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Abstract
Our previous studies demonstrated that prenatal caffeine exposure (PCE) caused thymopoiesis inhibition, immune disor-
ders, and airway remodeling in offspring, which raises the question of whether PCE is a risk factor for postnatal asthma. 
Meanwhile, the mechanism of PCE-induced thymopoiesis inhibition is not clear yet. Considering caffeine’s pro-autophagy 
effects (lacking evidence in thymus) and the important role of autophagy in maintaining thymopoiesis, this study aimed to 
investigate whether PCE contributes to asthma susceptibility, and further explore the molecular mechanisms of thymopoie-
sis inhibition from the perspective of pro-autophagy effects of caffeine both in vivo and in vitro. The PCE mouse model 
was established by 96 mg/kg/day caffeine administration from gestational day (GD) 9–GD 18, and an asthma model was 
established on the offspring by ovalbumin sensitization and challenge. The results confirmed our hypothesis that PCE could 
suppress pulmonary CD4+T development and aggravate allergen-induced asthma symptoms in the offspring. In fetuses, PCE 
significantly suppressed A2AR–PKA signaling, upregulated Beclin1–LC3II autophagy, promoted Bcl10 degradation, reduced 
A20 expression, and inhibited CD4+T thymopoiesis. Similar results were also observed in 4 µM caffeine-treated thymocytes 
in vitro. Moreover, inhibiting A2AR by antagonist (SCH 58261) performed the same downstream biological effects as caf-
feine treatment, and autophagy inhibitor (BafilomycinA1) clearly abolished the caffeine-induced Bcl10 degradation and 
A20 suppression. In conclusion, our findings, for the first time, showed that PCE could attenuate CD4+T thymopoiesis and 
suppress pulmonary CD4+T development by directly enhancing autophagy in thymocytes, and provided a firm experimental 
evidence that PCE is a risk factor for postnatal asthma.
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TGF	� Transforming growth factor
TNF	� Tumor necrosis factor

Introduction

Asthma, one of the most common airway inflammatory dis-
eases, affects approximately 300 million individuals world-
wide as of 2018 (GINA 2018). Considering that asthma is 
currently incurable, it is vital to identify and avoid the trig-
gers (GINA 2018). Epidemiological and experimental stud-
ies have linked asthma susceptibility to intrauterine growth 
retardation (IUGR), which refers to fetal development 
limitations due to adverse prenatal environments (Mu et al. 
2014). Caffeine, widely found in beverages, food, and some 
analgesic drugs, has been recognized as one of the major 
risk causes of IUGR (Heckman et al. 2010; Sengpiel et al. 
2013). Our and other labs have confirmed that the prevalence 
of various diseases was increased in the prenatal caffeine-
exposed (PCE) offspring with IUGR (Ping et al. 2012, 2014; 
Steck et al. 2015; Wang et al. 2014b). Our recent researches 
further revealed that PCE could cause immune disorders 
and airway remodeling in the offspring (Liu et al. 2017a, b). 
Consequently, we hypothesized that PCE is a risk factor for 
asthma susceptibility after birth.

CD4+T deviation is a well-established paradigm for 
asthma. Generally, both type 2 helper T-cells (Th2)/Th1 and 
Th17/regulatory T-cells (Tregs) are balanced under physi-
ological conditions, whereas Th2-bias and/or Th17-bias 
will polarize allergic responses (Liu et al. 2016). Despite 
our recent finding showed skewed splenic Th cytokine rep-
ertoires in PCE offspring, the effects of PCE on CD4+T 
deviation are still largely unknown and needed to be fur-
ther investigated (Liu et al. 2017a). It is well known that all 
these peripheral CD4+T subsets (Th1, Th2, Th17, and Tregs) 
are derived from CD4+T thymopoiesis. During pregnancy, 
the peripheral CD4+T network is not yet present in fetuses, 
whereas CD4+T thymopoiesis is well-established but just in 
the vulnerable state (Holt and Jones 2000). It was reported 
that thymocytes express A2 adenosine receptor (A2AR), a 
common caffeine receptor, which makes thymocyte a target 
of caffeine toxicity (Kiss et al. 2006). Therefore, the effects 
of PCE on fetal CD4+T thymopoiesis and the underlying 
mechanisms are also needed to be systematically studied.

