%) in control and 
retinoid-supplemented cultures. Duplicate cul- 
tures were incubated for 14 d at 39'C in a 
humidified atmosphere consisting of 5% C02. 
Supernatants from cultures were harvested and 
frozen at -8O'C until IgM analysis could be 
performed. 

Quantitative Measurement of Polyclonel IgM 

The concentration of polyclonal IgM in cul- 
ture supernatants was determined by an ELISA 
performed as described (24). Reagents con- 
sisted of IgM standards (ICN Biochemical, 
Costa Mesa, CA), isotype-specific murine anti- 
bovine IgM (Ultimate Concentrations, Etna, 
NH), goat anti-murine Ig, biotinylated F(ab')z 
fragment (Amersham, Arlington Heights, IL), 
and streptavidin-biotinylated peroxidase com- 
plex (Amersham). Absorbance of test values 
and standards at 405 (test wavelength) and 490 
nm (reference wavelength) was determined 
spectrophotometrically using an automated 
ELISA plate washer and reader (Dynatech. 
Guernsey Channel Islands, England). The IgM 
concentration in supernatants was quantita- 
tively measured by comparison of absorbance 

of supernatants with absorbance of standards 
within a linear curve fit. Secretion was ex- 
pressed as the concentration (micrograms per 
milliliter) of IgM in supernatants or as a per- 
centage of the amount of IgM secreted by 
control cultures. Individual experiments evalu- 
atin effects of specific retinoids (at 10-lo to 

at least twice. 
Data were presented (x f SEM), and 

statistical differences between control and 
retinoid-supplemented cultures were deter- 
mined by Student's r test. Results were consid- 
ered to be significant at P I .05. 

1 OJ ) on cells from all donors were prformed 

RESULTS 

Effects of Individual Retinoid8 on IgM Secretion 
by Bovine MNL Cultures 

Secretion of IgM by unstimulated cultures 
was unaffected by retinol supplementation 
(Figure la). Concentrations of IgM in cultures 
supplemented with all-rruns-retinol ranged 
from 1.9 to 2.1 &ml and in cultures sup- 
plemented with 13-cis-retinol from 1.3 to 1.5 
pg/ml. Cultures stimulated with PWM and 
supplemented with all-rruns-retinol at lo4 M 
produced significantly (P I .05) more IgM 
than control cultures (13.8 vs 8.1 pg/ml) 
(Figure lb). Cultures stimulated by P W M  and 
supplemented with 13-cis-retinol at lod M 
also produced significantly more (P I .05) IgM 
than control cultures (9.6 vs. 6.0 pg/ml). 
Retinol isomers at to M, however, 
did not affect IgM secretion by cultures stimu- 
lated with PWM. 

Retinoic acid isomers, like retinol isomers, 
had no effect on IgM secretion by unstimu- 
lated cultures (Figure 2a). Concentrations of 
IgM ranged from .7 to 1.0 pg/ml in cultures 
supplemented with all-truns-retinoic acid, from 
.7 to 1.2 pg/ml in cultures supplemented with 
13-cis-retinoic acid, and from .3 to 1.0 pg/ml 
in cultures supplemented with 9-cis-retinoic 
acid. 

Truns-retinoic acid, at 1@l0 M, signifi- 
cantly (P I .05) enhanced IgM secretion by 
cultures stimulated by PWM (Figure 2b). The 
concentration of IgM in supplemented cultures 
was 12.8 &ml compared with 8.6 pg/ml in 
unsupplemented, control cultures. Increasing 
all-rruns-retinoic acid from to 1od  M 
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Figure 1. Effects of al l -~ms- (0) and 13-cis- (m) retinol isomers on IgM secretion by cultures of bovine peripheral 

blood mononuclear leukocytes that were unstimulatcd (a) or stim pkcwcerl mitogen (PWM) (b). Cultures 
were unsupplemented or supplemented with d n o l  isomen at 10- M. Individual isomers were evaluated on 
separate days using cells from eight Holstein cows. = Concentration of a specific isomer that caused a significant (P S 
.05; n = 8) change from unsupplemented controls in the amount of IgM secreted. 
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progressively decreased the concentration of 
IgM and, at le M, significantly (P I .05) 
inhibited IgM secretion relative to that of con- 
trols (4.4 vs 8.6 pg/ml). Neither 13- nor 
9-cis-retinoic acids, unlike all-trans-retinoic 
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acid, inhibited IgM secretion. Concentrations 
of IgM in cultures supplemented with 134s -  
retinoic acid at and 1C8 M were 17.4 and 
16.2 pg/ml, respectively, and were signifi- 
cantly higher (P I .05) than the concentration 
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Figure 2. Effects of all-tranr- (q, 13-cis- (O), and 9-cis- (A) retinoic acid isomers on IgM secretion by cultures of 

bovine peripheral mononuclear leukocytes that were unstimulatcd (a) or stimul with po eweed mitogen (PWM) (b). 
Cultures were unsupplemented or supplemented with retinoic acid isomers at 10 M. Individual retinoic acid 
isomers were evaluated on seperate days using cells from eight Holstein cows. * = Concentration of a specific isomer that 
caused a significant (P 5 .OS; n = 8) change from controls in the amount of IgM secreted. 
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Figure 3. Comparison of the effects of 13-cis-retinoic acid (B) and retinol (0) isomers (a) and all-trans-retinoic acid 

