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1 ABSTRACT 

Despite epidemiological data exist on adverse effects of maternal smoking during 

pregnancy, it remains a risk factor for increased susceptibility of pulmonary diseases like 

childhood asthma and chronic obstructive pulmonary disease (COPD). Infants prenatally 

exposed to cigarette smoke have decreased birth weights and postnatal lung function 

deficits. Smoking during pregnancy is frequently underreported in human studies, 

wherefore mild maternal smoking might be inadequately recorded. Children from mildly 

smoking mothers are likely to escape epidemiological assessments without showing lower 

birth weights and lung function declines. This study hypothesizes that mild maternal 

smoking during pregnancy could affect the immune system of the progeny in absence of 

growth retardation and lung function deficits.  

Furthermore, until recently, paternal influences on offspring’s disease risks have been 

deemed to be restricted via genetic transmission, but recent multicenter epidemiological 

studies have postulated that environmental factors like smoking during adolescence of 

fathers increase the risk of obesity and asthma in future children. At present, the 

underlying mechanism is unexplored. This study aims to establish a murine model of 

preconceptional smoking during puberty to investigate paternal and offspring’s 

phenotype as putative mechanisms of ancestral transmission. 

 

After intrauterine mild cigarette smoke exposure, altered T cell populations were 

observed in lungs and spleen throughout the life course of murine offspring. At postnatal 

day (PND) 21, pulmonary and splenic CD4+ T cells were increased, whereas CD8+ T cells 

were decreased in both organs. In addition, thymic CD4 single-positive (SP) T cells were 

elevated at PND21. Next-generation sequencing (NGS) data of thymic CD8SP T cells from 

21-day-old offspring revealed 92 up- and 36 downregulated genes. Genes of most interest 

– involved in immune-regulatory pathways – were interleukin 4 receptor alpha (Il4ra), 

runt-related transcription factor 3 (Runx3), forkhead box protein P1 (Foxp1), interleukin 10 

receptor beta (Il10rb) and phasphoinositide-3-kinase (PI3K). Eomesodermin (Eomes) 

expression was supported by quantitative real-time polymerase chain reaction. 

Adolescent smoking of fathers increased body weights in male offspring, whereas female 

offspring remained normal. Offspring of pubertal smoking mothers were lighter in both 
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sexes. Frequency of spermatozoa from the epididymis and spermatogonia in testes of 

smoking fathers were comparable to the non-smoker’s control. NGS of spermatozoal 

microRNAs (miRNAs) revealed 13 upregulated and 32 downregulated miRNAs of smoking 

fathers. After in silico analysis, miR-340-5p, miR-204-5p and miR-96-5p were of most 

interest. 

 

In conclusion, this murine study of mild maternal smoking during pregnancy identified 

altered pulmonary and thymic T cell populations in offspring at PND21. The development 

of ‘innate memory’ CD8 T (TIM) cells in the thymus is IL-4-dependent and together with 

the expression of Runx3 and Eomes in CD8SP thymocytes, this study postulates that TIM 

cells could be affected by mild prenatal cigarette smoke exposure in offspring. These cells 

differentiate into a memory-like phenotype in the thymus and are suggested to provide 

support of the immune system against pathogens in young children, as their memory of 

peripheral adaptive immunity is insufficiently established.  

Parental smoking during adolescence affected the body weight of offspring in a sex-

specific manner and was parent-of-origin-dependent. In this study, the hypothesis was 

supported that sperm-borne miRNAs can carry ancestral memory and influence early 

gene translation in the early zygote. Putative targets and pathways of miRNA-340-5p, 

miR-204-5p and miR-96-5p make these miRNAs highly interesting candidates to further 

investigate their possible role on the altered body weight in murine offspring, and their 

influence on early embryogenesis and development in zygotes. 

This study highlights that maternal as well as paternal smoking behavior can influence the 

offspring.  
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2 ZUSAMMENFASSUNG 

Obwohl epidemiologische Daten die negativen Auswirkungen des Rauchens während der 

Schwangerschaft aufzeigen, bleibt es ein Risikofaktor für eine erhöhte Anfälligkeit für 

Lungenerkrankungen wie Asthma bei Kindern und chronisch obstruktiver 

Lungenerkrankung (COPD). Säuglinge, die pränatal Zigarettenrauch ausgesetzt wurden, 

haben ein verringertes Geburtsgewicht und zeigen Lungenfunktionsdefizite. Rauchen 

während der Schwangerschaft wird in humanen Studien häufig unterschätzt, weshalb das 

milde mütterliche Rauchen möglicherweise unzureichend erfasst wird. Kinder von mild 

rauchenden Müttern entgehen möglicherweise epidemiologischen Untersuchungen, da 

sie durch die schwache pränatale Exposition kein geringes Geburtsgewicht und eine 

Verschlechterung der Lungenfunktion aufweisen. In dieser Studie soll untersucht werden 

ob mildes Rauchen der Mutter während der Schwangerschaft das Immunsystem der 

Nachkommenschaft beeinflusst, obwohl Geburtsgewicht und Lungenfunktion unauffällig 

sind. 

Zudem galt bis vor kurzem der Einfluss des Vaters auf das Krankheitsrisiko der 

Nachkommen rein über genetische Übertragung. Neue multizentrische epidemiologische 

Studien postulieren, dass Umweltfaktoren wie das Rauchen von Vätern in der Pubertät 

das Risiko für Fettleibigkeit und Asthma bei zukünftigen Kindern erhöhen könnte. Der 

zugrundeliegende Mechanismus ist derzeit noch unerforscht. In dieser Studie soll ein 

Mausmodell etabliert werden, das präkonzeptionelles väterliches Rauchen während der 

Pubertät auf den Phänotyp der Väter und der Nachkommen untersucht, um mutmaßliche 

Mechanismen zu identifizieren, die als Übertragungsmedium dienen könnten. 

 

Nachkommen von Mäusen, die im Mutterlaib mit einer milden Dosis an Zigarettenrauch 

exponierte wurden, zeigten veränderte T-Zellenpopulationen in der Lunge und der Milz 

im Verlauf des Alters. 21 Tage alte Mäuse hatten erhöhte CD4+ T-Zellen in der Lunge und 

der Milz, während verminderte CD8+ T-Zellen in beiden Organen beobachtet wurden. Im 

Thymus waren CD4 single-positiven (SP) T-Zellen in denselben Nachkommen erhöht. 

Daten aus Next-Generation-Sequencing (NGS) zeigten 92 hoch- und 36 herunterregulierte 

Gene in CD8SP Thymozyten von 21 Tage alten Mäusen. Gene, die an 

immunregulatorischen Pathways beteiligt sind, waren von größtem Interesse, wie 
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interleukin 4 receptor alpha (Il4ra), runt-related transcription factor 3 (Runx3), forkhead 

box protein P1 (Foxp1), interleukin 10 receptor beta (Il10rb) und phasphoinositide-3-

kinase (PI3K). Die Expression von Eomesodermin (Eomes) wurde von einer Analyse mittels 

quantitativer Echtzeit-Polymerase-Kettenreaktion (qRT-PCR) unterstützt. 

Jugendliches Rauchen von Vätern führte zu einem erhöhten Körpergewicht der 

männlichen Nachkommen, während weibliche Nachkommen normal blieben. 

Nachkommen beider Geschlechter von Muttermäusen, die während der Pubertät 

geraucht hatten, wiesen ein leichteres Körpergewicht auf. Die Anzahl von Spermatozoen 

aus dem Nebenhoden und Spermatogonien in den Hoden von rauchenden Vätern waren 

nicht verändert im Vergleich zur Nichtraucherkontrolle. NGS Daten aus Spermien von 

pubertär rauchenden männlichen Mäusen zeigten 13 hochregulierte und 32 

herunterregulierte microRNAs (miRNAs). Die miRNAs miR-340-5p, miR-204-5p und miR-

96-5p erwiesen sich nach anschließender in silico Analyse als besonders interessant.  

 

Zusammenfassend hat diese Studie in Mäusen über mildes mütterliches Rauchen 

während der Schwangerschaft veränderte T-Zellenpopulationen in der Lunge und im 

Thymus von 21 Tage alten Nachkommen nachgewiesen. Diese Studie postuliert, dass die 

Entwicklung von T-Zellen mit Eigenschaften von Gedächtniszellen-T-Zellen (TIM) im 

Thymus durch eine milde pränatale Zigarettenrauchexposition in den Nachkommen 

beeinflusst werden könnten. Die Entwicklung von TIM-Zellen ist IL-4-abhängig und durch 

die Expression von Runx3 und Eomes in CD8SP Thymozyten charakterisiert. Diese Zellen 

erhalten ihren Gedächtniszellen-Phänotyp im Thymus und es wird angenommen, dass sie 

das Immunsystem gegen Krankheitserreger bei Kleinkindern unterstützen, da deren 

Gedächtnis-T-Zellen von der peripheren adaptiven Immunität noch unzureichend 

etabliert sind. 

Das elterliche Rauchen während der Pubertät wirkte sich geschlechtsspezifisch auf das 

Körpergewicht der Nachkommen aus und war abhängig davon welcher Elternteil geraucht 

hatte. In dieser Studie wurde die Hypothese unterstützt, dass miRNAs in Spermien frühe 

Gentranslationen in der Zygote beeinflussen könnten. Mutmaßliche Angriffsstellen und 

Pathways von miRNA-340-5p, miR-204-5p und miR-96-5p machen diese miRNAs zu 

hochinteressanten Kandidaten, um ihre mögliche Rolle auf das veränderte Körpergewicht 

bei murinen Nachkommen und ihren Einfluss auf die frühe Embryogenese und 
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Entwicklung der Zygote weiter zu untersuchen. Diese Studie zeigt auf, dass sowohl 

mütterliches als auch väterliches Rauchverhalten die Nachkommenschaft beeinflussen 

kann.   
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4 INTRODUCTION  

4.1 The prevalence of cigarette smoking in Europe  

Despite declining rates in some countries, the overall prevalence of smoking in Europe 

remains high with 29% of Europeans over the age of 15 using not only cigarettes but also 

other tobacco products (1). The implementation of smoking bans has been stepwise 

effectuated in several European countries, such that smoking is prohibited in public 

places, playgrounds and in cars in the presence of children. In Italy, smoking in vehicles is 

further not allowed in the presence of a pregnant woman. Diminishing exposures to 

second-hand smoke is important but does not eliminate the negative consequences of 

prenatal smoking on the health of future children (1). Active smoking during pregnancy 

remains a public health issue with 15% to 27% of pregnant women continuing to smoke 

(2,3). Of note, smoking behavior is mostly assessed through self-report in epidemiological 

studies (4–8). Therefore, underreporting of smoking during pregnancy has shown to be an 

issue in human studies (9–12). In consequence, mild smoking behaviors might be 

concealed and could escape epidemiological assessments thus preventing to 

systematically investigate the effect of mild maternal smoking on offspring’s health. 

But not only smoking during pregnancy remain an health issue, also smoking among 

teenagers. Although the age at which minors start to smoke has been progressively 

decreasing over the years, the prevalence of smoking has been steadily increasing with 

age in 11 to 15-year-old boys and girls (Figure 1A-B) (1). Worldwide, the World Health 

Organization (WHO) reported on 7% of children actively smoking at the age of 13 to 15. 

This 7% of smoking minors translates to 24 million children worldwide with highest 

prevalence in Europe and America, where girls tend to smoke equally as much as boys 

(Figure 1C) as well as in high-income counties (Figure 1D) (13). 
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Figure 1 The prevalence of tobacco smoking in boys and girls in Europe and worldwide. 11-15-year-old smoking in A, 

boys and B, girls in Europe. The smoking behavior of children was assessed in the Health Behaviors in School-aged 

Children survey 2001-2014. Data are reflecting the following age categories in years: 2001/2 (), 2005/6 (), 2009/10 

() and 2013/14 () (1). C, Smoking prevalence in children from age 13 to 15 worldwide; Girls (), Boys (). D, Smoking 

prevalence worldwide in 13-15-year-old children categorized on income; Girls (), Boys () (13). The figure has been 

adapted from (1,13). 

 

The rising smoking prevalence in adolescence bears the question of smoking harming the 

germ cells, thereby affecting the health of future generations. In smoking mothers, not 

only the fetus is affected by cigarette smoke (CS) in utero, also the germ cells of the fetus. 

Thus, prenatal cigarette smoke exposure leads to potential harms in grandchildren (14–

18).  
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4.2 Asthma 

4.2.1 Asthma epidemiology and pathophysiology 

In Europe, the number of people suffering from asthma is estimated to be 10 million (19). 

The disease is clinically characterized by breathlessness, chest tightness, and coughing as 

main symptoms caused by narrowing of the airways and mucus obstruction. This is 

accompanied by histological changes including goblet cell hyperplasia, airway 

inflammation and airway smooth muscle thickening (Figure 2). Most frequently, asthma 

starts in childhood affecting 17.6% of children in Europe (20) leading to irreversible airway 

remodeling and pulmonary dysfunction. Of note, asthma is the most frequent chronic 

disease in childhood and can persist into adulthood. This explains – apart from severe 

asthma cases – the high economic burden caused by the disease. Although asthma is well 

treatable in the majority of cases, it is not curable. Moreover, it is not preventable apart 

from avoiding parental smoking. In fact, parental tobacco smoking has been described as 

a leading environmental risk factor of childhood asthma (20). 

 

Figure 2 Simplified illustration of the pathophysiology of asthma. In asthmatic airways, the smooth muscle cell layer 

(red) and the basement membrane (brown) have thickened. The healthy airway epithelium consists of ciliated epithelial 

cells (orange), and goblet cells (green) that secrete mucus (light green). In asthmatic patients, goblet cells increase in 

numbers in the airway epithelium (goblet cell hyperplasia), accompanied by a higher mucus production. Hence, the 

epithelium gets damaged and suffers from epithelial loss. The processes of airway remodeling lead to a narrowing of 

the lumen. The figure has been published in (21). 
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4.2.2 The relationship of parental smoking and offspring’s asthma risk 

Multiple epidemiological studies have correlated maternal smoking and increased asthma 

susceptibility in offspring after prenatal cigarette smoke exposure (5,22,23). Moreover, 

recent evidence suggests that also a father smoking in his own puberty could contribute 

to the asthma risk of children born many years later (8,24). In humans, prenatal cigarette 

smoking has been associated with decreased birth weights (4,25,26), lung function 

deficits (23) and a higher susceptibility for asthma and wheeze in children (7,27). 

Furthermore, it has been shown that asthma developed in childhood can persists into 

adulthood (8,24). In utero exposures to cigarette smoke have further been correlated 

with immune-related disorders (reviewed in (28)).  

 

To identify the mechanisms how the asthma risk is shaped by maternal smoking behavior 

in particular, different animal models have been used. An advantage of simpler model 

organisms like the fruit fly (Drosophila melanogaster) and zebrafish (Danio rerio) are their 

fast reproduction by generating a high number of offspring and fast maturation into 

adulthood (reviewed in (29)). In addition, these animal models have establish their use for 

asthma research (30,31) and respiratory research (32). In zebrafish, exposure to cigarette 

smoke is limited to water soluble components (33–35). The fruit fly and zebrafish serve as 

primary screening tools for evolutionary conserved pathways influenced by smoking.  

The lung of the mouse is more comparable to the human lung (Figure 3A-D) than the 

trachea of the fruit fly (Figure 3E-F) or the gills and swim bladder of zebrafish (Figure 3G-

H) (reviewed in (29)), and mice offer a variety of models to study asthma. 
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Figure 3 Comparison of the 4 different respiratory systems of human, mouse, fruit fly and zebrafish. A, The human 

lungs (right lung: 3 lobes; left lung: 2 lobes) are enclosed by the rib cage in the thorax and B, airway branching is 

arranged dichotomously. C, Murine lungs (right lung: 4 lobes; left lung: 1 lobe) are protected by the rib cage and D, have 

a monopodial airway branching. D, The fruit fly has a highly branched tubular network with air sacs and breathing 

openings (spiracles), serving for gas exchange and transport. F, The tracheoles (terminal endings) facilitate gas exchange 

directly into the tissue via haemolymph (open blood system). G, The swim bladder of zebrafish is filled with air from the 

esophagus and H, gas exchange occurs through the gills filaments where the lamina is in contact with water. The figure 

has been published in (29). 
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In mice, smoking during pregnancy on asthma risk in offspring has been investigated using 

several heavy or moderate smoking models. Similar to humans, lung function deficits and 

increased airway resistance together with a decreased body weight in offspring from CS-

exposed dams could be reproduced in mice (36). As parental smoking predisposes 

children to become smokers themselves (37), a murine study investigated adolescent 

smoking additional to in utero CS exposure and observed even stronger lung function 

deficits, a more pronounced decrease in body weight and structural changes by increased 

collagen deposition around the main bronchi (38). Furthermore, elevated mucus 

production correlating with stronger goblet cell hyperplasia and increased stiffness of 

airways by collagen deposition was observed in offspring from smoking mothers 

challenged postnatally with the allergens of house dust mite (HDM) (39). In other murine 

studies, lung function measurements after challenging the airways with the 

bronchoconstrictor methacholine (MCh), revealed enhanced airway hyperresponsiveness 

(AHR) in the offspring after prenatal CS exposure (40,41). 

The above-mentioned studies therefore demonstrate that the mouse is a suitable model 

organism, to study mechanisms how increased asthma risk is established after prenatal 

smoke exposure. 

 

4.3 Prenatal smoking on offspring’s immune development 

Evidence is sparse that smoking during pregnancy affects the immune system of future 

generations. In allergic asthma, T cells are important players of the pathophysiology of 

the disease (42–44) but the mechanisms how prenatal cigarette smoke exposure 

influences immune cells are unknown. Epidemiological studies on in utero exposure of 

cigarette smoke have observed lower numbers of regulatory T cells in cord blood (45,46) 

going in hand with an increased expression of the microRNA (miRNA or miR) miR-223 

(46). Furthermore, leucocytes isolated from cord blood of children from prenatally 

smoking mothers had lower levels of insulin-like growth factor 1 (IGF-1) (47). In addition, 

an IL-13 production after allergen stimulation was observed in cord blood leucocytes, 

which was absent in donors of non-smoking mothers (48). Moreover, isolated cord blood 

leucocytes from prenatally cigarette smoke exposed children had higher oxidative stress 

(49). 
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4.3.1 Thymus and T cell development 

The thymus is a primary lymphatic organ, which holds the T cell development. The organ 

consists of two lobes, which are segmented into two main areas: the outer cortex and the 

inner medulla. The cortex is densely populated with T cells and cortical thymic epithelial 

cells (cTECs). The medulla on the other hand is less cellular and contains macrophages, 

dendritic cells and medullary thymic epithelial cells (mTECs) besides T lymphocytes. 

