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Abstract

In the central nervous system, cytokine-activated microglia play a crucial role in
host defence against Toxoplasma gondii infections. In this study, the effect of
recombinant tumor necrosis factor (rTNF)-a and prolactin (PRL) on T. gondii
infection in microglia was examined. Pretreatment of microglia with rTNF-a and
PRL induced toxoplasmastatic activity, the intracellular killing of T. gondii and the
release of interleukin (IL)-1b IL-3 and IL-6: 50% of the intracellular killing was
abrogated by anti-ICAM-1 monoclonal antibodies, whereas more than 54 or 87%
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of toxoplasmastatic activity was reversed by anti-IL-3 or IL-6 monoclonal
antibodies. In addition, the treatment of microglia with either rIL-3 or rIL-6, in the
absence or presence of rTNF-a significantly limited T. gondii replication.
Inasmuch as either NMA or S-M-ITU affected cytokine-activated
toxoplasmastatic activity during the infection phase, the NO-dependent
pathway itself appears not to be directly involved in the parasitostatic activity.
These findings suggest that TNF-a and PRL up-regulate the expression of ICAM-
1and the production of endogenous IL-6 and IL-3 by microglia, which could
induce anti-parasitic functions against T. gondii infection in the brain.

Full text

INTRODUCTION

Toxoplasma gondiiis an opportunistic, obligate intracellular protozoan found in
the central nervous system (CNS) of the infected fetus [1] and of certain groups
of immunocompromised patients, especially those with acquired
immunodeficiency syndrome (AIDS) [2]. The role of the somatic immune system
in host defence against Toxoplasma gondiiis well known. Human mononuclear
phagocytes activated by interferon-gamma (IFN-gamma) [3], and murine
macrophages activated by IFN-gamma and lipopolysaccharide (LPS) or tumor
necrosis factor-alpha (TNF-alpha) [4, 5] or other stimuli [6] appear to be key cell
types that prevent intracellular replication of this parasite. The cell types and
mediators involved in host defence within the CNS, however, have not been
clearly defined. Recent in vitro studies, to elucidate the role of glial cells, such as
microglial cells and astrocytes in host defense against 7. gondiihave been
carried out using enriched murine microglial or astrocyte cultures activated with
cytokines [7-9]. Microglia, the resident macrophages of the CNS [10], are
generally considered to have a mesodermal origin and to be derived from the
macrophage precursors originating in the bone marrow, that infiltrate the brain
during fetal development to establish a resident population [11]. Resting
microglia form a neuron-glia network with potential macrophage-like functions
[12], including expression of major histocompatibility complex class Il ag (MHC
class Il ag) [13], intercellular adhesion molecule 1 (ICAM-1) [14], phagocytosis of
microorganisms [7, 8, 12, 15], production of cytokines upon stimulation [15-22]
and free radicals (i.e. nitric oxide (NO) and reactive oxygen intermediates (RO))
[8, 18, 19]. On the other hand, microglia represent a sensor for pathological
events in the CNS [23]. During the development of inflammatory processes,
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microglia migrate, differentiate, proliferate and display ameboid shape, and
phagocytose degenerating cells at sites of inflammation. This type of cell, also
named activated microglia, plays an important role in immune host defence [7, 8,
15] and apoptotic neuronal death [24] in the CNS, although these cells may also
contribute to neuronal injury [18, 19]. Previous studies have reported that murine
microglia are suitable host cells for 7. gondiibut, when stimulated by IFN-gamma
and LPS are able to inhibit parasite multiplication in an NO-dependent pathway
[8]. Conversely, microglia derived from human fetuses activated by TNF-alpha or
interleukin-6 (IL-6) in the presence or absence of IFN-gamma appear to inhibit
parasite multiplication through an NO-independent mechanism [15]. It is well
known that the immune system influences the neuroendocrine system and vice
versa, viaa bioregulatory feedback loop that permits reciprocal signalling. This
signal is carried by cytokines produced in the immune system, which exert
bioregulatory actions on the neuroendocrine tissues, and by the hormones
produced in the neuroendocrine and peripheral endocrine organs, which
biomodulate the activity of immunoeffector cells [25]. The major hormones
involved in this loop are prolactin (PRL) and growth hormone [26]. In cultured
astrocytes, PRLinduces the expression of TNF-alpha, IL-Talpha and transforming
growth factor-alpha (TGF-alpha) cytokines, which could synergize with PRLin
promoting astrocyte proliferation and secretory activity [27]. In addition, in vitro
PRLinduces the production of NO and IL-1, both inflammatory mediators, in
murine peritoneal macrophages [28] and enhances additively with IFN-gamma,
both the NO5™ release and inducible nitric oxide synthase (iNOS) expression in
rat C6 glioma cells [29]. Recently, the in vivoimmunoprotective effect of
exogenous PRLin restoring the lymphocyte functions and macrophage
tumoricidal activity in hypoprolactinemic mice, as well as the immunoregulatory
role of PRLand its receptor in the induction of bactericidal activity and
protection against Salmonella typhimuriuminfection has been reported [30, 31].
In our previous work carried out on murine toxoplasmosis, we showed that
administration of PRL alone or in combination with rIFN-gamma or rTNF-alpha
increases survival or delayed time to death of mice challenged with a lethal dose
of T. gondii[32]. The immunoprotective effect of PRL plus TNF-alpha appeared to
be correlated with a decreased number of bradyzoite cysts in the brain of
surviving mice [32]. Since the mechanism whereby TNF-alpha and PRL or other
cytokines participate in defence against 7. gondiicerebral infection is unknown,
the aim of this study was to increase the understanding of the effect of TNF-
alpha or other cytokines on 7. gondiireplication in murine microglia, and to clarify
the role of PRLin host defence against 7. gondiiin the brain.
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MATERIALS AND METHODS

