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Abstract

Limited data are available on the effects of perinatal environmental tobacco smoke (ETS) 

exposure for early childhood influenza infection. The aim of the present study was to examine 

whether perinatal versus adult ETS exposure might provoke more severe systemic and pulmonary 

innate immune responses in influenza A/Puerto Rico/8/34 virus (IAV)-inoculated compared to 

phosphate-buffered saline (PBS) mice. BALB/c mice were exposed to filtered air (FA) or ETS for 

6 weeks during the perinatal or adult period of life. Immediately following final exposure, mice 

were intranasally inoculated with IAV) or PBS. Significant inflammatory effects were observed in 

bronchoalveolar lavage fluid of neonates inoculated with IAV (FA+IAV or ETS+IAV) compared to 

ETS+PBS or FA+PBS, and in the lung parenchyma of neonates administered ETS+IAV versus 

FA+IAV. Type I and III interferons were also elevated in the spleens of neonates, but not 

adults with ETS+IAV versus FA+IAV exposure. Both IAV-inoculated neonate groups exhibited 

significantly elevated more CD4 T cells and increasing number of CD8 and CD25 T cells in 

lungs relative to adults. Taken together, these results suggest perinatal ETS exposure induces an 

exaggerated innate immune response which may overwhelm protective anti-inflammatory defenses 

against IAV and enhances severity of infection in infants and young children.
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INTRODUCTION

Tobacco use in the United States (U.S.) has decreased since 1965, but smoking still 

remains a habit for a large portion of the U.S. population (CDC 2014). Cigarette smoke 

contains approximately 5,000 chemicals including known human carcinogens (Nooshinfar 

et al. 2017), which, when inhaled, produces adverse lung health outcomes such as chronic 

obstructive pulmonary disease (COPD), emphysema, lung cancer, and heart disease (Lee et 

al. 2018). Adverse pulmonary outcomes are not limited to smokers, but extend to individuals 

passively exposed to tobacco smoke. Passive such as second- or third-hand tobacco smoke 

exposures are also known as environmental tobacco smoke (ETS) exposures. In addition to 

initiating the aforementioned diseases in adults, ETS exposure was reported to 1) produce 

adverse effects such as asthma attacks and respiratory infections in infants and children 

(CDC 2014); 2) worsen conditions of pre-existing diseases; and 3) result in death of at least 

600,000 non-smokers annually (Han et al. 2011; Torres et al. 2012; Pacheco et al. 2013). 

However, less is known regarding the direct impact of ETS on pulmonary immune system, 

especially in children as compared to adults.

In the U.S., approximately 40% of children of the age 3 to 11 years are exposed to 

second-hand smoke (CDC 2020). Second-hand smoke or ETS exposure has been associated 

with reduced physiological lung function, higher frequencies of self-reported respiratory 

infections, and adverse respiratory symptoms in school-aged children (Fernández-Plata 

et al. 2016). ETS exposure was also shown to be a significant risk factor for reduced 

lung function and respiratory disease in young adults (Holmes and Ling 2017). Children 

can be highly susceptible to infection due to immature immune defenses and respiratory 

systems. Each year, more than 200,000 individuals are hospitalized for respiratory and 

heart condition illnesses attributed to influenza viral infection in the U.S. (Thompson et al. 

2009). Approximately 50,000 children younger than 5 years are hospitalized due to seasonal 

influenza-related complications (Thompson et al. 2004). In the U.S., during the 2018–2019 

flu season, 33 of 50 states reported the highest levels of influenza infection compared to 

previous years (Xu et al. 2019). Therefore, a study comparing the immune system impacts 

resulting from experimentally-controlled, concomitant exposures to ETS and influenza in 

neonates and adults is merited.

Previous investigators found enhanced inflammatory responses to viral infection in young 

mice with perinatal ETS exposure (Claude et al. 2012) or adult mice with short-term 

ETS exposure (Gualano et al. 2008). However, a comparison study between neonates and 

adults with controlled ETS exposure duration has not been done previously. To that end, 

the present study aimed to determine the effects of age, ETS exposure, and Influenza 

A/PR/8/34 virus (IAV)-inoculation on innate immune responses of mice. Neonatal exposure 

to environmental toxicants, such as ETS, were shown to adversely influence the function 

and maturation of human fetal tissues to impede pulmonary cell differentiation, metabolic 
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functions, and immune defenses, as well as enhance susceptibility to viral infections later 

in life (Hanson et al. 2012; Hollams et al. 2014). A number of studies demonstrated that 

neonatal development of the immune system is adversely impacted by ETS exposure during 

gestation and childhood (Yu et al. 2008; Cao et al. 2016). Given these past study findings, 

it was postulated that neonatal mice exposed to ETS in the present study might be more 

sensitive to IAV compared to their adult counterparts.

Infiltration of immune cells in bronchoalveolar lavage fluid (BALF), inflammation of lung 

tissue (histopathology), distribution of CD4-, CD8-, and CD25-positive T cell markers in 

lung tissue, and expression of interferon (IFN) mRNA in spleen tissue were determined 

following IAV inoculation. T cells are the most important lymphocyte trafficking to the 

lungs during the first week of viral infection. The CD4, CD8, and CD25 T cell markers were 

selected to visualize populations of helper, cytotoxic, and regulatory T cells, respectively. 

CD4-positive, helper, T cells interact with antigen-presenting cells (e.g., macrophages) 

to shape pathogen-specific, adaptive immune responses such as antibody production and 

cytotoxic T cell activation (Figure 1; Sant et al. 2018a; 2018b; Lee and Lawrence 

2018). CD8-positive, cytotoxic, T cells induce death of pathogen-infected, damaged, or 

dysfunctional cells (Smed-Sörensen et al. 2012; Pizzolla et al. 2017). CD25-positive, 

regulatory T cells are a subset of CD4-positive cells which suppress the activities of other 

T cells, B cells, and antigen-presenting cells (Corthay 2009). These three cell types are 

important factors in the immune response to viral infections (Rosendahl Huber et al. 2014).

