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Prolactin stimulates integrin-mediated
adhesion of circulating mononuclear cells

to endothelial cells

Pével Montes de Oca, Yazmin Macotela, Gabriel Nava, Fernando Lépez-Barrera,
Gonzalo Martinez de la Escalera and Carmen Clapp

Instituto de Neurobiologia, Universidad Nacional Autonoma de Mexico, Campus UNAM-Juriquilla,

Queretaro, Qro, Mexico

Attachment of leukocytes to endothelial cells is an essential step for the extravasation and recruitment of cells
at sites of inflammation. The pituitary hormone prolactin (PRL) is involved in the inflammatory process. Here,
we show that treatment with PRL of human peripheral blood mononuclear cells (PBMC) stimulates their
adhesion to human umbilical vein endothelial cells (HUVEC) activated by interleukin-18. Stimulation of
adhesion by PRL is mediated via integrins leukocyte functional antigen-1 (LFA-1) and very late antigen-4 (VLA-
4), because immunoneutralization of both integrins prevents PRL action. Also, PRL promotes the adhesion
of PBMC to immobilized intercellular adhesion molecule-1 and fibronectin, ligands for LFA-1 and VLA-4,
respectively. Stimulation of integrin-mediated cell adhesion by PRL may involve the activation of chemokine
receptors, because PRL upregulates the expression of the G-protein-coupled chemokine receptor CXCR3 in
PBMC, and pertussis toxin, a specific G-protein inhibitor, blocks PRL stimulation of PBMC adhesion to HUVEC.
In addition, PRL stimulates tyrosine phosphorylation pathways leading to leukocyte adhesion. PRL triggered
the tyrosine phosphorylation of Janus kinase-2, of signal transducer and activator of transcription-3 and 5, and
of the focal adhesion protein paxillin. Furthermore, genistein, a tyrosine kinase inhibitor, blocked PRL-
stimulated adhesion of PBMC and Jurkat T-cells to HUVEC. These results suggest that PRL promotes integrin-
mediated leukocyte adhesion to endothelial cells via chemokine receptors and tyrosine phosphorylation
signaling pathways.
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Extravasation of leukocytes plays a central role in
inflammatory and immune responses and is regu-
lated by various signaling and adhesion mole-
cules."” Integrin-dependent adhesion of leukocytes
to endothelial cells provides firm attachment and
mediates transendothelial leukocyte migration. Che-
mokines produced in the local microenvironment
stimulate the binding of integrins on leukocytes
to their counter-ligands, which are expressed on
endothelial cells and are upregulated by proinflam-
matory cytokines.™?

Prolactin (PRL), the hormone originally associated
with milk production, is secreted by lymphocytes®*®
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and has stimulatory effects on the immune system.*™"

The presence of PRL receptors on immunocytes®
is consistent with PRL stimulation of T cells, B
cells, natural killer cells, macrophages, neutrophils,
CD34 + hematopoietic cells, and antigen-presenting
dendritic cells.**" Animals with targeted disruption
of either the PRL'®" or the PRL receptor'* gene
suggest that PRL is not essential for normal immune
system development or function. However, PRL
can be important for immune system homeostasis
in autoimmune diseases and in stressful conditions
including trauma, infection, and inflammation."**°

The role of female hormones in immune system
homeostasis is supported by the well-established
observations that many autoimmune diseases occur
more frequently in women than in men,'” and that
depression of immune functions following condi-
tions of severe stress is lower in females than in
males.’® In this regard, the circulating levels of PRL
are higher in females and elevated in patients with
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systemic lupus erythematosus, multiple sclerosis,
rheumatoid arthritis, psoriatic arthritis, and in
patients prior to transplant rejection.’'*"**> More-
over, PRL can protect against the suppression of
immune functions under severe stress. For example,
administration of PRL after trauma-induced hemor-
rhage improves macrophage and splenocyte func-
tions,**** reduces plasma corticosterone levels, and
decreases the mortality from subsequent sepsis.?* In
addition, the PRL receptor is upregulated in the
thymus during acute phase response induced by
LPS;*® PRL protects against bacterial infections,**?”
and exposure to PRL can result in inflammatory
responses characterized by infiltration of lympho-
cytes, macrophages, and neutrophils.?**° The im-
munoenhancing properties of PRL may also include
stimulation of leukocyte adhesion. PRL induces the
expression of intracellular adhesion molecule
(ICAM)-1 in the corpus luteum in association with
enhancing the local accumulation of monocytes/
macrophages.?® Furthermore, PRL receptors belong
to the hematopoietic cytokine receptor superfamily,
characterized by its ability to activate the Janus
kinase/signal transducer and activator of transcrip-
tion (JAK/STAT) signal transduction pathway.® This
pathway can be functionally linked to the focal
adhesion kinase (FAK)/paxillin pathway involved
in integrin-mediated cell adhesion and migra-
tion.***? In fact, PRL activates JAK-2/STAT-5 and
induces tyrosine phosphorylation of FAK and of
paxillin in breast carcinoma cells.*® Moreover,
growth hormone, which is structurally related to
PRL and has receptors belonging to the same
superfamily,® stimulates neutrophil adhesion
through tyrosine phosphorylation of JAK-2, STAT-
3, FAK, and paxillin.*?