Thymocyte progenitors develop in the bone marrow, enter the thymus and migrate to the 

cortex as double-negative (DN) T cells. Double-negative thymocytes do not express the 

cell surface markers CD4 and CD8. DN thymocytes are further distinguished by sequential 

upregulation of the markers CD25 and CD44 (Figure 4). In the next stage, thymic T cells 

express CD4 and CD8, so-called double-positive (DP) T cells and undergo positive 

selection. During the positive selection, αβ T cell receptors (TCR) bind to class I and class II 

major histocompatibility complexes (MHC) of cTECs that present peptides of self-

antigens. Thymocytes are promoted to survive if the binding of the two receptors have 

low affinities. Apoptosis is induced in T cells that do not recognize self-MHC-molecules 

(death by neglect). During negative selection, thymocytes which TCRs bind with high 

avidity to self-peptides presented on MHC molecules either go into apoptosis or 

differentiate into natural regulatory T cells (nTreg). During the selections processes, T 

cells start to express CD3, the co-receptor of TCR. Committing to either CD4 or CD8, 

single-positive (SP) thymocytes migrated into the medulla, where the T cells bind to MHCs 

of macrophages, dendritic cells and mTECs. The negative selection is not only occurring to 

DP thymocytes in the cortex but also to SP thymocytes in the medulla. Mature naïve SP T 

cells then leave the thymus to circulate the periphery (reviewed in (50)). 
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Figure 4 Stages of thymic T cell development. Progenitor T cells migrate from bone marrow (not shown) into the 

thymus. First, T cells are double negative (DN), lacking CD8 and CD4 expression. DN stages 1-4 are distinguished by the 

markers CD25 and CD44. After the T cell receptor (TCR) completes αβ commitment, cells express CD8 and CD4 (double 

positive, DP). During positive and negative selection, T cells are tested and selected. DP thymocytes differentiate into 

single-positive (SP) CD8 or CD4. CD4SP T cells can further differentiate into natural regulatory T cells (expression of the 

transcription factor forkhead box protein P3 (Foxp3)) in the thymus. The figure has been adapted from (51). 

 

4.4 Preconceptional adolescent smoking and how it can affect 

the male germ line 

Until recently, the paternal contribution to an offspring’s disease risk has been deemed 

purely via genetics. Latest studies in human and mice however identified environmental 

conditions of the father like mental stress (52,53), obesity (54–56) and pubertal smoking 

(57,58) as potential risk factors for disease susceptibilities in future children. Recent 

multicenter epidemiological studies investigated smoking during paternal adolescence on 

obesity (57) and asthma risk (58) in offspring. Svanes and colleagues (2017) observed an 

increased risk of early-onset non-allergic asthma, particularly when fathers smoked 

before the age of 15 (58). Men transmit their genetic information via sperm to the next 

generation. Potential effects of smoking on sperm quality have been suggested as 

alterations in DNA methylation (59,60), histone-to-protamine transition (61) and 

influencing small non-coding RNA (sncRNA) contents in sperm cells (62). Thus, murine 
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models for smoking during puberty are needed to identify the processes of the underlying 

mechanisms in more detail. 

 

4.4.1 Puberty 

Puberty describes the phase of sexual maturation for reproduction and ends into 

adulthood. The onset of puberty in most mammals is initiated by the release of 

gonadotropin releasing hormone (GnRH) from the hypothalamus (63–66). The 

subsequent increase of three gonadal steroids (estradiol, progesterone and testosterone) 

induces changes of the body and in the brain of boys and girls. In boys, the main gonadal 

steroid is testosterone (67), while estradiol and progesterone dominate in girls (68). In 

mice, the onset of adolescence is initiated during their fourth week of life (Figure 5). 

Female rodents start puberty with the vaginal opening (69,70), followed by the first estrus 

several days later, which reaches regular cyclicity within days (71). In male rodents, the 

beginning of adolescence is not as easily observable as in females. It is characterized as 

the separation of the prepuce from the glans penis, defined as the preputial separation 

(72). Mice complete puberty at the age of seven weeks and reach adulthood with eight 

weeks of age (Figure 5). (reviewed in (73)) 

 

 

Figure 5 Murine development. In mice, gestation occurs to 19-21 days (d) after conception. Pups are born with closed 

ears, non-spread toes, underdeveloped eyes and without fur (PND0). At PND14, they open their eyes and mice are fully 

developed although small. They get weaned from the mother at PND18-21. During their 4th week of age, mice enter 

puberty, which is completed in the 7th week. From week 3 until week 8 mice are considered as juvenile and enter 

adulthood in their 8th week of age. The maximum life expectancy for laboratory stains is estimated to 2 years. The figure 

has been published in (29). 
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4.4.1.1 Spermatogenesis 

Spermatogenesis is the production of haploid sperm cells in males. In mammals, this 

process is restricted to the testes, located in the tubular system of seminiferous tubules. 

The tubules consist of different layers of particular cell types. The development starts 

with the spermatogonia at the basal membrane and ends with the release of 

spermatozoa into the lumen (Figure 6). Sertoli cells are the epithelial cells of seminiferous 

tubules and provide nutrition, connection and protection to the different cell stages of 

sperm development (74,75). Sertoli cells are connected by tight junctions that form the 

blood-testis barrier and separate the germinal epithelium into a basal (BC) and adluminal 

compartment (AC) (75). Type A spermatogonia (SpGA) are stem cells located at the basal 

membrane. They develop into intermediate spermatogonia (SpGi) and further into type B 

spermatogonia (SpGB) by mitosis (74). Type B spermatogonia pass the blood-testis barrier 

entering the adluminal compartment (75) and undergo the last mitosis into primary 

spermatocytes (SpC I). Through meiosis, the secondary spermatocytes (SpC II) derive, 

which undergo a second meiosis to generate 4 haploid spermatids. At this stage, the early 

spermatids (eSpt) are still connected via cytoplasmic bridges that make them functionally 

diploid. Located at the boarder of the lumen, the late spermatids (lSpt) lose their 

cytoplasmic connections and release redundant cytoplasm (residual bodies (R)) (Figure 6) 

(74,75). Spermatids differentiate into spermatozoa by the formation of the acrosome 

from the Golgi apparatus, the condensation of the nucleus and the formation of the 

acrosomal cap. Thus, the nucleus rotates towards the basal membrane and the flagellum 

develops extending into the lumen. In the nucleus, histones are replaced by protamines. 

Protamines facilitate an inhibition of transcription in the nucleus. The sperm cells get 

released into the lumen (now called spermatozoa) by the Sertoli cells that phagocyte the 

residual bodies (74). The immotile spermatozoa are transported into the rete testis by the 

contraction of the myofibroblasts (My) surrounding the seminiferous tubules (75). 

The overall duration of spermatogenesis is estimated to 65 days in humans and 34.5 days 

in mice (74). 
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Figure 6 Schema of the germinal epithelium in testis. Sertoli cells (grey) are connected via tight junctions and form the 

blood-testis barrier Thus, the germinal epithelium is segmented in the basal (BC) and adluminal compartment (AC). 

Spermatogonia are located at the basal membrane. Type A spermatogonia (SpGA) proliferate, hence characterized as 

intermediate spermatogonia (SpGi). After their second proliferation, they are characterized as type B spermatogonia 

(SpGB), which yield primary spermatocytes (SpC I). Through 2 steps of meiosis, early spermatids (eSpt) arise. Late 

spermatids (lSpt) are located at the border of the lumen. Residual bodies (R) contain spare cytoplasm. Myofibroblasts 

(My). The figure has been adapted from (75). 

  

4.4.1.2 Small non-coding RNAs in sperm cells 

Small non-coding RNAs (sncRNAs) are short RNA fragments derived from messenger 

(mRNAs), transfer RNAs (tRNAs), introns or encoded in the DNA, that are functionally 

active by enhancing or silencing mRNA translation. It has been shown that sperm contain 

a variety of sncRNAs including miRNAs, transfer-RNA-derived small RNAs (tsRNAs or 

tRNA-derived RNA fragments (tRFs)) and PIWI-interacting RNAs (piRNAs). During 

spermatogenesis in testis, sperm cells are enriched with miRNAs, tsRNAs and piRNAs 

throughout their developmental stages. In the epididymis, the content of sncRNAs is 
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dominated by miRNAs and tsRNAs while spermatozoa undergo maturation (Figure 7) 

(reviewed in (76)). 

 

 

Figure 7 Spatiotemporal distribution of sncRNAs. During spermatogenesis in the testis, piRNAs and miRNAs are 

prominent in spermatogonia (green cell), spermatocytes (blue cell) and round/elongated spermatids (violet). During 

spermatozoa maturation in the epididymis, sperm cells contain tsRNAs and miRNAs for the greater part, while the 

frequency of miRNAs is more stable throughout the spatiotemporal distribution. PIWI-interacting RNA (piRNA), 

microRNA (miRNA), transfer-RNA-derived small RNA (tsRNA). The figure has been adapted from (76). 

 

4.4.1.3 miRNA biogenesis 

The first miRNA was discovered in Caenorhabditis elegans in 1993 (77). miRNAs are 

transcribed by RNA polymerase II/III in the nucleus directly from encoding loci of the DNA 

or derive from introns or degraded mRNA. The generated RNA sequence is defined as 

primary miRNA (pri-miRNA), forming a hairpin structure (Figure 8) (78,79). Drosha, a 

RNase III endonuclease, shortens both ends of the pri-miRNA by cleavage and generates 

the precursor miRNA (pre-miRNA) (78). Exportin 5 transports the pre-miRNA through a 

nuclear pore out of the nucleus into the cytoplasm (80,81), where the pre-miRNA is 

recognized and processed by the RNase III endonuclease Dicer (82). Dicer cleaves at both 

strands of the hairpin structure to remove the loop, which generates the miRNA:miRNA* 

duplex (guide:passenger strand). Argonaute 2 (AGO2) associates with Dicer and bind the 
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miRNA:miRNA* duplex. The strands get unwind and the passenger strand gets released 

from the complex. The biological active strand (mostly the guiding strand, ~22 nt long) 

remains bound to AGO2 and they form the RNA-induced silencing complex (RISC). Most 

commonly, RISC targets the 3' untranslated region (UTR) of the mRNA where the miRNA 

binds to the complementary mRNA outside the open reading frame. The complex induces 

mRNA degradation or translational repression by prevention of ribosomal binding. 

(reviewed in (83,84)) 

 

 

Figure 8 Simplified schema of miRNA biogenesis. miRNAs can be encoded directly from genes or derive from introns by 

RNA polymerase II or III. The primary miRNA (pri-miRNA) has a poly-adenine tail (AAAAA) and a 5-prime cap (5’-cap). 

The pri-miRNA is cleaved by the endonuclease Drosha and generates the precursor miRNA (pre-miRNA). The 

transporter protein Exportin 5 transports the pre-miRNA from the nucleus into the cytoplasm, where the hairpin loop is 

removed by the endonuclease Dicer. Argonaute (AGO) binds the miRNA duplex and the passenger strand (miRNA*) gets 

released. RNA-induced silencing complex (RISC) binds to the messenger RNA (mRNA) at the complementary sequence 

of the miRNA. The figure has been adapted from (85). 
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4.5 Rationale 

As stated above, smoking during pregnancy is a well-known risk factor for impaired 

respiratory health in offspring but mild maternal smoking during pregnancy is 

underreported and therefore might escape epidemiological assessments. Therefore, it is 

unknown at present how prenatal mild smoking affects the offspring health. This 

knowledge is, however, required to decide if public resources for smoking cessation 

programs could primarily be spent on heavily smoking mothers or not. This knowledge 

gap can only be addressed in cigarette smoke exposure-controlled mouse models.  

In a second aspect, paternal smoking during adolescence gains more and more relevance 

for the respiratory health of future offspring but the underlying inheritable mechanisms 

in mature spermatozoa remain elusive. 
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5 AIMS AND OBJECTIVES 

The aims of the present work were to obtain insight into the mechanisms how 

I. Mild maternal smoking during pregnancy affects immunity in offspring 

II. Paternal smoking in adolescence affects epigenetic signatures in sperm cells 

 

 Therefore, the main objectives for aim I were to: 

1. Develop a mouse model for mild maternal smoking in pregnancy 

2. Identify a dose of cigarette smoke corresponding to mild maternal smoking in 

pregnancy 

3. Investigate if mild maternal smoking during pregnancy, even in absence of growth 

retardation and lung function deficits, changes proportions of peripheral T cells in 

offspring 

4. If so, are these changes tissue specific or have a common origin in the thymus  

5. If the putative changes of T cells are similar in male and female offspring 

 

The main objectives for aim II were to: 

1. Develop a mouse model for parental smoking in adolescence 

2. Investigate if parental smoking in adolescence affects the phenotype of offspring 

3. If so, are these effects a) sex- specific and/or b) differ if a father or a mother had 

smoked during their own puberty 

4. Clarify if smoking in adolescence affects numbers and/or the morphology of sperm 

cells 

5. Investigate if numbers of spermatogonia are affected by smoking 

6. Elucidate if paternal smoking in adolescence influences the pattern of sncRNAs as 

potential vectors of epigenetic information in spermatozoa 
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6 MATERIALS AND METHODS 

6.1 Materials 

6.1.1 Mouse strain 

Strain Vendor Country 

C57BL/6J Charles River Sulzfeld, GER 

Table 1 Mouse strain used for animal experiments. 

 

6.1.2 Chemicals and reagents 

Substances Manufacturer Country 

Acetic acid Merck Darmstadt, GER 

Acetyl-β-methylcholine chloride Sigma-Aldrich St. Louis, Missouri, USA 

Agar-Agar, Bioscience, granulated Carl Roth Karlsruhe, GER 

Aluminum sulfate hydrate Sigma-Aldrich St. Louis, Missouri, USA 

Ammonium chloride Carl Roth Karlsruhe, GER 

Aqua B Braun Melsungen, GER 

Bench Top 1kb DNAladder Promega Madison, Wisconsin, USA 

Bovine Serum Albumin  PAN-Biotech Aidenbach, GER 

Calcium chloride Carl Roth Karlsruhe, GER 

Calcium chloride Merck Darmstadt, GER  

Chloroform AppliChem Panreac Darmstadt, GER 

Collagenase from Clostridium 
histolyticum 

Sigma-Aldrich St. Louis, Missouri, USA 

D(+)-Glucose Carl Roth Karlsruhe, GER 

DAPI Invitrogen™ Thermo 
Fisher 

Carlsbad, California, USA 

Disodium phosphate Carl Roth Karlsruhe, GER 

Entellan® new Merck Darmstadt, GER 

Eosin Y disodium salt Sigma-Aldrich St. Louis, Missouri, USA 

Ethanol 99.8 % Carl Roth Karlsruhe, GER 

Ethylene glycol Sigma-Aldrich St. Louis, Missouri, USA 

Ethylenediaminetetraacetic acid 
Disodium Salt 2-hydrate 

AppliChem Panreac Darmstadt, GER 

Foetal Calf Serum PAN-Biotech Aidenbach, GER 
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Formamide, deionized Sigma-Aldrich St. Louis, Missouri, USA 

Gel Loading Dye, Purple (6x), no SDS New England BioLabs Ipswich, Massachusetts, USA 

Hematoxylin Sigma-Aldrich St. Louis, Missouri, USA 

Ketamidor®  WDT Garbsen, GER 

Liquid nitrogen Westfalen AG Münster, GER 

Magnesium dichloride Merck Darmstadt, GER  

Monosodium phosphate Carl Roth Karlsruhe, GER 

Mounting medium Dako North America Carpinteria , California, USA 

Narcoren®  Merial GmbH Hallerbergmoos, GER 

Paraformaldehyde Sigma-Aldrich St. Louis, Missouri, USA 

Paraplast Plus Carl Roth Karlsruhe, GER 

Potassium bicarbonate Carl Roth Karlsruhe, GER 

Potassium chloride Carl Roth Karlsruhe, GER 

Potassium dihydrogen orthophosphate Carl Roth Karlsruhe, GER 

QIAzol Lysis Reagent Qiagen Hilden, NLD 

RNAlater®  Sigma-Aldrich St. Louis, Missouri, USA 

Roti®-Histofix 4% Carl Roth Karlsruhe, GER 

Rotiphorese 10xTBE buffer Carl Roth Karlsruhe, GER 

Sodium acide Sigma-Aldrich St. Louis, Missouri, USA 

Sodium azide Sigma-Aldrich St. Louis, Missouri, USA 

Sodium chloride Sigma-Aldrich St. Louis, Missouri, USA 

Sodium dihydrogen phosphate 
monohydrate 

Merck Darmstadt, GER 

Sodium iodate Sigma-Aldrich St. Louis, Missouri, USA 

Sodium Pyruvate PAN-Biotech Aidenbach, GER 

SYBR Green II Lonza Basel, CHE 

Trypan Blue Sigma-Aldrich St. Louis, Missouri, USA 

UltraPureTM Agarose Invitrogen™ Thermo 
Fisher 

Carlsbad, California, USA 

Xylavet®  cp-pharma Burgdorf, GER 

50 bp DNALadder New England BioLabs Ipswich, Massachusetts, USA 

Table 2 Chemicals and reagents. 
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6.1.3 Buffers and solutions 

Name Substances Concentration Weight/volume 

10x PBS KCl 27 mM 2 g 

1 l, pH 6.6 KH2PO4 17.6 mM 2.4 g 

  NaCl 1.37 M 80 g 

  Na2HPO4 53.7 mM 14.4 g 

Gey'sche Lysis buffer KHCO3 10 mM 1.0012 g 

1 l, pH 7.2 NH4Cl 155 mM 8.29095 g 

  EDTA 10 µM 37.224 mg 

  Aqua dest.   dissolve 

4% Paraformaldehyde PBS-Azid   960 ml 

1 l Paraformaldehyde 4% 40 ml 

FACS wash buffer 1x PBS    225 ml 

250 ml FCS 1% 25 ml 

  Sodiumazide 0,1% 2.5 g 

Dulbecco's PBS NaCl   8 g 

+ Ca2+ and Mg2+ KCl   0.2 g 

1 l, pH 7.2 NaH2PO4 x 2H2O   1.44 g 

  KH2PO4   0.2 g 

  CaCl2 x 2 H20   0.132 g 

  MgCl2 x 6 H20   0.1 g 

MACS buffer 1x PBS      

1 l, pH 7.2 BSA 0.5%   

  EDTA 2 mM   

Sperm isolation medium 1x Dulbecco's PBS + Mg, Ca 
 

93 ml 

100 ml, pH 7.2 D-Glucose 5.6 mM 1 ml 

  Sodium Pyruvate 1 mM 1 ml 

  BSA 10% 5 ml 

RNA loading buffer Formamide, deionized 60% 18.0 µl 

per sample 5x TBE buffer 0,5x 3.0 µl 

  SYBR Green II (1:100) 1:2000 1.5 µl 

Hematoxylin Gill's formula Hematoxylin   6 g 

1 l Sodium iodate   0.6 g 
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  Aluminum sulfate hydrate   52.8 g 

  Ethylene glycol   250 ml 

  Acetic acid   60 ml 

  H2O   690 ml 

Table 3 Buffers and solutions. 

 

6.1.4 Antibodies 

Antibody Fluorochome Clone Manufacturer Country Application 

CD8b FITC YTS156.7.7 BioLegend 
San Diego, 

California, USA 
FC 

CD3 APC 145-2C11 
MACS Miltenyi 

Biotec 
Bergisch 

Gladbach, GER 
FC 

CD4 APC-H7 GK1.5 BD Pharmingen 
San Diego, 

California, USA 
FC 

CD4 BV421 RM4-5 BioLegend 
San Diego, 

California, USA 
FC 

Fc Block (CD16 / 
CD32) 

- 2.4G2 BD Pharmingen 
San Diego, 

California, USA 
FC 

Ki-67 Monoclonal 
Antibody 

- SolA15 
eBioscience™ 
Thermo Fisher 

San Diego, 
California, USA 

IHC 

Goat anti-Rat IgG 
(H+L) Cross-Adsorbed 
Secondary Antibody 

Alexa Fluor 
546 

polyclonal 
Thermo Fisher 

scientific 

Waltham, 
Massachusetts, 

USA 
IHC 

Anti-Caspase-3 
antibody 

- polyclonal abcam 
Cambridge, 

GBR 
IHC 

Goat anti-rabbit IgG 
(H+L) Cross-Adsorbed 
Secondary Antibody 

Alexa Fluor 
488 

polyclonal 
Invitrogen™ 

Thermo Fisher 
Carlsbad, 

California, USA 
IHC 

Table 4 Monoclonal and polyclonal antibodies used for flow cytometry (FC) and immunohistochemistry (IHC). CD4 

clone GK1.5 was used for stainings measured on LSRII and CD4 clone RM4-5 was used for cell sorting with AriaIIu. 

