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Introduction

Summary

Glucocorticoid (GC) is often given when preterm delivery is expected.
This treatment is successful in stimulating the development of the fetal
lung. However, reports and related research regarding the prolonged
effects of prenatal GC on the development of immunity are very limited.
Some data, derived from infants whose mothers were given immunosup-
pressants during pregnancy for the treatment of autoimmune disorders,
suggest that prenatal exposure to GC may have only a limited effect on
the development of the immune system. What is unknown is whether the
immune modulation effects of prenatal GC might appear at a later child-
hood stage and beyond. Here we evaluated the immune programming
influenced by prenatal GC. Pregnant Sprague-Dawley rats received dexa-
methasone (DEX; 0-1 mg/kg/day) or saline at gestational days 14-20.
Male offspring were killed at day 7 or day 120 after birth. Spleens were
collected for immune study. Of the inflammation mediators, matrix
metalloproteinase-9, tumour necrosis factor-a (ITNF-a) and granulocyte—
macrophage colony-stimulating factor mRNAs decreased in the prenatal
DEX group at an early stage after birth. Upon concanavalin A stimula-
tion, prenatal DEX treatment reduced TNF-a production, but not inter-
feron-y production, by splenocytes at day 120 after birth compared with
the vehicle group. Decreased levels of active chromatin signs (acetylation
of histone H3 lysines, H3K4mel/3, and H3K36me3) in TNF-a promoter
were compatible with the expressions of TNF-a. Our results suggest that
prenatal DEX has a profound and lasting impact on the developing
immune system even to the adult stage. Epigenetic histone modifications
regulate TNF-a expression following prenatal DEX in rats.
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decreased T-cell proliferation in cord blood of preterm
infants born after prenatal GC. However, the program-

During the course of human pregnancy, glucocorticoid
(GC) treatment is often given when preterm delivery is
expected. This treatment is successful in maturing the
fetal lung and decreasing the occurrence of respiratory
distress syndrome. However, in animal studies, some
side-effects with regards to prenatal GC treatment have
been described. The immune system is sensitive to GC
treatment. In humans, the effects of prenatal GC treat-
ment on the development of the immune system have
only been evaluated in small series. Kavelaars et al.'
reported enhanced natural killer cell activity and
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ming effects of prenatal GC on immunity have not been
well studied. There have only been a limited number of
studies showing the immune modulatory effects of prena-
tal GC in infants; these were observed in infants whose
mothers were given immunosuppressants during preg-
nancy for the treatment of autoimmune disorders. Leuco-
cyte count, sub-populations and antibody production
were not different between the exposed babies and the
babies that were not exposed.”® Studies also showed that
the ability of infant leucocytes to produce cytokines
[interleukin-2 (IL-2), interferon-y (IFN-7y)] is not altered
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with prenatal GC treatment.>* Prenatal GC was also
shown to not influence the lymphocyte apoptosis in pre-
term neonates.” Hence prenatal exposure to GC seems to
only have a limited effect on the developing immune sys-
tem of humans. However, what remains unknown is
whether these effects may appear at a later childhood
stage and even beyond. To address these questions, we
attempted to evaluate the immune programming influ-
enced by prenatal GC.

Materials and methods

This study was carried out in strict accordance with the
recommendations outlined in the Guide for the Care and
Use of Laboratory Animals of the National Institutes of
Health. The protocol was approved by the Institutional
Animal Care and Use Committee of the Kaohsiung
Chang Gung Memorial Hospital. Virgin Sprague-Dawley
(SD) rats (12-16 weeks old) were obtained (BioLASCO
Taiwan Co., Ltd., Taipei, Taiwan), and then housed and
maintained in a facility accredited by the Association for
Assessment and Accreditation of Laboratory Animal Care
International. Male SD rats were caged with individual
females until mating was confirmed. Pregnant SD rats
received intraperitoneal dexamethasone (DEX) (0-1 mg/
kg body weight) or vehicle (normal saline) daily from
gestational days 14 to 20 to conduct a prenatal DEX
exposure model. Male offspring were assigned to two
groups (n =6 to n = 8/group): vehicle and DEX. Rats
were killed at 7 or 120 days after birth to assess the
short-term and long-term effects of prenatal DEX at the
early child and adult periods, respectively. Both body-
weight and spleen weights were assessed after death. The
spleens were then used for further studies.