This study was undertaken to investigate whether
PRL stimulates integrin-mediated adhesion of leu-
kocytes to endothelial cells. Herein, we demonstrate
that PRL promotes the adhesion of peripheral blood
mononuclear cells (PBMC) to human umbilical vein
endothelial cells (HUVEC), and that this stimulation
is mediated by the integrins leukocyte functional
antigen-1 (LFA-1) (also known as CD11a/CD18) and
very late antigen-4 (VLA-4) (or CD49d/CD29).
Furthermore, we show that PRL up-regulates the
expression of the chemokine receptor CXCR3 in-
volved in the selective recruitment of T cells®® and
enhances tyrosine phosphorylation of paxillin in the
Jurkat human T-leukemic cell line. These results
reveal previously unrecognized proinflammatory
actions of PRL.

Materials and methods
Antibodies and Reagents

Human recombinant PRL produced in C127 cells
was from Genzyme Corporation (Framingham, MA,
USA), whereas human recombinant PRL generated
in Escherichia coli was from Joseph A Martial
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(University of Liege, Sart Tilman, Belgium). Cell
culture media and reagents and human plasma
fibronectin (FN) was obtained from Gibco-BRL
(Gathersburg, MD, USA). Polymixin-B and pertussis
toxin were from SIGMA Chemicals (St Louis, MO,
USA). Na®*'CrO, was from Amersham Life Science
(Buckinghamshire, UK). Soluble recombinant hu-
man ICAM-1, anti-LFA-1 (BCA1), and anti-VLA-4
(BBA37) mAb were from R&D Systems (Minneapo-
lis, MN, USA). Anti-phosphotyrosine (4G10) and
anti-paxillin (5H11) mAb were from Upstate Bio-
technology (Lake Placid, NY, USA) and polyclonal
Ab anti-Jak2, anti-STAT-3 and anti-STAT-5 were from
Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Genistein was from Calbiochem (San Diego, CA, USA).

Cell Isolation and Culture

PBMC were isolated from healthy, nonsmoker, male
volunteers (aged 20—45 years) using a density
gradient of Histopaque-1077 (Sigma Chemicals)
according to the manufacturer’s instructions. Cells
were washed in PBS, resuspended at a final
concentration of 10° cells/ml in RPMI-1640 medium
(Gibco-BRL) supplemented with 2mM of L-gluta-
mine, antibiotics and 10% FBS. PBMC were cul-
tured for up to 3 days in the presence or absence of
PRL (50-200ng/ml) with or without polymixin B
(10 ug/ml). For the 5min to 1h incubations, cells
were resuspended in culture medium without
serum. HUVEC were obtained from the umbilical
vein and cultured on FN-coated dishes (1 pg/cm?) as
described elsewhere.** Jurkat cells (American Type
Culture Collection, Rockville, MD, USA) were
cultured in RPMI-1640 supplemented with 2mM
L-glutamine, 1% penicillin—streptomycin, 10% FBS,
1% nonessential amino acids, and 1% sodium
pyruvate. Jurkat cells were seeded at 2 x 10° cells/
ml and the medium was changed every 48 h.