 

 

6.1.5 Oligonucleotides 

Oligonucleotides were synthesized by metabion international AG (Planegg, Germany) and 

validated before use by efficiency testing, gel electrophoresis (see section 6.2.3.3) and 

amplicon sequencing (see section 6.2.3.6). 
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Gene Sense (5'-3') Anti-sense (5'-3') Ensembl 

HPRT CAGGCCAGACTTTGTTGGAT ACGTGATTCAAATCCCTGAAGT ENSMUSG00000025630 

Tbp AATTGTACCGCAGCTTCAAAAT ATGATGACTGCAGCAAATCG ENSMUSG00000014767 

Cyp1a1 CGTTACCTGCCTAACTCTTC ATGCTCAATGAGGCTGTCTG ENSMUSG00000032315 

Il4ra GAAAACCTCACATGCATCCCG GCCCACAGTTCCATCTGGTAT ENSMUSG00000030748 

Il10rb TACACCTGCGTTTCTCAGCC AGTAAGTTGTCCACGGCTCC ENSMUSG00000022969 

Foxp1 GAAAGCTTGTCCCACGAGGA GAAAGGCTGGGAAGTCGTCA ENSMUSG00000030067 

Runx3 GGGCGAGGGAAGAGTTTC AGCCACTTGGGTAGGGTTG ENSMUSG00000070691 

Eomes TCATCACCAAACAGGGCAGG CGAAAACATTGTAGTGGGCGG ENSMUSG00000032446 

IL-6 CTCCCAACAGACCTGTCTATAC GTGCATCATCGTTGTTCATAC ENSMUSG00000025746 

Adipoq TGACGACACCAAAAGGGCTC ACCTGCACAAGTTCCCTTGG ENSMUSG00000022878 

Lepr CAGACCCTGAAAGCAGTTCTAT GACACTCATCCTCACAGGTTAC ENSMUSG00000057722 

Insr GAGGAGAGACCTTGGAAATTGG GAGTGATGGTGAGGTTGTGTT ENSMUSG00000005534 

Pparg CCCTGGCAAAGCATTTGTATG GGTGATTTGTCCGTTGTCTTTC ENSMUSG00000000440 

Pik3cg TTGCAGGACTTCACACAGCA CAGGGGCTTCTTCTTGGAGG ENSMUSG00000020573 

Table 5 Genes and primer sequences for qRT-PCR. 

 

6.1.6 Commercial kits 

Kit Manufacturer Country 

Mouse/rat Cotinine ELISA Calbiotech El Cajon, California, USA 

miRNeasy Mini Kit Qiagen Hilden, NLD 

miRNeasy Micro Kit Qiagen Hilden, NLD 

QuantiTect Reverse Transcription Kit Qiagen Hilden, NLD 

Wizard®SV Gel and PCR Clean-Up System Promega Madison, Wisconsin, USA 

LightCycler® 480 SYBR® Green I Master Roche Diagnostics GmbH Mannheim, GER 

Diff-Quik Kit Siemens Healthineers Erlangen, GER 

Agilent RNA 6000 Pico Kit Agilent Technologies Santa Clara, California, USA 

NEBNext Poly(A) mRNA Magnetic 
Isolation Module (NEB)  

New England BioLabs Ipswich, Massachusetts, USA 

NEXTflex Rapid Directional qRNA-Seq Kit Bioo Scientific Austin, Texas, USA 

High Sensitivity DNA Chip Agilent Technologies Santa Clara, California, USA 

NEBNext Multiplex Small RNA Library 
Prep Set 

New England BioLabs Ipswich, Massachusetts, USA 

Table 6 Commercial kits. 
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6.1.7 Equipment and devices 

Device Name Manufacturer Country 

Centrifuges CS-6KR Centrifuge Beckman Brea, California, USA 

  Centrifuge 5415R eppendorf Hamburg, GER 

  
Mikro 200 

Hettich 
Zentrifugen 

Tuttlingen, GER 

  Heraeus Fresco 21 
Centrifuge 

Thermo Fisher 
scientific 

Waltham, Massachusetts, 
USA 

  
Rotina 420R 

Hettich 
Zentrifugen 

Tuttlingen, GER 

  2-6E Sigma Kawasaki, JPN 

Cytofuges 
Cytofuce 2 

Thermo Shandon 
GmbH 

Frankfurth am Main, GER 

  
Cytofuce 3 

Thermo Shandon 
GmbH 

Frankfurth am Main, GER 

Vortexers IKA Vortex-Schüttler VF2 IKA Staufen, GER 

  IKA MS3 basic IKA Staufen, GER 

Cigarette smoke 
machine 

inExpose exposure system SCIREQ Montreal, CAN 

Lung function device Flexivent SCIREQ Montreal, CAN 

Manometer Manometer SCIREQ Montreal, CAN 

Heating mat ThermoLux 
Witte + Sutor 

GmbH 
Murrhardt, GER 

Balance scales precision scales Kern  Balingen, GER 

  R160 P Sartorius Göttingen, GER 

  Entris Precision Balance Sartorius Göttingen, GER 

Microscopes Zeiss microscope Zeiss Oberkochen, GER 

  Primostar Zeiss Oberkochen, GER 

  BX51 Olympus 
Waltham, Massachusetts, 

USA 

+ camera Olympus DP25 Olympus 
Waltham, Massachusetts, 

USA 

  BX41 Olympus 
Waltham, Massachusetts, 

USA 

+ camera DS-Ri1 Nikon Tokio, JPN 

  Axio Observer.Z1  Zeiss Oberkochen, GER 

+ camera Axiocam MR Zeiss Oberkochen, GER 
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Tissue-Lyser Tissue-Lyser II Qiagen Hilden, NLD 

Thermocycler 
Tprofessional TRIO 
Thermocycler 

Biometra Göttingen, GER 

Thermomixer Thermomixer F1.5 eppendorf Hamburg, GER 

Spectrophotometer Denovix DS-11 biolab products Bebensee, GER 

Electrophoresis 
power supply 

Powerpac Basic Biorad Hercules, California, USA 

Gel chamber 
peqLab, comb 1.5 mm 24 
well 

Biotechnologie 
GmbH 

Erlangen, GER 

Lightcycler Lightcycler 480 II Roche Basel, CHE 

Imaging system 
Chemidoc Touch imaging 
system 

Biorad Hercules, California, USA 

Tissue processor Microm STP120 
Thermo Fisher 

scientific 
Waltham, Massachusetts, 

USA 

Embedding station Histostar 
Thermo Fisher 

scientific 
Waltham, Massachusetts, 

USA 

Mikrotom Microm HM 340 E 
Thermo Fisher 

scientific 
Waltham, Massachusetts, 

USA 

Heating plate Slimlive digital hotplate 
Thermo Fisher 

scientific 
Waltham, Massachusetts, 

USA 

Cooling plate CP-4 Kunz instruments Nynashamn, SWE 

Bioanalyzer Bioanalyzer Agilent 2100 
Agilent 

Technologies 
Santa Clara, California, USA 

Sequencer NextSeq500 Illumina San Diego, California, USA 

  HiSeq2500 Illumina San Diego, California, USA 

Plate reader sunrise TECAN Männedorf, CHE 

Incubator CO2-Auto-Zero 
Heraeus 

instruments 
Hanau, GER 

Hemocytometer 
Neubauer counting 
chamber 

Marienfeld 
Superior 

Lauda-Königshofen, GER 

Counter Counter AC-8 assistent 
Sondheim vor der Rhön, 

GER 

Gooseneck lamp Visilight LED5 VWR Radnor, Pennsylvania, USA 

Magnetic heating 
stirrer 

IKA RET basic IKA Staufen, GER 

  IKA type RCT IKA Staufen, GER 

Waterbath Haake W13 
Thermo Fisher 

scientific 
Waltham, Massachusetts, 

USA 

pH-Meter pH-Meter 766 Calimatic Knick Berlin, GER 
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Microwave MW 7873 Severin Sundern, GER 

Laminar hoods Scanlaf Mars Safety Class 2 Labogene Lillerød, DNK 

  Scanlaf Mars Labogene Lillerød, DNK 

Fridges/freezers 4°C / -20°C (privileg de luxe) Privileg Stuttgart, GER 

  4°C / -20°C (privileg) Privileg Stuttgart, GER 

  4°C / -20°C (öko 
Energiesparer) Privileg 

Stuttgart, GER 

  -20°C (öko Energiesparer) Privileg Stuttgart, GER 

  -20°C Siemens München, GER 

  
-80°C (Revco Value Plus) 

Thermo Fisher 
scientific 

Waltham, Massachusetts, 
USA 

  -80°C (VWR 60086V) VWR Radnor, Pennsylvania, USA 

Animal cages Sealsafe PLUS, Green Line Tecniplast Italy 

Table 7 Equipment and devices. 

 

6.1.8 Software and websites 

Software and websites Source 

BD FACSDivaTM Software v8.0.1 BD Bioscience-US, San Jose, USA 

FlowJo software v10  FlowJo, LLC Software, Ashland, USA 

GraphPad Prism v6.0 GraphPad Prism Software, San Diego, USA 

LightCycler® 480 software v1.5.1 Roche, Mannheim, GER 

ImageLabTM software v2.0.1 Biorad Laboratoriers, Hercules, USA 

Ingenuity® Pathway Analysis Qiagen Silicon Valley, Redwood City, USA 

FlexiWare Software v6.1, (inExpose) SCIREQ, Montreal, CAN 

FlexiWare Software v7.2, (FlexiVent) SCIREQ, Montreal, CAN 

ImageJ LOCI, University of Wisconsin, USA 

Adobe Photoshop® CC 2015 Adobe, San José, USA 

Inkscape v0.92.4 Free Software Foundation, Inc., USA 

cell^A v3.4 Olympus Soft Imaging Solution GmbH, Münster, GER 

NIS-Elements D v3.1 Nikon, Tokyo, JPN 

AxioVision software v4.8 Zeiss, Oberkochen, GER 

2100 expert Agilent Technologies, Santa Clara, California, USA 

RNA-seq aligner STAR v2.5  GPLv3 license; http://code.google.com/p/rna-star/ 
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DEseq2 v1.18.1  Bioconductor, Roswell Park Cancer Institute, New York 
(USA) 

FastQC v0.10.1 Babraham Bioinformatics, Babraham, UK 

Bowtie  Johns Hopkins University, Maryland, USA 

Stata 12 StataCorp LLC, Texas, USA 

Stata 15 StataCorp LLC, Texas, USA 

Primer-BLAST https://www.ncbi.nlm.nih.gov/tools/primer-blast/ 

Standard Nucleotide BLAST https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE=Bla
stSearch 

Align Sequences Nucleotide BLAST https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE=Bla
stSearch&BLAST_SPEC=blast2seq&LINK_LOC=align2seq 

Reverse complement http://reverse-complement.com/ 

miRBase http://www.mirbase.org/ 

mirPath v3 http://www.microrna.gr/miRPathv3  

RNAcentral https://rnacentral.org/ 

Btrim  http://graphics.med.yale.edu/trim/ 

Table 8 Software and websites. 

 

6.1.9 Consumables 

Consumables Manufacturer Country 

Research Cigarettes 3R4F University of Kentucky Lexington, Kentucky, USA 

Extraction thimble membranPure GmbH Hermingsdorf, GER 

1,5ml reaction tube Eppendorf Hamburg, GER 

2 ml safe-cap tube Sarstedt Nümbrecht, GER 

Tube 15ml, 120 x 17mm, PP Sarstedt Nümbrecht, GER 

Tube 50ml, 114 x 28mm, PP Sarstedt Nümbrecht, GER 

70 µm cell strainer Corning Wiesbaden, GER 

1 ml syringe BD Heidelberg, GER 

2 ml syringe BD Heidelberg, GER 

5 ml syringe BD Heidelberg, GER 

10 ml syringe BD Heidelberg, GER 

50 ml syringe BD Heidelberg, GER 

cannula 26G x 3/8"; 0.45 x 
10mm 

BD Heidelberg, GER 

cannula 20G x 1 1/2"; 0.9 x 
40mm 

BD Heidelberg, GER 

http://www.mirbase.org/
http://www.microrna.gr/miRPathv3
http://graphics.med.yale.edu/trim/
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cannula 27G x 3/4"; 0.4 x 19mm BD Heidelberg, GER 

TC Plate 6 Well Sarstedt Nümbrecht, GER 

96 Well Cell Culture Plate Corning Wiesbaden, GER 

Tube 5ml, 75 x 12mm Sarstedt Nümbrecht, GER 

5ml Polystyrene Round-Bottom 
Tube with Cap 

Sarstedt Nümbrecht, GER 

5ml Polystyrene Round-Bottom 
Tube with Cell-Strainer Cap 

VWR Hannover, GER 

Petri dish 35x10mm with cams Greiner Bio-One Solingen, GER 

Petri dish 92x16mm w/o cams Sarstedt Nümbrecht, GER 

Filterpur S 0.2 Sarstedt Nümbrecht, GER 

Stericup and Steritop 0.22µm millipore 
Burlington, 

Massachusetts, USA 

Surgical Disposable Scalpels B Braun Melsungen, GER 

Parafilm "M", PM-996 Sigma-Aldrich St. Louis, Missouri, USA 

Transfer pipette 3.5ml Sarstedt Nümbrecht, GER 

Slide Langenbrinck Emmendingen, GER 

Superfrost slide Langenbrinck Emmendingen, GER 

Leja Slide 8 Leja Nieuw-Vennep, NLD 

Swingsette biopsy embedding 
cassettes 

Carl Roth Karlsruhe, GER 

Tissue embedding sponge Kartell S.p.A. Milano, ITA 

Cytofuge filter Thermo Fisher Runcorn, GEB 

PCR plate Roche Diagnostics GmbH Mannheim, GER 

Seal film for PCR plates Roche Diagnostics GmbH Mannheim, GER 

Sealing Tape costar Washington, D.C, USA 

RNA Pico Chips Agilent Technologies 
Santa Clara, California, 

USA 

Table 9 Consumables. 

 

6.2 Methods 

6.2.1 Mouse models 

6.2.1.1 Animals 

The study was conducted according to the guidelines for the use and care of laboratory 

animals according to the Federal Act on the Protection of Animals (Germany) and was 

approved by the Government of the District of Schleswig-Holstein (V244 – 230780/2015 

(105-8/15)). Eight-week-old C57BL/6J wild type (WT) mice were obtained from Charles 
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River (Sulzfeld, Germany). Animals were housed in individually ventilated cages (IVC) 

(Sealsafe PLUS, Green Line, Tecniplast, Italy) in a specific pathogen-free facility with a 12 h 

light-dark cycle at constant temperature and humidity, provided with rodent chow and 

water ad libitum. 

 

6.2.1.2 Cigarette smoke exposure protocols 

Mainstream cigarette smoke (CS) served as a surrogate for active smoking and was 

generated using the inExpose exposure system (SCIREQ, Montreal, Canada) with 3R4F 

Research Cigarettes (Tobacco Research Institute, University of Kentucky, Lexington, 

Kentucky). Mice were exposed to room air (RA) or CS in a whole body chamber. 

 

6.2.1.2.1 Dose finding CS exposure 

Six to eight-week-old adult females were exposed to RA or CS (1 puff/min) the first three 

days of exposure treatment and continued from d4 with RA, 1 puff/min or 4 puffs/min of 

CS once per day for 60 min for 21 consecutive days. Analysis was performed on d25; 24 h 

after the last CS exposure (Figure 9). 

 

 

Figure 9 Schema of exposure to RA or CS for dose finding experiments. Female virgins were exposed to RA or 

1 puff/min CS until d3. From d4 CS exposure was increased in one smoking group to 4 puffs/min. Exposure treatment 

was performed 1 h daily for 7 days/week. Mice were sacrificed on d25 (). 

 

6.2.1.2.2 Prenatal CS exposure 

For in utero experiments, adult virgin female mice were handled once daily for 7 

consecutive days to adjust mice to the experimenter, the weighting procedure and the 

new surrounding of the exposure chamber. Thereafter, females were exposed to RA or CS 

(1 puff/min) for 4 consecutive days for 60 min daily. The following day, female mice were 

mated (see section 6.2.1.4). After mating on embryonic day (ED) 2.5, exposure was 

continued until delivery as described above (Figure 10). 
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Figure 10 Schematic protocol of prenatal CS exposure (1 puff/min). Virgin females were handled once per day for 7 

consecutive days to reduce stress of handling procedures. 4 days prior mating, mice were RA or CS-exposed (1h daily). 

Mating was performed for 48 h. From embryonic day (ED) 2.5 exposures were continued once per day, 7 days/week for 

1 h until dams gave birth. Body weight of offspring was recorded once per day until analysis (PND3, PND21 or PND56). 

Room air (RA), cigarette smoke (CS), postnatal day (PND). 

 

6.2.1.2.3 Preconceptional CS exposure 

Three-week-old males and females were exposed to RA or CS (2 weeks to 1 puff/min 

(total particulate matter (TPM): 2,18 g/ml ± 0,25 and four weeks to 4 puffs/min (TPM: 

7,83 g/ml ± 0,73)) for 1 h, 5 days/week. RA-control females were not placed into the 

inExpose exposure chamber. After exposure treatment, CS-exposed mice were mated 

with the corresponding sex of the RA control group (see section 6.2.1.4). After mating, 

males were analyzed. Body weight of offspring (filial generation 1 (F1)) was recorded once 

per day from postnatal day (PND)0 to PND21 (see section 6.2.1.5). Offspring were 

analyzed on PND3 and PND21. As pups were weaned on PND21, mothers were analyzed 

at the same time point (Figure 11). 

 

 

Figure 11 Schema of preconceptional RA or CS exposure of mice and experimental setup. 3-week-old male and female 

mice were exposed to RA (blue) or CS (grey) (2 weeks 1 puff/min, 4 weeks 4 puffs/min. Mating was performed for 48 h. 

PND0 is day of birth. Room air (RA), cigarette smoke (CS), postnatal day (PND). 
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6.2.1.3 Quantification of CS exposure 

Once per week, TPM concentrations were recorded by real-time detection of CS particles 

by photometric measurements using the Microdust Pro (Casella, United Kingdom). 

Cotinine levels were quantified by ELISA (Mouse/Rat Cotinine ELISA, Calbiotech, Canada) 

in urine and sera from mice. 

 

6.2.1.4 Mating 

For in utero models, females were bred with a WT male 2:1. For smoking during 

adolescence, mating was approached after exposure treatment by 1:1 (female:male) with 

RA control females and CS-exposed males. CS-exposed and RA-exposed females were 

mated separately 2:1 with RA control males. Mating of female and male non-smoking 

mice (2:1) served as an additional control. All mating approaches were set for 48 h. 

 

6.2.1.5 Body weight 

Body weight was recorded using Entris Analytical Balance (±0.01g, Sartorius, Germany) for 

adult mice as for pups. Body weight of exposure treated mice was assessed before each 

exposure and body weight of pups was recorded once per day from day 0 (birth) until 

experimental endpoint (PND3, PND21, PND56). 

