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The effect of estradiol, but not progesterone,
on the production of cytokines in stimulated whole
blood, is concentration-dependent
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Abstract OBJECTIVES: The purpose of this study was to determine the effects of
estradiol and progesterone on interferon-y (IFN-y), interleukin (IL)-12, IL-10
and tumor necrosis factor-o (TNF-0) productions in polyclonal activators
(phytohemagglutinin+lipopolysaccharide)-stimulated whole blood cultures.
METHODS: Nineteen healthy males and females volunteered in the study. Blood
samples were drawn, diluted, and cultured for 24h with different concentrations
of estradiol, progesterone or hydrocortisone and then PHA+LPS was added for
another 24 h. The supernatant, then, was harvested and assayed for IL-12 p70,
IFN-y, IL-10 and TNF-c.

RESULTS: At preovulatory concentrations, estradiol enhanced significantly
IFN-y, IL-12 and IL-10, but not TNF-a, production levels and reversed the sup-
pressive effect of hydrocortisone in PHA+LPS stimulated whole blood. While
IL-10 levels kept increasing at pregnancy estradiol concentrations, IFN-y, IL-12
levels and IFN-y/IL-10 ratio decreased significantly. No effect of progesterone on
IL-12 p70, IFN-y, IL-10 and TNF production levels was observed.
CONCLUSIONS: The present study shows that those pregnancy estradiol con-
centrations (and higher) enhance the production of IL-10 and reduce IL-12,
IFN-y levels and IFN-y/IL-10 ratio in stimulated whole blood cells. Because of
the known IL-10 inhibitory actions on T helper (Th) 1 cells and monocytes/
macrophages, these high IL-10 levels keep Th2 cytokines favored during preg-
nancy and may be useful in shifting Thl-mediated autoimmune diseases
towards non-pathogenic Th2 pathway.
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Introduction

Cytokines produced by leukocytes play an important
role in the initiation and regulation of the immune
response and basically the balance between cell-medi-
ated and humoral immunity. This balance is initiated
and maintained by different pattern of cytokines
released from T helper (Th) lymphocytes, CD4+ cells,
which are designated into two subpopulations, Th1l
and Th2 cells. Thl cells produce interleukin-2 (IL-2)
and interferon-y (IFN-y) and less specifically tumor
necrosis factor-o (TNF-o), and thereby stimulating
cell mediated immunity whereas Th2 cells produce IL-
4, IL-5, and IL-10, which induce humoral immunity [1].
However, naive T helper cells (ThO) serve as precursors
to either Thl or Th2 cells depending on the signal of
activation. For instance, IL-12, produced by activated
monocytes/macrophages or other antigen presenting
cells, is a major inducer of Thl lymphocyte and its
cytokines. IL-12 and TNF-o derived from monocytes/
macrophages and IFN-yderived from Thl and natural
killer (NK) lymphocytes stimulate the function of T
cytotoxic cells, NK cells, and activated macrophages
[1-3]. Cytokines such as, IL-12, IFN-y and TNF-o
are considered major inflammatory cytokines because
they stimulate the synthesis of nitric oxide and other
inflammatory mediators that derive chronic delayed
hypersensitivity reactions [1-4]. While IL-12 and IFN-
v promote Thl response, IFN-y blocks Th2 cytokines
(IL-4 and IL-5) production. On the other hand, Th2
cytokines such as, IL-10 and IL-4, inhibit Th1 activity
and macrophage activation. In addition, they stimulate
differentiation of B cells to antibody-producing cells
and stimulate the growth and activation of eosinophils
and mast cells [1-3]. Therefore, Th1 and Th2 responses
are mutually inhibitory [4]. Additionally, CD8+T lym-
phocytes can secrete Th1 and Th2 cytokines and were
designated Tcl and Tc2, respectively [1].