Interferons( IFNs) are recognized as an essential part of the innate and adaptive immune 

responses to viral infection [Figure 1; (Colonna et al 2002)]. IFNs are secreted by many 

cell types, with IFN-α produced by cells of the lymphoid lineage (e.g., T and B cells), 

IFN-β produced by epithelial and fibroblast cells, and IFN-γ (a key cytokine for innate and 

adaptive immunity targeting viral infection) produced by natural killer cells, CD8 T cells, 

B cells, macrophages, and dendritic cells (Kubota and Kadoya 2011). IFN-producing cells 

(IPCs) found in mouse spleen tissues produce type 1 IFNs (IFN-α and β) in response to 

physically and chemically inactivated virus (Miller and Anders 2003). IFN-α and β were 

reported to play an important role in promoting survival of activated lymphocytes, whereas 

IFN-γ contributes to activation and differentiation of lymphocytes and macrophages, as well 

as regulates the balance of cytokine production during immune responses (Price et al 2000).

A mouse model was used in the present study. Since mice are not natural hosts for 

influenza viruses, influenza test strains were adapted to more efficiently attach to alveolar 

and epithelial cells in bronchi, replicate, suppress immunity, and exhibit virulence in 

the mouse (Kamal et al 2014). The adaptation of the virus via engineered mutations 

makes the lung pathology of the mouse model similar to that of humans (Ilyushina et al. 

2010). Murine-adapted strains influenza virus strains include influenza A/Puerto Rico/8/34, 

influenza A/WSN/33, and influenza B/Lee/1940 (Radigan et al. 2015). It was reported that 

with sufficiently large viral load inoculation, infection of BALB/c mice with the influenza 

A/Puerto Rico/8/34 viral strain results in severe pneumonia and increased mortality rates 

(Radigan et al. 2015). To study an animal model moderately infected by murine-adapted 

viruses might help to understand more comprehensively the biology of viral infection and 

host immune responses.
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MATERIALS AND METHODS

Animal models

A total of 56 adult (6- to 8-week-old) BALB/c Swiss-Webster mice were purchased from 

Harlan Laboratories (Livermore, CA). These rodents included 32 timed-pregnant dams 

(gestational day (GD) 14), 12 males, and 12 non-pregnant females. The dams were time-

mated with males by the vendor before shipment. Upon arrival, the dams were randomly 

assigned for filtered air (FA; control; n = 21) or ETS (n = 11) exposure to obtain neonatal 

groups exposed in utero. The male and non-pregnant female adult mice were randomly 

divided into 4 exposure groups with 6 adult mice (n = 3/gender) per group. The adult 

exposure groups were for FA+ phosphate-buffered saline (PBS), FA+IAV, ETS+PBS, and 

ETS+IAV.

The FA-exposed dams (n=21) birthed 69 pups, yielding a total of 22 male and 47 female 

pups, and ETS-exposed dams (n=11) birthed 68 pups, yielding a total of 27 male and 41 

female pups. The FA-exposed individual pups from each litter were randomly assigned into 

the neonatal FA+ PBS (n = 10 male, 25 female) and FA+ IAV (n = 12 male and 22 female) 

groups, while individual pups from each ETS-exposed litters were also randomly assigned 

into the neonatal ETS+PBS (n = 12 male, 21 female) and ETS+IAV (n = 15 male and 20 

female) groups to ensure an even distribution of individual male and female pups from all 

litters across the appropriately designated treatment groups. Adult and neonatal FA+PBS 

groups served as negative controls administered a placebo in the present study.

All animals were handled in accordance with standards established by the U.S. Animal 

Welfare Act in the National Institutes of Health Guidelines as well as those set forth by the 

University of California, Davis. Experiments and animal protocols were approved by the 

Institutional Animal Care and Use Committee at the University of California, Davis.

Environmental tobacco smoke (ETS) exposure

Mice were exposed for 6 weeks to FA (control) for 24 hr/day or ETS at a target 

concentration of 1 mg/m3 for 6 hr/day, and 7 day/week (Figure 2). For ETS exposures, 

mice were placed in cages (6 mice/cage) in whole-body exposure chambers (0.44 m3 

capacity each) consisting of two cigarette handling and lighting devices, a metered puffing 

and flow machine, two dilution chimneys, one conditioning chamber, and a dilution and 

delivery system that distributed smoke equally within each chamber (Teague et al. 2008). 

For neonatal mice, this 6-week exposure spanned the last week of gestation through the 

first 5 weeks of life, for a pre- and post-natal exposure termed “perinatal exposure.” 

ETS-exposed mice were housed in an FA environment between each 6-hr exposure period. 

Control mice were kept in an animal room, in similar inhalation chambers ventilated with 

high-efficiency particulate air (HEPA)-FA. Measurements of total suspended particle (TSP), 

carbon monoxide (CO), and nicotine concentrations, as well as mean relative humidity 

and temperature, were taken from inside the exposure chamber every 30 min to ensure 

consistency. All chambers were maintained on a 12-hr light-dark cycle. At all times during 

the course of the experiment, mice had access to food and water ad libitum.
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Research-grade cigarettes were purchased from the University of Kentucky for the ETS 

exposures and puffed by the smoke generation system under consistent smoking conditions 

(35-ml puff volume of two second duration, once per min). All research cigarettes were 

stored frozen and/or in the refrigerator prior to use. Cigarette packets were opened from the 

filter end of the cigarette and placed in a desiccation jar containing a 65% glycerin solution 

at the bottom to condition the cigarettes to the same level of humidity as the exposure room 

prior to combustion. ETS was formed by aging and diluting sidestream cigarette smoke and 

the mainstream puff volume with filtered air over a period of two min to achieve the target 

TSP concentration of 1 mg/m3.