Histological examination

Immediately after the rats were killed, the spleen were
harvested, stored in saline on ice, and dissected from the
surrounding tissues. Then the spleen was fixed in 10%
formalin neutral buffer solution, pH 7-4 (Wako Junyaku,
Osaka, Japan). Four-micrometer-thick sections were made
and stained with haematoxylin and eosin for morphomet-
ric analysis. Images were captured with a mounted digital
camera under a 10 x objective of a Nikon Eclipse E600
microscope (Nikon, NY).

Cell culture and drug treatment

Splenocytes were separated from the whole spleen as fol-
lows in brief: the spleen was washed with PBS and
pressed with a syringe plunger through 70pum nylon mesh
(BD Biosciences, San jose, CA). Erythrocytes were lysed
by exposure to distilled water for 15 seconds, and the
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remaining splenocytes were washed with PBS. All spleen
cells were counted and 2 x 10° cells/ml were plated in
24-well plates in enriched medium (RPMI-1640 medium
supplemented with 1% non-essential amino acids, 1%
pyruvate, 10% heat-inactivated fetal bovine serum and
antibiotics). Cultured splenocytes were then stimulated
with or without 5 pg/ml of concanavalin A (Con A). The
cell pellets were collected at the indicated times and pro-
cessed for mRNA detection or protein analysis and cul-
ture supernatants were analysed for secretory TNF-o/IFN-
7 detection with ELISA (Biolegend, San Diego, CA).

Western blot

PRO-PREP kit (iNtRON Biotechnology, Seoul, Korea) was
used to extract total proteins from frozen tissue samples.
Fifty-milligram tissue samples were homogenized in 600 pl
of PRO-PREP solution and were incubated for 30 min on
ice for cell lysis. Homogenized solution was centrifuged at
23000 g for 5 min at 4° and the supernatant was transferred
to a fresh 1-5-ml tube. Protein concentrations were deter-
mined by using a Bio-Rad Protein Assay kit (Bio-Rad, Her-
cules, CA). For Western blotting assay, protein samples
were incubated with SDS loading buffer (10 mwm Tris—HCI,
pH 6-8, 1% SDS, 25% glycerol, 0-1 mm f-mercaptoethanol,
and 0-03% bromophenol blue), boiled for 5 min, and sub-
jected to 10% (weight/volume) SDS-PAGE. After being
transferred to a PVDF membrane (NEF1002001PK; Perkin
Elmer, Waltham, MA) and blocked with Tris-buffered
saline Tween 20 (T-TBS) containing 5% dry milk, the
membranes were then incubated overnight with the follow-
ing anti-rat antibodies: p-p38, total p38 (Santa Cruz
Biotechnology, Santa Cruz, CA), nuclear factor-xB
(NF-xB), c-Jun, phosphorylated Jun N-terminal kinase
(p-JNK), phosphorylated extracellular signal-regulated
kinase (p-ERK) and total ERK (Abcam, Cambridge, UK),
protein kinase Co. (PKCa; BD Biosciences PharMingen, San
Diego, CA); and PKCp (BD Biosciences) diluted 1 : 200 in
TBS containing 1% skimmed milk. After five washes with
0-1% T-TBS, the membranes were incubated for 2 hr with
peroxidase-labelled secondary antibody diluted 1 : 1000 in
T-TBS. After washes with T-TBS, the membranes were
developed using an enhanced chemiluminescence Plus kit
(NEL105001EA; PerkinElmer) for Chemi Doc system (Bio-
Rad) exposure and images were scanned. Images were anal-
ysed using QUANTITY ONE software (Bio-Rad). All Western
blotting was performed for at least six separate experiments.