(B) and retinol (0) isomers (b) on the relative amount of IgM secreted by cultures of bovine peripheral blood 
mononuclear leukocytes that were timulated with pokeweed mitogen (PW). Cultures were unsupplemented or 
supplemented with retinoids at to lad M. * = Concentration at which the amount of IgM secreted by cultures 
supplemented with retinoic acid differed (P S .05; n = 3) from IgM secretion by cultures supplemented with retinol. 

(10.9 pg/ml) in unsupplemented cultures. At 
lW7 M, 9-cis-retinoic acid significantly (P I 
.05) enhanced IgM secretion (13.2 pg/ml com- 
pared with 9.1 pg/ml secreted by control cul- 
tures). 

Relative Amounts of IgM Secreted 
by Supplemented MNL Cultures 

Cultures supplemented with 13-cis-retinoic 
acid at lWg M produced significantly more (P 
I .05) IgM than cultures supplemented with 
13-cis-retinol at lW9 M (154 vs. 10196, respec- 
tively, compared with that of parallel control 
cultures, Figure 3a). Concentrations of retinoic 
acid increased from lW9 to lod M, progres- 
sively inhibiting IgM secretion in cultures sup- 
plemented with 13-cis-retinoic acid and, in 
contrast, enhancing IgM secretion in cultures 
supplemented with 13-cis-retinoic acid. At 
10-6 M, the concentration of IgM in cultures 
supplemented with 13-cis-retinoic acid was 
significantly greater (P S .05) than that in 
cultures supplemented with 13-cis-retinoic acid 
(171 vs 10596, respectively, compared with 
that of parallel control cultures). 

The IgM concentration in cultures su 
plemented with all-trans-retinoic acid at 10- 
M was significantly greater (P I .05) than in 
cultures supplemented with all-tram-retinol at 

7; 

M (155 vs. 122%. respectively, com- 
pared with that of parallel control cultures, 
Figure 3b). Increasing the concentration of 
these retinoids from lWl0 to 10-6 M produced 
a dramatic decrease in IgM concentrations in 
cultures supplemented with all-trans-retinoic 
acid and a contrasting increase in IgM concen- 
trations in cultures supplemented with all- 
trans-retinol. When the retinoids were at lo-’ 
and 10-6 M, IgM concentrations in cultures 
supplemented with all-trms-retinol (123 and 
17496, relative to control cultures) were sig- 
nificantly greater (P I -05) than in cultures 
supplemented with all-trum-retinoic acid (83 
and 50%, relative to control cultures). 

Slmultaneous Evaluation of Retinoids 
on IgM Secretion 

Effects of a single concentration of each 
retinoid previously shown (Figures 1 to 3) to 
enhance IgM secretion were examined concur- 
rently. This approach was used to validate 
results from experiments evaluating retinoids 
independently. Data from these experiments 
are shown in Figure 4, Specific concentrations 
of retinoic acid and retinol isomers that were 
independently shown to enhance IgM secretion 
produced comparable, significant increases (P 
I .05) in IgM concentration when evaluated 
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Figure 4. Results from experiments concurrently evaluating a single concentration of each retinoid shown previously 

in separate experiments to enhance IgM secretion. Effects of all-irans- and 13-cis-retinoic acid and retinol isomers on the 
actual (a) and relative (b) amounts of IgM secreted by cultures that were stimulated with pokeweed mitogen (PWM) and 
unsupplemented or supplemented with retinoid. The amount of IgM secreted by parallel unsupplemented, unstimulated 
cultures (a). * = Differences (P S .05; n = 8) between test and control cultures in the amount of IgM secreted. 
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simultaneously. The IgM concentration in un- 
stimulated cultures without retinoids was sig- 
nificantly less (P S .05) than the concentration 
in parallel cultures stimulated by PWM. 