Macroautophagy (herein referred to as autophagy) has 
two main stages: first, the autophagy-inducible molecules 
(such as Beclin1) trigger the autophagosome initiation; sec-
ond, the downstream components (such as LC3II) prolong 
and fuse the autophagosome. Recent reports have demon-
strated that autophagy is an important regulatory mecha-
nism in maintaining thymopoiesis (Oral et al. 2017). Both 
human and animal studies indicated that toxicant expo-
sures in pregnancy can trigger autophagy and potentially 

induce permanent changes in many physiological processes, 
resulting in increased disease susceptibility in the offspring 
(Huang et al. 2018; Mahemuti et al. 2018; Quan et al. 2017). 
Besides, firm evidence showed that caffeine can enhance 
autophagy signaling in multiple organs (Hughes et  al. 
2017; Mathew et al. 2014; Moon et al. 2014). Therefore, we 
hypothesized that caffeine may also upregulate autophagy 
activities and attenuate the thymopoiesis in PCE fetuses.

This study aimed to investigate PCE-caused pulmonary 
CD4+T abnormalities and asthma susceptibility in the off-
spring on the basis of our previous findings that PCE restrict 
fetal CD4+T thymopoiesis. The underlying mechanisms of 
PCE-induced CD4+T thymopoiesis inhibition were further 
explored by determining the autophagy signaling both in 
PCE fetal thymuses in vivo and in caffeine-treated primary 
thymocytes in vitro. This work will help, for the first time, 
provide evidence for the pro-autophagy effects of caffeine 
on thymocytes and the potential correlation between asthma 
susceptibility and PCE.

Materials and methods

Animals and treatments

Balb/C mice were obtained from the Experimental Center 
of Hubei Medical Scientific Academy (no. 2015-0018) 
and maintained under specific pathogen-free conditions in 
the Center for Animal Experiment of Wuhan University 
(AAALAC International). Experiments were approved by 
the Institutional Animal Care and Use Committee (IACUC) 
at Center for Animal Experiment of Wuhan University (AUP 
number: 2016009).

The PCE model was established as described before (Liu 
et al. 2017a) (Fig. 1a). Briefly, breeders at 8–10 weeks were 
mated on gestational day (GD) 0. From GD 9 to GD 18, 
pregnant mice were intragastrically administered 96 mg/
kg of caffeine (Sigma-Aldrich) per day. The control group 
received the same volume of saline. On GD 18, a batch of 
pregnant mice were killed under isoflurane anesthesia and 
then fetuses from ten dams (each dam 6–8 fetuses) per group 
were obtained and weighed. Three fetal thymuses per group 
were randomly selected for fixing in a 2.5% glutaraldehyde 
solution for transmission electron microscope (TEM) analy-
sis. The remaining fetal thymuses of the littermates were 
pooled together as one sample for subsequent analysis.

For the postnatal experiments, the pregnant mice were 
kept until normal delivery. When the offspring matured to 
adolescence, an asthma model was established. Briefly, off-
spring were divided into four groups (8–10 mice/group): 
prenatal control/saline challenge (C/S), PCE/saline chal-
lenge (Ca/S), prenatal control/ovalbumin (OVA) challenge 
(C/O), and PCE/OVA challenge (Ca/O). The C/O and Ca/O 



1325Archives of Toxicology (2019) 93:1323–1335	

1 3

mice were sensitized intraperitoneally with 20 µg of OVA 
emulsified in 2 mg Imject Alum (Thermo) on postnatal day 
(PD) 42 and PD 56 and challenged with 100 µg OVA in 50 
µL PBS by intranasal administration for 3 consecutive days 
(PD 67–69). The C/S and Ca/S mice were sensitized and 
challenged with PBS at each time-point. 48 h after the final 
OVA/PBS challenge, half animals were performed pulmo-
nary function test. Others were killed to collect lungs for 
subsequent analysis.

Flow cytometry analysis of fetal thymocytes

Single thymocytes were obtained and surface stained 
(CD3-FITC, CD4-APC and CD8-PE-cy7) (eBioscience) 
as described before (Liu et al. 2017c). Data were analyzed 
and plotted using the FlowJo software. Three pooled thymus 
samples per group were used for detection as a three-time 
repeated experiment.

Western blotting

Proteins were prepared by lysis buffer and performed west-
ern blotting detection as described before (Liu et al. 2017c). 

The primary antibodies (anti-Beclin1, anti-LC3I, anti-
LC3II, anti-p62, anti-Bcl10, anti-PKA and anti-p-PKA) 
were obtained from Cell Signaling Technology. Glyceral-
dehyde phosphate dehydrogenase (GAPDH) was used as the 
loading control.