Influenza virus inoculation

The mouse-adapted viral strain, A/PR/8/34 H1N1 influenza (IAV), was generously donated 

by Dr. Melinda Beck at the University of North Carolina, Chapel Hill. The stock solution 

was diluted to individual doses of 12.6 TCID50 in 40 μl PBS for inoculation. The TCID50 

(tissue culture infective dose) is the amount of virus required to kill 50% of infected hosts. 

Twenty-four hr after the final day of ETS/FA exposure, mice were inoculated with IAV or 

PBS (control) via nasal aspiration through both nares (approximately 20 μl/naris). The IAV 

dose was selected to be approximately 1000-fold lower than doses delivered in previous 

studies (Claude et al. 2012) to not overwhelm the animal with a heavy viral load. All mice 

were observed for signs of illness including unkempt fur, lethargy, shivering, and hunched 

posture daily (Claude et al. 2012). Seven days after inoculation, mice were euthanized with 

0.2 ml Beuthanasia (65 mg/ml pentobarbital solution) by intraperitoneal (ip) injection for 

collection of BALF and tissue samples. The necropsy time-point, 7 days post infection, was 

based upon what has been reported as the peak time of influenza infection following IAV 

administration (Kim et al. 2017).

Collection and Examination of BALF

Each mouse was intratracheally cannulated for lung lavage. The complete lung was 

lavaged three times in situ with a single 0.6-ml aliquot of Hanks Balanced Salt Solution 

(HBSS) for BALF collection. BALF was centrifuged for 15 min at 1500g to separate 

the cellular and supernatant fractions. BALF cells were resuspended in 500 μl HBSS to 

determine total cell numbers using a hemocytometer. Cytospin slides were prepared using a 

Shandon Cytospin (Thermo Shandon, Inc., Pittsburg, PA), and stained with hematoxylin and 

eosin (H&E; American MasterTech, Lodi, CA) for cell differentials, which were assessed 

blindly via brightfield microscopy (Axiolab light microscope, Zeiss, Jena, Germany) for 

quantification of lymphocyte, neutrophil, and macrophage concentrations (500 cells/slide). 

Detailed explanations of the methods were described in a previous study (Castañeda and 

Pinkerton 2016).

Tissue collection and fixation

Left lungs were perfusion-fixed with 4% paraformaldehyde at 30 cm of hydrostatic pressure 

for 1 hr. The left lung from each animal was transversely cut into 4 equal slices and 

embedded in the same block of paraffin wax (Paraplast, Thermo Scientific). Several 5-μm 

thick sections of lung tissue were cut from each block using a Zeiss HM 355 rotary 

microtome (Carl Zeiss, Inc., Thornwood, NY) and placed on SuperFrost glass slides (one 
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section/slide; Fisher Scientific, Pittsburgh, PA) for histological or immunohistochemical 

analysis. The spleens of mice were collected and stored at −80 °C until further use.

Histology and light microscopy

Ten neonate (n=10/group; both males and females) and six adult (n=6/group; both males 

and females) mice were randomly selected for histological examination. One slide per 

animal was deparaffinized, rehydrated, stained with hematoxylin and eosin (H&E; American 

MasterTech, Lodi, CA), and viewed under the Zeiss Axiolab light microscope (Zeiss, 

Jena, Germany). No filter was used on the aperture, and the condenser lens was used 

to adjust focus and clarity. Images were captured using a Zeiss AxioCam ERc-5s (Zeiss, 

Jean, Germany) with full view of the entire lung lobe using a 5x objective lens. Since 

inflammation around airways and blood vessels was prevalent with IAV exposure alone 

(i.e., FA+IAV), a complete pan-analysis of the lung parenchyma was performed using a 

square lattice system to completely examine all lung lobes with Image J software (version 

2.0.0; National Institutes of Health, Bethesda, MD). A step-by-step analysis of each square 

was performed to determine the presence of inflammatory cells including macrophages or 

polymorphonuclear cells (e.g., neutrophils and eosinophils). A positive (+) or negative (−) 

sign was assigned for each square with or without inflammatory cells, respectively. The 

total numbers of inflammation-positive and -negative squares were summed to calculate the 

percentage of the lung parenchyma with evidence of inflammation (% with inflammation = 

total (+) squares ÷ absolute total number of squares (+ and -) × 100). From this number, 

the mean percentage and standard error of the mean (SEM) were then determined for each 

treatment group. The graphs were created using the GraphPad Prism 7 program (GraphPad 

Software Inc., San Diego, CA).

Immunohistochemical analysis of T cell populations in the lungs

Three neonate and three adult mice were randomly selected from each treatment group for 

immunohistochemistry (IHC). The proportion of males to females was variable among the 

different groups. Three slides per animal were stained for IHC. Each of the three slides 

was stained with a different primary antibody. The antibodies included anti-CD4 (sc-7219, 

Santa Cruz Biotechnology, Santa Cruz, CA), anti-CD8 (ab22378, Abcam, Cambridge, MA), 

and anti-CD25 (MA5–12680, Invitrogen, Carlsbad, CA), which bind to the CD4, CD8, 

and CD25 membrane proteins of helper, cytotoxic, and regulatory T cells, respectively, and 

aid in their identification. The slides were deparaffinized in three changes of toluene (5, 

2, and 2 min) and rehydrated in 100, 95, and 70% ethanol for 2 min each. Subsequently, 

slides were submerged in ethylenediaminetetraacetic acid and heated in a high-pressure 

decloaker for antigen retrieval. Endogenous peroxidase activity was blocked with 3% 