DISCUSSION 

Data presented in this study demonstrate 
that vitamin A (retinol) and its metabolites 
(retinoic acid) enhance polyclonal IgM secre- 
tion by bovine MNL stimulated by PWM. To 
our knowledge, this study is the first to docu- 
ment the enhancing effects of retinoids on IgM 
secretion by activated bovine lymphocytes in 
vitro. The unresponsiveness of resting bovine 
MNL cultures to retinoid supplementation sug- 
gests that leukocyte activation is essential for 
retinoids to produce their effects. This observa- 
tion is supported by previous studies (14, 30) 
indicating that an initiation signal provided by 
a B-cell activator or antigen that is T cell- 
dependent is necessary for retinoic acid to 
induce augmentation of B-cell responses. 

Enhancement of polyclonal IgM secretion 
by activated bovine MNL cultures sup- 
plemented with retinol or retinoic acid at phys- 
iologic concentrations is in general agreement 
with previous studies. Retinoic acid sup- 
plementation at concentrations similar to those 
evaluated in the present study increased the 
number of antibody plaque-forming cells 
stimulated with antigen (30), augmented IgM 
production by human-human B-cell hybrid- 
omas (2), and enhanced IgM production by 
human cord blood mononuclear cells stimu- 
lated with a polyclonal B cell activator that is 
T cell-dependent (14). The pivotal observation 
from those studies and from the present study 
is that retinoic acid and retinol augment Ig 
secretion by B cells stimulated by antigens or 
mitogens. Additional research is necessary to 
determine whether retinoid-induced enhance- 
ment of IgM secretion by bovine MNL cul- 
tures is due to direct actions of retinoids on the 
B cell or to indirect effects on other leukocyte 
subsets (T lymphocytes and monocytes). 

Retinoic acids are more potent inducers, 
quantitatively and qualitatively, of cellular 
growth and differentiation than are retinol or 
retinal isomers (13, 20). Retinoids mediate 
these effects in a variety of cell types through 
nuclear RAR that bind all-trans-retinoic acid 
with high affinity (8). A previous study by 
Kizaki et al. (18) indicated that hematopoietic 
cells (monoblasts, myeloblasts, premyelo- 

blasts, erythroblasts, and T lymphocytes) con- 
stitutively express RARa-mRNA, and the 
authors suggested that the immunological ef- 
fects of retinoids might be mediated by the 
binding of all-trans-retinoic acid to RAR in 
leukocytes. Our results indicate that the all- 
trans- and 13-cis-retinoic acids were more po- 
tent at low concentrations than the retinol 
isomers in enhancing IgM secretion and sug- 
gest that the retinoic acids may be the principal 
mediators of retinoid-induced effects in bovine 
MNL cultures. The retinol likely is oxidized to 
retinoic acid in culture, thus explaining why 
more retinol is required to produce similar 
enhancement of IgM secretion. Unlike the 
other retinoids, all-trans-retinoic acid, the 
ligand for RAR, had a negative impact on IgM 
secretion at the highest concentrations tested. 
Further research is necessary to determine 
whether one or more of the RAR isoforms are 
present in bovine MNL and whether all-rruns- 
retinoic acid is the metabolite responsible for 
the enhancement of IgM secretion in bovine 
MNL cultures supplemented with retinoid. 

A second class of nuclear receptor for 
retinoic acid has been characterized that differs 
from RAR in primary structure, sensitivity to 
synthetic retinoid ligands, and ability to regu- 
late expression of different target genes. Desig- 
nated RXR (retinoic X receptor), this receptor 
is activated more by 9-cis-retinoic acid than by 
all-trans-retinoic acid (12). All-truns-retinoic 
acid does not bind RXR (21). All-truns- 
retinoic acid is isomerized to 9-cis-retinoic 
acid prior to binding to RXR. In contrast, 
9-cis-retinoic acid is an equally effective 
ligand for the activation of RAR or RXR (19, 
21, 35, 37). In the present study, 9-cis-retinoic 
acid was less potent than all-rruns- and 
13-cis-retinoic acids in enhancing IgM secre- 
tion by bovine MNL. This effect is likely due 
to the complex interactions between RXR and 
RAR on the regulation of gene transcription 
(19, 21, 35, 37). Specific roles for all-truns- 
and 9-cis-retinoic acids in the regulation of 
IgM secretion will be defined by future experi- 
ments in which their signals are present to- 
gether. 

CONCLUSIONS 

These data indicate that retinol and retinoic 
acid isomers can alter the function of bovine 
MNL in vitro and suggest that changes in 
plasma and tissue concentrations of these reti- 
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noids may influence the function of the bovine 
immune system. Additional experiments are 
necessary to determine which MNL subpopu- 
lations are affected. Regulation of the expres- 
sion of RAR and RXR in resting and activated 
MNL populations also should be considered so 
that the action of retinoids on the bovine im- 
mune system can be more hlly understood. 
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