Co‑immunoprecipitation (Co‑IP)

Thymus was lysed with IP buffer and then mixed with the 
anti-p62-binding A/G and IgG binding beads, respectively. 
The beads with immunoprecipitation were pulled down by 
centrifugation at 3000×g for 5 min. Following four washes, 
the immunoprecipitation was eluted by boiling the beads in 
SDS-PAGE loading buffer. The Bcl10 and p62 levels in the 
thymus lysates (as input), the IgG immunoprecipitation, and 
the anti-p62 immunoprecipitation were analyzed by western 
blotting. The detection was repeated two times.

qPCR

Single-strand thymocyte cDNA was prepared and the qPCR 
was performed as described before (Liu et al. 2017a). A20 
expression was calculated with the ΔΔCt method and 

Fig. 1   The experimental flow 
diagram and the mechanism 
hypothesis for the present study. 
a Caffeine or saline was admin-
istered to pregnant mice from 
gestational day (GD) 9 to GD 
18. The postnatal asthma model 
was established by ovalbumin 
(OVA) sensitization and chal-
lenge, b caffeine inhibits A2AR 
on thymocytes and decreases 
PKA phosphorylation which in 
turn upregulates Beclin1–LC3II 
autophagy signaling followed 
by Bcl10 degradation and 
abnormal expression of A20 
in thymocyte during CD4+T 
thymopoiesis. The impaired 
CD4+T thymopoiesis finally 
results in CD4+T abnormalities 
in lungs and susceptibility to 
asthma after birth
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normalized based on the GAPDH mRNA content. The prim-
ers of A20 (forward: GGC​TGC​TTC​CTA​TGA​CTC; reverse: 
CAC​CTC​ACT​CCA​TCC​CTA​) and GAPDH (forward: AAC​
TTT​GGC​ATT​GTG​GAA​GG; reverse: GGA​TGC​AGG​GAT​
GAT​GTT​CT) were designed with Primer Premier 5.0 (PRE-
MIER Biosoft) and queried with the NCBI BLAST database 
for homology comparison.

Pulmonary function test

Anesthetized mice were intubated and mechanically ven-
tilated by a computer-controlled piston ventilator (Buxco 
FinePointe). Mice were then challenged with an aerosolized 
bronchoconstrictor, methacholine (Mch, Sigma-Aldrich), at 
increasing doses: 0, 3.125, 6.25, 12.5, 25, and 50 mg/mL. 
Airway hyper resistance (AHR) was calculated using the 
single compartment model. Individual AHR levels were 
normalized to their perspective baseline (0 mg/mL Mch).

Histological analysis

The left lungs were excised, fixed in 4% paraformaldehyde 
buffer, dehydrated, embedded, and sectioned. Paraffin-
embedded 5 µm sections were stained with hematoxylin and 
eosin (HE) and periodic acid-Schiff (PAS).

Cell counting and cytokine detection 
in bronchoalveolar lavage fluid (BALF)

BALF was collected by flushing lungs with 1.0 mL PBS 
containing 2% BSA. Cell smears were prepared by cyto-
spin and stained with Wright–Giemsa to distinguish inflam-
matory cells (eosinophils, neutrophils, and lymphocytes). 
200 cells were counted in each random location. In BALF 
supernatants, interferon (IFN)-γ, tumor necrosis factor 
(TNF)-α, interleukin (IL)-2, IL-4, IL-6, IL-10, and IL-17A 
were assayed by cytometric bead array kits (BD Biosci-
ence), and transforming growth factor (TGF)-β was meas-
ured by enzyme-linked immunosorbent assay kits (Dakewei 
Biotech).

Flow cytometry analysis of pulmonary CD4+T‑cells

The lungs of offspring (on PD 7, PD 21 and PD 42) were 
cut into pieces and incubated at 37 °C for 30 min in RPMI 
1640 media [1 mg/mL collagenase I (Invitrogen)]. After 

incubation, single cells were obtained through a 40 µm 
cell strainer. Red blood cells were lysed, and the remain-
ing cells were stimulated for 7 h with a PMA/ionomycin 
cocktail (eBioscience). After surface staining with 100 µL 
of antibody cocktail (CD3-FITC, CD4-APC) (eBioscience), 
the cells were further fixed, permeabilized, and divided into 
four tubes for Th1 (IFN-γ-PE), Th2 (IL-4-PE), Th17 (IL-
17-PE-cy7) and Tregs (Foxp3-PE) (eBioscience) staining, 
respectively. The detection was repeated three times.

