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ABSTRACT The requirement for prolactin in interleukin
2-driven T-cell proliferation was evaluated. Addition of an
anti-prolactin antiserum resulted in the specific inhibition of
T-cell proliferation in a time- and dose-dependent manner.
Synthesis of prolactin and its mRNA, however, did not occur
during interleukin 2 stimulation. Instead, previously internal-
ized prolactin, presumably from fetal bovine serum, appears to
serve as the source of prolactin under serum-free conditions. A
7-fold increase in a prolactin receptor occurred as a function of
cell cycle progression; accumulation of a 1.6-kilobase prolactin
receptor mRNA increased =2-fold. Interleukin 2 stimulation
induced the translocation of prolactin into the nucleus and
prolactin receptor to the nuclear periphery. These data indicate
that extracellular prolactin is requisite for T-cell proliferation
and suggest that the effects of prolactin are exerted in the
nucleus.

The mechanisms by which interleukin 2 (IL-2) induces cell
cycle progression are poorly understood (1). It has been
suggested that additional hormonal/autocrine peptides, such
as transferrin (2, 3), may act as cell cycle competency factors
in concert with the interleukins. Therefore, it is reasonable to
assume that other growth-related hormones may participate
in IL-2-mediated cell cycle progression. One putative candi-
date is the neurohormone prolactin (PRL). A growing body
of evidence suggests an immunoregulatory role for this
hormone. In vivo animal studies have induced lymphoid
hyperplasia through the injection of PRL (4). Conversely, a
reduction of blood PRL levels by bromocryptine or hypophy-
sectomy markedly diminished mouse T-cell responsiveness
and function (5, 6). Increased blood PRL levels have been
observed in human cardiac allograft recipients undergoing
acute transplant rejection (7). At the cellular level, the
presence of PRL receptors (PRLr) on the surface of human
lymphocytes has been demonstrated (8). Data also suggest
that a PRL-like molecule may be secreted by lymphocytes, as
such an activity has been identified in the media of a
lymphoblastoid cell line (9) and concanavalin A (Con A)-
stimulated splenocytes (10). The requirement for PRL in
lymphokine- and lectin-driven lymphocyte growth has been
revealed (11). Taken together, these data indicate that PRL
may act as an important lymphocyte growth factor.

METHODS
Cell Culture. The murine T-helper lymphocyte clone L2

was maintained as described (12, 13). For expansion, 106 L2
cells were cocultured with 40 x 106 irradiated allogenic
murine CBA splenocytes and 400 Cetus units of highly
purified recombinant human IL-2 (Cetus) in 10 ml of culture
medium (13) with 10% fetal bovine serum. The L2 cells were

harvested (14) and placed in culture medium without fetal
bovine serum supplemented with 1% CR-ITS+ (Collabora-
tive Research), modified after the method of Mendelsohn et
al. (15). After overnight culture the resting L2 cells were then
utilized; cell proliferation was reinitiated in specific subcul-
tures by the addition of 100 Cetus units of IL-2 per ml of
chemically defined medium containing 106 L2 cells per ml.
Immunofluorescence and DNA Content Analysis. Sources of

anti-PRL antiserum were Frank Talamontes (University of
California, Santa Cruz), Arnel Products (New York), and the
National Institute of Diabetes, Digestive, and Kidney Dis-
eases. Rabbit anti-rat PRL was also obtained by a standard
rabbit immunization protocol initially utilizing purified rat
PRL with subsequent hyperimmunization with purified bo-
vine PRL to obtain anti-bovine PRL. For the growth-
inhibition studies, all anti-PRL antisera gave comparable
results. The anti-mouse antiserum used for immunoblot anal-
ysis has been extensively characterized and does not cross-
react appreciably by radioimmunoassay with growth hor-
mone and placental lactogens I and II (Frank Talamontes,
personal communication). Mouse anti-human PRLr mono-
clonal antibody (16) was a gift of John Porter (University of
Texas). Anti-rat PRL antiserum was further purified using a
rat PRL affinity column. Cells were stained with indirect
immunofluorescence (IF) and/or propidium iodide as de-
scribed (17, 18).
Immunoprecipitation and Immunoblot Analysis. [35S]Me-

thionine incorporation and immunoprecipitation were per-
formed and analyzed as described (19). Immunoblot analysis
of cellular lysates and media was performed as previously
(18), using an avidin-biotin complex immunoperoxidase kit
(Vector Laboratories).