Adhesion of PBMC to HUVEC

The adhesion method used was based on that
described by Shimizu et al.*® HUVEC (passages 3—
6) were plated at 4 x 10* cells per well in FN-coated
96-well plates and cultured for 48h or until
confluent. HUVEC were activated with 10 ng/ml of
IL-1p for 4h, washed and placed in assay medium
(RPMI-1640 with 20 mM HEPES) immediately prior
to the beginning of the experiment. PBMC were
labeled for 1h at 37°C with *'Cr (35 uCi per 5 x 10°
cells) before short-term (5—30 min) PRL treatment or
after ending treatment with PRL for 1-72h. The
labeled PBMC were resuspended in assay medium,
and added (5 x 10* cells per well) to quintuplicate
wells of endothelial cells in a final volume of 100 ul.
PBMC and HUVEC were coincubated for 1h at 37°C
with or without blocking mAb anti-LFA-1 and anti-
VLA-4 mADb at a saturating concentration of 10 ug/ml.
In other experiments, PBMC treated or not with PRL



for 72 h were incubated in the presence or absence of
pertussis toxin (1 mM) for 2h, washed and labeled
with °'Cr before coincubation with IL-1f-activated
HUVEC. In addition, PBMC or Jurkat cells were
labeled with *'Cr and then incubated in the presence
or absence of genistein (10 uM) for 30 min, followed
by a 30-min incubation with or without PRL, before
coincubation with activated HUVEC. After coincu-
bation, wells were washed twice by immersion in
37°C Dulbecco’s PBS (D-PBS) containing 1% BSA,
followed by flicking to remove nonadherent cells.
HUVEC and bound PBMC were lysed with 1%
Triton X-100 in assay medium, and y-emissions were
counted. Bound radioactivity was expressed as
percentage of the total radioactivity of the PBMC
added. The increase ratio is the ratio of the bound
values in the treated sample to that in the untreated
control.

Adhesion of PBMC to Immobilized FN or ICAM-1

Adhesion of PBMC to FN or ICAM-1 was evaluated
as described previously.®® Briefly, microtiter plates
(Immulon II, Dynex Technologies, Chantilly, VA,
USA) were coated for 1h at room temperature with
50 ul of FN (100 ug/ml) or 50 pl of ICAM-1 (10 ug/ml)
dissolved in D-PBS. The remaining protein-binding
sites on the plastic surface were blocked by incuba-
tion for 1h at room temperature with 10% BSA in
D-PBS. Plates were washed 3 times by immersion in
D-PBS. PBMC treated or untreated with PRL were
added (5 x 10* cells/well) to quintuplicate FN- or
ICAM-1-coated wells in a final volume of 100 pul.
Cells were incubated for 30 min on ice and subse-
quently for 45min at 37°C on a rotating platform.
After incubation, wells were washed 3 times by
immersion in D-PBS containing 10% BSA at 37°C to
remove non-adherent cells. Bound cells were fixed
with 4% paraformaldehyde in PBS for 10min
and stained with 0.1% toluidine blue. Adhesion
was evaluated by counting bound cells in five
microscope fields per well using the Image-Pro Plus
software (Media Cybernetics, Silver Springs, MD,
USA). Results were normalized against untreated
controls and are expressed as the increase ratio.

Reverse Transcription-Polymerase Chain Reaction

Total RNA was extracted from PBMC using Trizol
(Invitrogen Corporation, Carlsbad, CA, USA) and
treated with RNase-free DNase for 15min at 37°C
followed by phenol-chloroform extraction. Reverse
transcription was performed using 5ug of total
RNA, 10 uM oligo(dT), primers, and MMLV retro-
transcriptase (Invitrogen Corporation) at 37°C for
60min. For CXCR1 detection, forward and reverse
primers were 5-TCCTGGGAAATGACACAGCA-3’
and 5-AAGCCAAAGGTGTGAGGCAG-3', respec-
tively. For CXCR2, forward primer 5-TTCCGAAG
GACCGTCTACTCA-3' and reverse primer 5'-
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AGTTTGCTGTATTGTTGCCCATG-3' were used.
For CXCR3, forward and reverse primers were 5'-
AACTGTGGCCGAGAAAGCAG-3' and 5'-GCAGTG
CATCTAGCCCAGG-3’, respectively. mRNA for
ribosomal protein L19 (RPL19) was amplified as
internal control using as forward and reverse
primers 5-CGAAATCGCCAATGCCAACTC-3' and
5-TGCTCCATGAGAATCCGCTTG-3’, respectively.
For I-TAC forward primer was 5-GGTTACCATCG
GAGTTTACAAAG-3' and reverse primer was 5'-
AAGTGTGTATTTGCATGAAAAAATGT-3'; for y-
interferon-inducible 10-kDa protein (IP-10) forward
primer was 5-AGGGGAGCAAAATCGATGCAGT-3’
and reverse primer was 5-CATCCACTAAGAACA
TAGCACCT-3'; and for MIG forward primer was 5'-
CATATGCTCTGAATTTATCTGAGTC-3' and reverse
primer 5-AAAATTATTAAAACCTAGTTCCACAG-3'.
Conventional PCR was performed as described®”
using 35 cycles for CXCR and CXC ligand amplifica-
tion and 21 cycles for the RPL19 internal control.
Using RPL-19 as internal standard, real-time PCR
was carried out as indicated®” in reactions that
contained 1 ul aliquots of the reverse transcription
reaction described above, 7.5 ul of Quantitec SYBR
Green PCR (Qiagen, Hilden, Germany) and 400nM
forward and reverse primers in 15 ul total volume.
Detection and data analysis were carried out on a
LightCycler Instrument according to the manufac-
turer’s instructions (Roche Molecular Biochemicals,
Mannheim, Germany).