 

6.2.1.6 Lung function assessment 

After intraperetoneal (i.p.) anesthesia (Narcoren, 90 mg/kg, 16 g/100 ml pentobarbital 

sodium, Merial, Germany), mice were tracheostomized, intubated (cone: total length: 2.4 

mm, outer diameter: 0.9 mm, estimated inner diameter: 0.7 mm) and connected to the 

FlexiVent ventilator (FlexiVent, SCIREQ, Montreal, Canada) equipped with FlexiWare 

software (v7.2). For baseline lung function measurement mice were ventilated with a 

tidal volume of 10 ml/kg at a frequency of 150 breaths/minute and a positive end-

expiratory pressure of 2 cm H2O by a computer-controlled ventilator. The lung volume 

history was standardized by one maximum expansion of the lung. All perturbations 

(Single frequency forced oscillation (SnapShot-150), broadband frequency forced 

oscillation (Prime-8) and recruitment maneuver (Deep Inflation)) were performed one-by-

one until three acceptable measurements (coefficient of determination >0.95) were 

recorded in each individual subject. To assess airway hyperresponsiveness, methacholine 
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(Sigma-Aldrich, Germany) was nebulized with a tidal volume of 30 ml/kg at a frequency of 

60 breaths/minute and administered at increasing concentrations (0, 6.25, 12.5, 25, 50, 

100 mg/ml) for 10 sec (Aeroneb Pro nebulizer, 3.1 µm MMAD; Aerogen Ltd, Ireland) and 

measurements were performed until a maximum was reached. 

 

6.2.1.7 Bronchoalveolar lavage 

Lungs were rinsed once with ice-cold 1x phosphate buffered saline (PBS) of 400 µl 

(PND21) and 1 ml (PND56), respectively. The obtained fluid was centrifuged (1.200 rpm, 

4°C, 10 min) to separate the cells from the supernatant. With a hemocytometer, total cell 

count was determined before performing the cytospins (900 rpm, RT, 8 min) (Cytospin 2, 

Thermo Shandon GmbH, Germany). After staining (Diff-Quik Staining Set; Siemens 

Healthineers, protocol see section 6.2.4.1.2), alveolar macrophages, neutrophils, 

eosinophils and leucocytes were identified by morphology and counted. A minimum of 

200 cells were evaluated per slide using (Olympus BX51; Olympus DP 25, USA). In 

bronchoalveolar lavage (BALF), total cell numbers were calculated multiplying the 

percentages obtained in cytospin analysis with total cell counts from the count via a 

hemocytometer (Neubauer, Germany) (see section 6.2.2.1). 

 

6.2.1.8 Serum 

Blood was collected from the Vena cava and kept on room temperature for >1 h. The 

blood clot was removed before centrifugation (10.000 rpm, RT, 10 min). 

 

6.2.1.9 Spermatozoa isolation 

Cauda epididymis and Ductus deferens were collected and reduced to smaller pieces in 

sperm isolation medium (Dulbecco’s PBS with Ca, Mg, 5.6 mM D-glucose, 1 mM pyruvate 

and 5 mg/ml BSA (low endotox), pH 7.2) at 37°C. Spermatozoa were allowed to swim out 

for 10 min at 37°C and filtered subsequently. Spermatozoa were counted using a 

hemocytometer and Zeiss microscope. For microscopy, Leja slides (SD-20-01-08-B, Nieuw-

Vennep, the Netherlands) were used and pictures were taken at 20x (Olympus BX41, USA; 

DS-Ri1, Nikon, Japan). Spermatozoas were centrifuged (600 x g, RT, 5 min) and 

transferred into QIAzol Lysis Reagent (Qiagen, Venlo, Netherlands) for RNA isolation. 
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6.2.2 Flow cytometry 

6.2.2.1 Single cell preparation 

Lung: The whole lung parenchyma (PND3) or the left lung lobe (PND21, PND56) were 

minced with a scalpel and processed in digestion buffer of 1 mg/ml collagenase (Sigma-

Aldrich, USA) in 1xPBS for 45 min at 37 °C (water bath). After digestion, lungs were 

homogenized using a 10 ml syringe with a 20G needle (Braun, Germany) and filtered 

through a 70 µm cell strainer (Corning, USA).  

Spleen: Spleens were pushed gently through a 70 µm cell strainer with the plunger of a 

2 ml syringe (Braun, Germany) and rinsed with 1xPBS.  

Thymus: In a 6-well plate, thymi were minced in 2 ml 1xPBS with a scalpel and carefully 

grinded between two slides to obtain single cell suspensions. The slides were rinsed with 

1xPBS and cells were filtered through a 70 µm cell strainer.  

 

Erythrocytes in single cell suspensions from lung and spleen were lysed by Gey’sche lysis 

buffer (10 mM KHCO3 (Merck, Germany), 155 mM NH4Cl (Merck, Germany), 100 µM EDTA 

(Sigma-Aldrich, USA)). All single cell suspensions were counted via a hemocytometer 

(dead cell exclusion via trypan blue (0,05% in NaCl solution)) and adjusted to 2x107 

cells/ml. The total cell number was calculated with the following formula: total cell 

number = counted cells / (counted squares * dilution factor * volume [ml] * 10.000). 

 

6.2.2.2 Fluorescence activated cell sorting 

Flow cytometric analysis was conducted using a LSRII and sorting was performed using an 

AriaIIu instrument (BD Bioscience, USA), equipped with 405 nm, 488 nm and 633 nm 

lasers. Both instruments are equipped with BD FACSDiva software (v8.0.1). Single cell 

suspensions of lung, thymus and spleen were incubated with Fc Block (CD16/CD32) to 

prevent non-specific binding of antibodies. Then, cells were stained with fluorochrome-

conjugated antibodies against surface markers and intracellular markers (Table 4). Cells 

were fixed with 4% paraformaldehyde before measurements. 

Analyses were performed using FlowJo software version 10 (FlowJo, LCC Software, USA). 

Leukocytes were analyzed after doublet exclusion using the forward-scatter-

area/forward-scatter-height profile. Gating strategies of lung, spleen and thymus are 

visualized within Figure 12. 
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Figure 12 Gating strategies for flow cytometry. A-B, Gating strategy for the identification of CD3+ T cells in lungs and 

spleen, and the subpopulations of CD4 and CD8. C, Thymocytes were specified with the markers CD4 and CD8 to gate 

DN (CD4-CD8-), DP (CD4+CD8+), CD4SP (CD4+CD8-) and CD8SP (CD4-CD8+) thymic T cells. Forward scatter height (FSC-

H), Forward scatter area (FSC-A), Sideward scatter area (SSC-A). 

 

Using AriaIIu, sorted thymic populations included double-negative (DN, CD4-CD8-), 

double-positive (DP, CD4+CD8+), single-positive CD4 (CD4SP, CD4+CD8-) and CD8 (CD8SP, 

CD4-CD8+) cell populations. Thymic single cell suspensions were treated before surface 

antibody staining with Fc Block (CD16/CD32) and then stained with CD4-BV421 and CD8-

FITC (Table 4). Stained thymocytes were resolved in MACS buffer for cell sorting. 

For dead cell exclusion, propidium iodide (eBioscience, USA) was administered shortly 

before single-cell sorting. Sorted populations were reanalyzed to ensure purity, 

afterwards centrifuged and stored at -80°C in QIAzol Lysis Reagent (Qiagen, The 

Netherlands) for further analysis. 
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6.2.3 RNA expression analysis 

6.2.3.1 Tissue processing for RNA isolation 

Lung tissue was processed with a bead-based tissue homogenization method for 2 min at 

30 Hz (TissueLyser II, Qiagen, The Netherlands). For snap-frozen liver tissue, a mortar was 

cooled with liquid nitrogen and used to grind the tissue into powder. 40-50 mg of liver 

powder was used for RNA isolation. 

 

6.2.3.2 RNA Isolation 

Total RNA including small RNAs was isolated using the miRNeasy Mini Kit for lung and 

liver tissue, and the miRNeasy Micro Kit (Qiagen, The Netherlands) for sorted thymocyte 

populations and spermatozoa following manufacturer’s instructions. RNA of the aqueous 

phase was bound on a membrane and washed once with RWT buffer and twice with RPE 

buffer solutions provided by the kit. Centrifugation was performed at 10.000 x g for 

washing. Before eluting the RNA from the membrane using nuclease-free H2O, the 

membrane was dried by centrifugation with an open lid at 14.000 x g for 1 min. The RNA 

was eluted in a volume of 20 µl when Mini kit was used and 14 µl after the use of the 

Micro kit. 

 

6.2.3.3 RNA quality control 

6.2.3.3.1 RNA gel electrophoresis 

RNA quality and quantity were controlled via spectrometry (DeNovix DS-11, DeNovix Inc., 

USA) and standard gel electrophoresis. 1 µg RNA was added to RNA loading buffer (60 % 

deionized Formamide, 0.5x of Tris-borate-EDTA (TBE) buffer, SYBR green (1:2000)) and 

denaturated for 15 min at 65 °C. Immediately after denaturation, samples were put on ice 

for 3 min. Afterwards, samples were separated in a 1.2% agarose gel in 0.5x TBE buffer at 

60 V for 120 min. Utilizing the Chemidoc Touch Imaging System (Biorad) and UV light, the 

gel was analyzed for the detection of the 28S and 18S bands of intact RNA. Only samples 

with satisfactory RNA quality were used for further analysis. 

 

6.2.3.3.2 Capillary electrophoresis  

For sorted thymocyte populations the RNA quality and integrity was analyzed by capillary 

electrophoresis (Bioanalyzer Agilent 2100, Agilent Technologies, USA) following 
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manufacturer’s protocol (Agilent RNA 6000 Pico Kit, Agilent Technologies, USA). Only 

high-quality RNA samples (260/280 ratio> 1.66, no degradation as detected by capillary 

electrophoresis) were used for further analyses. 

 

6.2.3.4 RNA reverse transcription 

RNA was converted to complementary DNA (cDNA) with the QuantiTect Reverse 

Transcription Kit, (Qiagen, the Netherlands) according to the manufacturer’s protocol. For 

the transcription, 500 ng RNA was adjusted to 12 µl in nuclease-free water. Residual 

genomic DNA was removed using gDNA Wipeout Buffer and incubated for 2 min at 42 °C. 

Thereafter, the master mix for the reverse transcription (Quantiscript Reverse 

Transcriptase, Quantiscript RT Buffer and RT Primer Mix) was put into the thermocycler 

(Tprofessional TRIO, Biometra, Germany) for 30 min at 42 °C and 3 min at 95 °C. The 

cDNA was diluted 1:10 for the use in qRT-PCR. 

 

6.2.3.5 qRT-PCR 

Quantitative real-time polymerase chain reaction (qRT-PCR) was performed on a 

LightCycler 480 system (Roche Diagnostics, Germany) under the protocol shown in 

Table 10. 2.6 µl of cDNA (1:10) was mixed with 7.4 µl of Light Cycler 480 SYBR Green I 

Master Mix and the primer of the gene of interest. The master mix included 10 pmol/µl of 

the sense and anti-sense primer. 

 

Step   Time [min] Temperature 

Denaturation   10:00 95 °C 

Amplification for 45 cycles 00:10 95 °C 

    00:15 60 °C 

    00:10 72 °C 

    00:01 78 °C 

Melting Curve   00:05 95 °C 

    01:00 60 °C 

  0.11°C/sec continuous 99 °C 

Cool down   00:10 40 °C 

Table 10 Light cycler protocol for qRT-PCR. 
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For normalization, dose finding data were normalized with the housekeeping genes 

hypoxanthine guanine phosphoribosyltransferase (HPRT) and TATA binding protein (Tbp). 

Prenatal and preconceptional smoking data were normalized with HPRT. The 2-Ct 

value was used to indicate the fold change (FC) in mRNA expression relative to RA 

controls. Primer gene sequences are provided in Table 5 (metabiom, Germany).  

 

6.2.3.6 Amplicon validation 

6.2.3.6.1 DNA gel electrophoresis 

To confirm the correct amplification of the primer product, amplicons from qRT-PCR were 

analyzed by DNA gel electrophoresis using a 1 % agarose gel (see section 6.2.3.3.1). The 

PCR reaction and corresponding No-Template-Control (NTC) of gene (10 µl) were mixed 

with 2 µl of loading dye (6x Gel Loading Dye, SYBR Green (1:10)) and individually loaded 

onto the agarose gel. The samples were separated using 0.5x TBE running buffer at 60 V 

for 180 min. Bands were visualized with ChemiDoc using UV light. Amplicon size was 

compared to Bench Top ladder (1kb, Promega, USA). 

 

6.2.3.6.2 PCR Clean-Up 

Additionally, qRT-PCR amplicons were processed with Wizard®SV Gel and PCR Clean-Up 

System (Promega, USA). Membrane binding solution was added to PCR reaction samples 

taken directly from qRT-PCR plate and transferred into a SV Minicolumn. After an 

incubation of 1 min at RT, columns were spinned at 16.000 x g for 1 min. The membrane 

was washed with 700 µl Membrane Wash Solution (16.000 x g, 1 min) and 500 µl 

Membrane Wash Solution (16.000 x g, 5 min). To allow evaporation of residual ethanol, 

the column was spinned with an open lid for 1 min. DNA was eluted from the membrane 

with 20 µl nuclease-free water, incubated for 1 min and centrifuged at 16.000 x g for 1 

min. 

 

6.2.3.6.3 Eurofins Genomics sequencing 

For DNA sequencing of amplicons, 2 ng/µl purified amplicon DNA was diluted in 15 µl. 

10 pmol/µl of the primer used for the qRT-PCR was added to gain a final volume of 17 µl. 

Prepaid barcodes from Eurofins Genomics were adjusted to the tube. The samples were 
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sent on room temperature (RT) for sequencing to the company. The received nucleotide 

sequences from Eurofins Genomics were analyzed with Standard Nuclotide BLAST and 

Align Sequence Nucliotide BLAST to identify the gene encoded by the sequence of the 

amplicon. Only primers producing the correct amplicon were used in qRT-PCRs. 

 

6.2.3.7 Library preparation and Next Generation Sequencing  

6.2.3.7.1 mRNA sequencing 

Prior to sequencing, RNA quality was determined on a Bioanalyzer RNA Pico Chip (Agilent 

Technologies, USA). Total RNA was used for mRNA extraction with the NEBNext Poly(A) 

mRNA Magnetic Isolation Module (NEB) (New England BioLabs, USA). Sequencing libraries 

were then prepared using the NEXTflex Rapid Directional qRNA-Seq Kit (Bioo Scientific, 

USA) as recommended according to the manufacturer’s protocol. On a Bioanalyzer High 

Sensitivity DNA Chip (Agilent Technologies, USA), size and quality of the libraries were 

visualized. Diluted libraries (2 nM) were multiplex-sequenced on the Illumina NextSeq500 

instrument (Illumina, USA). For each sample between 14 and 20 million single reads of 

length 75bp were generated. 

 

6.2.3.7.2 miRNA sequencing 

Sperm RNA from RA- and CS-exposed adult male mice was characterized by unbiased 

small RNA sequencing (RNA-seq), starting with 100 ng of total RNA. Sequencing libraries 

were prepared as previously reported in Reithmair et al (2017) (86), using the NEBNext 

Multiplex Small RNA Library Prep Kit for Illumina (New England BioLabs, USA). Low input 

of RNA was compensated with a 1:2 dilution of all adaptors and primers in nuclease-free 

water. PCR-amplified libraries were size-selected on a high-resolution agarose gel (4 %) 

prior to extracting bands of 130–150 bp in length. Libraries were subsequently quality-

controlled by capillary electrophoresis (High Sensitivity DNA Kit, 2100 Bioanalyzer, Agilent 

Technologies, Germany) and sequenced using 50 cycles of single-end sequencing on a 

HiSeq2500 machine (Illumina, USA). 

 

6.2.4 Histology 

Thymi and testes were harvested and stored in Histofix for 24 h at RT. In a tissue 

processor, the tissues were dehydrated with increasing concentrations of ethanol (70%, 
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80%, 90%, 96% and 3x 100%, 1 h/concentration) and further washed 2x with xylene for 

1 h. The last step included 2x incubation in paraffin for 1.5 h. Thymi and testes were cut 

into 2 µm thin slices on a microtome (Microm HM 340 E, Thermo scientific). 

For tissue stainings, the paraffin was removed from the tissue slices by incubation in 

xylene (2x, 5 min) and decreasing EtOH concentrations (2x, 5 min in 100%, 2x, 5 min in 

96% and 5 min in 70%). The tissue slides were rinsed with H2O. 

 

6.2.4.1 Stainings 

6.2.4.1.1 Hematoxylin and Eosin (H&E) 

After removal of paraffin as mentioned above, tissue slides were incubated in 

Hematoxylin solution modified according to Gill for 20 min and rinsed with H2O. Then, 

slides were incubated in 1% Eosin (acidified) for 3 min and rinsed with Aqua dest. The 

tissue was dehydrated with increasing ethanol concentrations (3x for 1 sec in 70%, 2x 96% 

and 100%). A second incubation in 100% ethanol was performed for 2 min. Further, tissue 

slides were washed 3x with xylene for 5 min and covered with Entellan (Merck, Germany) 

and 24 x 60 mm coverslips. All steps were performed at RT. 

 

6.2.4.1.2 Diff-Quik Staining 

Cells obtained from BALF were spinned on a glass slide (see section 6.2.1.7) and stained 

with Diff-Quik Staining Set (Siemens Healthineers, Germany) 5x 1 sec in Fixative Solution, 

5x 1 sec in Solution I and 5x 1 sec in Solution II. Stained slides were rinsed with H2O and 

dried overnight at RT. After microscopy analysis, slides were covered with Entellan 

(Merck) and 24 x 60 mm coverslips. 

 

6.2.4.1.3 Immunohisochemistry 

Ki67 (Antigen KI-67 or MKI67) expression in tissues of murine testes was determined by 

immunofluorescence using a specific Ki67 antibody. First, tissue slides were treated with 

citrate buffer (pH 6,0) at 120°C for 45 min and further cooled down to RT for 15-25 min 

before washing the slides 3x with PBS-T. Thereafter, tissue slides were treated with 200 µl 

blocking buffer (4% BSA, 0,1% Triton X100, 0,05 % Tween 20, 1x PBS ) per slide for 20 min. 

Tissue slides were stained with 100 µl per slide using a specific Ki67 antibody (Ki-67 

Monoclonal Antibody (SolA15), 1:100) in blocking buffer and incubated in the dark at 4°C, 
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overnight. Afterwards, tissue slides were washed 3x with PBS-T. Secondary antibody 

(Goat anti-Rat IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 546, 1:500) was 

added onto the slide (100 µl/slide) and incubated in the dark for 1 h at RT. Slides were 

washed 1x with PBS-T and incubated in the dark with 1:1000 DAPI (100 µl/slide) for 15 

min at RT. Thereafter, tissue slides were washed 3x with PBS-T and covered with 

Mounting medium (Dako North America, USA). The slides were stored in the dark at 4°C. 

 

6.2.4.2 Histology analyses 

6.2.4.2.1 Thymus histology 

The area of cortex and medulla were measured on the microscope (Olympus BX41, USA; 

DS-Ri1, Nikon, Japan) utilized by the NIS-Elements D v3.1 software (Nikon, Japan) and 

calculated as mean per section. Per thymus, the total tissue area of 6 sections (3 sections 

per lobe) was measured. To calculate the area of the cortical tissue, the sum was 

calculated from the medullary mean area per section and subtracted from the total area. 