Northern Blot Analysis. RNA from L2 cells was prepared
for Northern blot analysis (12). Mouse and rat PRL cDNAs
were gifts of Daniel Linzer (Northwestern University) and
Richard Maurer (University of Iowa), respectively. PRLr
cDNA was a gift of Paul Kelly (McGill University). Granu-
locyte/macrophage-colony-stimulating factor (GM-CSF)
cDNA was a gift of Verner Paetkau (University of Alberta).
Probe inserts were labeled with [a-32P]dCTP by the random
primer method (20). Radiolabeled mouse PRL cDNA readily
identified the 0.9-kilobase PRL RNA present in total RNA
isolated from mouse pituitary (data not shown).

RESULTS
Anti-PRL Antiserum Inhibits L2 Cell Proliferation in a

Specific and Dose-Dependent Manner. The role of PRL in
T-cell proliferation was examined by the addition of various

Abbreviations: IL-2, interleukin 2; IF, indirect immunofluorescence;
PRL, prolactin; PRLr, prolactin receptor; GM-CSF, granulocyte/
macrophage-colony-stimulating factor.
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concentrations of anti-PRL or control (anti-vimentin) antise-
rum into the chemically defined medium of an IL-2-
stimulated cloned murine T-lymphocyte line, L2. L2 cells
were stimulated with IL-2 in the absence of exogenous PRL
and cell cycle status was assessed at 30 hr by flow cytometric
analysis of DNA content. Affinity-purified anti-PRL antise-
rum inhibited IL-2-induced T-cell proliferation in a dose-
dependent fashion (Fig. 1, open circles). The addition of
exogenous rat PRL reversed the antiproliferative effect of the
afflinity-purified anti-PRL antiserum (Fig. 1, filled circle).
Neither preimmune serum (data not shown) nor irrelevant,
control anti-vimentin antiserum demonstrated the inhibitory
effect.

Inhibition of T-Lymphocyte Proliferation by Anti-PRL An-
tiserum Is Temporally Dependent. The temporal requirement
for a lymphocyte-secreted PRL was examined by adding
anti-PRL antiserum at various times after stimulation with
IL-2 and measuring DNA content at 30 hr. Anti-PRL anti-
serum inhibited IL-2-driven growth when added 12 hr after
culture initiation (Fig. 2, open circles) but did not inhibit
proliferation when added 18 hr or more after culture initia-
tion. Addition of exogenous PRL into resting L2 cell culture
in the absence of IL-2 (Fig. 2, filled circle) did not stimulate
proliferation, indicating that a lymphocyte-secreted PRL is
temporally necessary, but not sufficient, for proliferation.