Immunoprecipitation and Western Blot

To investigate the tyrosine-phosphorylation of JAK-2,
STAT-3, STAT-5, and paxillin, Jurkat cells (10 x 10°)
were stimulated with PRL (50-500 ng/ml) for 30 min
at 37°C. Immunoprecipitation and Western blot
analyses were performed as described elsewhere.**
Briefly, cells were lysed in 100ul ice-cold lysis
buffer (50mM Tris pH 7.4, 0.5% NP-40, 0.2%
sodium deoxycholate, 100mM NaCl, 1mM EGTA,
1mM PMSF, 1 ug/ml aprotinin, 1 mM sodium ortho-
vanadate, and 1mM NaF), and centrifuged
(15000r.p.m.) at 4°C for 30min to separate the
insoluble fraction. Lysates were incubated overnight
with 4 ug/ml of anti-JAK-2, anti-STAT-3, anti-STAT-5,
or anti-paxillin. Next, 20 ul of protein-A beads were
added and the immunoprecipitated proteins were
resolved on 12% SDS-PAGE. Membranes were probed
with anti-phosphotyrosine mAb (0.5 pg/ml) and then
reprobed with the respective mAb (1ug/ml) to
determine amounts of the proteins loaded on the gel.

Data Analysis

All results were replicated in three or more
independent experiments. PBMC were from at least
three different donors. Data are expressed as the
mean t+s.e.m. As appropriate, Student’s unpaired
t-test or one-way ANOVA followed by Tukey’s test to
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compare individual means was used for statistical = the adhesion of PBMC to HUVEC as early as 5min
comparisons. The significance level was set at 5%. after treatment (Table 1). Maximal adherence was

observed at 1h and was maintained thereafter.

PBMC adhesion showed a bell-shaped response to
Results treatment with increasing concentrations of recom-
PRL Increases PBMC Adhesion to HUVEC binant PRL foF 1h (Figure 1a) or 72h (Figure 1b).
Peak stimulation was observed at 50ng/ml and
Freshly isolated PBMC were treated with PRL forup  produced a 60 and 67% increase of adhesion to
to 72 h and incubated for 1 h with HUVEC activated HUVEC after 1 and 72h of PRL treatment, respec-
by pretreatment with IL-18 for 4 h. PRL stimulated  tively. Similar dose-response curves were obtained

Table 1 Effect of PRL on PBMC adhesion to HUVEC®

Time
5 min 15 min 30 min 1h 6h 18h 72h
Control 20.6+0.67 21.5+0.95 19.7+1.2 17.2+0.81 14.3+0.62 12.5+0.47 9.24+0.76
PRL (50ng/ml) 27.5+0.82* 30.3+0.86% 27.3+0.62% 28.2+1.33* 22.5+1.5% 19.4+1.71% 15.4+1.24*
Increase ratio 1.33 1.41 1.39 1.64 1.57 1.55 1.67

#Values are bound radioactivity expressed as percentage of the total radioactivity in plated PBMC. Increase in ratio represents the change in the
normalized values. PBMC were treated with PRL (50 ng/ml) according to the indicated time interval at 37°C. PBMC were then labeled with 'Cr
and incubated with IL-1p-activated HUVEC for 1h. Nonadherent cells were washed and total radioactivity per well counted. Results are
presented as the mean +s.e.m. of three separate experiments.

