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ABSTRACT. Prolactin (PRL) is a pituitary hormone and a cytokine known to regulate several physiological
functions. It plays a role in modulating the immune system of rodents and humans. A hormonal protection against
listeria and salmonella infections has been previously ascribed to effects of PRL on immunocompetent cells. Here,
the role of PRL in the Th1-Th2 response was evaluated based on the pattern of cytokines release by splenocytes
from hyperprolactinemic mice infected with Salmonella enterica serovar Typhimurium.

Hyperprolactinemia by pituitary graft reduced the number of bacteria in spleens of in vivo infected mice.
Modulation of Thl (IFN-y, IL-12) and Th2 (Il-4, IL-10) cytokine production by splenic cells was found. Our
results indicate that PRL can up-regulate IFN-y and IL-12 secretion in response to salmonella infection,
confirming its in vivo immunostimulatory effect and suggesting hormonal participation in the genesis and

sustenance of the Thl response.
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INTRODUCTION

Studies indicate that PRL may interfere with immune
development and function [1, 2]. Clinical, animal and in
vitro studies combine to suggest that prolactin exhibits
immunostimulatory properties [3]. However these proper-
ties ascribed to PRL have not always been consistent: some
reports showed PRL to be immunusuppressive [4, 5],
whereas in other instances PRL acted to enhance immune
responses [6-9].

Different subtypes of immune cells from human, mice, and
rats synthetize prolactin [10] and the PRL specific recep-
tor, a member of the hematopoietin cytokine receptor
superfamily, has been found on several immune cells, such
as lymphocytes, macrophages, and natural killer cells,
providing a mechanism for the immune actions of this
hormone [1, 11]. However, results from animals with a
targeted disruption of either PRL [12] or PRL-receptor
gene [13] suggest that PRL is not essential for normal
immune system development or function. A normal im-
mune response to Listeria infection, involving innate as
well as adaptive immune responses, also seem to be intact
in the PRL-R-knockout mice, but compensatory actions by
other cytokines (redundancy) in these animals have not
been examined.

Certainly, PRL interacts with cytokines, and functions as a
coactivator. In particular, PRL induces IL-2 receptors, pro-

motes IL-2 release, and DNA synthesis in primary rat
lymphocytes [14, 15], augments IL-2-induced prolifera-
tion of human natural killer cells [16], enhances mitogen-
or LPS- stimulated production of IFN-y by mononuclear
cells [17, 18] and an interaction between high PRL con-
centrations and IL-12 on IFN-y release has been observed
with T cells [19]. In fact, a Thl-polarizing action of PRL
has been already postulated [20], but not demonstrated,
and assignment of PRL to the T helper 1 phenotype was
proposed on the basis of its ability to enhance NK function,
activate the interferon-regulated factor (IRF-1) transcrip-
tion and interact with or generate IL-2 and IFN-y [21].

Moreover, the suppression of PRL secretion in mice by
bromocriptine increases the lethality of a Listeria chal-
lenge [22], while a treatment with PRL induces a signifi-
cant, dose-dependent reduction in the mortality rate in
mice infected with S. enterica serovar Typhimurium [23].
This latter effect may be related to a PRL-induced increase
of the phagocytic capacity and intracellular killing of peri-
toneal macrophages [24].

In this study, we have investigated the role of PRL in the
Th1-Th2 response that was evaluated by the pattern of
cytokine release. A hyperprolactinemia by pituitary graft
remarkably lowered the bacterial load in spleens of in-
fected mice and a correlation between prolactin protection
and modulation of Thl-(IFN-y, IL-12) and Th2-(IL-4,
IL-10) cytokine production by splenocytes is described.
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MATERIALS AND METHODS

Animals: eight-week-old male BALB/C mice homozy-
gous for the Slc11al gene were housed under conditions of
isolation and fed sterile pellets (Mignimi 70K standard
diet) and water (available ad libitum). All in vivo experi-
ments complied with the Italian D.L. no.116 of January 27,
1992 and associated guidelines in the European Commu-
nities Council Directive of November 24, 1986
(86/609/ECC).