Lymphocyte-Secreted PRL Is Not Biosynthesized by Resting
or IL-2-Stimulated L2 Cells. Since it appeared that immuno-
reactive PRL was secreted by L2 cells, immunoblot analysis
was performed on both cell lysates and concentrated cell
culture media. From resting and IL-2-stimulated cultures,
equal quantities of total protein from cell lysates and equal
volumes of media concentrates were analyzed. A single band
at -24 kDa was identified in both lysates and media concen-
trates (Fig. 3A), which comigrated with purified rat PRL and
was not seen in the blot labeled with preimmune serum.
Densitometric analysis of this blot revealed comparable
levels of accumulated PRL in resting- and stimulated-cell
lysates and a 2.5-fold increase in the extracellular PRL
concentration as a function of IL-2 stimulation.
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FIG. 1. Growth-inhibitory effect of anti-PRL antiserum (aPRL)
on L2 cells is specific and dose-dependent. Various dilutions of
affinity-purified anti-PRL or control (anti-vimentin) antiserum were
added at culture initiation with IL-2, and at 30 hr DNA content was
analyzed. Each data point (open circles) represents the following
percentage obtained from the means of three separate cell cultures:
100 x [(fraction of cycling cells in anti-PRL antiserum-treated,
IL-2-stimulated L2 cell culture) - (fraction of cycling cells in resting
L2 cell culture)]/[(fraction of cycling cells in control antiserum-
treated, IL-2-stimulated L2 cell culture) - (fraction of cycling cells
in resting L2 cell culture)]. The filled circle represents cultures to
which both anti-PRL antiserum and 10 ,(g of exogenous PRL per ml
of medium were added. Where not shown, the 95% confidence limits
fall within the symbols.
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FIG. 2. Temporal dependence of growth inhibition by anti-PRL
antiserum. Open circles, IL-2-stimulated cells to which a 1:7000
dilution of either anti-PRL or control antiserum was added at various
intervals after culture initiation with IL-2; filled circle, resting L2
cells that received 10 ,ug of rat PRL per ml of medium at culture
initiation without IL-2. Each point represents the mean of three
separate cultures; percentages were calculated as in Fig. 1. The 95%
confidence limits fall within the symbols. Mean absolute % (S + G2
+ M) values; resting L2 cultures, 4.0 + 0.0%; anti-vimentin antise-
rum-treated, IL-2-stimulated cultures, 35.0 + 0.3% (mean ± SEM).

To determine whether L2 cells synthesized the immuno-
reactive PRL species, biosynthetic labeling with [35S]methi-
onine followed by immunoprecipitation using anti-PRL (or
control) antiserum was performed. Attempts to demonstrate
an 35S-labeled lymphocyte PRL were not successful. Immu-
noreactive PRL was revealed by immunoblot analysis of the
immunoprecipitates with anti-PRL antiserum (Fig. 3B, pan-
els a and b). Subsequent autoradiography of the electro-
phoretically transferred proteins (Fig. 3B, panels c and d)
showed that the antigenically detectable PRL was not radio-
labeled.
Uptake of exogenous bovine PRL from the fetal bovine

serum-containing culture medium used during maintenance
culture could account for the intracellular pool ofPRL within
L2 cells. To examine this possibility, L2 cell lysates and
purified rat, mouse, and bovine PRL were blotted onto nylon
membranes. These blots were then labeled either with crude
anti-PRL antiserum or with anti-PRL antiserum that had been
affinity-purified using Sephadex-conjugated bovine PRL.
Crude anti-PRL antiserum labeled all species of PRL,
whereas the affinity-purified antiserum recognized only bo-
vine PRL and the PRL within L2 cells (Fig. 3C).
PRLr mRNA, But Not PRL mRNA, Is Expressed in Resting,

IL-2-, and Con A-Stimulated L2 Cells. Steady-state levels of
PRL and PRLr mRNA were determined in resting, IL-2-, and
Con A-stimulated L2 cells (Fig. 4). Despite repeated attempts
no PRL RNA was found in resting or stimulated L2 cells
raised in chemically defined or serum-containing medium.
The lack of detectable PRL mRNA further confirms the
above biosynthetic-labeling data indicating that PRL is not
synthesized by L2 cells during IL-2 stimulation in chemically
defined medium. Resting and stimulated cells, however, did
express a 1.6-kilobase PRLr mRNA. The level of PRLr
mRNA increased -2-fold after stimulation with Con A or
IL-2 for 30 hr. In comparison, GM-CSF mRNA was induced
-30-fold in cells stimulated with Con A for 8 or 30 hr.
IL-2 Induces the Accumulation of PRLr, But Not PRL, as a