Reagents. Recombinant (r) mouse tumor necrosis factor-alpha (rTNF-alpha),
riL-1beta, riL-3, rlL-6 and rIFN-gamma were purchased from Genzyme (MA, USA).
Monoclonal antibodies (mADbs), hamster anti-mouse IL-1beta, rat anti-mouse IL-
3 and IL.-6 and control antibodies from non-immunised animals were purchased
from Genzyme. Murine mAbs specific for intercellular adhesion molecule-1
(ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1) were purchased from
Bender Med System (Vienna, Austria). Monoclonal antibodies to neural cell
adhesion molecules (N-CAM) were purchased from Biochemicals (Milan, Italy).
Ovine prolactin was purchased from Sigma (ltaly).

The presence of endotoxin in reagents was checked by the Limulus amebocyte
lysate test [33] and all results were negative (i.e. < 0.05 EU of LPS/ml of sample).

Microglial cell cultures (MGC). Cell cultures were prepared as previously
described by Chao et al. [7]. Briefly, cerebral cortical cells from 1-day-old BALB/c
mice were dissociated after a 30 min trypsinization (0.25%), and plated in 75 cm?
Falcon culture flasks (Nunclon, Denmark) in RPMI 1640 medium (Seromed, Italy),
containing 20% heat-inactivated fetal calf serum (FCS; Seromed), 2 mM L-
glutamine (Seromed), 20 mM HEPES (Seromed), 100 U/ml penicillin (Sigma), 100
mg/ml streptomycin (Sigma). The medium was replenished 1and 4 days after
plating. On day 8 of culture, plates were shaken for 20 min, at a speed of 200 rpm
in an orbital shaker to remove oligodendrocytes. On day 12 of culture, plates
were shaken again for 2 hours at a speed of 180 to 200 rpm. Harvested cells were
filtered through a 20 mum nylon mesh, plated onto a 60 mm Petri dish, and
incubated for 15 min at 37° C. After extensive washing with culture medium,
adherent cells (microglia) were collected with a rubber policeman and
centrifuged at 200 gfor 10 min. Isolated microglia were plated onto glass cover
slips previously coated with poly-L-lysine (Sigma) and placed in wells of 24-well
plates. Purified microglia were composed of a cell population, > 98% of which
stained with MAC-1antibodies (Boerhringer-Mannheim, Biochemical, Milan,
Italy) and < 2% stained with antibodies specific to glial fibrillary acid protein
(Sigma), an astrocyte marker.

Preparation of T. gondii. The tachyzoite suspension of the highly virulent RH
strain of 7. gondiimaintained by twice-a-week intraperitoneal inoculation of
parasites into female Swiss mice (Charles River, Italy) was harvested from the
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peritoneal fluids, as previously described [34]. For the in vitroinfection of MGC,
tachyzoites were added to the MGC cultures within 3 hours.

Effects of rTNF-alpha or PRL in MGC infected with T. gondii. To determine the
effects of rTNF-alpha or PRLon 7. gondii replication, in preliminary experiments
MGC at different concentrations, were incubated with medium alone (control) or
containing different concentrations of rTNF-alpha, IFN-gamma or PRL alone or
together at various times. Inasmuch as maximal antiparasitic activity was
observed with rTNF-alpha and PRL and which was also in agreement with our
previous studies [32], we chose these agents for our subsequent experiments.
The concentrations and optimal times turned out to be about 100-1,000 U/ml
and 24 hours for rTNF-alpha, and 20-100 ng/ml and 24-48 hours for PRL.
Therefore, to evaluate the dose-effect relationship of rTNF-alpha or PRLon T
gondiimultiplication, after the addition of 100 U/ml superoxide dismutase (SOD;
0,-scavenger, Sigma), MGC cultures (5 x 10* cells/well) were primed with or
without various concentrations of rTNF-alpha in the presence of 20-100 ng/ml
PRL or with or without different concentrations of PRLin the presence of 100-
1,000 U/ml rTNF-alpha. After incubation for 24 hours at 37° C in 5% CO», the cells
were extensively washed with prewarmed phosphate-buffered saline (PBS) and
reincubated for an additional T hour under normal culture conditions in a medium
containing living T. gondiitachyzoites (parasite/host cell ratio 2:1), followed by
three washes with warm PBS to remove non-ingested parasites. The cells of one
cover slip were fixed in methanol and marked with Diff Quik (Baxter Scientific
Products, McGaw Park, IL, USA) stain, for determination of the number of
ingested tachyzoites and the percentage of infected MGC at the start (time Q)
of the assay. Other replicates were incubated in the presence of fresh medium
with or without cytokine or hormone plus SOD for another 20 hours (time 20)
under normal culture conditions, then fixed and stained as above. The course of
intracellular infection was assessed microscopically by enumerating the
percentage of infected cells and the number of toxoplasmas/100 cells in Diff
Quik stained preparations. If the percentage of infected cells at 20 hours of the
assay had increased by more than 7% relative to the percentage of infected cells
at the start of the assay, the results were discarded. Intracellular multiplication,
an index of toxoplasmastatic activity, was expressed as fold increase (Fl), i.e.
the ratio of the mean number of parasites per 100 MGC after 20 hours (T20) of
infection and the mean number of parasites per 100 MGC at 1 hour (T0) of the
assay. Intracellular killing of 7. gondiiwas defined as the decrease in the
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percentage of infected cells after T20 of incubation, relative to the percentage
of infected MGC at TO of the assay.