Bacteria: S. enterica serovar Typhimurium strain 74, Na-
tional Collection of Type Cultures (NCTC, London NW9
SHT) was selected and grown in nutrient broth (Oxoid
S.p.A. Garbagnate M.se MI) at 37°C to the logarithmic
phase, suspended at a density of 10'° organisms per ml in
phosphate-buffered saline (PBS) with 1% skimmed milk,
and frozen at — 70°C in 100 pl aliquots. The viability of
frozen bacteria was found to be intact when tested periodi-
cally and their virulence was equal to that of bacteria
grown to the log phase.

Induction of hyperprolactinemia by pituitary grafts:
fourteen days before infection, 15 mice received two pitu-
itary glands under the kidney capsule, and 15 control mice
of the same sex and age, were sham-operated by opening
the kidney pocket [25, 26]. The completeness of graft
acceptance was determined for each animal by autopsy at
the end of the experiment.

Experimental infection: to induce the experimental in-
fection, grafted and sham-operated (control) mice were
inoculated (i.p.) with a sublethal dose (10* CFU/mouse) of
S. enterica serovar Typhimurium . At various post-
infection times (1-2-3-4-7 days), a group of three mice
were sacrificed by cervical dislocation, and their spleens
were aseptically removed.

Detection of S. enterica serovar Typhimurium in
spleen cell cultures: bacterial loads in spleen were
determined by plating 10-fold serial dilutions of organ
homogenates on nutrient agar. Colony-forming units
(CFU) were counted after overnight incubation.

Determination of PRL serum levels by biological
assay: rat Nb2 lymphoma cells were cultured in RPMI
1640 medium containing 10% horse serum, 10% fetal calf
serum (FCS) inactive (56°C for 30 min.), 50 mM
B-mercaptoethanol, 20 mM Hepes, 500 U/ml penicillin
and 500 pg/ml streptomycin. The biological assay for PRL
serum determination was performed as previously de-
scribed [27].

As standard, recombinant mouse prolactin, a gift from the
National Institute of Diabetes and Kidney Diseases
(NIDDK), was used. A standard curve for PRL concentra-
tion (from 30 pg to 10* pg/ml) was plotted against optical
density; the hormone concentration being expressed as
log,, pg/ml prolactin. Unknown concentrations of PRL in
the serum samples were calculated by measuring the hor-
mone concentrations off the standard curve.

The intraassay and interassay coefficients of variation
were 1.3-2.9% and 3.7-6.2%, respectively.

Measurement of cytokine production by spleen cells:
spleens were disrupted in RPMI 1640, supplemented with
penicillin (100 U/ml) and streptomycin (100 pg/ml).
Erythrocytes were lysed by 60s incubation in water. Cells
were washed twice and resuspended at 2 x 107 cells/ml
density in RPMI 1640, supplemented with 0.2 mM

L-glutamine, 100 U of penicillin/ml, 100 ug/ml of strepto-
mycin, and 20 pg of polymyxin B, and 10% heat-
inactivated foetal calf serum. The viability of cells was >
98%, as determined by Trypan blue exclusion. Samples of
0.1 ml (2x10° cells/ml) were used in 96-well, flat-
bottomed tissue culture plates.

The concentrations of IFN-vy, IL-12, IL-4, IL-10 in super-
natants of spleen cell cultures were determined using Elisa
kits (Genzyme, Cambridge, MA, USA) according to the
manufacturer’s recommendations. Supernatants were col-
lected 24, 48 and 72 hours after infection and stored at
—40°C until used. The detection limits of the assays were
< 1 pg/ml for IFN-vy, < 1 pg/ml for IL-4, < 13 pg/ml for
IL-10, = 13 pg/ml for IL-12.

Spleen cell restimulation assay

The spleen cells obtained from control and grafted ani-
mals, infected or not with S. enterica serovar Typhimurium
were restimulated in vitro with Salmonella suspension at a
final concentration of 10* cells/ml. Supernatants were col-
lected after 24, 48, and 72 h of stimulation, and stored at
—40°C until use for cytokine determination.

Statistical analysis

All data are reported as mean + SD values of 3 indepen-
dent determinations. Statistical analysis was performed
using the Anova test and multiple comparisons were made
by Bonferroni’s test. Statistical significance was taken as a
value of P < 0.05.