*P<0.05 vs untreated cells.
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Figure 1 PRL stimulates the adhesion of PBMC to HUVEC through integrins VLA-4 and LFA-1. Dose-dependent effect ofa 1h (a) or 72h
(b) treatment with PRL on the adhesion of PBMC to HUVEC. PBMC were incubated with medium alone or with the indicated
concentration of PRL and coincubated with IL-1p-activated HUVEC. (c) Inhibitory effect of anti-LFA-1 and anti-VLA-4mAb on PRL-
induced PBMC adhesion to HUVEC. PBMC were treated for 72 h with or without PRL (50 ng/ml) in the absence or presence of 10 ug/ml of
each mAb alone or in combination or with control Ab (IgG1). (d, e) Dose-dependent effect of incubating with PRL for 72 h on the adhesion
of PBMC to immobilized ICAM-1 (d) or FN (e). (f) PRL-induced adhesion to FN was evaluated in the presence or absence of polymixin-B
(10 ug/ml). The increase ratio is the ratio of the bound values in the treated sample to that in the untreated control. Results are the
means +s.e.m. of three independent experiments. *P<0.05 vs nontreated control. **P<0.05 vs PBMC treated with PRL in the absence

of mAb.
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with recombinant PRL generated in C127 cells
(Figure 1) or in E. coli (data not shown). In all the
following experiments, C127 recombinant PRL was
used.

LFA-1 and VLA-4 Integrins Mediate PRL Stimulation
of PBMC Adhesion to HUVEC

To determine whether integrins VLA-4 and LFA-1
mediate PRL stimulation of adhesion, the effect of
function-blocking mAb to VLA-4 and LFA-1 was
tested upon the 72-h PRL stimulation of PBMC
adhesion to HUVEC (Figure 1c). Anti-VLA-4mAb
reduced PRL-induced adhesion by 58% (P<0.05),
while anti-LFA-1 mAb produced a smaller nonsigni-
ficant inhibition. However, the combined use of
both anti-VLA-4 and anti-LFA-1 mAb inhibited PRL
stimulation by 83%. In addition, PRL stimulated the
adhesion of PBMC to immobilized ICAM-1 or FN,
ligands of VLA-4 and LFA-1, respectively. In these
experiments, PBMC treated with PRL for 72h were
incubated for 1h with the purified, immobilized
ligands. PRL stimulated PBMC adhesion in a bell-
shaped dose-response fashion, with maximal in-
creases of 60 and 40% for ICAM-1 (Figure 1d) and
FN (Figure 1e), respectively.

Because bacterial LPS are a widespread contami-
nant, and are known to stimulate leukocyte adhe-
sion to endothelial cells and extracellular matrix
proteins,” we ascertained the effect of PRL in the
presence of polymixin B, an inhibitor of LPS
activity. Polymixin B did not interfere with PRL-
induced stimulation of PBMC adhesion to FN
(Figure 1f). This finding is consistent with activity
displayed by PRL from different sources (C127 cells
and E. coli) and suggests that PRL alone is an
effective stimulator of leukocyte adhesion.