Reverse transcription- PCR

In brief, total RNA was extracted from the spleen tissue
with a Trizol Reagent (#15596-018; Invitrogen, Carlsbad,
CA). A 5-pg sample of total RNA was reversed-
transcribed with 200 U of Moloney murine leukaemia
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virus reverse transcriptase (#28025-021; Invitrogen) in
20 pl of total reaction volume containing reverse trans-
criptase buffer, random primer, dNTP and RNase
inhibitor. PCR was performed in 20 pl of total reaction
volume containing 2 pg of ¢cDNA, primers specific for
IL-1, IL-8, matrix metalloproteinase 9 (MMP-9),
tumour necrosis factor-o (TNF-o), granulocyte-macro-
phage colony-stimulating factor (GM-CSF) and f-actin;
2:5mMm MgCl: and Maxima SYBR Green/Fluorescein
qPCR Master Mix (2x) (no. K0242; Thermo Scientific,
San Jose, CA). The cycling protocol consisted of one
cycle of 10 min at 95° followed by 45 cycles of dena-
turation for 10 seconds at 95°, annealing for 20 seconds
at 55° and extension for 20 seconds at 72°. The prim-
ers were as follows:
TNF-o: 5-GGCTGCCCCGACTACGT-3' (sense) and 5'-A
GGGCAAGGGCTCTTGATG-3' (antisense).
IL-1: 5-GCACCTTCTTTTCCTTCATCTTTG-3' (sense)
and 5'-TGCAGCTGTCTAATGGGAACAT-3" (antisense).
IL-8: 5'-TGCACCCAAACCGAAGTCATAGCC-3' (sense)
and 5-GCGTTCACCAGACAGACGCCA-3' (antisense).
MMP-9: 5'-TCACGGAGGAAGCCAATTG-3' (sense) and
5'-CTTGGACTGCGGATCCTCAA-3' (antisense).
GM-CSF: 5-ATGGCGCCTTGACCATGATA-3" (sense)
and 5-ATGAAATCCTCAAAGGTGGTGACT-3' (anti-
sense).
p-actin: 5'- TACTGCCCTGGCTCCTA-3’ (sense) and
5'- GGGCCGGACTCATCGTA-3' (antisense).

Serial dilutions of the standard cDNA were also used
for parallel amplifications. The threshold cycles (C,) were
calculated with LicuTCycLER software (ver. 1.5.0; Roche,
Basel, Switzerland). Standard curves are plotted with Ci-
versus-log cDNA quantities, and the quantities of samples
were determined from the standard curves. For the rela-
tive quantification of gene expression, the comparative
threshold cycle (Cr) method was employed. The averaged
Cr was subtracted from the corresponding averaged [-
actin value for each sample, resulting in ACyt. AACy was
achieved by subtracting the average control ACr value
from the average experimental ACr. The fold increase
was established by calculating 2722% for experimental
versus control samples as previously described.®

Histone deacetylase/histone  acetyltransferase activity
determination

For nuclear fractions, protein lysates were extracted from
spleen tissues using the EpiQuik Nuclear Extraction kit
(Epigentek, Brooklyn, NY), quantified, and then normal-
ized to the same concentration. The measurement of
histone deacetylase (HDAC) and histone acetyltransferase
(HAT) activities were performed using HDAC or HAT
(Epigentek) activity assay kits based on the manufac-
turer’s instructions.
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Chromatin immunoprecipitation

Fifty milligrams of spleen tissue was cut into small
pieces, fixed by addition of 900 pl of warmed 1% form-
aldehyde (37°) and then incubated for 10 min at room
temperature. The cross-linking was stopped by addition
of 100 pl of 125 mm glycine for 5 min at room temper-
ature, followed by centrifugation and washing the pellet
twice with ice-cold PBS. Chromatin immunoprecipita-
tion assay (ChIP) was performed using the EZ-Magna
ChIPTM A kit (Cat# 17-408; Millipore, Billerica, MA)
according to the manufacturer’s directions. DNA was
sheared by sonication to an average length of 200-
1000 bp and 5 pl of the supernatant was removed as
‘Input’ and saved at 4°. The supernatant (containing
50 pl chromatin DNA, 450 pl dilution buffer/protease
inhibitor and 20 pl protein A magnetic beads) was incu-
bated overnight at 4° with 5 png of the antibodies indi-
cated in the immunoprecipitations. Antibodies used in
the immunoprecipitations were specific for acetyl histone
H3 (#06-599), acetyl histone H3 lysine 4/lysine 9 (Cell
Signaling, Danvers, MA, #9677), monomethyl histone
H3 lysine 4 (Abcam, ab8895), trimethyl-histone H3
lysine 4 (Abcam, ab8580), trimethyl-histone H3 lysine
36 (Abcam, ab9050). The immunoprecipitated DNA was
then eluted in a total volume of 50 pl and was ampli-
fied and quantified by real-time PCR, which was
performed with an annealing temperature of 57° for a
total of 45 cycles. The primer of Rat TNF-a promoter-
1: Forward 5-CAGAAGCTTCGTGGAAAACTCA-3’ and
Reverse 5'-GAATTCACGGACCCCACAAG-3'; Rat TNF-o
promoter-2: Forward 5-CGTTGAGTCTCCCCCCTTAT
G-3' and Reverse 5-TGTCCGTTCCCCTTTGATTTC-3;
Rat TNF-o promoter-3: Forward 5'-GGTGAGGACGGAG
AGGAGATT-3' and Reverse 5'-TGGGAGTTAGTACCA
GGGTGTTC-3'. Results were expressed as fold over con-
trol or percentage of control.