Primary thymocytes culturing and treatments

Primary thymocytes were obtained from 3-week-old mice 
and cultured as described before (Liu et al. 2017a). To test 
the pro-autophagy effects of caffeine, the cells were treated 
with different concentrations (0.4, 4, and 40 µM) of caf-
feine for 48 h, and with 4 µM caffeine for different dura-
tions (24, 48, and 72 h). To investigate whether autophagy is 
involved in the caffeine-induced thymopoiesis inhibition, the 
cells were pretreated with 5 nM Bafilomycin A1 (BafA1), 
which could block the final fusion of autophagosomes, for 
4 h before caffeine treatment (4 µM, 48 h). To explore the 
role of A2AR in caffeine-induced autophagy, antagonist 
(SCH 58261, 25 µM) of A2AR was used to treat the cells. 
A20 expression was detected by qPCR. The protein expres-
sion of the autophagy marker proteins (Beclin1 and LC3II), 
Bcl10, p62, and p-PKA was measured by western blotting. 
Bcl10–p62 complex level was detected by Co-IP. Thymocyte 
phenotypes were analyzed by flow cytometry.

Statistical analyses

Data were presented as the mean ± SD. Differences between 
two groups were compared using t tests, and differences 
among multiple groups were compared using analysis of 
variance (ANOVA). P < 0.05 was considered statistically 
significant. Data were analyzed using SPSS 17 (SPSS Sci-
ence) and Prism 6 (GraphPad Software).

Results

Offspring mice

PCE aggravated allergen‑induced asthma symptoms

As compared to those in controls, AHR (P < 0.05, Fig. 2c, 
g) and the percentages of eosinophils and neutrophils in 
BALF (P = 0.087, P = 0.072, P = 0.056, P < 0.05, Fig. 2d, 
h) were significantly increased in both female and male PCE 
offspring following OVA challenge. With OVA challenge, 
in both genders, HE (Fig. 2a, e) and PAS (Fig. 2b, f) stain-
ing also demonstrated more inflammatory cells, widespread 

Fig. 2   The effects of prenatal caffeine exposure (PCE) on allergen-
induced asthma symptoms in the offspring. a, e Hematoxylin and 
eosin staining of lungs, scale bar = 100 µm, b, f periodic acid-Schiff 
staining of lungs, scale bar = 50  µm, c, g airway hyper resistance 
(AHR), d, h cell counting in bronchoalveolar lavage fluid. Data were 
expressed as mean ± SD (n = 8–9/group). *P < 0.05 vs control

◂



1328	 Archives of Toxicology (2019) 93:1323–1335

1 3

mucus production in the bronchioles and more mucus-pro-
ducing cells in the lungs of PCE offspring than the controls. 
No obvious inflammatory infiltration or mucus production 
was observed in either the PCE or the control offspring with-
out OVA challenge.

PCE altered pulmonary CD4+T responses after induction 
of asthma

Given that PCE aggravated pulmonary inflammation in the 
offspring, the cytokines of CD4+T responses in BALF were 
then analyzed. Before OVA challenge, no significant differ-
ence was found in the levels of Th/Tregs cytokines between 
the PCE and control offspring in both genders (Table 1). 
After the induction of asthma, the elevated levels of IL-4 
(Th2 representative factor) and IL-17A (Th17 representative 
factor), and the reduced levels of IFN-γ and TNF-α (Th1 
representative factors) were observed in the PCE offspring 
compared to the controls (P < 0.05, Table 1). The levels of 
TGF-β, IL-2, IL-10, and IL-6 were comparable between the 
two groups.

PCE reduced pulmonary CD4+T number and skewed CD4+T 
network

Before OVA challenge, CD4+T populations were detected 
at three time-points (PD 7, PD 21 and PD 42). As compared 
to the controls, both female and male PCE offspring exhib-
ited a consistently lower number of pulmonary CD4+T-cells 
from PD 7 to PD 42 (Fig. 3a, h). On PD 7, in both genders, 
the percentages of Th2 (Fig. 3b, i) and Tregs (Fig. 3f, m) in 
PCE offspring were lower than those in the controls, whereas 
the percentages of Th17 (Fig. 3e, l) and Th1 (Fig. 3c, j) in 
PCE offspring were comparable with the control offspring. 
As the offspring matured, in both genders, the proportions 
of Th2 and Th17 and the ratios of Th2/Th1 and Th17/Tregs 
were increased in the PCE group (Fig. 3b–g, i–n), finally 
causing higher Th2/Th1 ratio and much higher Th17/Tregs 
ratio on PD 42 in PCE offspring compared to the controls. 
The flow cytometry paradigms were shown in Supplemen-
tary Figs. 1–3.