Estrogen and progesterone are steroid hormones
that cause definite changes in the endometrium in
preparation to receive and implant a fertilized ovum.
High levels of both estrogen and progesterone are
found during induction of ovulation (preovulation)
and following ovulation, respectively, and even higher
levels are found during pregnancy. Estrogen role in
pregnancy may be to ensure optimum blood flow in the
uterus, while progesterone is important to maintain
the pregnancy. Furthermore, these hormones and oth-
ers were found to modulate immune response in several
models. For instance, estrogen receptors were found
to be expressed in the human thymus and CD8+T
cells [5] and then later estrogen receptors alpha were
found to be expressed in all lymphocytes subsets [6].
17B-estradiol (E2), the biological active form of estro-
gen, enhanced antigen-stimulated IL-10, and to lesser
extent IFN-y, secretion in dose dependent manner
from T cell clones isolated from normal subjects and
from multiple sclerosis patients [7]. Progesterone, on
the other hand, was found to favor the development of
human Th2 cells by producing IL-4 and IL-5 cytokines
from T cell lines [8] and to increase leukemia inhibiting

factor production from T cells obtained from the fetal
maternal interface [9]. The above findings and with the
clinical observations that during pregnancy some Th1l-
mediated autoimmune diseases such as rheumatoid
arthritis and multiple sclerosis exacerbation attacks
are remitted [10-11] suggest a shift towards a Th2
response. This shift toward a Th2 response may be trig-
gered by increase in circulatory levels of 175 estradiol
and progesterone during pregnancy. In lipopolysaccha-
ride (LPS)-stimulated whole blood, however, 10-11-10-5
M of estradiol or progesterone did not modulate the
production of IL-12, TNF-o or IL-10 [12].

In the present study, the effect of estradiol and
progesterone in ex vivo whole blood cytokines assay
model using a combination of T-dependent and inde-
pendent activators was examined [13-15]. This model
is more comparable to in vivo condition by keeping
all the physiological cellular interactions and natural
microenvironment intact [16-17]. Second, the effects of
physiological concentrations of estradiol and progester-
one found in the peripheral circulation during normal
menstrual cycle or during pregnancy, as well as phar-
macological estrogen doses on IL-12 p70, TNF-o, IL-10
and IFN-y cytokines production was evaluated. Cortisol
is also used in the present study because of it is known
inhibitory action on the production of Th1l-derived (IL-
12) and Th1 (IFN-y) cytokines, and to lesser extent on
Th2 cytokines [18] and its high level during pregnancy
[12]. This study should give a better understanding
of how estradiol and progesterone modulate immune
mediated functions through their role in affecting the
induction of cytokines when combined with polyclonal
activators.

Materials and methods

Reagents

All the following reagents: RPMI 1640, penicillin-
streptomycin, L-glutamine, lipopolysaccharide (LPS,
L-6143), phytohemeagglutinin (PHA-L, L1-4144),
hydrocortisone, 17-B estradiol, and bovine serum albu-
min (BSA) were purchased from Sigma. Progesterone
was a gift from WHO (International Chemical Refer-
ence Substances. Soinc 3, Sweden). Endotoxin-free
Dulbecco’s phosphate buffer (without calcium and
magnesium) was obtained from PAA Laboratories
Gmbh (Linz, Austria). Culture 6-well plates and maxi-
sorp 96-well flat bottom plates were purchased from
Nunc International (Denmark).

Subjects

Nineteen healthy male and female (8 males and 11
females) volunteers with ranging age between 19-38
years old enrolled in this study. All volunteers signed
an informed consent. All females participated in the
study were in the early to mid follicular phase (days
3-9). None of the volunteers have taken any medication
for at least a week before the blood sample was drawn.
All blood samples were drawn in the morning between
8-9:30 a.m.
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Whole Blood Culture

Blood was drawn into sterilized sodium heparin
tubes (Vacutainer, Becton-Dickinson) and processed
within 45 minutes. The production of whole blood
cytokines was performed as described elsewhere [15-
17] with modifications. The blood was diluted with 1:9
with RPMI 1640, supplemented with 2 mM glutamine,
100 U/ml penicillin and 100 ug/ml streptomycin, with-
out exogenous serum. To each well of the 6-well culture
plates, 1.8 ml of the diluted blood was added. Hydrocor-
tisone, estradiol or progesterone was added to each well
in 0.2 ml volumes of sterilized phosphate buffer, giving
a final dilution of the blood 1:10. The plates then were
incubated in 5% COg at 37 C for 24 h. After the first
incubation, PHA+LPS in 40ul volume were added to
give a final concentrations of 5ug/ml and 1ug/ml for
PHA and LPS, respectively, and incubated in 5% CO,
at 37 C for another 24 h. After the second incubation,
the blood was collected from wells into sterilized tubes
and each well was washed with 0.5 ml of RPMI to en-
sure removal of all well content. Tubes were centri-
fuged and supernatant was separated, aliquoted and
stored in sterilized tubes at —-30 C until assayed.