A ratio for Cortex to Medulla was calculated. 

 

6.2.4.2.2 Testes histology 

Spermatogonia were identified as Ki67 high cells in the first cellular layer of seminiferous 

tubules by a fluorescence microscope (Axio Observer.Z1, Zeiss; Axiocam MR, Zeiss, 

Germany). Spermatogonia were counted per section using the “Multi-point” tool in 

ImageJ (LOCI, USA). 

 

6.2.5 Statistical analyses 

6.2.5.1 Statistics with Prism 

Data were tested for normal distribution by Column Statistics with D’Agostino-Person 

omnibus normality test. Normally distributed data were analyzed by unpaired student's t 

test (t test) or 1way analysis of variance (ANOVA) with Tukey post-hoc test for more than 

two groups. Data not passing normality tests were analyzed by Mann-Whitney U test 

(MWU) or Kruskal-Wallis test with Dunn’s correction. For data being compared to two 

factors, 2way ANOVA with Tukey’s or Sidak’s post-hoc test was used. Results are 

expressed as mean ± standard deviation (SD) and mean ± standard error of the mean 

(SEM). Flow cytometry data from lungs and spleen are expressed as median ± 
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interquartile range (IQR). Statistical significance was accepted with p-values <0.05. Data 

were analyzed using Graph Pad Prism version 6.0 (GraphPad Software, USA).  

 

6.2.5.2 Statistics: mRNA NGS analysis 

For next-generation sequencing (NGS) of thymic mRNA, sequenced reads were mapped 

on the mouse genome GRCm38 and simultaneously counted using Star v2.5 (87). Fold 

changes and false discovery rates (FDR) for each gene between conditions were 

estimated with DEseq2 v1.18.1 (88). Downstream Analysis was performed using Ingenuity 

Pathway Analysis (IPA®) (Qiagen, The Netherlands), differential expressed genes were 

selected by a FDR below 0.1 (FDR< 0.1) and a fold change ≥ 2, ≤ 0.5 (Log2Foldchange ≥ 1, 

≤ -1). Raw sequencing data were deposited at European Nucleotide Archive (ENA) with 

the accession number PRJEB34795. This analysis was performed by Michael Spohn. 

 

6.2.5.3 Statistics: miRNA NGS analysis 

For NGS of spermatozoal miRNAs, data processing was carried out as described in the 

publications by Spornraft et al (2014) (89) and Buschmann et al (2018) (90). To 

summarize, length distribution and Phred quality scores of all sequences were assessed 

using FastQC (version 0.10.1) (91). Adaptor sequences were clipped using Btrim (92), and 

reads without sequencing adaptors were discarded. Additionally, reads shorter than 

16 nt, which most likely stem from non-specific degradation of longer RNAs, were 

excluded before alignment (93). To reduce false-positive hits during the subsequent 

miRNA analysis, reads mapped to murine sequences of ribosomal RNA (rRNA), tRNA, 

snRNA and small nuclear RNAs (snoRNAs) (obtained from RNAcentral) (94) were 

removed. The remaining reads were aligned to murine miRNA sequences in miRBase 

(v21) (95). Bowtie (96) and the “best” alignment command were used for all mapping 

steps, allowing one mismatch. Differentially expressed miRNAs were analyzed utilizing the 

Bioconductor Package DESeq2 (version 1.8.1)) (88) with its built-in normalization strategy 

and false discovery correction (Benjamini–Hochberg method). Thresholds to identify 

significantly regulated miRNAs were set to a log2 fold change ≥|1,| an adjusted p-value of 

≤0.05 and a mean expression of baseMean ≥50. After the filtration through set criteria 

mentioned above, a list of 45 regulated miRNAs was generated. Trimmed sequence reads 

were deposited in the European Nucleotide Archive (ENA) under the accession number 
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PRJEB35967. This analysis was performed by Dominik Buschmann. The 45 regulated 

spermatozoal miRNAs were used for the following downstream analyses. miRNA gene 

targets were identified under the MicroT-CDS algorithm using the mirPath tool (v.3) (97). 

Targeted genes of miRNAs were identified by Kyoto Encyclopedia of Genes and Genomes 

(KEGG) pathway analysis and Gene Ontology (GO) analysis, undertaken by "a priori" and 

"a posteriori" analyses for either method. By "a priory" analysis, two gene lists were 

produced a) a list implementing the union of all targeted genes and b) a list with the 

intersection of genes targeted by at least 5 miRNAs. On the produced gene lists were run 

the KEGG pathway and ontology enrichment analyses. By "a posteriori" union analysis, an 

enrichment analysis is performed and calculates the significance levels (p-values) 

between each miRNA and every pathway. Subsequently, for each pathway, a merged p-

value is calculated by combining the previously calculated significance levels (Fisher’s 

meta-analysis method). These analyses were performed by Faisal I. Rezwan. 

 

6.2.5.4 Statistics: offspring’s body weight analysis after adolescent parental smoking 

Body weight data were available for 72 murine offspring, belonging to 19 litter, from birth 

(day 0) and the days 1-21. In order to take advantage of the repeated body weight 

measurements and the clustering into litter, a multilevel mixed models with a random 

intercept and a random slope was built (xtmixed command, Stata 12). The three levels 

were time, mouse and litter. The mixed command of Stata 15 was employed to fit linear 

models for the body weight data. The time-independent variables included in the model 

were exposure to smoking (none, paternal or maternal) and gender of the pups.  

Thus, the model performed as followed:  

Weightit ~ daysit + exposurei + sexi || litter || pups: 

days 

where i = 1, 2, …., 72 pups and t = 0, 1,…., 21 days 

To test for gender-specific differential growth, the following model for male (n= 36) and 

female (n=36) offspring was built separately:  

Weightit ~ daysit + exposurei || litter || pups: days 

This analysis was performed by Latha Kadalayil. 
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7 RESULTS 

7.1 CS dose finding for prenatal and preconceptional murine 

exposure models 

 

7.1.1 Characterization of CS exposure of mild and heavy smoking 

Adult virgin females were exposed to RA or to either one of two different CS doses 

(Figure 9). Mild smoking was tested with 1 puff/min (TPM: 2.15 ±0.33 g/m3
), whereas 

heavy smoking was performed with 4 puffs/min (TPM: 7.69 ±0.76 g/m3). In mice, the CS 

exposure led to an increased detection of cotinine in serum, as cotinine is a more stable 

metabolite of nicotine (Figure 13A). In addition, the gene cytochrome P450 family 1 

subfamily A member 1 (Cyp1a1), encoding for the hydroxylase that metabolizes polycyclic 

aromatic hydrocarbons (98), showed an increased expression in lung homogenates in 

both CS-exposed groups (Figure 13B) compared to RA controls. 

On d24 of exposure treatment, the body weight was lower but not significantly decreased 

in virgin female mice exposed to 1 puff/min (19.91 ±0.35 g) compared to RA-exposed 

mice (20.40 ±0.30 g). However, the CS exposure of 4 puffs/min led to a significant 

decrease in body weight (18.70 ±0.27 g) compared to RA controls (20.40 ±0.30 g) 

(Figure 13C). 
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Figure 13 Validation of CS exposure in virgin females. A, Cotinine levels in serum of CS-exposed mice on d25. B, Gene 

expression of Cyp1a1 in lung homogenates, normalized with HPRT and Tbp. C, The body weight progression during 

exposure treatment of 24 consecutive days, * RA vs 4 puffs/min. A-B, Data are expressed as mean  SD, each data point 

represents an individual animal. C, Data are expressed as mean  SEM. A-B, 1way ANOVA. C, 2way ANOVA. A, Dunn’s 

multiple comparison test. B-C, Tukey’s multiple comparison test. RA  n= 11, 1 puff/min  n= 15-16, 4 puffs/min  n= 

10; room air (RA), cigarette smoke (CS). * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. 
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7.1.2 Macrophages and neutrophils are increased in BALF after CS 

exposure 

In BALF, total cell counts were elevated in both CS exposure groups of adult virgin females 

(Figure 14A). In detail, increased numbers of macrophages were present in CS-exposed 

mice to 1 puff/min and to 4 puffs/min (Figure 14B), whereas a neutrophilia was only 

detected in mice exposed to 4 puffs/min (Figure 14C). Invasive lung function 

measurements and methacholine provocation (bronchoconstictor) showed no effects on 

lung function parameters in both CS exposure groups compared to RA controls 

(Figure S1). 

 

 

Figure 14 Inflammatory cells in BALF of virgin females. A, Total cell counts. B, Numbers of macrophages. F, Numbers of 

neutrophils. A-C, Data are expressed as mean  SD, each data point represents an individual animal. A-C, 1way ANOVA. 

A-B, Tukey’s multiple comparison test. C, Dunn’s multiple comparison test. RA  n= 11, 1 puff/min  n= 16, 4 puffs/min 

 n= 10; room air (RA), bronchoalveolar lavage fluid (BALF). * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. 

 

To continue with the in utero exposure experiments, 1 puff/min was chosen as CS dose 

(Figure 10). Furthermore, 1 puff/min was selected for the exposure of three-week-old 

mice in the preconceptional smoking model for two weeks, increasing the CS dose to 

4 puffs/min for further 4 weeks of exposure (Figure 11). 
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7.2 Mild maternal smoking affects the frequency and 

transcriptome of thymic T cells in murine offspring 

 

7.2.1 Characteristics of dams and offspring following mild maternal 

smoking 

7.2.1.1 Maternal phenotype and pregnancy outcome  

CS-exposed (1 puff/min) non-pregnant mice had a comparable body weight to non-

pregnant RA controls throughout the exposure treatment, similar to adult virgin females 

showed above. The body weight progression of CS-exposed pregnant mice was normal 

compared to pregnant RA control animals (Figure S2A). The CS exposure was validated in 

urine and serum of non-pregnant mice by increased cotinine levels (Table 11). 

Furthermore, the maternal body weight 1 day before delivery was normal and litter sizes 

were equal to RA exposed controls.  

 

 RA (n=45) CS (n=44) p-value 

maternal weight 
before conception 

20.67 ±1.05 g  20.62 ±0.97 g 0.46 (t test) 

number of 
pregnant females 
(pregnancy rate) 

21 (47 %) 29 (66 %) 0.21 (MWU) 

maternal weight 1 
day before delivery 

36.96 ±2.56 g 35.73 ±3.44 g 0.19 (t test) 

Urine cotinine† 1.50 ±0.35 ng/ml 875.45 ±132.12 ng/ml 0.03 (MWU) 

Serum cotinine† 0.00 ±0.00 ng/ml 60.72 ±7.58 ng/ml 0.03 (MWU) 

 litter size 7.3 ±2.2 6.5 ±2.7 0.31 (t test) 

weaned pups 
number and (%) 

♂: 85 (58.6 %) 
♀: 60 (41.4 %) 

♂: 89 (46.4 %) 
♀: 103 (53.6 %) 

 

Table 11 Pregnancy outcome and CS exposure characteristics of dams. Data are expressed as mean  SD; 6 

independent experiments. Groups were tested for normal distribution and compared by unpaired t test (t test), Mann-

Whitney test (MWU). † analyzed in non-pregnant females. Urine collection on d11 and serum collection on d24; 1h 

after exposure, n= 4/group. Room air (RA), cigarette smoke (CS), day (d). 
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7.2.1.2 Offspring’s phenotype after mild prenatal CS exposure 

The birth weight (day 0) of prenatally CS-exposed offspring did not differ compared to 

offspring from RA control dams in absence of sex-specific effects (Figure S2B). The body 

weight follow-up until PND56 was normal, observing the characteristic sex-specific body 

weight development among the groups (Figure S2C).  

Lung function parameters were comparable in offspring of CS-exposed dams compared to 

RA controls at PND21 and PND56. Baseline resistance, baseline compliance, inspiratory 

capacity and resistance of small airways as well as methacholine provocation did not 

differ between exposure groups at PND21 (Figure S3) and PND56 (Figure S4).  

 

Thus, the predefined criteria proposed by the mouse model definition of mild maternal 

smoking were fulfilled. 

 

7.2.2 T cell populations are affected by prenatal CS exposure in lung, 

spleen and thymus in offspring 

7.2.2.1 T cells in lungs and spleen 

T cell populations were quantified in lung homogenates to investigate if immunity is 

affected in offspring at different time points (PND3, PND21 and PND56) following mild 

maternal smoking in pregnancy (Table S1). Total cell counts were decreased in lungs of 

females at PND21 (Figure 15A) and in males at PND56 (Figure 15B) after in utero CS 

exposure. In the spleen, the total cell count was decreased in males at PND3 (Figure 15D). 
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Figure 15 Total cell counts of lungs and whole spleen of prenatally exposed offspring to RA or CS at PND3, 21 and 56. 

Total cell count of lungs in A, female offspring (RA , CS ) and B, male offspring (RA , CS ). Total cell count of whole 

spleen in C, female offspring and D, male offspring. A-D, Each data point represents an individual animal; data are 

shown as mean ± SD compared by unpaired t test or Mann-Whitney test according to equal distribution testing. Room 

air (RA), cigarette smoke (CS), postnatal day (PND). * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. 

 

Analysis by flow cytometry showed a decrease in pulmonary CD3+ T cells in female 

offspring at PND21 that remained low in males until PND56 after in utero CS exposure 

(Figure 16A). Relative numbers of CD4+ and CD8+ T cells were altered in both sexes. In 

detail, the percentage of CD4+ T cells in the lungs was decreased in in utero CS-exposed 

female and male offspring at PND3 and at PND56 (females only), whereas at PND21 

pulmonary CD4+ T cells were increased in both sexes compared to their corresponding RA 

control (Figure 16B). The proportion of CD8+ T cells in the lungs was decreased in both 

sexes at PND21 compared to RA-exposed offspring (Figure 16C). 

To identify if the effects on CD4+ and CD8+ T cells in the lungs were tissue-specific, the 

spleen showed similar results at PND21 using the same flow cytometric analysis 

(Figure 16E-F), whereas CD3+ T cells were normal in spleens of prenatally CS-exposed 

offspring at all three time points (Figure 16D). 
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Figure 16 T cell proportions in lungs and spleen in offspring after intrauterine exposure to RA or CS. A, In lungs, CD3+ 

T cells were gated on total percentages of events and analyzed at PND3, 21 and 56 in female (RA , CS ) and male (RA 

, CS ) offspring. C-B, CD8+ and CD4+ T cells pre-gated on CD3+ in lungs. D-F, T cell proportions in spleen. A-F, Data 

are expressed as median ± IQR compared by unpaired t test or Mann-Whitney test according to equal distribution 

testing. Room air (RA), cigarette smoke (CS), postnatal day (PND), interquartile range (IQR). *(female)/#(male) p<0.05, 

**(female)/##(male) p<0.01, *** p<0.001, **** p<0.0001.  

 

7.2.2.2 Thymocytes 

Observing altered T cell populations in lungs and spleen, thymi from prenatally CS-

exposed and RA-exposed offspring were analyzed to address the hypothesis that similar 

changes in two independent peripheral organs may have a joint origin during T cell 

development.  

Total numbers of thymic T cells were very low at PND3 in offspring, as the organ size is 

very small at that age. At PND56, the total number of thymocytes decreased compared to 

the frequency at PND21, which might underlie some thymic involution. Comparing total 

thymic T cells at PND56, thymocytes were significantly decreased in offspring of both 

sexes from CS-exposed mothers compared to offspring prenatally exposed to RA 

(Figure 17A-B and Table S1). 

Similar to the observed effects in the peripheral organs, the alterations in CD4+ T cell 

proportions occurred in thymus in both sexes at PND21. Thymic CD4SP (CD4+CD8-) T cells 

were increased in relative numbers, decreasing the DP (CD4+CD8+) thymocyte population 

(Figure 17C-D). 
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Figure 17 Thymocytes after in utero CS exposure in offspring. Total cell count of thymi in A, female (RA , CS ) and B, 

male (RA , CS ) prenatally RA and CS-exposed offspring. C-D, Relative numbers of DN (CD4-CD8-), DP (CD4+CD8+), 

CD8SP (CD4-CD8+) and CD4SP (CD4+CD8-) thymocytes at PND21 in C, female and D, male offspring (n= 15/group). A-D, 

Each data point represents an individual animal; data are shown as mean ± SD. A-B, Mann-Whitney test. C-D, 2way 

ANOVA with Sidak’s multiple comparison test. Room air (RA), cigarette smoke (CS), postnatal day (PND), n.s. (not 

significant). * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. 

 

7.2.3 Changes in transcriptome of CD8SP thymocytes after prenatal CS 

exposure 

To identify if alterations of thymocyte proportions also involve functional changes, CD4SP 

and CD8SP thymocytes were sorted and analyzed at PND21 via next generation 

sequencing (NGS). 21-day-old offspring were chosen for this analysis as most prominent 

effects were observed at this time point after prenatal CS exposure. In parallel to the 

cellular changes, thymic organ weight, body weight to organ weight ratio and thymic 

cortex to medulla ratio were normal in offspring (Figure S5). NGS of CD8SP thymic T cells 

revealed 272 regulated genes in prenatally CS-exposed offspring, where the expression of 

92 genes was significantly upregulated and downregulated in 36 genes (Figure S6). 

Transcriptome data of CD4SP thymocytes showed no differentially regulated gene 
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expression at PND21 after intrauterine CS exposure compared to RA controls. The 272 

identified genes in CD8SP thymocytes were submitted to IPA® to perform canonical 

pathway analysis. 

 

7.2.3.1 Canonical pathway analysis of CD8SP thymic T cells 

According to IPA®, a positive z-score was calculated for the NFB Signaling Pathways 

suggesting an activation of this pathway. Protein Ubiquitination, Antigen Presentation, IL-

4 signaling and the CTLA4 Signaling in CTLs Pathway was further suggested by the 

pathway analysis (Table 12). 

 

Canonical Pathways Genes   Ratio   P-value 

NFB Signaling 5/187   0,027   1,17E-02 

Protein Ubiquitination  11/265    0,042   3,81E-06 

Antigen Presentation 2/38   0,053   3,08E-02 

IL-4 signaling 4/94   0,043   4,68E-03 

CTLA4 Signaling in 
CTLs 

3/99   0,030   3,52E-02 

Table 12 Cononical pathways suggested by IPA®. The ratio is calculated by the number of differentially expressed 

genes in the pathway diveded by the number of genes identified in the IPA Knownledge Base. Nuclear factor 'kappa-

light-chain-enhancer' of activated B-cells (NFB), cytotoxic T-lymphocyte-associated Protein 4 (CTLA4), cytotoxic T cells 

(CTLs), Ingenuity Pathway Analysis (IPA). 

 

7.2.3.2 In silico network analysis of CD8SP thymocytes 

In IPA®, in silico network analysis was conducted to obtain deeper insight into disease-

relevant changes of the CD8SP transcriptome. Therefore, IPA® suggested altered gene 

expression in ‘Top Diseases and Functions’ (Table 13). 
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Network  Top Diseases and Functions Score 
Focus 

Molecules 

1 
Post-Translational Modification, Cellular Assembly and Organization, 
DNA Replication, Recombination, and Repair  

58 28 

2 
Cellular Assembly and Organization, Cellular Function and 
Maintenance, Hematological Disease 

49 25 

3 
Cell Morphology, Hematological System Development and Function, 
Immunological Disease 

47 24 

4 
Cellular Movement, Hematological System Development and 
Function, Immune Cell Trafficking 

32 18 

5 Cancer, Developmental Disorder, Hereditary Disorder 25 15 

6 
Lipid Metabolism, Small Molecule Biochemistry, Carbohydrate 
Metabolism 

21 13 

7 Hematological Disease, Cancer, Organismal Injury and Abnormalities 21 13 

8 
Cell Morphology, Nervous System Development and Function, 
Tissue Morphology 

19 12 

9 
 Developmental Disorder, Endocrine System Disorders, Hereditary 
Disorder 

15 10 

10 
Cell-To-Cell Signaling and Interaction, Hematological System 
Development and Function, Hypersensitivity Response 

13 9 

Table 13 Top Diseases and Functions suggested by IPA®. The score provides the significant relevance based on the 

number of molecules in the dataset included in the network. A high significance correlates with a high score. The 

number of genes expressed differentially connected in a network are defined as focus molecules. Ingenuity Pathway 

Analysis (IPA). 