H2O2 for 10 min to avoid non-specific background staining. To eliminate non-specific 

binding of the primary antibody, the sections were incubated with protein block (Dako, 

Carpinteria, CA) for 10 min at room temperature (20 to 25°C). Each section was incubated 

for 1 hr at room temperature with one of the aforementioned primary antibodies, which 

were diluted in PBS with Tween® detergent at a ratio of 1:50 for anti-CD4, 1:200 for 

anit-CD8, and 1:1000 for anti-CD25 before use. Slide rinsing and incubation for 30 

min at room temperature in horseradish peroxidase-labeled polymer anti-rabbit (EnVision 

System, catalog no. K4003, Dako) or anti-mouse (EnVision System, catalog no. K4001, 
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Dako) secondary antibody followed. Bound peroxidase activity was visualized with a 5-

min incubation in a 3,3′-diaminobenzidine-positive substrate chromogen system (catalog 

no. K3468, Dako) according to the manufacturer’s instructions. The tissue sections were 

counterstained with hematoxylin and cover slipped. Negative controls were treated with 

PBS instead of a primary antibody to confirm non-specific binding and false-positive results 

did not occur. Slides stained for CD4 or CD8 identification were evaluated blindly with a 

semi-quantitative scoring rubric (Table 1). For those stained for CD25 visualization were 

evaluated qualitatively.

Real-time quantitative reverse transcription-polymerase chain reaction analysis of splenic 
IFN isoforms

Nine neonate mice and 6 adult mice were randomly selected from each treatment group 

for real-time quantitative reverse transcription-polymerase chain reaction (RT-PCR) analysis. 

The ratio of males to females was 1:2 for neonates and 1:1 for adults. Total ribonucleic acid 

(RNA) was extracted from the spleen using a RNeasy kit with on-column DNase digestion 

(Qiagen, Valencia, CA) per the manufacturer’s instructions. Reverse transcription of 1 µg 

DNA-free total RNA was carried out with 4 units of Omniscript Reverse Transcriptase 

(Qiagen, Valencia, CA), and 1 μM of oligo(dT)15 primer in a final volume of 20 µl. 

Quantification of messenger RNA (mRNA) levels was done using the LightCycler System 

(Roche Diagnostics, Mannheim, Germany) with the QuantiTect SYBR Green PCR Kit 

(Qiagen, Valencia, CA) according to the manufacturer’s instructions. The primers for each 

gene were selected from published sources [IFN-a (Riffault et al. 2000), IFN-β (Roth-Cross 

et al. 2007), IFN-γ (Maffei et al. 2004), 18S (Roth-Cross et al. 2007)] and detailed in 

Table 2, herein. Data were analyzed with LightCycler software and quantified using the 

comparative threshold cycle (Ct) method (Pfaffl 2001) with mouse 18S as a reference gene 

to serve as an internal control.

Statistical analysis

Group values were presented as arithmetic mean ± SEM. The normality of data 

distribution was evaluated with the Shapiro-Wilk test. Appropriate logarithmic or square root 

transformations were performed to obtain normal distributions before analysis of variance 

(ANOVA). Bonferroni corrections, based on the total number of comparisons for a given 

outcome, were applied to adjust for multiple comparisons. A two-way multivariate ANOVA 

with post hoc Tukey’s multiple comparisons test was used to compare the differences 

between the experimental groups in GraphPad Prism software (GraphPad Prism 7, GraphPad 

Software Inc., San Diego, CA). A nonparametric test was selected when data were not 

normally distributed and could not be corrected by transformations. Statistical significance 

was accepted at a p-value < 0.05.

RESULTS

No mortality was observed in adult or neonatal mice up to the day of necropsy, 7 days after 

IAV inoculation.
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ETS exposure

Inside exposure chambers, the concentrations averaged 1.01 ± 0.04 mg/m3 for TSP, 7.04 ± 

0.6 ppm for CO, and 0.11 ± 0.02 mg/m3 for nicotine. The average relative humidity and 

temperature were 51.7 ± 8.08% and 71.4 ± 0.61°F, respectively.

Inflammatory effects observed in BALF

Lavage was performed for neonatal mice at 6 weeks of age (mean body weight 17.7 g) and 

young adult mice at 16 weeks of age (average body weight 22.9 g). The volume of fluid for 

bronchoalveolar lavage was adjusted, based upon body weight.

IAV inoculation significantly increased the number of total cells, macrophages, neutrophils, 

and lymphocytes in the BALF of FA- and ETS-exposed neonate groups relative to their 

virus-free (PBS-inoculated) counterparts (Figures 3a-3d). In adult mice, the ETS+IAV group 

exhibited significant elevation in numbers of total cells, neutrophils, and lymphocytes 

compared to the ETS+PBS and FA+IAV groups (Figures 3a, 3c, and 3d). A comparison 

of neonates and adults administered FA+IAV revealed that neonates displayed significantly 

greater total cell, macrophage, and neutrophil numbers (Figures 3a-3c).

Lung histopathology

Although neonatal mice appeared by histopathological analysis to have more inflamed lungs 

than similarly exposed adults, the results were not significant (Figure 4a). In addition, 

irrespective of the age at the time of exposure, inhalation of ETS+PBS did not significantly 

affect lung inflammation compared to FA+PBS for neonates and adults. The only significant 

changes observed were with IAV inoculation where such exposures resulted in significantly 

enhanced inflammation in lungs of neonatal and adult mice relative to their age-matched 

PBS-exposed counterparts (Figure 4a). Similarly, this was noted for groups previously 

exposed to FA for neonates and adult mice or ETS for neonates and adults. Significantly 

elevated inflammation was also observed between ETS+IAV and FA+IAV neonates (Figure 

4a). This difference was not seen in ETS+IAV and FA+IAV adults. However, comparisons 

ETS+IAV- and FA+PBS-exposed groups showed increased lung inflammation in the former 

irrespective of age for neonates and adults Figure 4a), as observed by H&E staining (Figure 

4b).