Statistics

Data were expressed as mean =+ standard error of the
mean. Mann—-Whitney U-test was used when two groups
were analysed. Results with a P-value < 0-05 were consid-
ered to be statistically significant. All statistical tests were
performed using spss 15.0 for Windows XP (SPSS, Inc.,
Chicago, IL).

Results
Prenatal DEX treatment induced relative
splenomegaly

As shown in Table 1, the litter size and male pup mortal-
ity rate were not different between these two groups. The
DEX group had a lower birth bodyweight (BW) than the
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Table 1. Pregnancy outcome following fetal exposure to dexametha-
sone (DEX; mean + SE)

Vehicle Prenatal DEX P

Gestation length (days) 2295 £ 0-16 2263 £0-14 NS

Litter size 12-38 + 0-93 10-79 £ 0-62 NS

Stillbirth/litter 0-11 & 0-08 0-17 £0-11 NS

Sex ratio (F/M) 1-28 + 0-16 117 £ 0-13 NS

Pup body weight at birth 7-97 £ 0-15 592 £ 0-12  0-001
(8

Pup spleen weight at day 0-08 + 0-00 0-11 £ 0-01  0-001
7 (g)

Pup body weight at day 7 14-59 + 0-28  13-58 £ 0:38 NS
(8

Pup spleen weight/body 0-53 £ 0-03 0-86 £ 0-04  0-001
weight at day 7

Pup spleen weight at day 0-73 £ 0-01 0-91 £+ 0-04  0-003
120 (g)

Pup body weight at day 512-05 £ 10-82 540-75 &+ 19-77 NS
120 (g)

Pup spleen weight/body 0-14 £ 0-00 0-17 £ 0-01  0-002

weight at day 120

vehicle group (592 + 0-12 versus 797 £ 0:15 g,
P =0-001). But there was no difference regarding BW at
day 7 and day 120 between these two groups. The aver-
age spleen weight of pup of DEX group was more than
the vehicle group both at day 7 (0-11 £ 0-01 versus
0-08 £ 0-00 g, P =0-001) and day 120 (0-73 £ 0-01
versus 0-91 £ 0-04 g, P = 0-003). After correcting for
BW, the DEX group still had higher spleen weight-to-BW
ratios than the vehicle group both at day 7 (0-86 £ 0-04
versus 0-53 4+ 0-03, P = 0-001) and day 120 (0-17 & 0-01
versus 0-14 + 0-00, P = 0-002).

Prenatal DEX treatment induced impaired spleen
follicle development

Regarding immunohistochemistry stain, there were fewer
developed follicles in the DEX group than in the vehicle
group at day 120 (Fig. 1).

Prenatal DEX treatment decreased several splenic
pro-inflammatory mediator mRNA expressions even
at long-term stage

At first, we compared the pro-inflammatory mediator
(IL-1, IL-8, MMP-9, TNF-o and GM-CSF) mRNA expres-
sions between vehicle and DEX groups both at short-term
and long-term stages. Of the inflammation mediators, the
MMP-9, TNF-oo and GM-CSF mRNA was decreased in
the DEX group at the early stage (Fig. 2a,b,d). At the
long-term stage, only MMP-9 mRNA was decreased in
DEX group (Fig. 3d).
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Figure 1. The haematoxylin & eosin staining of rat spleens. Repre-
sentative blot of (a) vehicle, (b) prenatal dexamethasone (DEX)
group of spleen of day 120.