RESULTS

Experimental infection in hyperprolactinemic mice

Control (normoprolactinemic) and grafted (hyperpro-
lactinemic) mice were inoculated i.p. with 10* CFU/mouse
of S. enterica serovar Typhimurium. The number of bac-
teria in the spleen was determined at various post-infection
times (1-2-3-4-7 days). Bacterial counts increased in the
spleens of both groups during the first 48-72 h of infection.
Thereafter, grafted mice cleared the bacteria from the
spleen faster than control animals (figure 1). This effect
was significant at Days 4 and 7 post-infection (P < 0.05).
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Figure 1
Viable bacteria counts in spleens of grafted or control mice at
different days after infection with 10* CFU/mouse of Salmonella
enterica.
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Table 1
PRL serum levels (ng/ml) in grafted or control mice evaluated
before and after salmonella infection. Each value is the
mean + SD of 3 animals

Groups before 24 48 72

infection hours after infection

Control  4.1+0.8 45x0.5 33+1.8 11.9+22
Grafted 31.0 £5.3%%% 357 £ 2.7%%% 21.4 + (0.8%*%* 18.0 £ 6.8**

##P < 0.01 and ***P < 0.001 vs respective controls

As reported in Table 1, before and after infection, grafted
mice showed significantly higher PRL serum levels than
control mice (p < 0.01 and p < 0.001).

Pattern of cytokine production by spleen cells after
S. enterica serovar Typhimurium infection

Production of different cytokines in spleen cells from
sham-operated (normoprolactinemic controls) and grafted
mice (hyperprolactinemic) at different times after S. en-
terica serovar Typhimurium infection are reported in fig-
ure 2.

No modification of basal levels of cytokine production by
spleen cells from uninfected mice was observed through-
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out the course of the experiment. Moreover, these levels
were not significantly modified in grafted animals.

Spleen cells from infected mice produced a measurable
and time-dependent increase of IFN-y and IL-12. In hyper-
prolactinemic mice, the cytokine release was significantly
increased at 48 and 72 h post-infection (p < 0.001 for
IFN-v, and p < 0.05 and p <0.001 for IL-12). IFN-v release
decreased thereafter and reached non-detectable levels at
Day ten post-infection (data not shown).

After Salmonella infection, a very low level of IL-4 was
detectable in spleen cells at 48 and 72 h post-infection.
This level did not differ significantly in grafted mice.
Conversely, after challenge, IL-10 production by spleno-
cytes was enhanced in grafted mice compared to control
mice at all times. This increase was significant at 48 and
72 h after infection (p < 0.01).

In vitro stimulation of spleen cells from grafted
and control mice, infected or not with Salmonella

When spleen cells from non-infected mice were stimulated
in vitro with S. enterica serovar Typhimurium (10
cells/ml), IFN-y production was higher than that of un-
stimulated cells; conversely, no significant modifications
were observed in IL-12, IL-4 and IL-10 production be-
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Figure 2
Production of different cytokines by spleen cells from control normoprolactinemic mice (-*-) and grafted hyperprolactinemic mice (- A-) at
different times after Salmonella enterica serovar Typhimurium infection. Open symbols refer to non-infected control (-0-) and grafted (- A-)
mice. Data are the means + SD of values obtained from duplicates from 3 different spleens. Cytokine production was evaluated in splenocyte
supernatants after 24 hours of incubation. The levels of IL-4 release by splenocytes from non-infected control and grafted mice were not

detectable.
*P <0.05, **P < 0.01; ***P < 0.001 versus control.
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Figure 3
Cytokine production after 24h stimulation in vitro with S. enterica serovar Typhimurium (10* cells/ml) by spleen cells from control (-e-) or
grafted (- A-) mice, infected in vivo at different times with the same bacteria. Open symbols refer to values obtained from spleen cells of
non-infected control (-0-) and grafted (-/\-) mice and stimulated in vitro with salmonella. Data are means + SD of values obtained from

duplicates from 3 different spleens.
*#*%p < 0.001 versus control.

tween unstimulated and in vitro stimulated cells. Hyper-
prolactinemia induced by grafting did not significantly
modify this pattern of cytokine production (Figure 3).
Spleen cells from hyperprolactinemic mice killed 24, 48,
and 72 h after the in vivo infection and further stimulated
in vitro with the same bacteria, produced a higher amount
of IFN-y when compared with that of spleen cells from
control mice (p < 0.001). An enhanced IL-12 production
was evident and significant when spleen cells were ob-
tained from infected hyperprolactinemic mice killed at
72 hours after challenge (p < 0.001).