IHC analysis of T cell populations in lung tissue sections

In neonate and adult mice, FA+IAV versus FA+PBS exposure no significant effect was noted 

for CD4 helper and CD8 cytotoxic T cells in neonates and adult lungs (Figures 5a-5d). 

Irrespective of age, ETS+PBS exposure did not significantly alter recruitment of either T 

cell subset to the lungs compared to FA+PBS exposure (Figures 5a-5b).

In perinatally exposed mice alone, CD4 helper T cells were significantly increased as a 

result of ETS+IAV exposure compared to FA+PBS, ETS+PBS, and FA+IAV treatment 

(Figures 5a and c). No significant changes in CD4 T cells were observed upon ETS+IAV 

exposure in adult mice compared to FA+PBS, ETS+PBS, and FA+IAV exposure (Figures 

5a and 5c). Rather, in adults, ETS+IAV versus FA+IAV treatment resulted in no significant 

alteration in pulmonary influx of CD4 T cells (Figures 5a and 5c). Cytotoxic CD8 T cells 
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did not alter significantly in neonates exposed to ETS+IAV versus FA+PBS or ETS+PBS 

illustrated in Figures 5b and 5d. In adults exposed to ETS+IAV, CD8 T cells numbers did not 

change markedly significantly when compared to same-age mice given FA+IAV (Figures 5b 

and 5d).

Number of CD25 increased as expected with viral infection versus PBS exposure in both 

neonatal and adult mouse groups previously exposed to FA or ETS (Figure 6).

RT-PCR of splenic IFN isoforms

Expression of IFN-α, -β, and -γ mRNA in the spleen of neonatal mice was significantly 

enhanced in the group exposed to ETS+IAV versus FA+PBS or ETS+IAV versus FA+IAV 

(Figure 7). In adult mice, gene expression of IFN-γ was significantly increased in the 

FA+IAV treatment group, as well as ETS+PBS group, compared to the FA+PBS group. 

Expression of IFN-γ was also significantly elevated in ETS+PBS-exposed adult mice 

relative to their neonate counterparts (Figure 7).

DISCUSSION

ETS exposure

The 1-mg/m3 concentration was a measure of the total suspended particulate matter (TSP) 

in the ETS generated for the present study. The concentration of TSP in secondhand 

smoke may vary considerably based upon the number of smokers and the ventilation (air 

change) rate in the room in which smoking occurs. A single smoker might generate a 

surrounding cloud of particulates up to 2 mg/m3 (IARC, 2004). Therefore, a caregiver who 

smokes might create such an atmosphere around a child. Although the TSP concentration 

used in the present study may be considered high, it is within the range of real-life 

exposures encountered by children and non-smoking adults. Before the enforced prohibition 

of smoking in public places, tobacco smoke particulate concentrations in bars approached 

several mg/m3 (Repace et al. 2006; Hyland et al.2008).

Differences in body mass, lung size, and ventilatory patterns impact the exposure dose 

delivered to the lungs of lab animals and humans. Several investigators indicated that much 

higher gas and particle concentrations need to be used in small lab animal exposure studies 

to achieve the same dose as in humans (Snipes 1989; Hatch et al. 1994; Massaro 1997). 

The patterns of deposition, retention, and clearance for inhaled materials are different among 

different species, and responses and damage initiated by inhaled materials are also different 

(Snipes et al 1989). Dosimetry is further complicated in animals undergoing growth and 

development (Snipes et al 1989; Hatch et al. 1994). One limitation of the present study, and 

most other in vivo studies using mice/rats to model human inhalation exposures, is that the 

dose rates are not directly comparable even though the lung burden is similar.

ETS is composed of particles, gases, and vapors totaling more than 4,000 different 

constituents (Jenkins et al. 2000). The effects of ETS may be attributed to gases, vapors, and 

particles. The objective of the present study was to compare ETS exposures in mice during 

the perinatal (developmental) and young-adult life stages. Although it would be of interest to 

examine the comparative toxicity of an innocuous particle type, it is beyond the scope and 
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capabilities of this study. Future studies need to consider inclusion of an innocuous particle 

type as a negative control.

BALF and lung histopathology

While adult mice exposed to ETS+IAV had a far greater number of total BALF cells 

than their adult FA+IAV counterparts, virally infected neonatal mice showed significant 

increases in total BALF cells relative to their PBS-exposed counterparts irrespective of 

whether these animals were previously exposed to FA or ETS (Figure 3a). Data indicated 

that an exaggerated immune response might be triggered in neonatal mice by exposure to 

the virus alone (FA+IAV) or the combination of ETS+IAV. However, to mount the same 

severity of response in adult mice, it takes a combined (ETS+IAV) exposure. ETS+IAV 

exposure significantly increased infiltration of inflammatory cells, including neutrophils 

and lymphocytes, into the BALF of neonatal and adult mice compared to FA+PBS or 

ETS+PBS exposure (Figures 3b-3d). ETS+IAV treatment also elevated % lung covered by 

inflammation relative to FA+IAV in neonates and adults, but the effects were more severe 

in neonates (Figure 4). Outcomes of this investigation are in accordance with previous 

findings from the University of Melbourne, in which Gualano et al. (2008) concluded that 

smoke-induced activation of pro-inflammatory mediators did not protect against influenza 

infection, but rather worsened the immune response to the virus. The present findings and 

those of Gualano et al. (2008) are reasonable considering that ETS contains numerous 

chemicals, such as carbon monoxide, cadmium, and nitrogen oxides, that are harmful to the 

body.