Effect of antibodies against ICAM-1, VCAM-1or N-CAM on intracellular killing of T.
gondii by activated MGC. To investigate the involvement of specific cell adhesion
molecules (CAMs) in the intracellular killing of T. gondii, MGC were incubated for
24 hours with medium alone or containing different concentrations of rTNF-
alpha or PRLor rTNF-alpha plus PRLin the absence or presence of mAbs for
human ICAM-1, VCAM-1, N-CAM. Preliminary experiments were carried out to
determine the concentration giving the greater inhibitory effect. The optimal
concentration of mAbs, which turned out to be 5-10 mug/ml, was then used in
our experiments. Monoclonal antibodies (5 mug/ml) were added to MGC in the
first 1 hour of the activation phase with cytokine or hormone alone, or in
combination. The cells were washed and then infected with tachyzoites for 1
hour and 20 hours under normal culture conditions, as above. Anti-toxoplasma
function was analysed by the intracellular killing of tachyzoites.

Effect of antibodies against IL-1beta, IL-3 or IL-6 on toxoplasmastatic activity in
MGC. To investigate the implication of specific cytokines in the induction of
parasitostatic activity, MGC were treated with medium alone or containing rTNF-
alpha (100 U/ml) plus PRL (20 ng/ml) in the presence of mAbs (5 mug/ml)
specific for IL-1beta, IL-3 or IL-6. The concentration of antibodies used for this
experiment was based on our preliminary studies, which had shown that this
antibody concentration completely abolished the bioactivity of 5 ng/ml of each
cytokine. Antibodies were added to microglial cell cultures between 6 hours and
20 hours after rTNF-alpha and PRL. Toxoplasmastatic activity in MGC was then
evaluated at T20 of infection by microscopic examination.

Determination of cytokine production by and effect of riL-3 or rIL-6 on T. gondii
multiplication in MGC. To determine whether the toxoplasmastatic activity of
activated rTNF-alpha + PRL microglia was associated with release of
endogenous cytokines, supernatant media were removed from cell cultures (5 x
10* cells/well) and analysed for IL-beta, IL-3 or IL-6 production, at various times
during the 24 hours activation phase. All measurements were carried out using
immunoenzymatic methods. IL-beta cytokine was determined by monoclonal
hamster anti-mouse IL-1beta (enzyme-linked immunosorbent assay [ELISA
test]; Genzyme). Whereas both IL-3 and IL-6 were measured by monoclonal rat
anti-mouse IL-3 and IL-6 (ELISA test; Genzyme).

https://lwww.jle.com/en/revues/ecn/doc/effects-of-cytokines-and-prolactin-on-the-replication-of-toxoplasma-gondii-in-murine-microglia_11462/jle_... 6/35



2026/10/21 11:22 JLE — European Cytokine Network — Effects of cytokines and prolactin on the replication of Toxoplasma gondii in murine mic...

To assess whether specific cytokines could replace PRL as a triggering signal in
the induction of anti-toxoplasma functions, MGC were incubated with or
without various concentrations of rlL-3 or rIL-6, in the absence or presence of a
fixed dose of rTNF-alpha (100 U/ml) for 24 hours, before challenge with
tachyzoites, and then incubated for Thour and 20 hours at normal culture
conditions. Intracellular multiplication in MGC was evaluated as above.

Measurement of NO>™ production by activated MGC and correlation with
toxoplasmastatic activity. The presence of nitrite (NO,") was determined in
culture supernatants of MGC incubated for 24 hours without medium (negative
control [NC]) or with rTNF-alpha (100 U/ml) plus PRL (20 ng/ml), before
challenge with 7. gondii, and in culture supernatants collected during the 20
hours of infection by Griess reaction, as previously described [35]. As positive
control (PC) of NO;™ release, MGC were also incubated as in our previous study
[35] with IFN-gamma (100 U/ml) plus LPS (1 mug/ml; Sigma).

To analyse the involvement of NO5™ in the induction of toxoplasmastatic activity,

10-100 muM of S-methylisothiourea (S-M-ITU: an inhibitor of the enzyme iNOS;
Sigma) or 100-800 muM of NG-monomethyl-L-arginine (NMA: a competitive

inhibitor of L-arginine; Amersham) were added, immediately, during the 24 hours

incubation period of the MGC with rTNF-alpha plus PRL, before infection
(activation phase), and during the 20 hours challenge period with 7. gondii
(infection phase).

Statistical analysis. Each set of results presented is the mean + standard
deviation (SD) of triplicate independent measurements of four separate,
repeated experiments. Differences were considered to be significant if p < 0.05,
determined by the Student’s t-test.