Low levels of IL-4 and IL-10 were detectable after in vitro
stimulation of spleen cells prepared from the different
groups of uninfected mice. After in vitro Salmonella chal-
lenge, a significant increase in both cytokines was ob-
served, without any difference between normo- and hyper-
prolactinemic mice.

DISCUSSION

The aim of the present study was to characterise the im-
mune responses induced by Salmonella enterica serovar
Typhimurium in hyperprolactinemic mice in order to im-

prove the understanding of the role of PRL in the immu-
nological control of this infection. To exclude a possible
non-hormonal activity of exogenous PRL, we induced a
hyperprolactinemia by pituitary graft in mice [25, 26].

The correlation between Salmonella infection and the
evoked immune response was evaluated by determining
the rate of Salmonella clearance and the modifications of
cytokine production by spleen cells from normo- or hyper-
prolactinemic, infected mice.

Our previous studies have shown that in vivo treatment
with PRL or a hyperprolactinemia by graft, induces an
increase of phagocytosis, killing and chemotaxis, as well
as greater resistance to experimental infection by S. en-
terica serovar Typhimurium [23, 24]. On the other hand,
many studies have shown that CD4" T cells play a major
role in acquired immunity against S. enterica serovar
Typhimurium, data confirmed using knockout mice [28-
30].

In our experiments, bacterial counts increased in the
spleens of both grafted and control mice during the first
72 h of infection. In grafted mice, a faster and significant
reduction in the number of bacteria in the spleen was
observed in comparison to control mice. A complete elimi-
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nation of bacteria was evident seven days after infection.
The decrease in the bacteria count may be related to the
increase of several cytokines, IFN-y, IL-12 and IL-10, in
the supernatant of splenic cells. It is well established that
both CD4* and CD4" cells produce IFN-y during S. en-
terica infection, and, in particular, among the CD4™ popu-
lation, the NK cells are the major source of INF-y [28, 31].
Interestingly, Lalmanach et al. [32] have suggested a role
for IFN-vy in Salmonella infection resistance: early upregu-
lation of IFN-y gene expression in resistent mice lowered
bacterial load. Moreover, it has very recently been demon-
strated that PRL enhanced INF-y release in peripheral
whole blood after stimulation with endotoxin LPS [18].

On the other hand, IL-12 mRNA production by murine
macrophages infected with Salmonella spp has been pre-
viously reported [33, 34], and this cytokine can modulate
in vivo resistance to salmonella [29], inducing a differen-
tiation of naive CD4" cells into the type 1 phenotype [28,
35].

PRL induces the expression of interferon regulatory
factor-1 (IRF-1), which in turn increases the IL-12 p40 [1].
IRF-1 is a multifunctional immune regulator gene, that
belongs to a small family of nine IRF proteins [36]. IRF-
1 regulates the expression of a number of genes important
for mediating antiviral and antibacterial responses [37]. It
is suggested that PRL, through the JAK/Stat/IRF-
1 pathway, modulates the immune response [20].

In our experimental conditions, we have shown that high
levels of PRL can direct T cells toward a defined Thl
cytokine profile, increasing both the IFN-y and IL-12 that
prompt this pattern.

However, cytokine analysis also showed an increase in
IL-10 production during Salmonella infection. This induc-
tion of IL-10 was not sufficient to suppress Th1 cell differ-
entiation. Coexpression of IFN-y and IL-10 by CD4* T
cells has been reported in mice inoculated with killed
Brucella abortus [38], and in human CD4" T cell clones
primed with IL-10 [39].

In an attempt to further confirm the Th1 type polarization
of the Salmonella-specific immune response in hyperpro-
lactinemic mice, we also investigated the modifications of
cytokine release by spleen cells from infected normo- or
hyperprolactinemic mice upon in vitro stimulation with
the same bacteria. A more evident amplification of the
prolactin effect on Th1 cytokine production was observed.
A further in vitro stimulation showed an amplification of
the PRL effect on Th1 cytokine polarization; in fact, after
this stimulation and at all time intervals examined, the
effect on IL-10 production had disappeared.

These data are in agreement with previously reported PRL
protection against Listeria or Salmonella infections [22-
24], demonstrating a modification of immunocompetent
cell function by the hyperprolactinemic state. Special in-
terest should therefore be directed towards any hyperpro-
lactinemia caused, for instance, by stress, infections,
drugs, or some chronic disease.
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