Cytokines Assay

Measurements of IL-12 p70, IL-10, IFN-y and TNF-
o were accomplished by ELISAs using the adapted
procedure recommended by the manufacturer (Duo-
Set R&D Systems, UK). Briefly, capture antibodies
for all cytokines were coated at 4ug/ml in PBS, pH
7.2-7.4, and anti-cytokine-biotinylated detector anti-
bodies for IL-12 p70, IFN-y and TNF-o were used at
175ug/ml and 600 ng/ml for IL-10. Standards (human
recombinant) for all assays were used in the range of
15.6-1000 pg/ml, except for IL-12 p70 (7.8-500 pg/ml)
with 7 points of standard curve and the zero standard.
Strepavidin-Horseradish peroxidase conjugate with
H;04-Tetramethylbenzidene (R&D, UK) substrate
was used. Plates were read by Wellscan Denley ELISA
plate reader and absorbance was transformed to
cytokine concentrations (pg/ml) using a standard curve
computed on Excel. The sensitivities of IL-12 p70, IL-
10, IFN-y and TNF-a assays were 4, 4, 8, and 5 pg/ml,
respectively.

Estradiol, Progesterone and Cytokines Production

Data Analysis

All data in figures 1- 4 are presented as relative
concentration of each cytokine (+ SE). The relative
concentration is a better indicator of change upon
stimulation of hormone at any given concentration
to that of hormone-free condition (own control) in
any blood sample from one individual. The mean of
actual concentration (= SE) for each cytokine mea-
sured with PHA+LPS is also given in figure legends.
Comparisons between different conditions of hormone
concentrations/conditions were analyzed by one way
ANOVA. Paired ¢-test was used to compare between two
conditions (specific concentration with baseline) when
n >10, whereas Wilcoxin-rank test was performed be-
tween two conditions when n < 10.

Results

Hydrocortisone suppresses PHA+LPS-induced
IFN-yand to a lesser extent IL-10, IL-12 p70 and
TNF-a. levels

Increasing concentrations of hydrocortisone sup-
pressed significantly IFN-y production (F (5,90) = 35.2,
p< 0.001) from PHA+LPS-stimulated whole blood in
dose-dependent fashion (FigureI). The concentration
of hydrocortisone to inhibit 50% (CI 50%) of IFN-
v production was 89 nmol/l. In addition, IL-12 p70
(F(5,90)=9.98), IL-10 (F(5,90)=13.3) and TNF-a
(F(5,90) =21.7) production levels were also signifi-
cantly reduced (p < 0.001) upon increasing concentra-
tion of hydrocortisone in PHA +LPS-stimulated whole
blood. However, CI 50% for IL-12 p70, IL-10 and TNF-
o were 991, 1382 and 1239 nmol/l of hydrocortisone,
respectively (Figure I). Furthermore, IFN-y/IL-10 ratio
dropped significantly (F (5,90) =2.97, p=0.016) from
0.75 to 0.295 at the concentrations tested (Tablel).

Estradiol, but not Progesterone, alters PHA+LPS-
induced IFN-y, IL-12 p70 and IL-10 levels in a
concentration-dependent manner

Overall, increasing concentrations of estradiol pro-
duced significant changes in IFN-y (F (5,108) = 3.56, p
=0.006) and IL-10 levels (F (5,108) = 5.2 and p<0.001)
in PHA+LPS-stimulated whole blood (Figure 2). At
1000 pmol/l of estradiol, both of IFN-y and IL-12 p70
production levels increased significantly (t=3.73,
df=18,p=0.0015 and t=2.38, df=18, p=0.028, respec-
tively), while at 3000 pmol/l of estradiol, IFN-y level

Table I. The effect of hydrocortisone and estradiol on IFN-y/IL-10 ratio in PHA+LPS stimulated whole blood
Hydrocortisone (nmol/l)

0 10 50 100 500 1000

IFN-y/IL-10 0.75+0.17 0.76+0.19 0.52+0.11 0.46+0.10* 0.32+0.11* 0.29+0.09*
Estradiol (pmol/l)

0 100 1000 3000 10000 100000
IFN-g/IL-10 0.77+0.15 0.75+0.10 0.89+0.15 0.74+0.10 0.42+0.09* 0.39+0.08*
*p < 0.02-0.001
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Figure 1.