PRL Induces the Expression of the Chemokine
Receptor CXCR3 in PBMC

To study the putative contribution of chemokine
receptor pathways to PRL-induced stimulation of
PBMC adhesion, we investigated the effects of PRL
on the expression of chemokine receptors CXCR3,
CXCR2 and CXCR1, which selectively bind chemo-
kines sharing the CXC arrangement of their first two
cysteine residues. Total RNA from PBMC incubated
with or without PRL for 72h was subjected to
reverse transcription-polymerase chain reaction
(RT-PCR). Amplification yielded products with the
expected lengths for CXCR3 (68 bp), CXCR2 (73 bp),
and CXCR1 (64bp). The expression of the CXCR3
transcript was barely detected without PRL and
markedly induced by PRL treatment (Figure 2a).
PRL induced CXCR3 mRNA by 2.5-fold when
evaluated by real-time PCR (Figure 2b). In contrast,
the expression of CXCR2 and CXCR1 transcripts
was similar in the presence or absence of PRL
(Figure 2a). In addition, when carried out in HUVEC
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using primers for CXC chemokines, RT-PCR ampli-
fied products with the expected lengths for
ITAC (263bp), IP-10 (295bp), and MIG (335bp)
(Figure 2c), suggesting that HUVEC express the three
known ligands of CXCR3. Finally, pertussis toxin, a
G-protein inhibitor, blocked PRL stimulation of
PBMC adhesion to HUVEC (Figure 2d), further
suggesting the contribution of the G-protein coupled
receptor CXCR3 to PRL-induced adhesion.
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Figure 2 PRL induces the expression of chemokine receptor
CXCR3 in PBMC. (a) mRNAs for chemokine receptors: CXCR3,
CXCR2, and CXCR1 were analyzed by RT-PCR performed on total
RNA extracted from PBMC incubated for 72h in the presence or
absence of PRL (50 ng/ml). Amplification of RPL-19 is shown as
control. (b) Quantitation of CXCR3 mRNA expression using real-
time PCR. (c) mRNAs for the CXCR3 ligands I-TAC, IP-10, and
MIG were analyzed by RT-PCR in HUVEC. (d) Inhibitory effect of
pertussis toxin on PRL-induced adhesion of PBMC to HUVEC.
PBMC treated or not with PRL for 72h were incubated in the
presence or absence of pertussis toxin (1mM) for 2h before
coincubation with HUVEC. Results are means+s.e.m. *P<0.05 vs
nontreated control.
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Figure 3 PRL stimulates adhesion through tyrosine phosphorylation pathways. Inhibitory effect of genistein on the PRL-induced
adhesion of PBMC (a) or Jurkat cells (b) to HUVEC. Cells were incubated in the presence or absence of genistein (10 uM) for 30 min,
followed by a 30-min incubation with or without increasing concentrations of PRL before coincubation with HUVEC. Results are
means +s.e.m. *P<0.05 vs nontreated control at the same PRL concentration. (c) PRL induces tyrosine phosphorylation of JAK-2, STAT-
3, STAT-5, and paxillin (PAX) in Jurkat cells. Jurkat cells were treated with the indicated concentrations of PRL for 30 min and cell lysates
immunoprecipitated (IP) with Ab anti-JAK-2, STAT-3, STAT-5, or PAX. Subsequently Western blots (WB) were probed with
antiphosphotyrosine mAb or with Ab anti-JAK-2, STAT-3, STAT-5, or PAX as described in Materials and methods.

PRL Stimulates Adhesion Through Tyrosine
Phosphorylation Pathways

We also tested whether tyrosine-phosphorylation
pathways may contribute to the PRL effect on
adhesion by using genistein, a typical tyrosine
kinase inhibitor. In these experiments, PBMC or
the Jurkat T-cell line were incubated with genistein
for 30 min and then with or without PRL for 30 min.
Subsequently, all cells were incubated with acti-
vated HUVEC for 1h. Consistent with previous
findings, treatment with PRL for 30 min stimulated
the adhesion of PBMC and Jurkat cells to HUVEC in
a bell-shaped dose-dependent fashion. Genistein
blocked the effect of PRL in both PBMC and Jurkat
cells (Figure 3a,b). Next, the effect of PRL on
tyrosine phosphorylation of JAK-2, STAT-3, STAT-
5, and paxillin was investigated. Jurkat cells were
incubated with different concentrations of PRL for
30min and subjected to immunoprecipitation-Wes-
tern blot. Initial blotting with antiphosphotyrosine
antibodies showed that PRL induced the tyrosine
phosphorylation of JAK-2, STAT-3, STAT-5, and
paxillin (Figure 3c). Subsequent blotting with the
respective antibodies demonstrated that equal
amounts of these proteins were loaded in each lane.

Discussion

Extensive evidence supports the stimulatory role of
PRL in the immune-hematopoietic system,*" and
although an absolute requirement for PRL in
immune function has been questioned,’** new
interest has been raised by evidence showing that
PRL can counteract the effects of negative immuno-
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regulatory factors in autoimmune diseases and in
stressful conditions.'®®**%% Here, we report that
PRL promotes the adhesion of leukocytes to vascular
endothelium, a previously unrecognized action
that may contribute to the immunoenhancing prop-
erties of this hormone during immune-inflammatory
processes.

The results of this study indicate that PRL rapidly
augments the adhesion of PBMC to IL-1f-activated
HUVEC and that this effect is sustained for many
hours. Maximal stimulation (67%) is lower than the
reported increase (220%) in the adhesion of spleno-
cytes to HUVEC induced by IL-2,*° but higher than
the increase (32%) in neutrophil adhesion induced
by growth hormone,** a PRL-related hormone with
well-known immune functions.** Similar to the
effect of growth hormone on cell adhesion,** the
dose-response curve of PRL on leukocyte adhesion
was ‘bell-shaped.” Such a shape is a common
observation for PRL stimulation of the PRL recep-
tor,* and it has been explained on the basis that
signal transduction by PRL requires binding of one
PRL molecule to two receptor molecules.** At high
concentrations, PRL can saturate the receptor and
hinder receptor dimerization.