RESULTS

Effect of rTNF-alpha and PRL on the intracellular replication of T. gondii in MGC.
In preliminary experiments, our results showed that MGC treated with 50 U/ml

rTNF-alpha or 10 ng/ml PRL alone inhibited the intracellular replication of 7. gondii
slightly but not significantly (FI = 6.1+ 1.0 or 6.4 = 0.6 respectively versus7.4 1.0

in control cultures, p = ns), whereas MGC primed with either 100 U/mI rTNF-
alpha or 20 ng/ml PRL alone exhibited a low but significant toxoplasmastatic
activity (FI = 4.3+ 0.7 or 4.5 + 0.6 respectively versus7.4 1.0 in control MGC, p <
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0.05). The presence of polymyxin B added to bind free endotoxin did not
increase toxoplasmastatic activity; in fact, the values obtained from MGC
treated with either 100 U/ml rTNF-alpha or 20 ng/ml PRL plus 30 mug/ml of
polymyxin Bwere (FI = 3.8 = 0.8 or 4.3 = 0.5 respectively) similar to those in MGC
treated with 100 U/ml rTNF-alpha or 20 ng/ml PRL alone; further, MGC activated
with 1,000 U/ml rTNF-alpha or 100 ng/ml PRL alone did not lead to greater
inhibition of T. gondiireplication (data not shown). These data indicate that the
subsequent lack of dose-response for higher concentrations is probably linked
to the blocking of either TNF-alpha or PRL receptor activation.

As aresult of this, we determined the dose-effect relationship of rTNF-alpha or
PRL on toxoplasmastatic activity, therefore, MGC were primed with various
concentrations of rTNF-alpha in the presence of 20 ng/ml PRL or with various

concentrations of PRLin the presence of 100 U/ml rTNF-alpha. In the presence of

100 U/ml rTNF-alpha, 20 ng/ml PRL markedly inhibited (p < 0.01 versus control)
intracellular 7. gondiireplication. The antiparasitic effect of rTNF-alpha was
additive in the presence of a fixed concentration of PRLand vice versa (Figure 1).
In addition, MGC activated with 100-500 U/ml rIFN-gamma plus 20 ng/ml PRL did
not induce greater antiparasitic activity than rTNF-alpha plus PRL (data not
shown).

Effect of rTNF-alpha, PRL and rTNF-gamma/PRL, in the absence or presence of
antibodies against ICAM-1, VCAM-1or N-CAM, on intracellular killing of T. gondii
by MGC. Intracellular killing of 7. gondiiwas determined by microscopic
examination of activated-MGC at TO and T20 of infection. Our findings (Figure 2)
showed that MGC primed with either 100 U/ml rTNF-alpha or 20 ng/ml PRL alone
induced only slight intracellular killing. This was proven by a decrease of the
percentages of 7. gondii-infected cells at T20 of infection period, relative to the
values at TO of the assay (p < 0.05 each versus control). Moreover, neither rTNF-
alpha nor PRLalone influenced the percentage of infected cells at TO of the
assay; the values obtained were included between 54.5 = 6.8 and 60 + 5.7% (p =
ns each versus control), while the values obtained at T20 of infection
corresponded well to indices of toxoplasmastatic activity presented in Figure 1.
However, neither concentrations of 1,000 U/ml rTNF-alpha nor 100 ng/ml PRL
alone affected the percentage of infected cells at TO and did not lead to greater
intracellular killing (Figure 2). Both a priming synergistic effect (Figure 2), with a
decrease of the percentage of infected-cells already at TO (p < 0.05 versus
control), and an additive effect at T20 (p < 0.01 versus control) of infection were
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observed when MGC were primed with rTNF-alpha (100 U/ml) and PRL (20
ng/ml). The anti-parasitic effect afforded by rTNF-alpha and PRL appeared in a
dose-dependent fashion. These results suggested that activation of MGC with
TNF-alpha plus PRL leads to a decrease in the percentage of 7. gondii-infected
cells after 20 hours of infection by reducing the entry of parasites into cells at
TO. In a separate series, experiments were carried out to detect if this anti-
parasitic activity was linked to specific CAMs. Our findings (Figure 2) showed
that MGC activated with rTNF-alpha (100 U/ml) and PRL (20 ng/ml), in the
presence of 5 mug/ml mAbs specific for ICAM-1 (but not for VCAM-1or N-CAM)
abrogated by 50% the induction of intracellular killing, leading to an increase of
T. gondii-infected cellsat TOand T20 (p = nsor p < 0.05and p < 0.05 versus
control or rTNF-alpha + PRL-treated cells, respectively). These findings
suggested that ICAM-1expressed on the microglia-cell surface could be

implicated in the cell host-parasite interaction, probably by controlling the entry

of the parasite into microglial cells.

Effect of neutralizing antibodies against IL-Tbeta, IL-3 or IL-6 on
toxoplasmastatic activity. The implication of specific cytokines in the induction
of toxoplasmastatic activity was evaluated using mAbs specific for IL-1beta, IL-3
or IL-6. Incubation of MGC (Figure 3) with rTNF-alpha (100 U/ml) and PRL (20
ng/ml) in the presence of 5 mug/ml mAbs specific for IL-3 or IL-6 (but not for IL-
Tbeta) blocked more than 54 or 87%, the induction of toxoplasmastatic activity
(p < 0.050rp =nsandp < 0.01each versus control or rTNF-alpha + PRL-treated
cells, respectively), and further reduced the intracellular killing of tachyzoites,
although did not affect the percentage of infected cells at TO of infection (data
not shown). Both anti-IL-3 and IL-6 mAbs had maximal inhibitory effect when
added at 12 hours after cytokine and hormone (Figure 3), which corresponded

with the periods during which the activated microglia produced significant levels

of both IL-3 and IL-6 (Figure 4). Moreover, anti-IL-6, in combination with anti-IL-3
mADs, did not show an additive effect. The same blockage was seen in
activated-MGC in the presence of anti-IL-6 mAbs alone or in the combination
with anti-IL-3 (data not shown).