 

Hematological system development and function, cellular movement and immune cell 

trafficking were ‘Top Diseases and Functions’ connected to network 4. Genes involved in 

network 4 were of most interest as they include immune-related genes like interleukin 4 

receptor alpha (Il4ra), runt-related transcription factor 3 (Runx3), forkhead box protein P1 

(Foxp1), interleukin 10 receptor beta (Il10rb) and phosphatidylinositol-4,5-bisphosphate 3-

kinase (PI3K). The upregulation of Il4ra, Runx3, Foxp1 and Il10rb in the NGS dataset were 

supported by qRT-PCR in isolated CD8SP thymic T cells with the exception of PI3K which 

was regulated in the opposite direction (Figure 18).  
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Figure 18 Regulated genes of network 4 in CD8SP thymic T cells (PND21) after in utero CS exposure normalized with 

RA-exposed offspring. Upregulated genes (red), downregulated genes (green), non-regulated genes detected in the 

dataset (grey), genes added by the IPA® Knowledge Base (white). Full lines indicate direct interaction between genes. 

Room air (RA), cigarette smoke (CS), CD8 single-positive (CD8SP), Ingenuity Pathway Analysis (IPA), postnatal day (PND). 

 

7.2.3.3 Confirmation of gene regulation in the NGS dataset via qRT-PCR 

Until adaptive immune responses are established, ‘innate memory’ CD8 T cells (TIM) 

support early life defenses against pathogens and viruses. Characteristic features of these 

cells are their development in the thymus and the expression of Il4ra and Runx3 together 

with the T-box transcription factor Eomesodermin (Eomes). As the first two characteristic 

genes have been upregulated in the transcriptome data of this study, Eomes was included 
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in the qRT-PCR analyses. The upregulation of Eomes in CD8SP thymic T cells of 

intrauterine CS-exposed offspring was supported by the qRT-PCR analysis (Figure 19). 

  

 

Figure 19 Validation of single genes of interest detected in CD8SP thymocytes. Data are expressed as box-whiskers 

blot with Min to Max and median. (RA  n= 5, CS  n= 5; females only). Per gene, the expression in RA and CS exposed 

animals was compared with Mann-Whitney test. Room air (RA), cigarette smoke (CS), CD8 single-positive (CD8SP), 

interleukin 4 receptor (IL4R), phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K), interleukin 10 receptor beta 

(IL19RB), forkhead box protein P1 (Foxp1), runt-related transcription factor 3 (Runx3), Eomesodermin (Eomes). * p<0.05, 

** p<0.01, *** p<0.001, **** p<0.0001. 
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7.3 Paternal preconceptional smoking in puberty affects miRNAs 

in spermatozoa and increases body weight in male but not in 

female offspring 

 

7.3.1 Adolescent smoking characteristics of future fathers and mothers  

7.3.1.1 Parental body weight development during CS exposure 

Preconceptional smoking of future fathers induced lower weight gain ( body weight) 

compared to RA controls of the corresponding sex (Figure 20A), as expected by the dose 

finding experiments (Figure 13C). The same was observed in future mothers, where a 

decrease in weight gain was first observed to the lower CS dose (1 puff/min) during the 

second week of exposure (Figure 20B). 

 

 

Figure 20 CS exposure during adolescence decreases weight gain in future fathers and mothers. Body weight gain ( 

body weight) of A, fathers () and B, mothers () during exposure to RA or CS. B-C, 2way ANOVA with Sidak’s multiple 

comparisons test. Data are expressed as mean  SD. Room air (RA), cigarette smoke (CS). * p< 0.05, ** p< 0.01, *** p< 

0.001, **** p< 0.0001. 

 

7.3.1.2 Inflammatory cell counts in BALF of CS-exposed future fathers 

In BALF obtained from fathers, cell counts were influenced by CS even 3 days after the 

last exposure. Detailed analysis revealed elevated levels of macrophages (Figure 21A-B) 

and neutrophilia (Figure 21E-F) in CS-exposed males compared to RA controls. 6 weeks 

after the last exposure, preconeptionally CS-exposed mothers showed an increase in 

numbers of macrophages (Figure 21C-D), whereas no neutrophils were detected 

(Figure 21G-H). 
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Figure 21 Analysis of inflammatory cells in BALF of lungs from RA- and CS-exposed fathers and mothers. Macrophages 

in A, absolute and B, relative numbers in fathers (RA  n= 16, CS  n= 14). Macrophages in C, absolute and D, relative 

numbers in mothers (RA  n= 27, CS  n= 17). Neutrophils in E, absolute and E, relative numbers in fathers. Neutrophils 

in G, absolute and H, relative numbers in mothers. A, Data are compared by Unpaired student’s t test and B-H, Mann-

Whitney test. A-H, Data are represented as mean ± SD. Every data point represents an individual animal. 

Bronchoalveolar lavage fluid (BALF), room air (RA), cigarette smoke (CS). * p< 0.05, ** p< 0.01, *** p< 0.001, **** p< 

0.0001. 

 

7.3.2 Frequency and morphology of spermatogonia and spermatozoa were 

normal after adolescent CS exposure 

To access changes in sperm development, spermatogonia in the in the seminiferous 

tubules of testes and spermatozoa isolated from cauda epididymis and ductus deferens 

were investigated. The spermatozoa count was unaltered in CS-exposed fathers 

compared to RA controls (Figure 22A). To analyze sperm morphology, spermatozoa were 

characterized by three different zones (head, mid-piece and tail). Despite observing 

defects in all three zones between exposure groups, defects were equally distributed 

resulting in comparable relative numbers of normal spermatozoa, indicating sustained 

morphological integrity (Figure 22B). 

This was strengthened by a normal proliferation of their progenitor cells (spermatogonia) 

between RA and CS-exposed mice (Figure 23A-B).  
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Figure 22 Total count and morphology of spermatozoa in RA- and CS-exposed fathers. A, Total sperm count ( n= 18, 

 n= 14). B, Sperm morphology ( n= 12,  n= 9) of RA and CS-exposed fathers. A, Unpaired student’s t test. B, 2way 

ANOVA with Tukey’s multiple comparisons test. A-B, Data are represented as mean  SD. Every data point represents 

an individual animal. Room air (RA), cigarette smoke (CS), defect (def.). * p< 0.05, ** p< 0.01, *** p< 0.001, **** p< 

0.0001. 

 

 

 

Figure 23 Analysis of spermatogonia in murine fathers. A, Immunofluorescence staining (40x; 120x, white arrows) 

(Ki67: red) (DAPI: blue) and quantification of spermatogonia in the testes of RA and CS-exposed fathers ( n= 10,  n= 

9) (D). Data are compared by Unpaired student’s t test. Data are represented as mean ± SD. Every data point represents 

an individual animal. Room air (RA), cigarette smoke (CS), Antigen KI-67 or MKI67 (Ki67), 4',6-diamidino-2-phenylindole 

(DAPI). * p< 0.05, ** p< 0.01, *** p< 0.001, **** p< 0.0001. 
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7.3.3 Preconceptional CS exposure affects body weight development in 

offspring 

7.3.3.1 Parent-of-origin and sex-depended body weight progression until PND3 

Offspring’s body weight was recorded from day of birth (day 0) until analysis. In the first 

three days of life, an altered body weight progression was observed. The body weight of 

male offspring from CS-exposed fathers showed a higher body weight on PND2 and PND3 

compared to male offspring from non-smoking parents (Figure 24A). Of note, female 

offspring from smoking fathers had a normal body weight from PND0-3 compared to non-

smoker’s female offspring (Figure 24B). Conversely, male and female offspring from 

preconceptionally CS-exposed mothers showed a lower body weight (Figure 24C-D) with 

a more pronounced phenotype in the F1 females throughout the first 3 days of life 

(Figure 24D). Moreover, birth weights of female offspring from adolescent CS-exposed 

mothers were decreased compared to non-smoker parent’s offspring. This effect could 

not be observed in male offspring from CS-exposed fathers. 

 

 

Figure 24 Influence of paternal and maternal preconceptional CS exposure on the body weight of F1 offspring until 

PND3. Comparison of body weights of male offspring () and female offspring () to the corresponding sex of offspring 
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from non-smoker parents (full lines) to A-B, paternal smoking (dashed lines) and C-D, maternal smoking groups (dotted 

lines) in the first 3 days of life. A-D, Two-way ANOVA with Bonferroni multiple comparisons test. Data are expressed as 

mean  SD. Room air (RA), cigarette smoke (CS), postnatal day (PND). * p< 0.05, ** p< 0.01, *** p< 0.001, **** p< 

0.0001. 

 

7.3.3.2 PND21 - the body weight follow-up 

The body weight development until PND21 was analyzed using a multilevel mixed model. 

Not discriminating on F1 sex, offspring from smoking fathers during puberty had a 

trendwise increase in body weight, whereas offspring from adolescent smoking mothers 

were significantly lighter (Table 14 and Figure 25A-D). The higher body weight in male 

offspring (PND2-3) after pubertal paternal smoking (Figure 24A) was not detected in the 

follow-up until PND21 using the multilevel mixed model (Table 15 and Figure 25A). Male 

and female offspring born from mothers that smoked during adolescence had a 

significantly decreased body weight. On an average, F1 males (Table 15 and Figure 25C) 

and F1 females (Table 16 and Figure 25D) were lighter compared to offspring of the 

corresponding sex from non-smoker parents. 

 

Body weight n Adjusted for Coefficient 95% CI p-value 

Days 72 Exposure, sex  0 .426 0.414 to 0.439 <0.001 

Exposure 72 Time, sex     

 Paternal smoker* 30  0.113 -0.006 to 0.233 0.062 

 Maternal smoker* 22  -0.176 -0.304 to -0.048 0.007 

Sex# 72 Time, exposure  -0.010 -0.098 to 0.079 0.830 

Table 14 Multilevel mixed analysis of body weight development (all offspring) until PND21 after paternal and 

maternal adolescent smoking. *The reference group is pups of non-smoker parents (n= 20). #The reference group is 

female offspring (n= 36). Number of animals (n), confidence interval (CI), postnatal day (PND). * p< 0.05, ** p< 0.01, *** 

p< 0.001, **** p< 0.0001. 
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Body weight n Adjusted for Coefficient 95% CI p-value 

Days 36 Exposure 0.434 0.412 to 0.452 <0.001 

Exposure 36¶ Time    

Paternal smoker* 15  0.099 -0.045 to 0.242 0.177 

Maternal smoker* 10  -0.166 -0.323 to -0.008 0.040 

Table 15 Multilevel mixed analysis of body weight development (male offspring) until PND21 after paternal and 

maternal adolescent smoking. *The reference group is male pups of non-smoker parents (n= 11). 
¶
Total number of 

male offspring (n=36). Number of animals (n), confidence interval (CI), postnatal day (PND). * p< 0.05, ** p< 0.01, *** 

p< 0.001, **** p< 0.0001. 

 

Body weight n Adjusted for Coefficient 95% CI p-value 

Days 36 Exposure 0 .418 0.401 to 0.435 <0.001 

Exposure 36¶ Time    

Paternal smoker* 15  0.128 -0.033 to 0.289 0.120 

Maternal smoker* 12  -0.193 -0.361 to -0.024 0.025 

Table 16 Multilevel mixed analysis of body weight development (female offspring) until PND21 after paternal and 

maternal adolescent smoking. *The reference group is female pups of non-smoker parents (n= 9). 
¶
Total number of 

female offspring (n=36). Number of animals (n), confidence interval (CI), postnatal day (PND). * p< 0.05, ** p< 0.01, *** 

p< 0.001, **** p< 0.0001. 

 

  



 RESULTS   

58 
 

 

Figure 25 Influence of paternal and maternal preconceptional CS exposure on the body weight of F1 offspring until 

PND21. Comparison of body weights of male offspring () and female offspring () to the corresponding sex of 

offspring from non-smoker parents (full lines) to A-B, paternal smoking (dashed lines) and C-D, maternal smoking 

groups (dotted lines) until PND21. A-D, Data are expressed as mean  SD. Multilevel mixed analysis see Table 14-16. 

Room air (RA), cigarette smoke (CS), postnatal day (PND). * p< 0.05, ** p< 0.01, *** p< 0.001, **** p< 0.0001. 

 

7.3.4 Spermatozoal miRNAs were altered in developmental pathways 

Sperm are very rich in sncRNAs as miRNAs, piRNAs and tsRNAs. To identify if the observed 

effects on the body weight phenotype in offspring origins from the male germ line, 

miRNAs were analyzed in spermatozoa isolated from cauda epididymis and ductus 

deferens of RA- and CS-exposed fathers. The miRNA sequencing revealed 13 upregulated 

(Table 17) and 32 downregulated miRNAs (Table 18) in murine spermatozoa of CS-

exposed fathers normalized with RA-exposed control animals. ‘A priory’ and ‘A posteriori’ 

analysis suggested miRNAs involved in functional and structural processes and pathways 

(Figure 26). 3 miRNAs were selected with particular interest as they were identified to 

play a role in modulating genes for tissue morphogenesis and development. Thus, miR-

204-5p, miR-96-5p and miR-340-5p were chosen to be of most interest. 

 

 



 RESULTS   

59 
 

miRNA baseMean 
log2 

FoldChange 
lfcSE stat p-value padj 

mmu-miR-133a-3p 146,33 -0,88 0,3639 -2,4123 0,0159 0,0995 

mmu-miR-674-3p 245,59 -0,86 0,3154 -2,7391 0,0062 0,0875 

mmu-miR-204-5p 353,17 -0,76 0,2206 -3,4641 0,0005 0,0315 

mmu-miR-149-5p 114,74 -0,73 0,2754 -2,6661 0,0077 0,0875 

mmu-miR-125a-5p 2478,53 -0,68 0,2403 -2,8452 0,0044 0,0875 

mmu-miR-574-3p 148,40 -0,65 0,2637 -2,4681 0,0136 0,0986 

mmu-miR-337-5p 116,13 -0,64 0,2319 -2,7584 0,0058 0,0875 

mmu-miR-99b-5p 3655,56 -0,60 0,2495 -2,4226 0,0154 0,0995 

mmu-let-7d-3p 828,82 -0,57 0,2186 -2,6263 0,0086 0,0875 

mmu-miR-676-3p 653,55 -0,57 0,2094 -2,7037 0,0069 0,0875 

mmu-miR-744-5p 824,35 -0,56 0,2191 -2,5756 0,0100 0,0875 

mmu-miR-223-5p 137,85 -0,55 0,2111 -2,6216 0,0088 0,0875 

mmu-miR-205-5p 433,18 -0,55 0,2291 -2,4080 0,0160 0,0995 

Table 17 13 miRNAs were upregulated in spermatozoa from preconceptionally CS-exposed fathers. Mus musculus 

(mmu), log2-fold change standard error (lfcSE), adjusted p-value (padj). 

 

miRNA baseMean 
log2 

FoldChange 
lfcSE stat p-value padj 

mmu-miR-30e-5p 1898,93 0,55 0,2112 2,5930 0,0095 0,0875 

mmu-miR-148b-3p 2381,51 0,55 0,2131 2,6020 0,0093 0,0875 

mmu-miR-140-5p 247,85 0,59 0,1897 3,1203 0,0018 0,0685 

mmu-miR-101a-3p 1227,26 0,65 0,2475 2,6136 0,0090 0,0875 

mmu-miR-96-5p 332,66 0,65 0,2504 2,5982 0,0094 0,0875 

mmu-miR-741-3p 2342,20 0,66 0,2674 2,4823 0,0131 0,0976 

mmu-miR-872-5p 1292,00 0,71 0,2598 2,7505 0,0060 0,0875 

mmu-let-7a-1-3p 
=mmu-let-7c-2-3p 130,00 0,74 0,2504 2,9361 0,0033 0,0875 

mmu-miR-9-5p 329,08 0,74 0,2718 2,7249 0,0064 0,0875 

mmu-miR-743b-3p 2951,78 0,76 0,2993 2,5482 0,0108 0,0900 

mmu-miR-18a-5p 70,35 0,77 0,2998 2,5815 0,0098 0,0875 

mmu-miR-499-5p 74,78 0,78 0,2823 2,7722 0,0056 0,0875 

mmu-miR-101b-3p 382,13 0,79 0,2730 2,8915 0,0038 0,0875 

mmu-miR-34b-5p 937,66 0,81 0,3307 2,4498 0,0143 0,0995 
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mmu-miR-883a-3p 536,86 0,83 0,3225 2,5835 0,0098 0,0875 

mmu-miR-3470b 63,98 0,84 0,3227 2,6073 0,0091 0,0875 

mmu-miR-741-5p 73,76 0,84 0,3083 2,7366 0,0062 0,0875 

mmu-miR-467d-3p 128,60 0,87 0,3584 2,4203 0,0155 0,0995 

mmu-miR-34c-5p 16096,81 0,89 0,3032 2,9286 0,0034 0,0875 

mmu-miR-878-3p 52,28 0,89 0,3584 2,4791 0,0132 0,0976 

mmu-miR-106b-5p 65,11 0,93 0,3699 2,5190 0,0118 0,0956 

mmu-miR-19a-3p 334,07 0,94 0,3596 2,6120 0,0090 0,0875 

mmu-miR-881-3p 24924,42 0,96 0,2883 3,3427 0,0008 0,0404 

mmu-miR-449a-5p 475,66 0,98 0,3178 3,0721 0,0021 0,0725 

mmu-miR-669a-3p 
=mmu-miR-669o-3p 157,99 0,99 0,3536 2,8028 0,0051 0,0875 

mmu-miR-878-5p 991,83 1,03 0,3148 3,2660 0,0011 0,0465 

mmu-miR-340-5p 1411,07 1,06 0,3078 3,4533 0,0006 0,0315 

mmu-miR-471-5p 444,80 1,07 0,2887 3,7224 0,0002 0,0168 

mmu-miR-880-3p 436,15 1,27 0,3039 4,1870 0,0000 0,0096 

mmu-miR-32-5p 67,31 1,39 0,3660 3,8052 0,0001 0,0161 

mmu-miR-463-3p 61,15 1,43 0,3707 3,8698 0,0001 0,0161 

mmu-miR-7210-5p 52,45 1,46 0,4947 2,9594 0,0031 0,0875 

Table 18 32 miRNAs were downregulated in spermatozoa from preconceptionally CS-exposed fathers. Mus musculus 

(mmu), log2-fold change standard error (lfcSE), adjusted p-value (padj). 
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Figure 26 Heatmap of miRNAs regulated in spermatozoa from adolescent CS-exposed mice. The heatmaps represent 

A, gene ontology (GO) and B, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways analyses. The color key from 

yellow to red indicates the increasing p-value (logarithmic scale). 
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7.3.5 PND21 offspring of CS-exposed fathers do not suggest metabolic 

changes in the liver 

As changes in body weight of the F1 generation and altered expression of sperm-borne 

miRNAs of adolescent smoking fathers were associated with metabolic pathways, livers of 

PND21 offspring were analyzed. The selected genes interleukin 6 (Il6), adiponectin 

(Adipoq), leptin receptor (Lepr), insulin receptor (Insr) and peroxisome proliferator-

activated receptor gamma (Pparg) are involved in body weight, adipogenesis and glucose 

metabolism in the liver. A preliminary qRT-PCR analysis was performed (experimental n= 

1), detecting altered gene expression of Il6 between F1 males and F1 females of CS-

exposed fathers, whereas no effect could be observed compared to the control group of 

pooled male and female offspring from non-smoker parents (Figure 27A). A trendwise 

decrease of Adipoq was observed in males from smoking fathers compared to non-

smoker’s offspring (Figure 27B). Lepr and Pparg showed the same trend as it was 

elevated in F1 males compared to F1 females of CS-exposed fathers (Figure 27C and 27E), 

whereas the fold change of Insr was comparable among groups (Figure 27D). 
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Figure 27 Regulation of selected genes in the liver of offspring at PND21 from RA and CS-exposed fathers. A, 

Interleukin-6 (Il6); B, Adiponectin (Adipoq); C, Leptin receptor (Lepr); D, Insulin receptor (Insr) and E, Peroxisome 

proliferator-activated receptor gamma (Pparg). Data are expressed as mean ± SD and compared by Mann-Whitney U 

test. Filial generation 1 (F1), cigarette smoke (CS). * p< 0.05, ** p< 0.01, *** p< 0.001, **** p< 0.0001. 
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8 DISCUSSION 

To this day, medical research goes in hand with the use of model organisms, as research 

in humans only is limited for ethical reasons and accessibility of tissues. Moreover, 

epidemiological studies investigating multiple generations in human depend on data 

collected over decades. Mouse models are well recognized tools to investigate medical 

questions and have proven to be a suitable model for cigarette smoke exposure 

experiments. As human smoking data are collected mainly by questionnaires and sparsely 

verified by cotinine measurements, mouse models serve controlled conditions of CS 

exposures to either mainstream smoke, sidestream smoke or a mixture of both. 