Prenatal DEX decreased TNF-a production of
cultured splenocytes at long-term stage

Then we isolated and stimulated the splenocytes with
Con A for 72 hr. The culture supernatants were then col-
lected and indicated for TNF-o production. As shown in
Fig. 4(a), rat splenocytes at day 7 had only limited TNF-o
production ability. There were no significant differences
regarding TNF-a production between the vehicle and DEX
groups at day 7 (vehicle versus prenatal DEX: 28-4 + 2-3
versus 25-3 &+ 4-1 pg/ml; P = 0-103). The TNF-o produc-
tion ability of splenocyte was fully matured at day 120.
When compared with vehicle, the DEX group showed
depressed TNF-o production at the long-term stage (vehi-
cle versus prenatal DEX: 140-3 £ 144 versus 83-1 +
10-6 pg/ml; P =0:-012) (Fig. 4b). When TNF-o mRNA
expressions of cultured splenocytes were investigated, the
DEX group also showed a greater decrease in TNF-a
mRNA expression than the vehicle group upon Con A
stimulation (vehicle versus DEX: 1-0 & 0-2 versus 0-6 &
0-1 fold; P =0-028) (Fig. 4c). Hence, the suppressed
TNF-a production in the DEX group was partly through
transcriptional regulation.

Prenatal DEX treatment did not decrease IFN-y
production of cultured splenocytes

Pro-inflammatory mediators (IL-1f, IL-8, MMP-9, TNEF-
o and GM-CSF) represent the innate immune response,
so IFN-y was determined to represent adaptive immune
manifestation. After splenocytes were stimulated with

© 2014 John Wiley & Sons Ltd, Immunology, 143, 651-660
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Figure 2. Quantitative RT-PCR analysis of expression of pro-inflammatory mediator mRNA in the spleens of vehicle and dexamethasone (DEX)

groups in the short-term. Representative RT-PCR analysis of (a) tumour necrosis factor-o. (TNF-u), (b) granulocyte-macrophage colony-stimulat-
ing factor (GM-CSF), (¢) interleukin-8 (IL-8), (d) matrix metalloproteinase 9 (MMP9), (e) IL-1f mRNA levels of the spleens of vehicle and DEX
groups at day 7. Data presented were calculated from eight replicate experiments. *vehicle vs DEX, P < 0-05.
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Figure 3. Quantitative RT-PCR analysis of expression of pro-inflammatory mediators mRNA in the spleens of vehicle and dexamethasone (DEX)
groups in the long-term. Representative RT-PCR analysis of (a) tumour necrosis factor-o. (TNF-a), (b) granulocyte-macrophage colony-stimulat-
ing factor (GM-CSF), (c) interleukin-8 (IL-8), (d) matrix metalloproteinase 9 (MMP9), (e) IL-1f mRNA levels of the spleens of vehicle and DEX
groups at day 120. Data presented were calculated from eight replicate experiments. *vehicle vs DEX, P < 0-05.

Con A for 72 hr, the culture supernatants were indicated
for IFN-y production. As shown in Fig. 5, the DEX group
showed comparable IFN-y production to the vehicle
group both at early stage (vehicle versus DEX: 63-1 &+ 7-6
versus 98-2 £ 15-7; P = 0-18) and long-term stage (vehi-
cle versus DEX: 2234-5 £ 696-8 versus 2061-1 &£ 261-8;
P = 0.94) (Fig. 5).

© 2014 John Wiley & Sons Ltd, Immunology, 143, 651-660

PKCa and PKCP were increased in the short-term but
decreased in the long-term with prenatal DEX
treatment