Determination of cytokine production by, and effect of IL-6 or IL-3 on T. gondii
multiplication in MGC. These results suggested that both endogenous IL-3 and
IL-6 cytokines released during the activation phase, before infection with 7.
gondli, participate in the subsequent inhibition of 7. gondiimultiplication.
Therefore, we measured the levels of all three IL-1beta, IL-3 and IL-6 cytokines in
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culture supernatants, taken every 3 hours during the activation phase of MGC
with cytokine-hormone. Incubation of MGC (Figure 4) with rTNF-alpha (100
U/ml) and PRL (20 ng/ml) for 24 hours released significant amounts of the three
cytokines. Both IL-3 and IL-6 cytokines showed similar kinetic patterns and
peaked soon in the course of the activation phase with significant levels already
at 12 hours of the activation period (p < 0.01 versus control). Maximal amounts
for both cytokines were then observed at 24 hours of the activation phase (p <
0.001 versus control). IL-1beta was undetectable in the course of the incubation
period although small but slightly significant levels were observed at 24 hours of
incubation phase (p < 0.05 versuscontrol).

To investigate whether IL-6 or IL-3 could replace PRL as a triggering signalling for
toxoplasmastatic activity, microglia cultures were treated with each of the
above-mentioned cytokines at various concentrations, in the absence or
presence of 100 U/ml rTNF-alpha for 24 hours, before challenge with 7. gondii.
Figure 5 shows that MGC primed with 0.03 or 20 U/ml rIL-6 alone did not show an
antiparasitic effect (p = nsand p < 0.01 versusuntreated or rTNF-alpha + PRL-
treated cells, respectively), whereas MGC activated with 100 or 500 U/ml rIL-6
inhibited dose-dependently (p < 0.05 versusuntreated or rTNF-alpha + PRL-
treated cells, respectively) T. gondiireplication. An additive anti-parasitic effect
appeared when 100 or 500 U/ml IL-6 were combined with 100 U/ml rTNF-alpha (p
< 0.01each versus control). Similarly to IL-6 no anti-toxoplasma effect was
observed when MGC were treated with 0.03 or 20 U/mirIL-3 (p = nsand p < 0.01
each versus control or rTNF-alpha + PRL-treated cells, respectively). Anti-
parasitic but no additive effect (Figure 6) was then seen when microglial cells
were exposed to 100 or 500 U/ml rIL-3 in the absence or presence of 100 U/ml
rTNF-alpha (p < 0.05 versuscontrol or rTNF-alpha + PRL cells, respectively).
Analogously, anti-toxoplasma activity was also observed when microglia were
primed with 100 U/ml of IL-3 or IL-6 in the presence of 20 ng/ml PRL (data not
shown).

Production of NO2™ by activated MGC and correlation with toxoplasmastatic
activity. To determine if cytokine-hormone treatment induced the release of
NO,™ by MGC, both at 24 hours of the activation phase with rTNF-alpha (100
U/ml), and PRL (20 ng/ml), and at 20 hours of the infection phase, supernatant
media were saved and analysed spectrophotometrically. The results of this
analysis (Figure 7A and 7B) showed that in both phases, rTNF-alpha + PRL-
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treatment induced NO,™ release (p < 0.01and p < 0.05 versus negative control,
respectively) by microglial cells.

To investigate the involvement of NO5" in the induction of toxoplasmastatic
activity, MGC were activated with rTNF-alpha and PRLin the absence or
presence of various concentrations of NMA or S-M-ITU added during the 24
hours period of activation phase, before infection with 7. gondii, and during the
20 hours period of infection phase. We found, in agreement with our previous
studies (Figure 7A and 7C), that the presence of 300 muM NMA or 50 muM S-M-
ITU during the activation phase of MGC, before infection, inhibited both the
release of NO,™ (p = ns or p < 0.01 versus negative or positive control,
respectively) and toxoplasmastatic activity (p = nsor p < 0.01 versusNC or PC,
respectively); while, the presence of NMA or S-M-ITU during the infection phase
induced a slight inhibition (p < 0.05 versusNC or PC, respectively) of
toxoplasmastatic activity, but completely abrogated the release of NO,™ by
these cells (p = nsorp < 0.05 versusNC or PC, respectively). These data
suggest that NO itself influences the microbicidal functions only during the
early stage of the 7. gondiiinfection phase.

DISCUSSION

TNF-alpha [4-7, 9,15, 32, 36-41], IL-6 [9, 15, 37, 38] and IL-3 [42-44] cytokines, as
well as PRL hormone [31, 32] play an important role in immunity to parasites. The
importance of cytokines and microglia in regulating protective immunity to 7.
gondiiinfection in the brain is well established, but the effect of PRLon 7. gondii
replication in microglia is not yet known. Based on our previous studies of murine
toxoplasmosis [32], we anticipated that microglial cells, PRL and TNF-alpha or
other cytokines would be involved in the parasiticidal cerebral activity. From the
present study it can be concluded that both rTNF-alpha and PRL, alone or
together, can directly prime murine microglia to induce anti-toxoplasmal
functions in these cells. This conclusion is based on the following observations.
Firstly, low but activating concentrations of either rTNF-alpha or PRLalone
slightly induces both the toxoplasmastatic activity and the intracellular killing of
I. gondiitachyzoites in microglia, whereas combinations of both agents prime
microglia optimally, result-ing a complete inhibition of 7. gondiimultiplication
and enhanced intracellular killing. Secondly, neutralization of ICAM-1 by specific
monoclonal antibodies partially reduces the intracellular killing of 7. gondii,
whereas neutralization of either endogenous IL-6 or IL-3 by specific monoclonal
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antibodies inhibits, totally or partially, the toxoplasmastatic activity. These
findings demonstrate clearly that rTNF-alpha additively with PRL limits the