The resistance of the FA+IAV adult mice group, but not neonates, to virally-induced 

inflammation (Figure 3) might be a result of immature immune systems of the neonates. 

You et al. (2008) concluded in their study that the adaptive immune system of younger 

mice was far weaker than that in older mice. Due to exposure to fewer pathogens, neonates, 

who have not been exposed to as many diseases, have immature adaptive immune systems, 

notably with fewer developed adaptive T cells (You et al. 2008; Simon et al 2015). 

This is supported in the present study by the innately skewed immune response where 

lower number of influxing lymphocytes and higher number of resident macrophages in 

the BALF were detected in neonatal mice in comparison to adults (Figure 3). Coates et 

al (2015) demonstrated that antigen-presenting cells (e.g., macrophages) in the pediatric 

innate immune system tend to be less stimulatory when challenged with Toll-like receptor 

(TLR) agonists, which dampened responses leading to decreased antigen presentation and 

T cell co-stimulation relative to adults. Neutrophil generation of reactive oxygen species 

(ROS) and extracellular traps, which enable neutrophils to bind and kill pathogens, was 

also noted to be reduced in neonates compared to adults (Lawrence et al 2017). These 

immature adaptive responses characteristic of a developing immune system also contribute 

to the increased morbidity of children upon infection with influenza. Overall, the outcomes 

indicate that because the neonatal adaptive immune system lacks some of the benefits of 

successfully combating prior pathogenic challenges (e.g., memory T cells and B cells), 

immune responses to viral (e.g., IAV) infection are compensatively skewed toward non-

specific innate defenses. In adult mice perhaps, prior ETS exposure weakened the immune 
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system and enhanced susceptibility, inducing as large an influx of immune cells as seen in 

the neonates (Figures 3 and 4).

Pulmonary influxes of CD4, CD8, and CD25 T cells

Semi-quantitative analysis of CD4 and CD8 T cell populations in the lungs yielded similar 

patterns of pulmonary influx. While perinatal ETS+IAV exposure was associated with a 

steep rise in CD4 Helper T cells relative to all other treatments, no marked change in CD4 

cell influx was detected in adults. General CD8 T cell responses in neonates and adults were 

similar to those for CD4 cells and did not attain significance (Figure 5b).

In general, CD4 and CD8 T cells are a normal part of an antiviral immune response 

(Sun and Braciale 2013). CD4 cells participate in myriad protective immunity pathways 

to fight against viruses (Sant and McMichael 2012). Their functions include but are not 

limited to recruiting key lymphoid cell populations, providing help for other effector cells, 

and producing cytokines or cell-mediated cytotoxicity directly. Exaggerated CD4 responses 

were observed in ETS+IAV-exposed neonates in the present study which might lead to 

hyperinflammation and lung injury over time. A significantly lower level of IFN-γ was 

also found in the spleens of ETS+PBS-treated neonates compared to ETS+PBS-treated adult 

mice. These findings help to explain why neonates exhibit greater susceptiblity to respiratory 

virus infection and severe outcomes relative to adults.

Unlike CD4 T cells, CD8 T cells play roles in producing cytokines (e.g., IFN-γ, TNF, and 

degranulates) to mediate viral clearance (Schmidt and Varga 2018). In the present study, the 

number of CD8-positive T cells was not markedly altered in lungs and airways of neonate 

and adult mice as a result of IAV, versus PBS, inoculation (Figures 5a and 5b). The reason 

for the lack of significance may be attributed to in this study compared to Schmidt and 

Varga (2018) might be due to kinetics. There is a delay in pulmonary influx of virus-specific 

CD8 T cells, such that they peak in number approximately 10 days following respiratory 

IAV infections. In the current study, necropsies were conducted at day 7 post IAV exposure 

suggesting the number of CD8 cells in the lungs had not peaked.

CD8 cell impairment upon viral infection may be another reason for non-significant influx 

observed with IAV- versus PBS-inoculation. Previous investigators showed that following 

influenza virus infection, a classic antiviral response occurs, with activated CD4 and CD8 

T cells, macrophages, dendritic cells, and other cell types (Smed-Sörensen et al. 2012; 

He et al. 2017; Pizzolla et al. 2017). However, T cell impairment, initiated by inhibiting 

survival or function of specific CD8 cells, is a necessary defense for the host to prevent 

excessive immune-mediated damage during viral acute lung infection, and preserve healthy 

lung tissue (Rogers and Williams 2019). Cheemarla et al (2019) examined the effects of 

human respiratory syncytial virus (hRSV) infection after prenatal ETS exposure and noted 

that although respiratory inflammation was exacerbated by hRSV infection, viral clearance 

was delayed, and the hRSV-specific CD8 T cell response was decreased relative to only 

hRSV-infected neonatal mice. This latter finding lends support to the idea that host CD8 cell 

impairment may have occurred in IAV-exposed groups in the present study.

Wang et al. Page 11

J Toxicol Environ Health A. Author manuscript; available in PMC 2023 June 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



One mechanism of CD8 cell impairment is inhibition by CD25 T cells. Regulatory CD25 T 

cells play a key role in balancing lung inflammation and minimizing tissue injuries resulting 

from immune responses (Fulton et al 2010) by directly or indirectly inhibiting the functions 

of not just CD8 cells, but also CD4 T cells, B cells, dendritic cells, and natural killer cells 

(Rouse et al 2006). IAV was expected, in the present study, to directly weaken the function 

of both (CD4 and CD8) effector T cell types (Bedoya et al. 2013; Brincks et al. 2013) 

through induction of CD25 T cells, but this did not appear to be the case when compared 

to PBS. Similar to the significant and non-significant findings for CD4 and CD8 T cells, 

CD25 T cells appeared to be elevated in the lung tissues of the IAV- versus PBS-exposed 

groups (Figure 6). Treg cells were found in the murine lung up to 6 weeks after acute IAV 

infection (Kraft et al. 2013), a range that includes the IAV incubation period (7 days) used in 

the present study.