 

8.1 Mild maternal smoking during pregnancy 

In this study, first evidence of altered T cell subsets in lungs and thymi of offspring from 

mildly smoking mothers was demonstrated. The transcriptome of CD8SP thymocytes was 

deregulated, indicating a long-lasting effect on T cell development in the F1 progeny. 

These effects were observed at such low doses of cigarette smoke that neither a negative 

influence on body weight development nor postnatal lung function deficits were present 

in offspring from mildly smoking dams. The above-mentioned parameters of impaired 

lung function and reduced growth are regularly observed in murine models of CS 

exposures by us and other laboratories (39,99–102). Thus, the hypothesis was postulated 

that changes in T cell development caused by mild smoking during pregnancy may 

predispose to immune-related disorders such as asthma in the offspring. 

 

8.1.1 In utero exposure to CS can decrease the thymus size 

Epidemiological studies have observed that prenatal CS exposures lead to a reduced 

thymus size in term infants (103,104), which was dependent on the intensity of the 

maternal smoking behavior. The reduction in thymus size was more significant when 

mothers had smoked more than 10 cigarettes per day during pregnancy (104). In this 

study, despite the changes in cellular composition in T cells of murine offspring, the 

thymus weight to body weight ratio was normal. Therefore, the definition of the mild 

maternal smoking model is supported by the unchanged organ size. However, inbred 

mouse strains can respond differently. Regarding thymic involution, the C57BL/6 strain 
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used in this study is described as having a comparatively slow thymic involution (105). 

Therefore, the reduced number of total thymocytes in prenatally CS-exposed animals at 

PND56 requires further experiments to identify an origin that might relate to an altered 

thymic involution. 

 

8.1.2 Nicotine affects thymocytes 

Until now, the mechanisms have not been discovered how CS influences T cell 

development. Among other components, cigarette smoke consists of xenobiotics that 

bind to the aryl hydrocarbon receptors (AhR). Transgenic mice whose AhRs are 

constitutively activated in T cells were characterized to have a stronger thymic involution 

(106). Furthermore, thymocytes express the nicotinic acetylcholine receptor (nAChR), 

what indicates that nicotine can act directly on T cell subsets in the thymus as a single-

selected component of CS (107–110). In mice, the administration of nicotine during 

pregnancy led to a reduction of fetal body weight and a decreased organ weight of the 

thymus, which was accompanied by an increased apoptosis of thymic T cells (111). 

Predominantly in male offspring, prenatal exposure to nicotine negatively affected the 

organ size of thymi, persisting until late adulthood (112). 

 

8.1.3 Origin of prenatal CS-induced changes in lymphocytes 

Experimental studies on prenatal smoking characterized lymphocytes in BALF (41), spleen 

(113) and lung (39) but omitted to expand their investigations further to the thymus to 

identify a possible origin of altered T cells. Using a prenatal heavy smoking model, a study 

in 2008 detected elevated levels of leukocytes in the blood of teenaged and adult mice, 

whereas no changes in cellularity or organ weight were found in the thymus and spleen 

(114). In this study of mild prenatal CS exposure, changes in CD4+ and CD8+ T cells in 

lungs and thymus were demonstrated that extend the observations of Ng and colleagues 

(2008). 

At present, little is known about the substances contained in cigarette smoke – besides 

nicotine – that can cross the placenta and thus influence the fetal T cell development 

(109,112). However, in mildly smoking pregnant women, metabolic changes have been 

observed in their amniotic fluid (10). 
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8.1.4 Innate memory-like CD8SP thymocytes 

Although thymic CD4SP T cells were elevated in this study, no changes were detected in 

CD4SP thymocytes at the transcriptional level. This could correlate with a disturbed 

positive and/or negative selection, which is not necessarily dependent on altered gene 

expression in thymocytes. 

On the other hand, gene expression was altered in CD8SP. As immune-related pathways 

were of most interest in this study, the focus concentrated on genes involved in such 

pathways. Taken from literature, expression of Il4ra on CD8SP thymocytes has been 

described for TIM cells (reviewed in (115)). This suggests a strong correlation to TIM cells as 

Il4ra, Runx3 and Eomes are characteristic genes expressed in these cells, and were found 

to be elevated in the CD8SP transcriptome data. TIM cells are naive αβ T cells, whose 

development in the thymus is IL-4-dependent (116), wherefore CD8SP are in need of the 

IL-4 receptor for recognition of the cytokine. TIM cells undergo normal maturation in the 

thymus, but acquire a memory-like phenotype before leaving the primary lymphatic 

organ.  

This thymic subpopulation of CD8SP T cells is not exclusive for mice, as they have been 

identified in humans (117). Their role has been described as supporting early immune 

defenses against pathogens in infants and young children before the CD8+ T cell memory 

responses of peripheral adaptive immunity are established (reviewed in (118)).  

The T-box transcription factor Eomes was identified as a specific marker of TIM cells and is 

essential for their differentiation (119–121). Furthermore, innate memory formation is 

promoted by Eomes as this transcription factor interacts with Runx3-bound enhancers 

(121). Since these two genes were upregulated in CD8SP thymocytes of offspring from 

mildly smoking pregnant mice, an abnormal development of TIM cells is likely. 

Retrospectively, thymic CD8SP were not quantitatively altered in offspring of this study. 

However, TIM cells are described as a relatively small subpopulation of CD8SP thymocytes, 

especially in C57BL/6 mice (reviewed in (115)), hence they might be challenging to 

quantify. 

Foxp1 is involved in the generation of naive T cells in the thymus. Foxp1 expression was 

elevated in the thymic CD8SP population, suggesting that it could correlate with a higher 

quiescence. In parallel, an upregulation of Il10rb was found. In the thymus, the role of 

Il10rb of TIM cells has not been sufficiently understood. The IL-10 receptor (IL-10R) 
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consists of an α and β subunit that phosphorylate the signal transducer and activator of 

transcription 3 (STAT3). This signal cascade promotes the transcription of genes involved 

in anti-inflammatory processes (reviewed in (122)). As discussed above, smoking during 

pregnancy has metabolic effects on the amniotic fluid surrounding the fetus. Therefore, it 

is presumed that pro-inflammatory mediators deriving from maternal smoking in the 

amniotic fluid could support the generation of thymic TIM cells as well as the expression of 

Il10rb to prevent tissue damage (123). 

 

The results of this study show that mild doses of prenatal CS cause developmental 

disorders in T cell subsets. This distortion appears to affect thymic TIM cells, but this 

statement requires further evidence and functional investigations. Nonetheless, an 

imbalance in T cell immunity in early childhood could lead to an oversensitivity to 

allergens. Moreover, bacterial compounds like lipopolysaccharides (LPS) accompany 

allergens and could further contribute to the development of asthma and allergies. 

 

8.1.5 Limitations I 

Several potential limitations need to be acknowledged in this study of mild maternal 

smoking during pregnancy. First, the translation of the observations in mice to the human 

situation remains challenging as it is difficult to obtain human tissues specimens such as 

lung or thymus, especially from infants. That impedes the confirmation of the findings 

observed in this mouse model to humans. Moreover, the analysis of lymphocytes in 

human surrogate tissue like BALF or cord blood is not sufficiently comparable to the 

development and regulation of thymocytes. 

Second, stress is a proven confounder in animal experiments that can significantly 

influence the outcome of experiments. Changes in physiological parameters can occur by 

simple handling procedures of dams as well as stressors such as light, noise and restraint 

(reviewed in (124)). It has been shown that prenatal stress leads to developmental delays 

and negatively affects the body weight and body length of offspring (125). In addition, in 

offspring of stressed dams, a worsening of lung function and asthma response has been 

demonstrated (126). Therefore, in this model, maternal stress was tried to be minimized 

as much as possible. This was achieved by accustoming the animals to simple day-to-day 

handling and the weighing procedure, the new environment of the exposure chamber 
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and by introducing the first contact of CS before the onset of pregnancy. Therefore, the 

experimental results are suggested to be primarely induced by prenatal CS and escaped a 

strong influence by stressors. 

Third, for NGS only female offspring were selected due to access and time limitations. 

Although no differences were observed regarding flow cytometric analyses of thymocytes 

between sexes, differences at the transcriptional level between female and male 

offspring cannot be excluded. 

 

8.1.6 Conclusion I 

In conclusion, to the best of knowledge this is the first study that shows that distinct T cell 

populations in the lung and thymus are altered by mild maternal smoking in mice in 

absence of lung function deficits and intrauterine growth restriction. Furthermore, a 

dysregulated gene expression in CD8SP thymocytes was detected. Among the affected 

genes were Il4ra, Runx3 and Eomes, that displayed an elevated expression. It therefore 

suggests that a certain T cell population in the thymus, called TIM cells, is affected by mild 

CS exposure in utero. However, this conclusion requires further investigation. This study 

wants to emphasize that offspring’s immunity and health underlie potential postnatal 

adverse effects even when exposed prenatally to a mild dose of cigarette smoke. 
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8.2 Paternal adolescent smoking 

This is the first study to report an association between paternal preconceptional smoking 

in puberty and changes in the body weights of male offspring. Compelling evidence, that 

has gained recognition over the last 5 years, presents sncRNAs in the sperm as essential 

candidates in relation to alterations of metabolic processes (54,55,127,128). As frequency 

and morphology of spermatogonia and spermatozoa remained normal in adolescent 

smoking fathers, altered sncRNA content in spermatozoa is suggested to play an 

important role in transmitting ancestral information as already reported in some studies 

(54,127,128). In this study, 3 highly regulated miRNAs were identified in spermatozoa of 

CS-exposed fathers during puberty which are involved in developmental pathways. 

Several studies have shown the influence of miRNAs on the phenotypes of early zygotes 

(53,129,130). Relative to this was proposed that the observed increased body weight in 

male but not female offspring of smoking fathers might be in association with the altered 

diversity of miRNA in the sperm. 

 

8.2.1 Parental smoking and effects of nicotine during puberty 

First evidence of epidemiological studies reported that environmental exposures of 

fathers could influence offspring’s health, with some emphasis on preconceptional 

cigarette smoking (24,57,58). Cigarette smoke contains over 5.000 chemicals (131), and 

nicotine is known to play a role in the addictive smoking behavior (reviewed in (132)). 

Experimental studies of nicotine during adolescent have been conducted, addressing 

primarily neuronal development (reviewed in (133)) and drug abuse (134–136). A study in 

male rats observed that low nicotine administration during puberty led to a decreased 

fertility by higher oxidative stress in the prostate and testes and a lower sperm quality. 

Sperm cells had reduced total numbers, increased abnormal morphology, decreased 

motility and a lower viability (137). As nicotine is a single-selected component of CS, the 

effects of whole cigarette smoke need to be addressed in experimental studies. This was 

investigated by a study of adolescent exposure to cigarette smoke, leading to behavioral 

changes in male and female mice that suggested a higher risk of drug abuse in these 

animals (138). However, the observations of these studies were only conducted in the F0 

generation and the findings cannot be extended to the next generation. 
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8.2.2 Environmental exposures of fathers can alter disease risk in offspring 

Epidemiological evidence exists that adolescent smoking of fathers increases risks of 

obesity in children (57). At present, murine studies focused on high-fat diet (HDF) and 

obesity models to investigate the underlying mechanisms of paternal factors on 

offspring’s disease risks. Several studies successfully transmitted the obese phenotype 

onto the next generation, even by feeding the offspring with standard chow (54,55). 

Molecules that were highly implicated in the transmission of the paternal phenotype to 

the offspring were miRNAs in sperm cells (54,128). In this study, these latest observations 

suggest that the body weight alterations observed in male offspring from adolescent 

smoking fathers originate from miRNA dynamics, induced from cigarette smoke in germ 

cells during pubertal development. 

Two epidemiological studies observed that smoking of fathers before the age of 15 

increased the risk of asthma in children (24,58). Further experimental studies could utilize 

the murine preconceptional smoking model developed in this study to investigate the 

suggested increased asthma risk in offspring. The experimental approach by an additional 

asthma model could investigate potential mechanisms of father’s pubertal smoking on 

the asthma phenotype in murine F1 progeny. 

Of note, epidemiological data suggest an elevated asthma risk in children from fathers 

that were obese in early puberty (56). Hence, it is speculative if grandpaternal smoking 

could lead to obesity in sons and – if still present at puberty – the obese phenotype of 

sons could transmit to a higher asthma risk in grandchildren. 

 

8.2.3 Sperm-borne miRNAs and paramutations in offspring 

Evidence that sperm-borne sncRNAs can carry an ancestral epigenetic memory has been 

supported by a few studies in mice. The injection of total sperm-borne RNAs or a specific 

subtype of sncRNAs (miRNAs, tsRNAs) obtained from stressed males (52,53,139) or HFD 

models (54,127) into normal zygotes resulted in offspring exhibiting the paternal 

phenotype. The paramutations – mutations that do not follow Mendelian inheritance 

patterns – were transgenerationally transmitted as they were partially passed on to two 

proceeding generations (52). More studies confirmed miRNAs as key players of the 

inherited paternal phenotypes via microinjection of total sperm-borne sncRNAs (52,140), 
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a combination of miRNAs (53) or a single miRNA (129,130) into early zygotes. Of note, 

Grandjean and colleagues (2015) identified a specific, highly expressed miRNA (miR-19b) 

in the sperm of male mice on a HFD. Offspring obtained from zygote injections of miR-19b 

were obese and developed glucose intolerance (54). In this study, the expression of miR-

340-5p was decreased in the sperm of pubertal smoking fathers. miR-340-5p has been 

described to be downregulated in sperm cells from males fed with a HFD (55). This is in 

congruence to the observations in this study, supporting the effect of miR-340-5p on the 

higher body weight in male offspring. In a study that investigated hypothermic stress on 

murine testis, miR-340-5p was found to be decreased (141), but Fullston and colleagues 

(2013) demonstrated that miRNA-340-5p was increased in the testes whereas decreased 

in the sperm cells (55). This suggests that in spermatogenesis, the miRNA content 

undergoes changes during sperm differentiation and does not imply that altered miRNA 

frequency in the testes is stable in mature spermatozoa. As suggested earlier in this 

study, miR-340-5p expression was upregulated in liver tissues from obese mice induced 

by a HFD, and insulin-like substrate-1 (IRS-1) was shown as its putative target (142). 

Furthermore, in hepatocarcinomas, miR-340-5p was found to be decreased (143), 

supporting the argument from other studies that identified miR-340-5p as a tumor 

suppressor (144–146). In white subcutaneous and visceral adipose tissue from HFD mice, 

increased expression of miR-340-5p was detected (147). Taken these observations 

together, miR-340-5p can lead to paramutations, affecting multiple obesity-related 

tissues. In this study, KEGG analysis associated the sperm-borne miR-340-5p with the 

Hippo signaling pathway, which is essential for organ size control in animals through the 

regulation of cell proliferation and apoptosis (reviewed in (148,149)). Further 

investigations are needed to examine if a negatively regulated miR-340-5p in 

spermatozoa of adolescent smoking mice could play a pivotal role in the phenotype that 

was observed in F1 males in this study.  

 

Another miRNA regulated in the sperm of CS-exposed fathers was miR-204-5p. This 

miRNA is associated with adipogenesis through a putative target called Runx2 (150,151). 

As miRNA-204-5p was upregulated in the spermatozoa in this mouse model, it suggests 

that miR-204-5p could relate to a promotion of adipogenesis in the F1 progeny. Male 

offspring from adolescent smoking fathers were heavier in the first days of life, but to 
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specifically relate this observation to muscular mass, bone density and fat tissues needs 

to be addressed in future studies. Moreover, evidence exists that miRNA-204-5p in sperm 

cells could likely influence embryogenesis. A study by Saunders et al (2010) documented 

decreased Sirtuin1 (SIRT1) protein levels – a type III histone/protein deacetylase – in 

embryonic stem cells after injecting miRNA-204-5p (152).  

In smokers, SIRT1 is downregulated by cigarette smoke, promoting inflammation and 

cellular senescence in the lungs. SIRT1 protects the lungs from oxidative stress (153) as 

well as in embryonic stem cells (152). A proposed mechanism about how SIRT1 inhibits 

oxidative stress is via forkhead box protein O3 (FOXO3) (153). In this study, it remains 

speculative if increased paternal miR-204-5p delivered from the sperm cell into the 

zygote could influence methylation and the quality of the blastocyst by affecting the 

SIRT1 pathway.  

Moreover, FOXO3a is a putative target of miRNA-96-5p via an AhR/miR-96 axis explained 

by an increase in FOXO3a from a downregulated miR-96-5p in the lungs of CS-exposed 

mice (154), which correlates with a decreased expression of miR-96-5p in the 

spermatozoa of smoking fathers in this study. But to identify if FOXO3a is affected in early 

zygotes needs further investigation. 

Of note, miR-204-5p has been associated with brain development (155,156) which raises 

the question if murine offspring from this study would develop behavioral abnormalities.  

