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HIGHLIGHTS  

• Perinatal nicotine exposure (PNE) causes long-term alterations of hematopoiesis 

• PNE perturbs hematopoietic stem cell (HSC) development and maintenance  

• PNE diminishes the population of fetal-derived tissue-resident alveolar macrophages  

• PNE alters cellular mechanisms, exacerbating disease severity later in life  

• Nicotine suppression of central immunity is manifested mechanistically by altered 

immune cell output  

 

ABSTRACT 

Tobacco use during pregnancy has many deleterious health consequences for not only the 

smoking mother, but also on the unborn fetus. Children of smoking mothers are reported to have 

higher frequency and severity of respiratory diseases later in life; however, the mechanisms 

driving this increased vulnerability are not clearly understood. One potential cause of increased 

disease susceptibility is an altered immune system, originating in epigenetically maladaptive 

hematopoietic stem cells (HSCs). Here, we show that perinatal nicotine exposure (PNE) alters 

the establishment of HSCs and fetal-derived non-traditional tissue immune cells, with no 

alterations in circulating immune cell numbers. Suppression of HSCs and lung immune cells 

persisted for weeks after PNE had ceased. Strikingly, PNE led to increased disease susceptibility 

and severity upon challenge with influenza A virus in adulthood. This was associated with 

significant and highly selective alterations in lung immune cells, emphasizing the importance of 

cellular mechanisms in resilience to infections. Together, these experiments demonstrate that 

perinatal exposures that have deleterious consequences on hematopoietic establishment can 

impair immune function for life and identify the cellular mechanisms by which perinatal nicotine 

exposure predisposes the offspring to a weakened defense against respiratory pathogens.  
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INTRODUCTION  

The immune system is established through developmental immune layering, a complex 

orchestration of unique waves of hematopoietic stem and progenitor cells (HSPCs) that give rise 

to developmentally distinct subsets of immune cells (Cool & Forsberg, 2019). This process 

comprises non-self-renewing progenitors that generate long-lived self-renewing mature cells, 

such as tissue-resident macrophages (Cool & Forsberg, 2019; Guilliams et al., 2013; Lichanska 

& Hume, 2000; Sorokin et al., 1992). Several perinatally-established subsets of immune cells, 

including tissue-resident macrophages and innate-like lymphoid cells, have been implicated as 

modulators of inflammation across tissues (Hildreth & O’Sullivan, 2019; Lazarov et al., 2023; 

Vivier et al., 2018), but the extent to which these fetal-derived immune cells and their progenitor 

source persist and contribute to adult immunity remains unclear. Starting at mid-gestation 

(~E10.5), self-renewing progenitors, such as traditional hematopoietic stem cells (HSCs), give 

rise to non-self-renewing progeny which are replenished and sustained from adult bone marrow 

(BM) HSCs for life (Boisset et al., 2010; Cool & Forsberg, 2019; Lewis et al., 2021). The recent 

concept of “central trained immunity” has demonstrated that HSCs retain an epigenetically 

established immune memory that shapes long-term immune cell production (de Laval et al., 2020; 

Divangahi et al., 2021; Johansson et al., 2023; Kain et al., 2023; Kaufmann et al., 2018; Netea et 

al., 2020). The timing of in utero exposure to pathogens and toxicants coincides with HSC 

establishment and with distinct developmental waves that generate long-lasting immune cells. 

Therefore, self-renewing HSCs and long-lived immune cells may serve as key mediators between 

early-life environmental exposures and increased disease susceptibility later in life. 

 Accumulating evidence has shown that perinatal exposure to environmental toxins, 

including tobacco smoke, affects perinatal immune establishment and function leading to long-

lasting consequences (Avşar et al., 2021; J. Cao et al., 2016; Cool et al., 2022; Dietz et al., 2010; 

Karthikeyan et al., 2024; Quelhas et al., 2018). Nicotine, the major component of tobacco 
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products, is a nicotinic receptor agonist and its binding triggers cellular responses such as 

proliferation, apoptosis, and differentiation (Ben-Yehudah et al., 2013; Cool et al., 2022; Piao et 

al., 2009; Schaal & Chellappan, 2014). Additionally, nicotine is known to cause inflammation 

(Gracia, 2005; Mohsenzadeh et al., 2014) which can lead to permanent alterations in immunity 

later in life (Apostol et al., 2020; López et al., 2023; Pattenden et al., 2006). However, the cellular 

and molecular mechanisms underlying the increased susceptibility to respiratory disease among 

children of smoking mothers are poorly understood. Here, we implemented an in vivo model to 

investigate how perinatal nicotine exposure (PNE) alters hematopoietic establishment and life-

long function in the adult offspring.  