outcome of T. gondiigrowth in microglia. The priming effect of rTNF-alpha or PRL

on microglia was not due to contamination with LPS, because incubation of
microglia with cytokine or hormone in the presence of polymixin B gave results
similar to those observed in the absence of polymixin B. Although the manner in
which rTNF-alpha and PRL induce anti-parasitic effects in microglia appears to

be not yet understood, it is well known that the action of cytokines or hormones

requires bindings of the cytokine or hormone to its specific cell surface
receptors, which activate the cells. Thus, activated cells can display receptors
for the cytokine or hormone that stimulate or regulate these cells. Because
either rTNF-alpha or PRL alone slightly activate microglia, and both agents are
required for an effective activation, it is conceivable that binding of either rTNF-
alpha or PRL1to its receptor alone is not sufficient to trigger the intracellular
signal transduction pathways implicated in the induction of anti-toxoplasmal
capacities. Therefore, a second stimulus (e.g., low concentrations of either PRL
or TNF-alpha) is needed for induction of intracellular signalling events that
convert the initial interaction of the cytokine or hormone with its receptor into
pathways leading to the biological functions. Because concentrations of 100
U/ml for TNF-alpha and 20 ng/ml PRL are required to prime the microglial cellsin
order to get a significant protective effect, and higher concentrations do not

lead to greater protection, it is likely that the subsequent lack of dose-response

for higher concentrations is linked to the blocking of either TNF-alpha or PRL
receptor activation. It is well known the IFN-gamma appears to be the most

active cytokine in controlling the replication of 7. gondii[45], and that TNF-alpha

is required to trigger anti-toxoplasmal activity of IFN-gamma-primed
macrophages [4, 5]. Nevertheless, our data provide strong evidence that IFN-
gamma is not the sole endogenous regulator of macrophage-like cell activation,
because the cell microglial cultures were pure (> 98%) and the source of IFN-
gamma appears to be confined to T and NK cells (but not to microglia). It is
conceivable that PRL could have an activity similar to IFN-gamma and together
with TNF-alpha operates as key signalling in the triggering of endogenous-IFN-
gamma-mediated-like effects, probably by the induction of interferon-gamma
receptor (IFN-gammaR) on microglia. This hypothesis is supported by recent
reports that have shown IFN-gammaR signalling to be the major pathway for the
activation of microglia in murine toxoplasmic encephalitis (TE) [46], and that
PRL affects the expression of the IFN-gammaR gene leading to increased IFN-
gammaR mRNA levels and IL-6 release [47]. Our findings also show that rTNF-
alpha, in synergy with PRL, increases the intracellular killing by a decrease in the
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number of infected microglial cells at TO. The blockade of about 50% of the
intracellular killing by anti-ICAM-1 (but not anti-VCAM-1 or N-CAM) monoclonal
antibodies added to rTNF-alpha + PRL-treated microglia, suggests that ICAM-1
molecules play a role in controlling the portal of entry of the parasite into the
cell, probably by a competitive binding of 7. gondiito adhesion receptor ICAM-1.
Future studies should evaluate the role of ligands coating 7. gondiitachyzoites
and CAMs or chemokine receptors on microglia in the cell host-parasite
interaction. The in vitro anti-toxoplasma effects of rTNF-alpha alone or together
with PRL are in agreement with our previous in vivo studies and with other
reports [32, 38], which have shown that systemic administration of PRL alone or
in combination with rTNF-alpha increases survival or delay time to death of mice
challenged with T. gondii[32], and that anti-TNF-alpha mAbs affect the severity
or progression of the infection [38]. In particular, PRL in combination with rTNF-
alpha is implicated in controlling the intracerebral spread of the parasite and the
number of bradyzoite cysts in the brain of mice with toxoplasmosis [32]. Our
findings also suggested that in the induction of anti-toxoplasma activity by
rTNF-alpha and PRL, other cytokines produced endogenously, such as IL-3 and
IL-6 (but not IL-1beta) could, through a complex network, participate in an
autocrine or paracrine manner in this activity. This hypothesis was supported by
the abolisnment by more than 54 or 87% of the toxoplasmastatic activity by
either anti-IL-3 or anti-IL-6 (but not anti-IL-1beta) monoclonal antibodies when
added to rTNF-alpha + PRL-primed microglia. The results with anti-IL-6
antibodies are in agreement with in vitro findings for human microglia [15], but in
contrast with in vivo studies, which have reported that anti-IL-6 antibodies
reduce inflammation and the numbers of cysts in brains of mice with TE [48].
Consistent with our research, we found that murine microglia, primed with rTNF-
alpha and PRL, released considerable levels of IL-6 and IL-3 (but only small
amounts of IL-1beta) proinflammatory monokines. In fact, in the early stages of
TE, the immune response to 7. gondiiis characterized by an up-regulation in IFN-
gamma and IL-2 Th1 cytokine mRNAs accompanied by increases in TNF-alpha