Fetal mice

PCE induced thymic dysplasia and impaired CD4+T 
thymopoiesis

Consistent with our previous data (Liu et al. 2017a, b), PCE 
significantly increased IUGR rates and decreased fetal thy-
mus weight (P < 0.05, Fig. 4a–c). In our previous study, 
although the thymocyte phenotypes were not obviously 
altered, PCE significantly reduced CD4+ single positive cell 
(SP) absolute numbers and impaired CD4+T thymopoiesis 

in fetuses. Similar results were observed in the present study 
(P < 0.05, Fig. 4d–f).

PCE reduced A20 expression, enhanced autophagy, 
and inhibited PKA phosphorylation during thymopoiesis

A20 is one of the key genes for maintaining CD4+ single posi-
tive cells (SP) survival (Matsuzawa et al. 2015). Consistent 
with our flow data, PCE significantly reduced A20 expression 
in thymus (P < 0.05, Fig. 4h). Enhanced autophagy can attach 
Bcl10, which is responsible for maintaining A20 expression 
(Xu et al. 2013), with the autophagy adaptor p62, followed 
by Bcl10–p62 degradation (Paul et al. 2012). Accordingly, 
as shown in Fig. 4g–j, more autophagic vacuoles under the 

Table 1   Th1/Th2/Th17/Treg cytokines in BALF (pg/mL)

Cytokines in bronchoalveolar lavage fluid (BALF) were examined 
using cytometric bead array and enzyme-linked immunosorbent assay 
kits. Data were expressed as mean ± SD; n = 8/group
*P < 0.05 Ca/O vs C/O

C/S Ca/S C/O Ca/O

Female mice
 IL-2 (pg/

mL)
8.6 ± 0.9 8.0 ± 1.3 622.4 ± 51.9 630.1 ± 37.8

 IFN-γ (pg/
mL)

9.3 ± 1.3 8.1 ± 1.7 526.5 ± 29.7 439.1 ± 26.2*

 TNF-α (pg/
mL)

23.3 ± 7.9 23.6 ± 5.5 738.0 ± 59.2 657.9 ± 38.4*

 IL-4 (pg/
mL)

7.0 ± 1.3 6.7 ± 1.0 249.6 ± 30.7 307.1 ± 23.3*

 IL-6 (pg/
mL)

11.2 ± 3.8 10.2 ± 3.0 507.4 ± 34.6 503.7 ± 51.9

 IL-10 (pg/
mL)

42.0 ± 8.1 45.6 ± 10.3 531.3 ± 85.2 547.1 ± 43.4

 IL-17A (pg/
mL)

2.5 ± 0.7 2.6 ± 0.3 286.7 ± 34.9 389.0 ± 40.8*

 TGF-β (pg/
mL)

43.9 ± 10.2 38.7 ± 9.5 212.3 ± 23.4 213.6 ± 52.1

Male mice
 IL-2 (pg/

mL)
7.1 ± 0.6 7.0 ± 0.9 627.1 ± 44.6 598.7 ± 62.9

 IFN-γ (pg/
mL)

10.2 ± 1.7 9.7 ± 2.1 506.9 ± 41.3 400.3 ± 47.9*

 TNF-α (pg/
mL)

24.5 ± 8.8 19.6 ± 4.6 713.0 ± 47.8 630.3 ± 59.1

 IL-4 (pg/
mL)

7.2 ± 0.9 7.2 ± 1.8 248.8 ± 25.3 314.4 ± 20.2*

 IL-6 (pg/
mL)

10.4 ± 2.0 10.4 ± 3.9 496.7 ± 48.7 508.5 ± 44.3

 IL-10 (pg/
mL)

37.6 ± 14.9 46.9 ± 11.1 528.0 ± 41.6 551.2 ± 63.4

 IL-17A (pg/
mL)

2.7 ± 0.5 2.5 ± 0.8 274.9 ± 20.4 353.7 ± 35.1*

 TGF-β (pg/
mL)

64.6 ± 10.5 55.8 ± 20.8 218.4 ± 64.9 174.6 ± 51.3
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TEM, clearly increased autophagy marker protein (Beclin1 
and LC3II) (P < 0.05), enhanced Bcl10–p62 degradation, and 
reduced Bcl10 and p62 levels (P < 0.05) were observed in PCE 
fetuses. It is known that caffeine exerts biological function 
through antagonistic binding to A2AR followed by p-PKA 
dephosphorylation (Wang et al. 2014a). This phenomenon that 
p-PKA dephosphorylation was also observed in the PCE fetal 
thymuses (P < 0.05, Fig. 4g).