Function of Cell Cycle Progression. Only a modest increase
(25% on a per-cell basis) in the intracellular PRL content of
cycling IL-2-stimulated cells was observed as compared to
resting cells, as measured by flow cytometry (Fig. SA). These
relative levels of intracellular PRL in L2 cells measured by
flow cytometry are in keeping with the above immunoblot
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FIG. 3. (A) Immunoreactive PRL in resting and IL-2-stimulated cells. Values represent the densitometric quantitation of each band (seen
on the anti-PRL antiserum-stained blot) reported in arbitrary units (au). Lanes A-F, anti-PRL antiserum; lanes G-I, preimmune serum. Lanes
A and G, IL-2-stimulated cell lysate (8.7 au); lane B, resting cell lysate (8.2 au); lanes C and H, IL-2-stimulated culture medium concentrate
(14.3 au); lane D, resting culture medium concentrate (5.7 au); lanes E and I, 1 Aug of purified rat PRL (45.6 au); lane F, blank well. Both cell
lysates were loaded with equal quantities of total cell protein, 10 jug per well. Equal volumes of cell media were loaded (20 Al per well). Bands
at extreme left are molecular size markers of (top to bottom) 39, 27, and 17 kDa. (B) Immunoreactive PRL in resting and IL-2-stimulated cells
is not biosynthetically labeled. Resting and IL-2-stimulated L2 cells were biosynthetically labeled with [35S]methionine. Cell lysates and
nonconcentrated medium were immunoprecipitated with anti-PRL antiserum or normal rabbit serum; the immunoprecipitates were subjected
to SDS/PAGE and electrophoretically transferred to nitrocellulose. The blots were stained with anti-PRL or control antiserum (panels a and
b) prior to autoradiography (panels c and d). Lysate + and - represent total cellular lysates from IL-2-stimulated and unstimulated cultures,
respectively, stained with amido black. Molecular size standards (lane M, top to bottom), 66, 39, 27, and 17 kDa. Labels: IL-2, IL-2-stimulated
(+) or unstimulated (-) cells; PRL, purified rat PRL positive control; Ippt, immunoprecipitation with either anti-PRL antiserum (+) or control
antiserum (-); Imblt, immunoblotting with either anti-PRL antiserum (+) or control serum (-). The band at 24 kDa represents PRL, while the
band migrating at 55-60 kDa represents immunoglobulin heavy chain from the immunoprecipitation. (C) Immunoreactive PRL in L2 cells shares
immunologic identity with bovine PRL. For immunoblot analysis, protein suspensions were blotted directly on a nylon membrane with a slot
blot apparatus under vacuum. One microgram of purified rat, mouse, and bovine PRL and 50 Al of an L2 cell lysate (107 cells per ml) were used
in this study. Crude and affinity-purified anti-rat PRL was obtained as described in Methods. To demonstrate specificity, affinity-purified
antiserum was incubated with purified bovine (Bprl) or rat (Rprl) PRL prior to use. Preimmune serum was used as a control. After affinity
purification with Sephadex-conjugated bovine PRL, the anti-rat PRL antiserum recognized only bovine PRL and L2 cell lysate.

data, and demonstrated that a cell cycle-associated accumu-

lation of PRL did not occur.
Analysis of anti-PRLr IF in resting and IL-2-stimulated L2

cells revealed two populations of cells within the Go/G1 phase
of the cell cycle, with levels of anti-PRLr IF differing by
-7-fold (Fig. SB). Only increased levels of PRLr IF were
noted in the S- and G2/M-phase cells. The ratio of the number
of cells containing high levels of PRLr to the number of cells
containing low levels of PRLr within the Go/G1 phase was

increased 4-fold in IL-2-stimulated cultures as compared to
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FIG. 4. Northern blot analysis with PRLr and GM-CSF cDNA
probes. Lane A, resting cells; lane B, cells stimulated with IL-2 for
8 hr; lane C, cells stimulated with Con A for 8 hr; lane D, cells
stimulated with IL-2 for 30 hr; lane E, cells stimulated with Con A
for 30 hr.