GM-CSF IL-1, IL-6 and IL-10 monokine mRNAs, as well as MHC class Il ag, INOS and

Mag-1mRNA levels, all markers of macrophage activation [38]. Therefore high
levels of IL-6 are detectable in cerebrospinal fluids and serum of infected T.
gondiimice and correlate with systemic and intracerebral disease activity [37].
Conversely, in the later stages of TE, the immune response is dominated by a
dramatic down-regulation of IFN-gamma, TNF-alpha, GM-CSF, IL-1, IL-6 and IL-10,
Mag-1and iNOS mRNA levels, which is associated with enhanced necrosis and
neutrophilic infiltrates in the brain [38]. The up-regulation of TNF-alpha or other
inflammatory mediators, such as IL-12 cytokines and chemokine macrophage-
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inflammatory protein-lalpha (MIP-1alpha) and MIP-1beta [41] is a key event in
the initiation of immunity to 7. gondii [41]. Given that during inflammation within

the CNS, microglia secrete a number of proinflammatory cytokines, such as TNF-

alpha [15, 16, 20, 22], IL-1beta [16], IL-3 [17], IL-6 [15, 16, 20], IL-8 [21] and as well
as anti-inflammatory cytokines, such as TGF-beta [22] and IL-10 [20] for

defense against microorganisms and neuronal injury, there is emerging evidence

that in cerebral toxoplasmosis, TNF-alpha and PRL, via a bio-feedback loop, up-
regulate the release of proinflammatory (e.g., IL-1beta, IL.-3 and IL.-6) and
probably anti-inflammatory cytokines too, which may induce microbicial activity
in microglia and limit inflammation-associated brain injury. Further support for
the implication of both IL-6 and IL-3 in the anti-parasitic activity of murine
microglia was provided by the findings that both rlL-6 and rlL-3 alone or in
combination with rTNF-alpha dose-dependently reduced the intracellular
growth of 7. gondii. In human microglia and murine astrocytes, IL-6 causes a 50
to 75% inhibition of 7. gondiigrowth [9, 15]. Similarly, IL-3 limits the spread of
parasites, such as Stronglyoides venezuelensis and Mycobacterium

tuberculosis [43, 44), and regulates IgE responses in Trichinella spiralis infection

[42]. The mechanism whereby cytokine treatment induces anti-toxoplasma
activity in microglia is not completely understood. In murine microglia and
human astrocytes [8, 49], the most important effector mechanism directed
against 7. gondiiis the production of NO viathe induction of the enzyme NO
synthase. Conversely, microglial cells derived from human fetus [15], and murine
astrocytes derived from syngeneic mice deficient in the enzyme iNOS [9],
appear to inhibit parasite replication through an NO-independent pathway.
Although, our data show that the priming effect of rTNF-alpha and PRL on
microglia lead to a significant release of NO,", the cytokine-induced inhibition of
I. gondiiwas found to be NO-dependent only during the early stage of 7. gondii
infection, as demonstrated by the ability of NMA or S-M-ITU to completely
abrogate the toxoplasmastatic activity when added during the activation phase
of the microglia, but not when added during the infection phase. It is possible
that at a later stage of infection, NO affects the toxoplasmastatic activity via
triggering of other anti-parasitic effector mechanisms (e.g., IDO indolamine 2,3-
dioxygenase-dependent pathway).

CONCLUSION

In conclusion, the results of this in vitro study may be more directly pertinent to
understanding the immunopathogenesis of TE. The accomplishment of this

https://lwww.jle.com/en/revues/ecn/doc/effects-of-cytokines-and-prolactin-on-the-replication-of-toxoplasma-gondii-in-murine-microglia_11462/jle...

14/35



2026/10/21 11:22 JLE — European Cytokine Network — Effects of cytokines and prolactin on the replication of Toxoplasma gondii in murine mic...

protective intracerebral mechanism should be very important for resistance to
congenital or acquired toxoplasmosis, because the brain is a major site of 7.
gondiiinfection in the fetus and immunocompromised patients. Therefore, the
ability of cytokines and PRL to prime microglia and limit growth of 7. gondiimay
also be implicated in recrudescences of toxoplasmosis in immunocompromised
subjects. In patients with hypoprolactinemia or AIDS, for example, a switch from
Th1to Th2 cytokines, which is accompanied by decreases in [FN-gamma, TNF-
alpha, IL-6, could represent a dramatic event in the development of TE. Anyway,
the relevance of these data to the situation /n vivoremains to be elucidated.
Future studies may be carried out with trials adding another batch of regulatory
factors to infected microglial cells, aimed at blocking the intracerebral invasion

of T. gondli, and thus contributing to the prevention of toxoplasmic encephalitis.
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Figure 1

Dose-effect relationship of rTNF-alpha or PRLon
inhibition of Toxoplasma gondiimultiplication.

Microglial cell (MGC) cultures at a concentration of 5 x 104
cells/well were treated with medium alone (control) or
medium containing the indicated concentrations of (A)
rTNF-alpha in the presence of 20 ng/ml of PRLor (B) PRL
in the presence of 100 U/ml of rTNF-alpha for 24 hours and
then challenged for 1 hour and 20 hours with 7. gondii
tachyzoites. Intracellular replication of 7. gondii, an index
of toxoplasmastatic activity, was expressed as fold
increase (F1) in the number of tachyzoites per 100 MGC at
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20 hours of infection. Values are the means = SD of
triplicate counts of four separate experiments. Significant
differences versuscontrol (* p < 0.05; ** p < 0.01).

Percentage of T. gondil-infected MGC
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Figure 2

Effect of rTNF-alpha, PRLor rTNF-alpha + PRLin the
absence or presence of monoclonal antibodies (mAbf)
for CAMs on intracellular killing of T. gondiiby MGC.