When viewed as a whole, the results from the IHC experiment also indicated an enhanced 

inflammatory response in neonates with ETS+IAV, which was not seen in adults (Figures 

5a-5b). ETS+IAV exposure during adulthood exerted no significant effect on CD4 and CD8 

T cell concentrations in the lungs. Taken together findings found in adult mice indicate an 

ability of ETS to diminish the adaptive immune responses in general, which might lead 

to worse clinical outcomes (Strzelak et al. 2018). Despite that the mechanisms driving the 

present results require further research, at least two studies lend credence to our findings. 

T cell proliferation and T cell receptor signaling were reported by Geng et al. (1995) to be 

impaired after adding tobacco extracts to cell cultures, and ETS exposure was demonstrated 

by Feng et al. (2011) to inhibit the pulmonary CD4 and CD8 T cell responses and T cell 

receptor production of IFN-γ in adult mice infected with influenza virus.

mRNA expression of IFN isoforms

Findings by Feng et al. (2011) support those of the present study in which there was no 

significant difference in the mRNA expression of IFN-α, β and γ in the spleens of adult 

mice with exposure to ETS+IAV versus FA+PBS (Figure 7). On the other hand, in neonatal 

mice, mRNA expression of IFN-α, β and γ in the spleen showed a significant difference 

with ETS+IAV treatment compared to FA+PBS or FA+IAV (Figure 7). In addition to CD4 

T cells in neonates after exposure to ETS and virus elevated compared with those in adults, 

all of these support that perinatal exposure to ETS makes neonates more susceptible to 

influenza virus with exaggerated immune responses compared to adults.

An enhancement in adaptive immune functions as evidenced by increased IFN expression 

might be interpreted as therapeutic and protective given the improved anti-viral response 

to influenza (Davidson et al. 2016). Previously Haasbach et al. 2011 reported that IFN 
treatment increased the secretion of antiviral cytokines that mediate the decrease of 

influenza virus in the lung. Yoo et al (2010) noted that IFN treatment effectively controlled 

viral replication and immunopathology, resulting in viral clearance in infected lung tissues. 

Weiss et al (2010) demonstrated that IFN treatment cleared the virus and decreased 

inflammation by reducing the number of T cells and NKT cells in infected lungs.

One limitation in our RT-PCR data was that we did not run gel electrophoresis was not 

run to confirm the specificity and amplification efficiencies of the primers. The primers 
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for each gene were selected from published sources and analyzed and confirmed by gel 

electrophoresis in those studies (Riffault et al. 2000, Roth-Cross et al. 2007, Maffei et 

al. 2004). It is conceivable that RT-PCR results are reliable because the amplicon sizes 

for IFN-α, -β, and -γ were less than 300, and Ct values were less than 30. In future 

experiments, gel electrophoresis will be included to reduce the potential risk of mismatches, 

cross-matches, co-amplifications, and suboptimal amplicon sizes.

BALF (Figure 3) and histopathology (Figure 4) findings in this study suggest viral infection 

is a major driver of inflammation in both neonates and adults. However, striking differences 

were noted between the two life stages. These differences included significantly enhanced 

phagocytic (Figure 3b) and lymphocytic (Figure 3d) inflammation in neonates versus 

adults with ETS+IAV exposure; and a neonate-specific finding of significantly more CD4+ 

lymphocytes with ETS+IAV versus FA+IAV exposure (Figure 5a) in neonates versus adults. 

Other neonate-specific findings included significantly increased splenic IFN-α (Figure 7a); 

IFN-β (Figure 7b), and IFN-γ (Figure 7c) mRNA levels with ETS+IAV versus FA+IAV 

exposure. Given that macrophages produce IFN-α, -β, and -γ and activate CD4 cells (Figure 

1), the findings in the present study suggest that although neonate and adult mice are 

both susceptible to viral infection, early life exposure to ETS may have promoted stronger 

macrophage-specific responses in the neonates versus adults.

CONCLUSIONS

Our data demonstrated that the timing of ETS exposure differentially impacts inflammation 

and immune cell recruitment to lungs during IAV infection. A significantly elevated 

inflammatory response in the lungs of neonatal and adult mice when challenged with 

IAV versus PBS was found. However, neonatal mice compared to adult mice exhibited a 

significantly greater degree of inflammation when previously challenged by ETS versus FA 

exposure. In addition, a significantly higher production of type I and III IFNs was detected 

in the spleen of neonatal mice compared with adults with ETS+IAV versus FA+IAV or 

FA+PBS exposure. These findings suggest neonatal exposure to ETS displays the potential 

to enhance pulmonary and systemic innate immune responses to overwhelm the more 

protective anti-inflammatory defenses in adults against IAV. Thus, early life stage exposure 

ETS has the potential to increase the incidence and severity of respiratory influenza virus 

infection in infants compared to adults. With the continued high prevalence of childhood 

respiratory viral infection and exposure to tobacco combustion products, future research 

would help to better elucidate those underlying mechanisms as a means to reduce the 

incidence of respiratory influenza viral infection in infants exposed to ETS during early life.
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Figure 1. Normal IFN-α, β, and γ innate and adaptive immune responses.
Innate immune cells, such as macrophages and dendritic cells, produce IFN-α and β after 

sensing pathogen components. Non-immune cells, such as fibroblasts and epithelial cells, 

predominantly produce IFN-β. Macrophages, dendritic cells, and natural killer cells have 

been reported to produce IFN-γ. For the adaptive immunity, IFN-α and β can augment 

antibody production by B cells and amplify the effector function of T cells. IFN-γ is 

secreted by helper T cells, CD8 T cells, and B cells, which can induce CD4+CD25+ 

regulatory T cells.
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Figure 2. Experimental protocol.
Neonatal BALB/c mice began the 6-week environmental tobacco smoke (ETS) exposure 

regimen on gestation day 14, or at 9 weeks of age for adults. The mice were exposed 

to target ETS concentrations of 0 (filtered air control) or 1 mg/m3 for 6 h/day and 7 days/

week, and maintained in a filtered air environment between each 6-hour exposure period. 