Primary thymocytes in vitro

Caffeine directly enhanced thymocyte autophagy 
in concentration‑ and time‑dependent manners

After 48 h treatment, 4 and 40 µM caffeine significantly 
upregulated the expression of the autophagy marker pro-
teins (Beclin1 and LC3II) in thymocytes (P < 0.05, Fig. 5a). 

Fig. 3   The effects of prenatal caffeine exposure (PCE) on the pul-
monary CD4+T populations in postnatal life. a, h Frequency of 
CD4+T-cell in lungs, b, i frequency of Th2 in lungs, c, j frequency of 
Th1 in lungs, d, k ratio of Th2/Th1 in lungs, e, l frequency of Th17 

in lungs, f, m frequency of Tregs in lungs, g, n ratio of Th17/Tregs 
in lungs. Data were expressed as mean ± SD (n = 3/group). *P < 0.05, 
**P < 0.01 vs control
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Besides, 4 µM caffeine could enhance Beclin1 and LC3II 
expressions in thymocytes in a time-dependent manner 
(within the duration from 0 to 48 h) (P < 0.05, P < 0.01, 
Fig. 5b).

Autophagy‑mediated caffeine‑induced CD4+SP inhibition

Consistent with our data in vivo, caffeine clearly increased 
Bcl10–p62 degradation, followed by significantly decreased 
p62 and Bcl10 levels, A20 mRNA expression, CD4+SP ratio 
in the cells (P < 0.05, Fig. 5c–f). Further, the BafA1 pre-
treatment totally abrogated the caffeine-induced Bcl10–p62 
degradation, A20 expression inhibition, and CD4+SP inhibi-
tion (P < 0.05).

A2AR mediated the effects of caffeine on enhancing 
thymocyte autophagy

To further investigate whether A2AR inhibition is involved 
in caffeine-induced autophagy in thymocytes, SCH 58261, 
an A2AR-specific antagonist, was used to treat thymocytes. 
As shown in Fig. 5g, the p-PKA level was reduced, and 
Beclin1 and LC3II expression were increased in SCH 58261 
group, as same as the caffeine group (P < 0.05, P < 0.01).

Discussion

PCE mouse model

Based on our previous studies (Liu et al. 2017a, b; Ping 
et al. 2014), 96 mg/kg/day was the preferred caffeine dose 
to establish a typical IUGR mouse model and to avoid 
excessive numbers of absorbed or stillborn fetuses, and 
the exposure period from GD 9 to GD 18 not only covered 
the period of thymus development, but also protected the 
embryo implantation from the influence of caffeine. In fact, 
no miscarriage or stillborn fetus was observed in this study.

Increased asthma susceptibility in PCE offspring

OVA is typically used to achieve asthma model, and airway 
remodeling and allergic inflammation are two gold indica-
tors for evaluating the severity of asthma (Aun et al. 2017). 
Researchers reported that female mice are sensitive to aller-
gen, whereas healthy male mice fail to show obvious airway 
remodeling following OVA challenge (Antunes et al. 2010). 
However, some studies have found that adverse prenatal 
exposures could increase the vulnerability of offspring to 
allergens, leading to asthma susceptibility in two genders 
(Al-Sawalha et al. 2017; Sharkhuu et al. 2010; Wang et al. 
2013). Hence, both female and male offspring were studied 
in the present study. Our data demonstrated that, in two gen-
ders, PCE offspring showed aggravated asthma symptoms 
following OVA challenge, confirming our hypothesis that 
PCE is a risk factor for asthma.

Th2‑ and Th17‑bias in PCE offspring

CD4+T deviation plays pivotal roles during asthma devel-
opment. Prenatal exposure to various exogenous could lead 
to different CD4+T deviation patterns (Th2-bias or Th17-
bias or both) (Mandal et al. 2013; McFadden et al. 2015; 
Tarkowski et al. 2010; Xiao et al. 2013). We have reported 
that PCE could attenuate Th1 development and subsequently 
aggravate Th2 response following Streptococcus pneumo-
niae immunization in the offspring (Liu et al. 2017a). In the 
present study, after asthma induction, PCE offspring showed 
both enhanced eosinophilic infiltrations, which is mainly 
driven by Th2 response, and increased neutrophilic infiltra-
tion, which is mainly driven by Th17 response (Chang et al. 
2017; Mitson-Salazar and Prussin 2017). This phenomenon 
indicated that PCE could aggravate both the Th2 and Th17 
responses following OVA challenge. The data of cytokine 
repertoires in BALF further confirmed the collaborative par-
ticipation of Th2- and Th17-bias during asthma development 
of PCE offspring.