Cell cultures (5 x 10%) were incubated with medium alone
or containing (a) 10, (b) 100 and © 1,000 U/ml of rTNF-
alphaor (a) 4, (b) 20 and © 100 ng/ml of PRLor (a) 100
U/ml of rTNF-alpha plus 20 ng/ml of PRL in the absence or
presence mAb specific for (b) I-CAM-1, © VCAM-1or (d) N-
CAM for 24 hours. Monoclonal antibodies (5 mug/ml) were
added to MGC in the first 1 hour of the activation phase
with cytokine or hormone. The cells were then infected
with tachyzoites for 1 hour (T0) and 20 hours (T20).
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Intracellular killing of 7. gondiiwas proven by a decrease in
the percentage of infected MGC from 11to 20 hours after
infection. Values are the means + SD of triplicate counts
of four experiments. *: significant difference versus
control; delta: significant difference versusrTNF-alpha +
PRL-treated cells (*, delta p < 0.05; **, deltadeltap < 0.01).
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Figure 3

Effect of mAb against IL-1beta, IL-3 or IL-6 on
toxoplasmastatic activity in MGC.
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Cell cultures (5 x 10%) were incubated with medium alone
or containing rTNF-alpha (100 U/ml) plus PRL (20 ng/ml)
for 24 hours. At 12 hours of incubation, neutralizing mAb
(5 mug/ml) specific for IL-1beta, IL-3 or IL-6 were added
under normal condition cultures. MGC were then
challenged with tachyzoites. Intracellular replication of T.
gondiiwas determined after 20 hours of infection as
above. Data are the means = SD of triplicate counts of
four experiments. Significant difference versus control;
delta: significant difference versusrTNFalpha + PRL cells
(*, deltap < 0.05; **, deltadelta p < 0.07).
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Figure 4

Course of the release of IL-1beta, IL-3 and IL-6 by MGC
during incubation with rTNF-alpha + PRL.

MGC cultures (5 x 10* cells) were incubated with medium
alone or containing rTNF-alpha (100 U/ml) plus PRL (20
ng/ml). At various time points during the activation phase,
the culture supernatant was collected and the levels of IL-
Tbeta, IL-3 and IL-6 were measured by ELISA methods. At
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72 hours no IL-1beta or IL-3 could be detected; nd: not
detected. Values are the means + SD of three
determinations of four experiments. Significant
difference versuscontrol (* p < 0.05; **p < 0.01; *** p <
0.001).
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Figure 5

Dose effects of rIL-6 on T. gondiireplication.

MGC cultures (5 x 10*) were incubated (for 24 hours) with
medium alone or containing riL-6, at the indicated
concentrations, in the absence or presence of rTNF-alpha
(100 U/ml), before infection with 7. gondiitachyzoites for 1
hour and 20 hours. Intracellular replication was
determined at T20 of infection as above. Values are the
means = SD of triplicate counts of four separate
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experiments. Significant difference versus control; delta:
significant difference versusrTNF-alpha + PRL-treated
cells (*, deltap < 0.05; **, deltadeltap < 0.01).
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Figure 6

Dose effects of rIL-3 on T. gondiigrowth.

Cultures (5 x 10%) were incubated for 24 hours with
medium alone or containing riL-3, at the indicated
concentrations, in the absence or presence of rTNF-alpha
(100 U/ml), before challenge with tachyzoites at 1 hour
and 20 hours. Intracellular replication was determined at
T20 of infection. Values are the means = SD of triplicate
counts of four separate experiments. Significant
difference versus control; delta: significant difference

https://lwww.jle.com/en/revues/ecn/doc/effects-of-cytokines-and-prolactin-on-the-replication-of-toxoplasma-gondii-in-murine-microglia_11462/jle... 28/35



2026/10/21 11:22 JLE — European Cytokine Network — Effects of cytokines and prolactin on the replication of Toxoplasma gondii in murine mic...
versusrTNF-alpha + PRLcells (*, deltap < 0.05; **,
deltadeltap < 0.01).
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Figure 7

Effect of NMA or S-M-ITU on release of NO,™ by and
toxoplasmastatic activity in MGC.
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Cell cultures were treated with medium alone (negative
control) or containing 100 U/ml IFN-gamma plus 1 mug/ml
LPS (positive control) or 100 U/ml rTNF-alpha plus 20
ng/ml PRL (20 ng/ml) in the absence or presence of 300
muM of NMA or 50 muM of S-M-ITU added during the 24
hours activation phase, before infection with 7. gondii,
and during the 20 hours infection phase. A: The amount
of NO, ™ released by 5 x 10* MGC was measured in the
culture supernatant collected after the 24 hours
activation phase with or without rTNF-alpha plus PRLin
the absence or presence of NMA or S-M-ITU, before
infection with 7. gondii. B: The amount of NO2™ produced
by 5 x 10* cells incubated with or without rTNF-alpha plus
PRLin the absence or presence of NMA or S-M-ITU was
determined in the culture supernatant collected after 20
hours of infection with tachyzoites. C and D:
Toxoplasmastatic activity expressed as fold increase in
the number of toxoplasmas per 100 MGC at T 20 of
infection. In (A) and (C) NMA or S-M-ITU was added
during the 24 hours activation phase, before infection
with 7. gondiitachyzoites. In (B) and (D) NMA or S-M-ITU
was added during the 20 hours infection phase with
tachyzoites. Values are the means + SD of triplicate
determinations of four experiments. Significant
difference versus negative control; delta: significant
difference versus positive control (*, delta p < 0.05; **,
deltadelta p < 0.07).
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(O The ecdysone inducible gene expression system:
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