Immediately after the last exposure period, mice were intranasally inoculated with 12.6 

TCID50 (tissue culture infective dose) Influenza A virus or phosphate-buffered saline (PBS; 

sham control). Sacrifices occurred 7 days later. n=33–35/group for neonates; n=6/group for 

adult mice.
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Figure 3. Cell counts from bronchoalveolar lavage fluid (BALF).
Neonatal and adult mice were exposed to filtered air (FA) or environmental tobacco smoke 

(ETS) for 6 weeks before a single intranasal instillation of phosphate-buffered saline (PBS) 

or Influenza A virus (IAV). Group data are shown as means ± standard errors of the 

means (SEMs). There were no statistically significant differences between neonates exposed 

to ETS+IAV versus FA+IAV. Brackets indicate significant (p < 0.05) differences between 

groups determined by a two-way multivariate ANOVA and Tukey’s multiple comparison 

test. N=33–35/group for neonates or 6/group for adult mice.
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Figure 4. Histopathology of the lung.
The bar graph (panel a) shows the results of semi-quantitative analysis for inflammation in 

hematoxylin and eosin (H&E)-stained lung tissue sections. Neonatal and adult mice were 

exposed to filtered air (FA) or environmental tobacco smoke (ETS) followed by inoculation 

of Influenza A virus (IAV) or phosphate-buffered saline (PBS). All data are expressed as 

mean ± standard error of the mean (SEM) presented as an inflammation score (% of the 

whole lung). The limited upper range of the y-axis is due to the lack of an inflammation 

score (% involved lung parenchyma) that exceeded 40% for any of the groups. N.D. denotes 

no inflammation was detected. Brackets indicate a significant difference of p < 0.05 between 

groups by 2-way multivariate ANOVA and Tukey’s multiple comparisons test. n=10/group 

for neonates; n=6/group for adult mice. Panel b shows images of H&E-stained lung tissue 

from neonatal and adult BALB/c mice. The images are representative of the most severe 

group response. Scale bar is 100 μm.
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Figure 5. Semi-quantitative analysis of CD4 and CD8 T cell markers in the lungs of mice.
Neonatal and adult mice were exposed to filtered air (FA) or environmental tobacco smoke 

(ETS) followed by inoculation of Influenza A virus (IAV) or phosphate-buffered saline 

(PBS). Bar graphs show semi-quantitative assessments of immunohistochemical staining for 

T cell expression of CD4 (a) and CD8 (b). All data are expressed as mean ± standard 

error of the mean (SEM). N.D. denotes no staining was detectable. Brackets indicate 

statistically significant differences between groups (p < 0.05; by 2-way multivariate ANOVA 

and Tukey’s multiple comparisons test). n=3/group. Bright-field microscopy images show 

immunohistochemical staining for CD4 (c) and CD8 (d) proteins in the lungs of neonatal 

and adult mice. The images are representative of the most severe group response. Scale bars 

are 100 μm.
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Figure 6. Bright-field microscopy images of immunohistochemical staining for CD25 protein in 
the lungs of mice.
The images are representative of the most severe group response. Scale bar is 100 μm.
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Figure 7. Interferon mRNA expression in the spleen.
Neonatal and adult mice were exposed to filtered air (FA) or environmental tobacco 

smoke (ETS) followed by inoculation of Influenza A virus (IAV) or phosphate-buffered 

saline (PBS). Bar graphs show fold change of the expression of interferon (IFN)-α, β, 

and γ mRNA in each group compared to neonatal FA+PBS mice as determined by real-

time quantitative reverse transcription-polymerase chain reaction. All data are expressed 

as the mean ± standard error of the mean. Brackets indicate statistically significant 

differences between groups (p < 0.05; by 2-way multivariate ANOVA and Tukey’s multiple 

comparisons test.) n=9/group for neonates; n=6/group for adult mice.

Wang et al. Page 25

J Toxicol Environ Health A. Author manuscript; available in PMC 2023 June 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Wang et al. Page 26

Table 1.

Semiquantitative scoring rubric for immunohistochemistry

Score 0 1 2 3

Severity No positive staining Slightly increased positive 
staining

Marked increase of positive 
staining N/A

Extent Very little portion of lung 
section involved

About one quarter of lung 
section involved

About one half of lung section 
involved

More than three quarters of 
lung section involved

Right and/or left lung lobes were examined for each mouse. Total score were calculated for each animal by multiplying severity and extent scores.
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Table 2.

Primer sets for gene expression analysis.

Gene Forward (5’ - 3’) Reverse (5’ - 3’)

18S CCATTCGAACGTCTGCCCTAT GTCACCCGTGGTCACCATG

IFN-α CTCATAACCTCAGGAACAAGAGAGCCT GCATCAGACAGGCTTGCAGGTCATT

IFN-β AAGAGTTACACTGCCTTTGCCATC CACTGTCTGCTGGTGGAGTTCATC

IFN-γ CATTGAAAGCCTAGAAAGTCTG CTCATGAATGCATCCTTTTTCG
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