Since  TNF-o. mRNA was suppressed with prenatal
DEX treatment, upstream signal molecules of TNF-o
mRNA were investigated in further experiments. With
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Figure 4. Effects of prenatal dexamethasone (DEX) treatment on tumour necrosis factor-oo (TNF-o) production of cultured splenocytes. Isolated

splenocytes from the vehicle and DEX groups at (a) day 7 or (b) day 120 were suspended to 2 x 10%ml in 24-well plates then treated with
5 pg/ml of concanavalin A (Con A). The culture supernatants were collected at 72 hr and then indicated for TNF-u detection with ELISA. The
scales of the y-axes were different between day 7 and day 120. (c) The cell pellets were collected for TNF-o mRNA expression with RT-PCR. The
data shown are from six replicated experiments. *vehicle vs DEX, P < 0-05.
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Figure 5. Effects of prenatal dexamethasone (DEX) treatment on interferon-y (IFN-y) production of cultured splenocytes. Isolated splenocytes

from the vehicle and DEX groups at (a) day 7 or (b) day 120 were suspended to 2 x 10%/ml in 24-well plates then treated with 5 pg/ml of Con-
canavalin A (Con A). The culture supernatants were collected at 72 hr and then indicated for IFN-y detection with ELISA. The scales of the y-
axes were different between day 7 and day 120. The data shown are from six replicate experiments.

Western blot, we found that the p-p38, NF-xB, c-Jun,
p-JNK and p-ERK protein expressions were no different
between the vehicle and DEX groups (Fig. 6). However,
the total ERK protein was more abundant in the
DEX group at an early stage. The PKCx and PKCp
proteins were increased in the short-term but
decreased in the long-term with prenatal DEX treatment
(Fig. 6).

Prenatal DEX treatment decreased HDAC but not
HAT activity of rat spleen

Histone acetylation and deacetylation enhances and
represses gene transcription, respectively. Acetylation and
deacetylation of histone is through the enzymatic activity
of HAT and HDAC. Then we investigated the effects of
prenatal DEX on the HAT and HDAC activity of rat
spleen. Prenatal DEX treatment had limited effects on
both HAT and HDAC activity compared with vehicle in
the short-term (data not shown). But prenatal DEX
treatment decreased HDAC but not HAT activity of rat
spleen in the long-term (relative folds of HDAC activity;
vehicle versus prenatal DEX: 1 £ 0-04 versus 0-9 £ 0-02;
P = 0-04) (Fig. 7).
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Prenatal DEX-induced TNF-a decrease is associated
with histone H3 modifications

Spleen tissue treated with/without prenatal DEX

Chromatin immunoprecipitation assays were performed
on the nuclear extracts by using antibodies directed against
acetyl-histone H3 (total Lys sites) and acetyl-histone H3
(Lys 9/Lys 14). Quantitative real-time PCR analysis was
used to determine the percentage of TNF-o promoter input
DNA that was bound to these proteins. We designed three
pairs of TNF-o promoter primers for the ChIP study.
Because prenatal DEX caused a TNF-a transcript difference
from vehicle in the long-term, spleen tissues from the
long-term stage were chosen for the ChIP study. We found,
among the three TNF-a promoters, only the TNF-o pro-
moter 3 (within 240 bp upstream of exon) was responsible
for a significant acetylation change of histone H3 by prena-
tal DEX (Fig. 8a). Prenatal DEX treatment resulted in a
total histone H3 acetylation decrease for TNF-o promoter
3 (Fig. 8a). Prenatal DEX treatment also resulted in a
decrease in H3K9/K14 acetylation (Fig. 8b).

Then we attempted to investigate whether promoter his-
tone H3 lysine methylation plays a role in prenatal DEX-

© 2014 John Wiley & Sons Ltd, Immunology, 143, 651-660
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Figure 6. The tumour necrosis factor-o (TNF-u) -associated signal molecules expression with prenatal dexamethasone (DEX) treatment. (a) Sple-

nic tissue lysates from vehicle and DEX groups were analysed by Western blotting with the indicated antibodies. The results were representative

of six replicate experiments. (b) Plots illustrate the TNF-a-associated signal molecule expressions of spleen from vehicle and DEX groups at day 7
and day 120. Data presented were calculated from six replicate experiments. *P < 0-05.

related transcriptional decrease of TNF-u in rat spleens. The
methylated histone H3K4 correlates with transcriptionally
competent chromatin and is associated with active genes.”®
H3K4me levels of TNF-a promoter were assessed by ChIP
assays with H3K4mel, H3K4me3 or H3K36me3 antibodies.
Similarly, among the three TNF-o promoters, only the TNF-
o promoter 3 was responsible for significant methylation
change of histone H3 by prenatal DEX. H3K4mel/3 and
H3K36me3 levels in the TNF-a promoter were decreased in

© 2014 John Wiley & Sons Ltd, Immunology, 143, 651-660

rat spleens from prenatal DEX treatment (Fig. 9). These
decreases in promoter H3K4mel/3 and H3K36me3 levels
correlated with the decreased expression of TNF-o.