Effect of hydrocortisone on cytokines production in
PHA+LPS-stimulated whole blood from 16 healthy
volunteers (4 males and 12 females with a mean age of
24.9 + 4.8). Increasing concentrations of hydrocortisone
was added as indicated and suppressed significantly

(p <0.001) the production of all cytokines. Blood
samples from males or females behaved similarly upon
exposure to hydrocortisone. Data are expressed as
relative mean + SE.

a) Mean PHA+LPS-induced IFN-y production was

383 + 69 pg/ml, b) Mean PHA+LPS-induced IL-12 p70
production was 15.9 + 3.2 pg/ml, ¢) Mean PHA+LPS-
induced IL-10 production was 829 + 144 pg/ml, and

d) Mean PHA+LPS-induced TNF-a production was

802 + 70 pg/ml.

Figure 2.

Effect of estradiol on cytokines production in PHA+LPS-
stimulated whole blood from 19 normal volunteers

(8 males and 11 females with a mean age of 26.5 +

4.2). Overall, increasing concentrations of estradiol
produced significant changes in IFN-y (p=0.006) and
IL-10 (p<0.001) levels. At 1000 pmol/L of estradiol,
both of IFN-y and IL-12 p70 production levels increased
significantly (p < 0.00153 and 0.028, respectively).
However, IL-10 levels kept significantly in dose-
dependent manner. Blood samples from males or females
behaved similarly upon exposure to estradiol. Data are
expressed as relative mean + SE.

a) Mean PHA+LPS-induced IFN-y production was 313 + 68
pg/ml, b) Mean PHA+LPS-induced IL-12 p70 production
was 16.0 + 1.8 pg/ml, ¢) Mean PHA+LPS-induced IL-10
production was 642 + 127 pg/ml, and d) Mean PHA+LPS-
induced TNF-o production was 717+ 144 pg/ml.

Figure 3.

Effect of progesterone on cytokines production in
PHA+LPS-stimulated whole blood from 9 normal
volunteers (3 males and 6 females with a mean age of
26.0 + 2.8). No significant difference in the production
of IFN-y, IL12-p70, IL-10 or TNF-o. levels was observed.
Blood samples from males or females behaved similarly
upon exposure to progesterone. Data are expressed as
relative mean + SE.

a) Mean PHA+LPS-induced IFN-y production was 134 + 43
pg/ml, b) Mean PHA+LPS-induced IL-12 p70 production
was 14.2 + 1.4 pg/ml, c¢) Mean PHA+LPS-induced IL-10
production was 478 + 160 pg/ml, and d) Mean PHA+LPS-
induced TNF-o. production was 469+ 99 pg/ml.

was significantly higher (t=2.82, df=18, p< 0.011) but
not IL-12 level (t=1.92, df=18, p=1.92). This increase
in IFN-y and IL-12 p70 productions, however, was
not observed at higher concentrations of estradiol
(Figure 2). At 10,000 and 100,000 pmol/l of estradiol,
IL-10 levels kept increasing significantly indicating a
dose-dependent effect with a significant decrease in
IFN-y/IL-10 ratios (F (5,108) = 3.38, p=10.007) (Table
1). No significant effect of estradiol was observed at
the concentrations used on the production of TNF-o
(F (5,108)=0.532, p=0.75) in PHA+LPS-stimulated
whole blood (Figure 2).

Progesterone, on the other hand, did not cause any
significant changes in the production of IFN-y, IL-12
p70, IL-10 and TNF-o from PHA+LPS-stimulated
whole blood (Figure 3).

Estradiol reverses hydrocortisone suppressive
effect on IL-10, IFN-y and IL-12 p70 production in
PHA+LPS stimulation

In the preceding experiments, the effect of estradiol
levels at preovulatory phase to reverse hydrocortisone
suppressive effect on IFN-y, IL-12 p70, IL-10 and TNF-
o production in PHA+LPS-stimulated whole blood
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Figure 4.