PCE impaired CD4+T thymopoiesis and caused 
pulmonary CD4+T abnormalities in the offspring

Since PCE offspring showed both Th2- and Th17-bias 
during asthma development, we further focused on the 
pulmonary CD4+T development before OVA challenge in 
PCE offspring. Newborn, lactation, and adolescence were 
the three key checkpoints for the establishment of CD4+T 
immune homeostasis (Holt and Jones 2000). Hence, in 
this study, the pulmonary CD4+T populations at PD 7 
(newborn), PD 21 (lactation), and PD 42 (adolescence) 
were detected. We found that, as compared to the con-
trols, the Th2/Th1 ratio in PCE offspring increased faster 
with age and eventually became higher on PD 42, whereas 

Fig. 4   The effects of prenatal caffeine exposure (PCE) on CD4+T 
thymopoiesis, A20 mRNA expression, the protein expression of 
p-PKA, p62, and Bcl10 and the autophagy levels during fetal thy-
mopoiesis. a Intrauterine growth retardation (IUGR) rates, b fetal 
thymus weight, c fetal thymus organ index, d, e flow analysis of 
thymocytes, f the absolute number of fetal thymocyte subsets, g 
the expression of p-PKA, autophagy marker proteins (Beclin1 
and LC3II), p62, and Bcl10, h A20 mRNA expression, i transmis-
sion electron microscope (TEM) detection (× 3000 for thymocyte, 
× 20,000 for autophagic vacuole), j Bcl10–p62 complex level. Data 
were expressed as mean ± SD [n = 8/group for a, b, c and h, n = 3/
group for e and f, n = 5/group for g, the Co-IP detection (j) was 
repeated two times]. *P < 0.05 vs control

◂
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the Th17/Tregs ratio in PCE offspring was consistently 
higher from PD 7 to PD 42. These findings were consistent 
with the results that PCE aggravated both Th2 and Th17 
responses after asthma induction. Besides, consistently 
stifled pulmonary CD4+T development was also observed 
in PCE offspring. It is well known that peripheral CD4+T 
development and homeostasis were based on well-devel-
oped CD4+T thymopoiesis (Tindemans et al. 2014). Firm 
evidence showed that exposure to various exogenous can 

interfere fetal CD4+T thymopoiesis and lead to immune 
disorders after birth (Fenaux et al. 2004; Hanson et al. 
2010; Holladay et al. 2011; Singh et al. 2012). Given that 
we have observed the permanently impair CD4+T thymo-
poiesis from GD 18 to PD 49 in PCE offspring (Liu et al. 
2017a), the depressed CD4+T thymopoiesis might be one 
of the potential explanation for PCE-induced pulmonary 
CD4+T abnormalities.

Fig. 5   The effects of caffeine treatment with or without Bafilomycin 
A1 (BafA1) pretreatment and SCH 58261 treatment on thymocyte 
autophagy in vitro. a The effects of caffeine (0–40 µM) on the expres-
sion of autophagy marker proteins (Beclin1 and LC3II), b 4 µM caf-
feine treatment for different time (24, 48, and 72  h) on the Beclin1 
and LC3II expression. With or without BafA1 pretreatment, the 
effects of 4 µM caffeine on c thymus phenotypes, d Bcl10–p62 com-

plex level, e A20 mRNA expression, f the protein expression of Bec-
lin1, LC3II, p62, and Bcl10. g The effects of caffeine and SCH 58261 
treatments on the protein expression of Beclin1, LC3II, and p-PKA. 
Data were expressed as mean ± SD [n = 3/group for a–c, e–g; the 
Co-IP detection (d) was repeated two times]. *P < 0.05, **P < 0.01 vs 
control; #P < 0.05, caffeine vs caffeine + BafA1
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Autophagy was involved in PCE‑induced CD4+T 
thymopoiesis inhibition