While this is the first report of PRL acting directly
on leukocytes to stimulate their adhesion to vascular
endothelium, the ability of PRL to recruit immune
cells has been reported previously. In vivo studies
have shown that PRL stimulates the accumul-
ation of mononuclear cells in the prostate during
inflammatory reactions,*® in the pleural cavity after
carrageenan injection,®® and in the corpus luteum
during regression.?® Also, PRL stimulates the
expression of ICAM-1 in the corpus luteum,* and



in vitro studies showed that PRL promotes the
chemotactic capacity of macrophages.*®

Stimulation of cell adhesion by PRL may involve
the activation of integrins LFA-1 and VLA-4, major
molecular pathways that mediate firm attachment of
leukocytes to vascular endothelium.™? Circulating
leukocytes constitutively express LFA-1 and VLA-4
in a low-affinity state. However, after leukocyte
activation, the affinity of both integrins is enhanced,
enabling binding to their counter-ligands on endo-
thelial cells, that is, ICAM-1 and ICAM-2 for LFA-1,
and vascular cell adhesion molecule-1 (VCAM-1) for
VLA-4."? Consistent with LFA-1 and VLA-4 being
crucial determinants in PRL-stimulated adhesion,
the combination of mAbs against both LFA-1 and
VLA-4 blocked PRL-induced adhesion of PBMC to
HUVEC, and PRL stimulated the adhesion of PBMC
to immobilized ICAM-1 and FN.

To analyze how PRL becomes functionally linked
to integrin-mediated adhesion, we investigated the
possible association of PRL with chemokine receptor
pathways. Chemokines constitute a large family of
chemotactic cytokines that are present at or near the
endothelial cell surface and act by binding to G
protein-coupled receptors on leukocytes to promote
their integrin-mediated adhesion to endothelial cells.
The CXC chemokine subfamily selectively activates
receptors CXCR1 to CXCR6.** As reported for various
leukocyte subtypes,*> PBMC constitutively expressed
the mRNA for CXCR1, CXCR2, and CXCR3; however,
treatment with PRL resulted in the induction of
CXCR3 but not of CXCR1 or CXCR2. CXCR3 is
upregulated by IL-2 in T lymphocytes,*® IL-2 pro-
motes T-cell adhesion to vascular endothelium,*® and
it has been claimed that CXCR3 plays a major role in
T-cell recruitment.®® Also, the CXCR3 ligands IP-10,
I-TAC, and MIG are upregulated in endothelial cells
by IFN-y*” and CXCR3 appears to be their only
receptor on T cells.?**® Therefore, T cells are likely
targets for PRL-induced CXCR3 expression.

Upregulation of CXCR3 in T cells is a potential
mechanism by which PRL could promote the
adhesion of PBMC to vascular endothelium. Nearly,
70% of PBMC cells are T cells, and activation of
CXCR3 promotes the transendothelial migration of
T cells via the LFA-1 and VLA-4 pathways.* Also,
HUVEC express the mRNAs for IP-10, I-TAC, and
MIG,*” and therefore can produce CXCR3 ligands in
culture. More importantly, we found that the effect
of PRL on PBMC adhesion to HUVEC was blocked
by treatment with pertussis toxin, an inhibitor
G-protein coupled receptors. Because all known
chemokine receptors are coupled to G-proteins,*®
this result does not imply that CXCR3 is the only
chemokine receptor mediating PRL stimulation of
cell adhesion, only that chemokine receptors are
likely to be involved.

G-protein coupled receptors elicit the rapid
activation of integrins by complex mechanisms that
involve regulation of the affinity of integrins via
conformational changes of integrin chains and
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regulation of the avidity of integrins by increasing
lateral mobility and clustering. Signaling occurs
through different types of second messengers in-
cluding small GTPases of the RAS family (RAP1,
RAPL, RHOA), cytoskeletal proteins (talin, paxillin),
protein serine kinases (atypical protein kinase-(,
phosphoinositide-3-kinase), and protein tyrosine
kinases,?%°? etc.