Estradiol reverses hydrocortisone suppressive effect on
cytokines production in PHA+LPS-stimulated whole blood
from 5 healthy volunteers (2 males and 3 females with

a mean age of 23.0 + 5.2). Blood was incubated with

no hormone, or with estradiol (1000 or 3000 pmol/l) and
hydrocortisone (100 nmol/L) or hydrocortisone (100 nmol/L)
alone for 24 h then blood was stimulated with PHA+LPS for
another 24 h. Addition of estradiol reversed significantly
hydrocortisone suppressive effect on IFN-y, IL-12 p70 and
IL-10 production (i.e. relative concentrations increased and
p values became insignificant, see text for details) but not
TNF-o.. Data are expressed as relative mean + SE.

a) Mean PHA+LPS-induced IFN-y production was 576 + 95
pg/ml, b) Mean PHA+LPS-induced IL-12 p70 production
was 16.8 + 1.6 pg/ml, ¢) Mean PHA+LPS-induced IL-10
production was 970 + 186 pg/ml, and d) Mean PHA+LPS-
induced TNF-o. production was 1251 + 317 pg/ml.

was performed. At 1000 and 3000 pmol/l of estradiol,
was able to reverse hydrocortisone (100 nmol/l) sup-
pressive effect on the production of IL-10 (p > 0.3),
IFN-y (p>0.25) and IL-12 p70 (p>0.5) but not TNF-o
(p<0.05) (Figure 4).

Estradiol alone increased basal IL-12 p70, IL-10
and to lesser extent IFN-y but not TNF-o. levels

The possibility that estradiol at preovulatory con-
centrations, without PHA+LPS, could induce IFN-y,
IL-12 p70, IL-10 and TNF-o was tested in whole blood
from 5 healthy volunteers. At 1000 and 3000 pmol/l of
estradiol, IFN-ywent up ~1.2 times the basal value but
no change was observed with TNF-o level. The basal
level of IL-12 p70 was within the range of undetectable
(<4) to 6 pg/ml and went up to an average of 10 pg/ml
at concentrations of estradiol 200, 1000, or 3000 pmol/
1, respectively. However, these IL-12 values were not
enough to increase IFN-ylevels more than basal values
(data not shown), indicating that T cells at these IL-12
concentrations need another stimulus to secrete IFN-
v. Furthermore, IL-10 relative concentration was 1.52,
1.87 and 1.78 at 200, 1000 and 3000 pmol/l of estradiol,
respectively.

Discussion

The present work showed clearly that the effect
of estradiol on the production of cytokines in whole
blood assay is concentration-dependent. Estradiol
up-regulates the secretion of IL-12, IFN-y and IL-10
at preovulatory estradiol levels but IFN-/IL-10 ratios
kept unchanged. At high estradiol levels, such as in
pregnancy, IL-10 production levels kept increasing
while IFN-y, IL-12 and IFN-/IL-10 ratio decreased
significantly. The data, here, supports that those high
levels of estradiol shift cytokine levels towards Th2
response. In the present study, however, no estradiol
effect on TNF-o production was observed. In similar
experimental study, estradiol also did not affect TNF-
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o level in LPS-stimulated whole blood [12]. Although
in vivo results demonstrated that estrogen decreases
endotoxin-induced TNF-o. levels [19], this might
indicate that estrogen induces the secretion of other
hormones in vivo and thereby reduces the production
of TNF-o [20]. Furthermore, no effect of progesterone
on the production of IL-12, IFN-y, IL-10 and TNF-o
in whole blood assay could be established. In addition,
progesterone failed to modulate the same cytokines
above, but increased IL-4 from isolated clones of T cells
from normal subjects and multiple sclerosis patients
[21], IL-4 and IL-5 from T cell lines [8] and leukemia
inhibiting factor from T cells obtained from the fetal
maternal interface [9]. Although, the above results
might indicate the progesterone induces its modula-
tory effect on ThO and Th2 cells only, it seems more
likely that progesterone and estrogen operate at the
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level of individual cytokine gene expression regardless
of the cell type [21].