Previously, we demonstrated that PCE could induce thy-
mocyte apoptosis and impair CD4+T thymopoiesis in the 
fetuses. However, the increased apoptosis was turned out 
to be mediated by PCE-associated maternal glucocorti-
coid elevation in the fetuses, whereas caffeine showed few 
directly pro-apoptotic activity on thymocytes in vitro (Liu 
et al. 2017a). Interestingly, we noted that caffeine treat-
ment enhanced the expression of Beclin1, which is a well-
known autophagy trigger (Tanida 2011). Besides, Oral 
et al. (2017) pointed out that the upregulation of autophagy 
activity contributes to thymopoiesis inhibition. Therefore, 
we assumed that the direct pro-autophagy effects of caffeine 
were involved in PCE-induced CD4+T thymopoiesis inhi-
bition. Our results showed PCE could increase autophagy 
activity in vivo, and caffeine in vitro treatment also directly 
enhances autophagy in thymocytes followed by CD4+SP 
inhibition. Combined these and our previous findings, 
PCE might impair CD4+T thymopoiesis by the synergistic 
action of the direct pro-autophagy effects of caffeine and the 
indirect pro-apoptotic effects of PCE-associated glucocor-
ticoid elevation. Besides, this synergistic action might be 
responsible for the differences in the flow cytometry results 
of caffeine treatment in vitro (the pro-autophagy effects of 
caffeine directly induced CD4+SP suppression) and PCE 
in vivo (glucocorticoid elevation caused apoptosis in each 
thymocyte subpopulation, leading to no significant change in 
thymus phenotypes but significant suppression of CD4+SP 
absolute number).

Caffeine‑triggered autophagy impaired CD4+T 
thymopoiesis by inhibiting A20 expression

In T-cells, TCR activation-mediated autophagy could lead 
p62 binding to Bcl10, causing gradual degradation of Bcl10 
(Paul et al. 2012). Bcl10 is crucial for the thymopoiesis, 
whereas the Bcl10-deficient mice exhibited thymic dysplasia 
and reduced SP numbers (Xue et al. 2003). Similar results 
(thymic dysplasia, reduced SP numbers) were also observed 
in our studies. We assumed that autophagy-triggered Bcl10 
degradation might be responsible for CD4+T thymopoiesis 
inhibition. Xu et al. (2013) showed that Bcl10 is a key regu-
lator for maintaining A20 expression, which is essential for 
CD4+SP survival (Matsuzawa et al. 2015). The A20 knock-
out could drastically reduce CD4+T thymopoiesis. In the 
present study, data from western blotting, qPCR, and Co-IP 
showed decreased Bcl10–p62 complex levels, decreased 
Bcl10 expression, reduced A20 expression, and reduced 
CD4+SP number both in PCE thymus in vivo and in caf-
feine-treated thymocytes in vitro, which indicated that caf-
feine-induced autophagy could impair A20 expression and 

its modulated CD4+T thymopoiesis. Besides, the autophagy 
inhibitor BafA1 not only abrogated caffeine-induced Bcl10 
degradation but also reversed the caffeine-mediated A20 
suppression and associated CD4+SP inhibition, further 
confirming our hypothesis that autophagy-triggered Bcl10 
degradation may be responsible for caffeine-induced CD4+T 
thymopoiesis inhibition.

Caffeine enhanced autophagy by antagonizing 
A2AR–PKA signaling

In thymocytes, caffeine exerts its actions mainly by antago-
nistic binding to A2AR and depressing downstream PKA 
phosphorylation. Armstrong et al. (2001) have found that 
normal A2AR expression was needed to maintain thymo-
poiesis, whereas the A2AR knockdown could effectively 
decrease CD4+SP numbers and restrain thymopoiesis in 
mice. In this study, decreased p-PKA level and CD4+SP 
numbers were also observed in caffeine-exposed fetal thy-
mocytes, suggesting an A2AR suppression following caf-
feine treatment. Although little report is available on whether 
A2AR suppression is associated with autophagy currently, 
PKA dephosphorylating is considered to be a common 
enhancer in promoting autophagy (Wu et al. 2018; Torres-
Quiroz et al. 2015). In the present study, inhibiting A2AR 
signaling by SCH 58261 clearly reduced p-PKA level and 
performed the same downstream biological effects, which 
manifested as enhanced expression of autophagy marker pro-
teins (Beclin1 and LC3II), as caffeine. These findings sug-
gested that caffeine-induced autophagy and the subsequent 
A20 inhibition were mediated by A2AR–PKA suppression.

Conclusion

Our study demonstrated that PCE attenuated CD4+T 
thymopoiesis by increasing thymus autophagy directly, 
which results in suppression and deviation of pulmonary 
CD4+T-cells and asthma susceptibility following allergen 
challenge in offspring. The underlying mechanism (Fig. 1b) 
for the pro-autophagy effects of caffeine might be that caf-
feine suppressed A2AR–PKA signaling in thymocytes and 
subsequently upregulated the Beclin1–LC3II autophagy 
pathway, which could induce p62–Bcl10 degradation fol-
lowed by decreased A20 expression and impeded CD4+SP 
survival. Our findings showed, for the first time, that caffeine 
could induce autophagy in thymocytes, and provided a firm 
experimental evidence that PCE is a risk factor for asthma.
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