resting cultures. This suggests that increased levels of PRLr
correlate with cellular activation. In addition, the relative
level of anti-PRLr IF of L2 cells containing low levels of
PRLr was quantitatively similar to that seen in resting mouse
splenocytes (data not shown).
PRL and PRLr Are Translocated Intracellularly as a Func-

tion of IL-2 Stimulation. IF microscopy was performed to
identify changes in the subcellular localization of the PRL
and PRLr in resting and IL-2-stimulated L2 lymphocytes. In
resting L2 cells (Fig. 6A), a perinuclear cytoplasmic pool of
PRL was seen with little to no apparent anti-PRL IF noted
within the nucleus. In contrast, in IL-2-stimulated L2 cells
significant levels of anti-PRL IF were noted within the
nucleus (Fig. 6B). As an antibody specificity control, exog-
enous PRL was added with anti-PRL antiserum; this reduced
IF to background levels (Fig. 6 C and D), demonstrating the
specificity of the anti-PRL IF. Similarly cells stained with
preimmune serum demonstrated low levels of nonspecific
staining (data not shown).
Anti-PRLr IF revealed the presence of PRLr on the cell

surface and within the cytoplasm of L2 cells (Fig. 6 E and F).
Stimulation with IL-2 led to a partial translocation of the
PRLr to the nuclear periphery of L2 cells. It is uncertain,
given the limited resolving powers ofIF microscopy, whether
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FIG. 5. (A) Flow cytofluorometric analysis ofresting and IL-2-stimulated cells simultaneously stained with anti-PRL IF and propidium iodide.
PRL and DNA content were quantified on the basis of anti-PRL IF [green; fluorescein isothiocyanate (FITC)-conjugated second antibody] and
propidium iodide (red) fluorescence. Cells were stained with either a 1:600 dilution of anti-PRL antiserum (histograms a and b) or preimmune
control serum (histograms c and d). Resting L2 cell cultures are represented in histograms a and c; IL-2-stimulated cultures in histograms b and
d. Controls demonstrated an overall level of IF 5-fold less than the above histograms, with no population overlap with the anti-PRL IF-stained
cells. (B) Flow cytofluorometric analysis of resting and IL-2-stimulated cells simultaneously stained with anti-PRLr IF and propidium iodide.
As in A, PRLr and DNA content were quantified with anti-PRLr IF and propidium iodide fluorescence. The y axis is logarithmically scaled.
Cells were stained with anti-PRLr monoclonal antibody (histograms a and b) or isotype-control monoclonal antibody (histograms c and d).
Resting L2 cell cultures are represented in histograms a and c; IL-2-stimulated cultures in histograms b and d.

the redistributed PRLr was associated with the nuclear
membrane or peripheral heterochromatin. Cells stained with
an isotype control gave no IF (data not shown).

DISCUSSION
Although the interaction of IL-2 and the IL-2 receptor has
been well characterized, the mechanisms surrounding the
signal transduction of this event, and the subsequent induced
expansion ofT cells, remain poorly understood. Many of the
factors associated with T-cell activation, such as protein
phosphorylation/protein kinase activation (21, 22) and Ca',

K+, and H+ concentrations (23, 24), have been extensively
studied in IL-2-dependent T-cell lines. To date, however, no
single intracellular transduction molecule has been conclu-
sively demonstrated to mediate directly cell cycle progres-
sion in T cells binding IL-2 (1). Alternatively, the coordinate
secretion and/or uptake of lymphokines and hormonal fac-
tors, such as PRL, might trigger the cascade of intra- and
extracellular events that mediate cell cycle progression (2).
We demonstrate here that the extracellular secretion of

PRL by L2 cells is required for their proliferation in chem-
ically defined medium. This was shown by the specific and