In addition to increase in IL-10 levels, Gilmore et
al. [7] have shown that estradiol at concentrations
(3700-370,000 pmol/l), significantly increased IFN-y
in a dose dependent manner from proteolipid protein
specific T cell clones. In the present study, IFN-ylevels
decreased at 10,000-100,000 pmol/l of estradiol but
IL-10 levels became even higher. The difference in the
two studies is that Gilmore et al. used CD4+clones i.e.
they studied the effect of estradiol on CD4+T cells only,
while in the present study the effect was on all types
of stimulated blood cells. The latter exhibits more cel-
lular interactions and the natural microenvironment
was kept intact. For instance, IL-10 produced from
LPS-stimulated monocytes or LPS-stimulated whole
blood, might contribute to a more inhibitory production
of IFN-y as seen in the present study. It is known that
two of IL-10 inhibitory actions are on IFN-y produc-
tion from T lymphocytes and on IL-12 mediated IFN-y
pathway [22,23].

Using whole blood model, Elenkov et al. [12] did not
show effect of estradiol nor progesterone on the produc-
tion of IL-10, IL-12 or TNF-0 in LPS-stimulated whole
blood. Nonetheless, they showed that LPS-stimulated
whole blood from pregnant women produces less IL-
12 and TNF-o from postpartum counterparts. In the
present study, a combination of PHA+LPS was used
to stimulate whole blood and revealed higher IL-12,
IFN-y and IL-10 production levels at preovulatory
levels of estradiol and even higher IL-10 levels at
estradiol concentrations during pregnancy. It was
observed by the author [15] and others that: (1)
1ug/ml of LPS did not induce IFN-y production more
than unstimulated whole blood (basal level)[13,15],
(2) monocytes are the primary source of IL-12, IL-10
and TNF-a in LPS-stimulated whole blood assay [14],
and (3) PHA+LPS-stimulated whole blood produced
significantly more IL-10 and TNF-a levels than LPS
alone [15]. These observations with the data from the
present study suggest that estradiol increased IL-10
production was mainly from stimulated lymphocytes
but not monocytes. Furthermore, PHA is a mono-
cyte-dependent T cell stimulus where it acts on both
monocytes and lymphocytes and probably an enhanced
signal from estradiol-stimulated lymphocyte increased
the production of IL-12. It is known that IFN-yacts as a
positive feedback on monocytes/macrophages to secrete
more IL-12 [23]. A recent work by Maruyama et al have
shown that induction of IL-12 p40 gene (but not IL.-12
p35 gene) is regulated by NF-kappa B in the presence
of IFN-y, in which IFN induces IFN-regulatory factor
which in turn induces the transcription of IL-12 p40
gene [24]. Therefore, estradiol (at preovulatory con-
centrations) enhances the production of IFN-y from
stimulated T cells, which could be through estrogen
response enhancer at the promoter region [25], and
thereby it stimulates IL-12 production from monocytes/
macrophages [23]. It has been shown that IL-12 can
prime T cells for high IL-10 production [26], which

then inhibits IL-12 induced T cell responses. However,
what kept IL-10 increasing in high estrogen-stimulated
blood cells is still to be identified.

The present study showed that hydrocortisone sup-
pressed the production of Th1 more than Th2 cytokines
as it showed more inhibitory action towards the produc-
tion of IFN-y. This was also seen in other studies [18].
However, the present study also showed that estradiol
at preovulatory concentrations can reverse the sup-
pressive effect of hydrocortisone on IFN-y, IL-12 and
IL-10 productions. The data here add that the balance
between hormones also regulate cytokines production
from stimulated leukocytes [27]. In pregnancy, how-
ever, cortisol and estradiol levels are increased [12].
The present study showed that these hormones cause
a shift towards Th2 cytokine response by decreasing
IFN-y/IL-10 ratio and therefore keeping Th2 cytokines
favored during pregnancy.

In summary, the present study shows that those preg-
nancy estradiol concentrations (and higher) enhance
and reduce IL-12 and IFN-y levels from stimulated
whole blood cells. Because of the known IL-10 inhibi-
tory actions on Th1 cells and monocyte/ macrophages,
these high IL-10 levels keep Th2 cytokines favored dur-
ing pregnancy. Although, progesterone did not affect
IL-10 levels, it was recently shown that it promotes the
production of IL-4 [19]. Therefore, these two hormones
keep Th2 cytokines more dominating during pregnancy
and might be useful in shifting Th1-mediated autoim-
mune diseases towards non-pathogenic Th2 pathway.
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