 

The mechanism by which sperm-borne sncRNAs influence gene translation in the early 

zygote remains unclear. Sperm-borne miRNAs have to interact with maternal mRNA to 

some extent, so as to alter embryonic development through cellular mechanisms which 

may include apoptosis, cell survival, differentiation and proliferation. Furthermore, in 

remains difficult to resemble the physiological conditions of an altered miRNA in a single 

sperm cell. Therefore the induction of molecular, cellular and phenotypic changes 

observed in recent studies remains challenging under physiological conditions in in vitro 

fertilization experiments using microinjection of miRNAs. Moreover, the exchange of 

sncRNAs in the epididymis during spermatozoal maturation could potentially influence 

the miRNA abundance that was altered in spermatozoa of preconceptionally CS-exposed 

fathers in this study. sncRNAs can be carried by membrane-bound microstructures called 

extracellular vesicles (EVs) (157). In the epididymis, epididymal epithelial cells produce 
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EVs (epididymosomes) that contain over 350 miRNAs and can influence the miRNA 

content in maturing sperm cells (158,159). Investigating this mechanism could help to 

understand how epigenetic characteristics can be transmitted from the paternal line to 

the offspring. 

 

8.2.4 Limitations II 

The model used in this study has several limitations. First, puberty in mice is difficult to 

precisely determine. In females, the onset of puberty can be visually identified by the 

vaginal opening but in males, the preputial separation is challenging to observe. In 

addition, the completion of puberty cannot be determined by phenotypically 

characteristics.  

Second, although this study could generate a murine model to investigate environmental 

influences of fathers on offspring’s health that reproduces correlations observed in 

human studies (57,58), possible limitations are a) that it is likely that the cigarette smoke 

exposure has been continued after completion of puberty and b) the non-smoking period 

while mating. 

Third, NGS data of miRNA were not validated with qRT-PCR in sperm samples of mice.  

Finally, it remains speculative how the changed expression of miRNAs in spermatozoa 

directly influence transcription, therefore may leading to functional changes in sperm 

cells. 

 

8.2.5 Conclusion II 

In conclusion, to the best of knowledge this is the first study to show evidence that 

smoking during puberty affects germ cells in both sexes, resulting in parent-of-origin-

depended phenotypes in the F1 generation. Spermatozoa contain ancestral memory that 

possibly influences paramutations in the zygote and therefore transmits paternal 

phenotypes and/or increases disease risks. In this study, altered miRNA expression in 

spermatozoa could be responsible for the observed increase in body weight of the male 

F1 progeny from preconceptional smoking fathers. However, this finding needs to be 

further explored. Nonetheless, this study indicates that – despite well-investigated risks 

of maternal smoking – paternal smoking bears health risks for future offspring. miRNAs 

offer putative targets in form of genes and pathways to understand the connection 
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between environmental paternal exposures and transmittable epigenetic changes to the 

progeny, connecting to metabolic and developmental alterations as well as increased 

susceptibility to allergy and asthma.  
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8.3 Future perspectives 

Both murine models of prenatal and preconceptional smoking are in need of further 

investigations: 

 

8.3.1 Prenatal mild maternal smoking 

1. The suggested TIM cells, identified in thymi of mildly in utero CS-exposed offspring, 

are in need of a detailed characterization. This can be utilized by flow cytometry, 

as these cells are described to express the surface markers CD44 and CD122 as 

well as the transcription factor Eomes (reviewed in (115,118)).  

2. Furthermore, the decreased number of total thymocytes observed at PND56 from 

mildly smoking dams is of interest to identify a potential underlying effect on 

thymic involution. 

3. The increased frequency of CD4SP thymic T cells could originate from an 

inadequate positive and/or negative selection process in the thymus. 

 

8.3.2 Preconceptional adolescent smoking 

1. The successful establishment of a murine model of preconceptional paternal 

smoking opens the opportunities to continue this study by investigating targets of 

selected miRNAs (miR-340-5p, miR-204-5p and miR-96-5p) on early zygotes by 

microinjections.  

2. In this study, strong effects of adolescent maternal smoking were detected on a 

decreased body weight in offspring of both sexes during the first 3 days of life and 

the follow-up until PND21. The investigation of e.g. changed DNA-methylations 

and/or transcriptome of the oocytes or early blastocyst of preconceptionally 

smoking mothers could give insight into potential mechanisms. The investigation 

clearly is of great interest as girls start smoking equivalently early to boys, 

especially in developed and high-income countries (1,13) 
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8.3.3 Asthma models 

In both parental exposure models, murine asthma models challenging the offspring with 

an allergen like HDM or ovalbumin (OVA) are necessary to investigate increased asthma 

risks from CS exposures of different parental smoking behaviors. 
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11  APPENDIX 

11.1  Supplemental results 

 

 

 

Figure S1 Invasive lung function measurements in adult virgin females. A, Baseline resistance. B, Baseline compliance.     

C, Relative resistance (MCh: 6.25, 12.5, 25, 50 and 100 mg/ml). D, Relative compliance (MCh: 6.25, 12.5, 25, 50 and 100 

mg/ml). A-D, RA  (n= 11), 1 puff/min  (n= 16), 4 puffs/min  (n= 8). A-B, 1way ANOVA, mean ± SD; each data point 

represents and individual animal. C-D, 2way ANOVA, mean ± SEM. A, Dunn’s multiple comparison test. B-D, Tukey’s 

multiple comparison test. Room air (RA), methacholine (MCh). * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. 
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Figure S2 Body weight development in dams and offspring following mild maternal smoking. A, Maternal body weight 

of RA  (n= 20) or CS  (n= 29) exposed mice. Day 0 of exposure refers to the mating. B, Body weight at day of birth 

(day 0) of female (RA n= 59, CS  n= 99) and male (RA  n= 82, CS  n= 58) offspring. C, Body weight development of 

female and male offspring (PND3: RA female n= 60, CS female n= 103, RA male n= 85, CS male n= 89; PND21: RA female 

n= 45, CS female n= 84, RA male n= 69, CS male n= 71; PND56: RA female n= 5, CS female n= 21, RA male n= 13, CS male 

n= 18). The black lines highlight the analysis time points at PND3 and PND21. A,C, Data are expressed as mean ± SD 

compared by 2way ANOVA. B, Each data point represents an individual animal. Data are expressed as mean ± SD 

compared by 1way ANOVA. A, Sidak’s multiple comparison test. B-C, Tukey’s multiple comparison test. Room air (RA), 

cigarette smoke (CS), postnatal day (PND), day (d). * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. 
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Figure S3 Lung function parameters measured in offspring at PND21. A, Baseline resistance and B, baseline compliance 

in female (RA n= 15, CS  n= 14-15) and male (RA  n= 15, CS  n= 15) offspring. C, Relative resistance and D, relative 

compliance in female (RA n= 9, CS  n= 4) and male (RA  n= 9, CS  n= 6) offspring at different MCh concentrations 

(6.25, 12.5, 25, 50 and 100 mg/ml). E, Inspiratory capacity. F, Resistance of small airways (Rn). G, Tissue elasticity (H). H, 

Tissue damping (G). A-H, Data are expressed as mean ± SD. A-B, E-H, Each data point represents an individual animal. A, 

F-H, Kruskal-Wallis test. B,E, 1way ANOVA. C-D, 2way ANOVA. B-D,E, Tukey’s multiple comparison test. A,F-H, Dunn’s 

multiple comparison test. Room air (RA), cigarette smoke (CS), postnatal day (PND), methacholine (MCh). * p<0.05, ** 

p<0.01, *** p<0.001, **** p<0.0001. 
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Figure S4 Lung function parameters measured in offspring at PND56. A, Baseline resistance and B, baseline compliance 

in female (RA n= 5, CS  n= 14) and male (RA  n= 13, CS  n= 14-15) offspring. C, Relative resistance and D, relative 

compliance at different MCh concentrations (6.25, 12.5, 25, 50 and 100 mg/ml). E, Inspiratory capacity. F, Resistance of 

small airways (Rn). G, Tissue elasticity (H). H, Tissue damping (G). A-H, Data are expressed as mean ± SD. A-B, E-H, Each 

data point represents an individual animal. A-B, E-H, Kruskal-Wallis test. C-D, 2way ANOVA. A-B,E-H, Dunn’s multiple 

comparison test. C-D, Tukey’s multiple comparison test. Room air (RA), cigarette smoke (CS), postnatal day (PND), 

methacholine (MCh). * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. 
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  RA CS p-value 

Day of 

analysis 

Parameter female male female male  

PND3 body weight (end) 1.76 

±0.146 g 

1.79 

±0.146 g 

1.78 

±0.188 g 

1.77 

±0.245 g 

♀: 0.66 (t test) 

♂: 0.79 (t test) 

 Lung weight 0.045 ± 

0.0074 g 

0.044 ± 

0.0077 g 

0.04 ± 

0.0072 g 

0.041 ± 

0.0076 g 

♀: 0.12 (t test) 

♂: 0.32 (t test) 

Lung/BW ratio 0.026 

±0.004 

0.025 

±0.004 

0.023 

±0.005 

0.023 

±0.003 

♀: 0.11 (t test) 

♂: 0.29 (t test) 

Lung total cell count 7.31E+05 

±3.51E+05 

7.72E+05 

±5.43E+05 

6.74E+05 

±3.10E+05 

7.01E+05 

±1.98E+05 

♀: 0.73 (t test) 

♂: 0.73 (t test) 

Spleen weight  0.003 ± 

0.0005 g 

0.004 ± 

0.0006 g 

0.003 ± 

0.0008 g 

0.003 ± 

0.0009 g 

♀: 0.87 (t test) 

♂: 0.47 (t test) 

Spleen/BW ratio 0.002 

±0.0002 

0.002 

±0.0002 

0.002 

±0.0003 

0.002 

±0.0004 

♀: 0.51 (t test) 

♂: 0.39 (t test) 

Spleen total cell 

count 

6.10E+05 

±2.12E+05 

8.74E+05 

±2.62E+05 

5.73E+05 

±2.02E+05 

4.50E+05 

± 

2.74E+05 

♀: 0.71 (t test) 

♂: 0.004 (t test) 

Thymus total cell 

count 

4.28E+06 

±2.17E+06 

4.08E+06 

±2.83E+06 

2.81E+06 

±1.61E+06 

3.21E+06 

±2.16E+06 

♀: 0.053 (MWU) 

♂: 0.40 (t test) 

PND21 body weight (end) 10.21 

±0.719 g 

9.97 

±1.136 g 

9.56 

±1.454 g 

9.57 

±1.719 g 

♀: 0.14 (t test) 

♂: 0.48 (t test) 

Lung weight 0.203 

±0.0184 g 

0.188 

±0.0186 g 

0.180 

±0.0237 g 

0.176 

±0.0279 g 

♀: 0.009 (t test) 

♂: 0.17 (t test) 

Lung/BW ratio 0.020 

±0.001 

0.019 

±0.001 

0.019 

±0.002 

0.019 

±0.002 

♀: 0.28 (t test) 

♂: 0.66 (MWU) 

Lung total cell count 3.32E+06 

±1.44E+06 

2.72E+06 

±1.53E+06 

2.38E+06 

±9.37E+05 

2.93E+06 

±1.57E+06 

♀: 0.052 (t test) 

♂: 0.80 (MWU) 

Spleen weight  0.097 

±0.0125 g 

0.091 

±0.0191 g 

0.077 

±0.0250 g 

0.077 

±0.0285 g 

♀: 0.013 (t test) 

♂: 0.12 (t test) 

Spleen/BW ratio 0.009 

±0.0014 

0.009 

±0.0017 

0.008 

±0.0023 

0.008 

±0.0023 

♀: 0.058 (t test) 

♂: 0.13 (t test) 

Spleen total cell 

count 

3.23E+07 

±1.55E+07 

2.99E+07 

±1.48E+07 

3.04E+07 

±1.82E+07 

2.79E+07 

±1.63E+07 

♀: 0.77 (t test) 

♂: 0.65 (MWU) 

Thymus total cell 

count 

1.02E+08 

±7.25E+07 

7.99E+07 

±3.96E+07 

9.24E+07 

±5.07E+07 

8.69E+07 

±5.85E+07 

♀: 0.69 (t test) 

♂: 0.99 (MWU) 
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PND56 body weight (end) 19.73 

±0.488 g 

27.22 

±1.204 g 

20.48 

±1.035 g 

26.27 

±1.421 g 

♀: 0.14 (MWU) 

♂: 0.08 (t test) 

Lung weight 0.297 

±0.0166 g 

0.343 

±0.0273 g 

0.279 

±0.0497 g 

0.330 

±0.0327 g 

♀: 0.35 (MWU) 

♂: 0.31 (t test) 

 Lung/BW ratio 0,015 

±0,0009 

0,012 

±0,0010 

0,014 

±0,0022 

0,013 

±0,0016 

♀: 0.12 (MWU) 

♂: 0.27 (t test) 

 Lung total cell count 4.51E+06 

±2.00E+06 

3.42E+06 

±8.84E+05 

4.72E+06 

±1.65E+06 

5.62E+06 

±1.91E+06 

♀: 0.72 (MWU) 

♂: 0.0011 (t test) 

Spleen weight  0.078 

±0.0072 g 

0.087 

±0.0102 g 

0.083 

±0.0072 g 

0.083 

±0.0094 g 

♀: 0.37 (MWU) 

♂: 33 (t test) 

 Spleen/BW ratio 0.004 

±0.0004 

0.003 

±0.0004 

0.004 

±0.0003 

0.003 

±0.0004 

♀: 0.71 (MWU) 

♂: 0.40 (t test) 

 Spleen total cell 

count 

3.19E+07 

±1.92E+07 

4.78E+07 

±1.94E+07 

4.32E+07 

±1.68E+07 

3.74E+07 

±2.31E+07 

♀: 0.30 (MWU) 

♂: 0.23 (t test) 

Thymus total cell 

count 

7.76E+07 

±2.26E+07 

3.14E+07 

±7.96E+06 

4.14E+07 

±2.49E+07 

2.07E+07 

±7.52E+06 

♀: 0.008 (MWU) 

♂: 0.002 (t test) 

Table S1 Characterization of offspring at PND3, PND21 and PND56. Data are expressed as mean ± SD; unpaired t test (t 

test) or Mann Whitney test (MWU) were chosen after testing for normal distribution. Room air (RA), cigarette smoke 

(CS), postnatal day (PND), body weight (BW). * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. 

 

 

 

Figure S5 Thymus weight and cortex/medulla ratio at PND21 after in utero exposure. A, Thymus total weight. B, 

Thymus weight to body weight ratio in female (RA n= 5, CS  n= 16) and male (RA  n= 3, CS  n= 10) offspring. C, 

The ratio of cortical and medullary area of male offspring (RA  n= 5, CS  n= 7). A-C, Each data point represents an 

individual animal; data are expressed as mean ± SD compared by Kruskal-Wallis test with Dunn’s multiple comparison 

test. Room air (RA), cigarette smoke (CS), postnatal day (PND). * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. 
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Figure S6 Heatmap of differentially regulated genes in CD8SP thymocytes after in utero exposure to RA and CS. 

Increased fold change (red), decreased fold change (blue). Each column represents an individual animal (females only). 

Room air (RA), cigarette smoke (CS). 
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11.2  Abbreviations 

AAAAA poly-adenine tail 

AC adluminal compartment 

Adipoq adiponectin 

AGO Argonaute 

AGO2 Argonaute 2 

AhR aryl hydrocarbon receptor  

AHR airway hyperresponsiveness 

ANOVA Analysis of variance 

BALF bronchoalveolar lavage fluid 

BC basal compartment 

BLAST basic local alignment search tool 

bp base pair 

BSA bovine serum albumin 

CD cluster of differentiation 

CI confidence interval 

cDNA complementary DNA 

cm centimeter 

COPD chronic obstructive pulmonary disease 

CS cigarette smoke 

Ct threshold cycle 

cTECs cortical thymic epithelial cells 

CTLA4  cytotoxic T-lymphocyte-associated Protein 4 

CTLs cytotoxic T cells 

Cyp1a1 cytochrome P450 family 1 subfamily A member 1 

d day 

DAPI 4',6-diamidino-2-phenylindole 

DGE Differential gene expression  

DN double-negative 

DNA deoxyribonucleic acid 

DP double-positive 

ED embryonic day 

EDTA ethylenediaminetetraacetic acid 
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ELISA enzyme-linked immuno sorbent assay 

ENA European Nucleotide Archive  

Eomes eomesodermin 

eSpt early spermatids 

EtOH ethanol 

EVs extracellular vesicles 

F1 filial generation 1 

FACS Fluorescence activated cell sorting 

FC fold change 

FDR false discovery rate 

FOXO3 forkhead box protein O3  

Foxp1 forkhead box protein P1  

Foxp3 forkhead box protein P3 

FSC forward scatter 

g gram 

GO gene ontology  

h hour 

HDM house dust mite  

HPRT hypoxanthine guanine phosphoribosyltransferase 

i.p. intraperetoneal 

IgG immunoglobulin G 

IGF-1 insulin-like growth factor 1 

Il interleukin 

Il10rb interleukin 10 receptor beta  

IL4ra interleukin 4 receptor alpha  

Insr insulin receptor 

IPA Ingenuity pathway analysis 

IQR interquartile range  

IRS-1 insulin-like substrate-1 

IVC individually ventilated cages 

kb kilobase pair 

KEGG Kyoto Encyclopedia of Genes and Genomes 

kg kilogram 

Ki67 Antigen KI-67 or MKI67 
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Lepr leptin receptor  

lfcSE log2-fold change standard error  

LOCI Laboratory for Optical and Computational Instrumentation 

lSpt late spermatids 

MCh methacholine 

mg milligram 

MHC major histocompatibility complex 

µl microliter 

µm micrometer 

miR microRNA 

miRNA microRNA 

miRNA* passenger strand 

ml milliliter 

mm millimeter 

MMAD Aerodynamic diameter 

mmu mus musculus 

mRNA messenger RNA 

mTECs medullary thymic epithelial cells 

MWU Mann-Whitney U test 

My myofibroblasts  

n number of animals 

NaCl sodium chloride 

NFB nuclear factor 'kappa-light-chain-enhancer' of activated B-cells 

ng nanogram 

NGS next-generation sequencing 

nm nanometer 

n.s. not significant 

nt nucleotide 

OVA ovalbumin 

padj adjusted p-value  

PBS phosphate buffered saline 

Pik3cg / 
PI3K 

phosphatidylinositol-4,5-bisphosphate 3-kinase  

piRNA piwi-interacting RNA 
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pmol picomol 

PND postnatal day 

Pparg peroxisome proliferator-activated receptor gamma 

pre-
miRNA 

precursor miRNA  

pri-miRNA primary miRNA 

qRT-PCR quantitative real-time polymerase chain reaction 

R residual bodies 

RA room air 

RISC RNA-induced silencing complex 

RNA ribonucleic acid 

rRNA ribosomal RNA 

rpm rounds per minute 

RT room temperature 

Runx2 runt-related transcription factor 2 

Runx3 runt-related transcription factor 3  

SD standard deviation 

sec seconds 

SEM standard error of the mean 

Seq sequencing 

SIRT1 Sirtuin1 

sncRNA small non-coding RNA 

snoRNA small nuclear RNA 

SP single-positive 

SpC I primary spermatocytes 

SpC II secondary spermatocytes 

SpGA type A spermatogonia 

SpGB type B spermatogonia 

SpGi intermediate spermatogonia 

SSC sideward scatter 

STAR Spliced Transcripts Alignment to a Reference 

STAT3 signal transducer and activator of transcription 3  

t test unpaired student's t test 

TBE Tris-borate-EDTA 
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Tbp TATA binding protein 

TCR T cell receptor 

TIM ‘innate memory’ CD8 T cells 

TPM total particulate matter 

tRFs tRNA-derived RNA fragments  

tsRNA transfer-RNA-derived small RNA 

UTR untranslated region  

UV ultraviolet 

V volt 

WT wild type 

5'-cap 5-prime cap 
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