Discussion

Here we evaluated the immune programming influenced
by prenatal DEX treatment. The mRNA expression of
pro-inflammation mediators was influenced by prenatal
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Figure 7. Prenatal dexamethasone (DEX) treatment decreased histone deacetylase (HDAC) but not histone acetyltransferase (HAT) activity of rat
spleen at the long-term stage. Bar graphs showing (a) HAT activity and (b) HDAC activity of prenatal DEX group relative to vehicle. Results

were expressed as fold difference over vehicle (mean + SEM; *P < 0-05; n = 6).
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Figure 8. Histone H3 lysine acetylation levels at the tumour necrosis factor-o. (TNF-o) promoter of spleen with/without prenatal dexamethasone
(DEX) treatment. Bar graphs showing (a) the total H3 lysine acetylation levels at different TNF-a promoters. (b) H3K9/K14 acetylation level of
prenatal DEX group relative to vehicle at the TNF-a promoter 3. Chromatin immunoprecipitation assays were performed with H3K4/K9 acetyla-

tion antibody. Results were expressed as fold difference over vehicle (mean + SEM; *P < 0-05; n = 6)

DEX treatment both at the early and long-term stages.
Upon Con A stimulation, prenatal GC treatment reduced
the TNF-a but not IFN-y production of splenocytes at
the long-term stage. This suggests that prenatal DEX
treatment has a profound impact on immune program-
ming, especially for innate immunity.

Wistar rats and Sprague-Dawley rats are now the most
commonly used laboratory animals worldwide. This rat
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model is widely used for toxicology, teratology, experi-
mental oncology, experimental gerontology, cardiovascu-
lar research and immunology studies.”'® Since there are
many differences in anatomy, physiology and develop-
ment between different species, verification of the phase
in days of the animal and its correlation with age in years
of humans is necessary. Rats have a brief and accelerated
childhood compared with humans and become sexually

© 2014 John Wiley & Sons Ltd, Immunology, 143, 651-660
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Figure 9. Histone H3 lysine methylation levels at the tumour necrosis factor-a (TNF-a) promoter of spleen with/without prenatal dexamethasone
(DEX) treatment. Bar graphs showing the (a) H3K4mel, (b) H3K4me3 and (c) H3K36me3 levels of prenatal DEX group relative to vehicle at the
TNF-o promoter. Chromatin immunoprecipitation assays were performed with H3K4mel, H3K4me3 and H3K36me3 antibodies. Results were

expressed as fold difference over vehicle (mean + SEM; *P < 0-05; n = 6).

mature at about 6 weeks of age. When considering the
different phases of a rat’s life, we chose day 7 and day
120 of the rat to represent the infant and adult stages,
respectively.’

Prenatal exposure to GC seems to only have a limited
effect on the developing immune system of humans.””
However, these scant data are only limited to infants. We
did not know whether the immune modulation effects of
prenatal GC would appear at a later childhood stage and
perhaps even beyond. Here we evaluated how immune
programming was influenced by prenatal DEX treatment.
Our study had two important findings. First, although
the TNF-o production between vehicle and DEX group
was not different in the short-term, the mRNA of several
pro-inflammatory mediators (TNF-z, GM-CSE, MMP-9)
was suppressed by prenatal DEX treatment. The cytokine
production difference between the vehicle and DEX
groups might be masked by immature immunity at the
short-term stage. We found that the splenocytes of the
DEX group had impaired TNF-o production compared
with vehicle at the long-term stage. This suggested that
prenatal DEX treatment has a profound and lasting
impact on the developing immune system even to adult-
hood. This unique finding is first reported in the related
literature and worthy of our attention. Second, innate
immunity seems more susceptible to prenatal DEX treat-
ment than adaptive immunity. The immune system is
composed of innate and adaptive immunity. In general,
innate immunity refers to relatively non-specific defence
mechanisms that are able to respond immediately or
within hours to the chemical properties of an antigen."'
Many pro-inflammatory cytokines are released by cells of
the innate immune system upon stimulation such as IL-
1f, IL-8, TNF-x and GM-CSE."*'* In contrast, adaptive
immunity refers to the antigen-specific immune response,
including the development of immunological memory.
Adaptive immune responses are generated by clonal selec-
tion of lymphocytes and need a longer period of time to
learn.'® Interleukin-2 and IFN-y are generally considered
to be characteristic of the adaptive immune response of T