While de novo protein synthesis of chemokine
receptors may participate in the stimulation of
leukocyte adhesion by PRL, a shorter-term mecha-
nism may operate as well since PRL stimulates the
adhesion of PBMC to HUVEC as early as 5 min after
treatment. The PRL receptor signals through the
JAK/STAT pathway, and activation of this pathway
by PRL can be functionally linked to the increased
tyrosine phosphorylation of paxillin.** Paxillin is a
signaling adaptor protein that binds to the cytoplas-
mic tails of integrins and is important for coordinat-
ing the formation of focal adhesions leading to
integrin-mediated cell adhesion and motility.>***
For example, tyrosine phosphorylation of paxillin
stimulates LFA-1-dependent migration by promot-
ing the activation of Pyk2 and FAK.>°

The present study demonstrates that treatment
with PRL for 30 min triggers the tyrosine phosphory-
lation of JAK-2, STAT-3, STAT-5, and paxillin in
the Jurkat-T human leukemic cell line, a PRL
target cell.®* This finding is consistent with exten-
sive evidence showing that PRL stimulates tyrosine
phosphorylation of JAK-2, STAT-3, and STAT5
in other cell types.>®°® Although PRL-induced
tyrosine phosphorylation of JAK-2, STAT-5, paxillin,
and FAK has been reported in breast cancer cells,**
this is the first study showing the activation of
the JAK/STAT/paxillin pathway in immune cells.
The molecular mechanism(s) linking the JAK/STAT
pathway to the activation of the FAK/paxillin
pathway remain largely unknown, but it has been
proposed that STATs can function as intracellular
adaptors in coupling the two pathways.** STAT-3 is
physically associated with JAK-2 and FAK in
neutrophils, and the fact that growth hormone
stimulates this association appears to contribute
to the activation of the JAK-2/STAT-3/FAK/paxillin
pathway by growth hormone.*” Finally, the
possibility that PRL-induced leukocyte adhesion
to endothelial cells is related to the tyrosine
phosphorylation of these signaling molecules is
suggested by the fact that genistein inhibits
PRL-stimulated adhesion of Jurkat cells and PBMC
to HUVEC. This observation is consistent with
the previous report showing that growth hormone-
mediated tyrosine phosphorylation of the JAK-2/
STAT-3/FAK/paxillin pathway is inhibited by
genistein, which also blocks the adhesion of
neutrophils.®?

The fact that PRL stimulates adhesion of leuko-
cytes to vascular endothelium is consistent with
its proposed role of enhancing inflammatory
responses.'™"® Fluctuations in the circulating levels
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of PRL could stimulate immune function by this
and other mechanisms. A wide range of stressors
stimulate the release of PRL by the anterior pituitary
gland,***°¢ and some results indicate that PRL can
counteract the negative effects of steroids or other
suppressive agents also released by stress.'®**3° In
addition, it has been suggested that hyperprolacti-
nemia during pregnancy and lactation can contri-
bute to the adaptations required for immunological
acceptance of the fetus and protection of the
maternal immune system against general suppres-
sion.”® Finally, increased levels of PRL are asso-
ciated with aggravated autoimmune diseases,
whereas inhibition of PRL release by bromocrip-
tine ameliorates autoimmunity progression.''9>!
Owing to its sexually dimorphic characteristics,
PRL actions on the immune system may contribute
to the distinct immune environment that determines
the female preponderance of autoimmune diseases
such as multiple sclerosis, theumatoid arthritis, and
systemic lupus erythematosus."”

On the other hand, leukocyte adhesion may be
stimulated not only by circulating PRL but also by
the locally produced hormone. PRL is synthesized
by various cells of the immune system,* including
PBMC®” and by endothelial cells from different
blood vessels,*®*® including HUVEC.** The putative
contribution of locally produced PRL implies that
the immunoenhancing properties of the hormone
may not depend on changes in its circulating levels,
but on specific regulatory mechanisms, that adjust
PRL expression locally.

In summary, this work reports for the first time
that PRL acts on circulating immune cells to
stimulate their integrin-mediated adhesion to vas-
cular endothelium. Elucidation of the precise
cellular and molecular mechanisms by which PRL
promotes leukocyte adhesion and the signaling
pathways involved should be relevant for under-
standing the role of this hormone in inflammatory
responses. This knowledge may help clarify gender
differences in autoimmunity and could lead to the
discovery of improved therapies for autoimmune
diseases.
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