FIG. 6. IF photomicrographs of anti-PRL- and anti-PRLr-stained L2 cells. Resting (A, C, and E) and IL-2-stimulated (B, D, and F) L2 cells
were stained with anti-PRL (A and B), anti-PRL that had been incubated with PRL (C and D), or anti-PRLr (E and F). IL-2-stimulated cells
demonstrated a redistribution ofPRL from the cytoplasm into the nucleus. Controls demonstrated only low levels of nonspecific IF (preimmune
serum and anti-PRLr isotype control are not shown and were comparable to the levels of IF seen in C and D). (x 1350.)
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reversible inhibition of IL-2-driven L2 cell proliferation by
the addition of anti-PRL antiserum. Although PRL is se-
creted by L2 cells, the data presented here conclusively
demonstrate that this hormone is not synthesized by the T
cells under conditions that drive cellular proliferation. There
are two hypotheses that may explain this phenomenon: (i)
uptake of PRL by the L2 cells during maintenance culture in
medium containing fetal bovine serum may occur or (ii)
synthesis of PRL by the L2 cells during stimulation by IL-2
plus antigen in maintenance culture could take place. We
currently favor the former hypothesis, because neither the
synthesis ofPRL protein by L2 cells nor the presence ofPRL
mRNA in L2 cells could be demonstrated under conditions
that should stimulate the antigen and IL-2 receptors. There-
fore, if L2 cells are synthesizing PRL, they are doing so by
a mechanism we cannot currently identify. As further proof,
an anti-PRL antiserum affinity-purified with Sephadex-
conjugated bovine PRL demonstrated significant immuno-
logic crossreactivity between the PRL species in L2 cells and
bovine PRL, with no significant crossreactivity to either
mouse or rat PRL. This strongly suggests that the PRL in and
secreted by L2 cells represents internalized bovine PRL from
maintenance culture medium.
That PRL may be internalized by a cell, and secreted in an

unchanged form, is not without precedent. Giss and Walker
(25) have demonstrated that primary-culture pituitary cells
take up radiolabeled PRL and subsequently secrete this
hormone in an unchanged form over a period of hours. The
significance of re-use of a secretory product such as PRL by
either pituitary cells or T cells is unknown. It is possible,
however, that the enhanced secretion of PRL or binding of
PRL by increased numbers of PRLr during IL-2 stimulation
may serve as a transducer in L2 cells of IL-2/IL-2 receptor
binding. Indeed, work with the PRL-dependent rat lym-
phoma cell line NB2 suggests that only the secreted form of
PRL, and not internalized PRL, may serve as a factor capable
of stimulating cell growth (26).
PRL appears to be necessary, but not sufficient, for T-cell

proliferation during the transit of L2 cells across the G1 phase
of the cell cycle. How the PRL-PRLr interaction mediates
this effect is not clear. The primary sequence of PRLr does
not demonstrate homology to other receptors with known
enzymatic activities (27). One potential mechanism is that
PRLr associates with another protein that transduces the
signal of PRL-PRLr interaction. Alternatively, the translo-
cation of PRL into the nucleus and PRLr into a perinuclear
localization is perhaps of functional significance. This would
suggest that PRLr may exert its immunomodulatory activity
by direct action as a transport protein, translocating PRL to
the nucleus. The IF data presented here indicate the likeli-
hood of this latter possibility. Analogously, PRL stimulation
of pituitary cells and PRL-responsive tissues (i.e., breast,
lever, adrenal, and ovary) appears to be mediated by a cell
surface receptor (28). The PRL-PRLr complex in these
tissues is translocated into the Golgi apparatus, endosomes/
secretory granules, and the cell nucleus (25, 29-31).
The continued study ofPRL-mediated, IL-2-induced T-cell

proliferation should provide further insights into the neuro-
hormonal mechanisms of lymphocyte growth regulation.
Further characterization of the cellular channeling and recy-
cling of PRL, and the molecular events triggered by these
events, may prove central to a complete knowledge of the
molecular cascade that ultimately leads to clonal T-cell
expansion.
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