© 2014 John Wiley & Sons Ltd, Immunology, 143, 651-660

helper type 1."77'° The T helper type 1 immune response
activates the macrophages and induces B cells to make
corresponding antibodies, and this leads to cell-mediated
immunity.'® GC was known to have a direct inhibitory
effect both on innate and adaptive immunity. The effects
of GC on the innate immune system include phagocyte
function impairment and decreased production of pro-
inflammatory mediators.”***' For adaptive immunity, GC
impaired a variety of T-cell functions, cytokine produc-
tion (such as IL-2, IFN-y), and induced T-cell apopto-
sis.”> However, study about the effects of prenatal GC on
developing immunity is limited. From our data, the TNF-
o production but not IFN-y was diminished in the DEX
group in the long-term. This suggests that innate immu-
nity is more susceptible to prenatal DEX than adaptive
immunity. The impact of prenatal GC might leave off-
spring more vulnerable to pathogenic invasion even in
adult life.

GC was reported to inhibit inflammatory cytokines
secretion both by affecting gene transcription and post-
translational events.”»** In our study, the rat spleen
mRNA of TNF-o was diminished in the presence of pre-
natal DEX treatment. This suggests that prenatal DEX
treatment has, at least, transcriptional regulatory effects
on offspring.

Histone acetylation and deacetylation enhances and
represses gene transcription, respectively. In general, acet-
ylation of histone H3 lysines (H3KAc) is associated with
active gene transcription. H3KAc is mediated by HATs.
Inhibition of HAT and recruitment of HDAC2 to sites of
inflammatory gene transcription has been proposed to
explain the anti-inflammatory activity of steroids.*>?°
However, it is not known whether or not promoter his-
tone H3 lysine modification plays a role in prenatal DEX-
induced transcriptional change of TNF-o in the spleen.
Here we showed that prenatal DEX treatment led to the
decrease of H3 lysine acetylation and to diminishing of
H3K4mel/3, and H3K36me3 signs at the TNF-o pro-
moter in rat spleen. This suggests that a loss of the active

acetylation of the H3 lysines, H3K4mel/3 and
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H3K36me3, at least in part, contribute to a decrease in
the expression of TNF-o with prenatal DEX treatment.

Multiple functions have been ascribed to PKC, including
transcription regulation, immune responses, cellular growth
regulation and roles in learning and memory. DEX regu-
lated the PKC protein expression and activity variously
depended on administration dose, timing and cell types.””
* In our study, we found early enhancement and late atten-
uation of PKCo/PKCf proteins of the spleen by prenatal
DEX treatment. In fact, PKC have dual effects on TNF-o
regulation.’®>* Hence, late attenuation of PKCo/PKCf
proteins of the spleen by prenatal DEX exposure might con-
tribute the depressed pro-inflammatory mediators. The
early enhancement of PKCo/PKCp proteins of the spleen by
prenatal DEX treatment may be just a compensation mani-
festation. The exact mechanism regarding the regulation of
the PKC protein clearly requires further investigation.

During pregnancy, GC is often given when preterm
delivery is expected. This treatment is successful in stimu-
lating the development of the fetal lung. However, reports
about the prolonged effects of prenatal GC on the devel-
opment of the immune system itself are rather limited.
Our results suggest that prenatal GC has a profound
effect on the innate immune system, more so than the
adaptive immune system. The impact of prenatal GC
might leave offspring more vulnerable to pathogenic inva-
sion even in adult life. However, this study was an animal
model in rats and different doses of GC account for dif-
ferent impacts on the respective immune systems. Hence
further clinical evaluation and observation of the individ-
uals who had received prenatal DEX treatment in the real
world are necessary to verify our study results.
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