 

RESULTS 

Perinatal nicotine exposure alters seeding of HSCs in the fetal liver 

To determine how PNE affects hematopoiesis, we administered nicotine (100 µg/mL) in sucrose 

solution ad libitum via drinking water (Chang et al., 2010; A. C. Collins et al., 2012; Isotani et al., 

2025; Maier et al., 2011) to pregnant dams for the entirety of gestation (Figure 1A). There were 

no differences in body weight at P0 between control and nicotine-exposed pups (Supplementary 

Figure 1B). Then, we analyzed the offspring at postnatal day 0 (P0) to determine whether PNE 

affected hematopoiesis in the two major hematopoietic compartments at this timepoint, which are 

the liver and the bone marrow (BM) (A. Collins et al., 2024). We observed a decrease in the total 

number of cells in the liver (Supplementary Figure 1C), and, as a potential cause of this 

decrease, that the number of HSCs was significantly decreased in the liver of nicotine-exposed 

P0 pups compared to control pups (Figure 1B, Supplementary Figure 1A). In contrast, the 

number of HSCs seeded in the BM was significantly increased in nicotine-exposed pups 

compared to controls (Figure 1C). This increase in BM HSC numbers did not fully account for the 

decreased HSC numbers in the liver of these pups as the total HSC number in the P0 pups was 

still significantly reduced in the nicotine group (Supplementary Figure 1D). Moreover, the cell 
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cycle profile of liver HSCs (Figure 1D) and BM HSCs (Supplementary Figure 1E) remained 

unaltered, suggesting that HSC proliferative exhaustion is an unlikely reason for reduced HSC 

numbers at this time point. To test whether the observed decrease in HSC number at P0 was due 

to direct cytotoxic effects following nicotine binding to one of its receptors, we quantified the 

expression of the nicotinic receptor α7 (nAChRα7), which was previously reported to be 

expressed on hematopoietic cells (Chang et al., 2010). We did not detect any transcriptional 

expression of nAChRα7 in HSCs from either control or nicotine-exposed P0 pups. Instead, we 

detected receptor expression in whole liver tissue from both from control and nicotine-exposed 

P0 pups (Supplementary Figure 1F), suggesting that nicotine might interact with liver niche cells 

instead of directly affecting HSCs. Thus, we investigated whether PNE affected the liver 

microenvironment. We collected serum (extracellular fluid) from the liver of P0 pups and 

measured an array of cytokines and chemokines secreted within the liver niche by multiplex 

ELISA (Figure 1E). These data were normalized to the total protein concentration of each liver 

(Supplementary Figure 1G). While the levels of some pro-inflammatory cytokines such as IL-

1β, IL-6, and IFNβ remained unaffected (Figure 1F), other molecules previously shown to be 

affected by nicotine or cigarette smoke followed similar patterns in this screen, such as MIG 

(CXCL9) (Wang et al., 2022) being significantly higher (Figure 1G) and TIMP-1 (Katono et al., 

2006; Watson et al., 2010), TNFα (Kizildag et al., 2021; Li et al., 2011), and MCP-1 (Valdez-

Miramontes et al., 2020) being significantly lower (Figure 1H) in nicotine-exposed pups compared 

to controls. These changes in cytokine and chemokine expression suggest that PNE can shape 

the fetal liver microenvironment, potentially affecting the composition of the liver and/or altering 

migration, proliferation, and extravasation of immune cells typically present in the fetal liver. This 

was supported by the increased liver weights in nicotine-exposed pups (Supplementary Figure 

1H) (Konno et al., 2020). These data suggest that nicotine-induced changes by cytokines and 

chemokines in the perinatal liver microenvironment can alter the HSC pool, potentially leading to 

lasting alterations of the hematopoietic system. 
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Perinatal nicotine exposure permanently reduces numbers of HSPCs in the bone marrow 

To determine if changes within the HSC compartment of P0 pups exposed to nicotine in utero 

(Figure 1) persist until later time points, we analyzed the offspring following PNE at post-natal 

day 14 (P14) and at 8-12 weeks (young adulthood) (Figure 2A). We analyzed the BM as it is the 

main hematopoietic organ at these time points (A. Collins et al., 2024). We observed no 

differences in body weight of control and nicotine-exposed P14 pups (Figure 2B), suggesting that 

the offspring were feeding and developing properly. Interestingly, at P14, the number of BM HSCs 

was significantly lower in the nicotine-exposed pups (Figure 2C), reversing the increase observed 

at P0 (Figure 1C) and instead reflecting the overall decrease in HSCs when accounting for fetal 

liver HSCs (Figure 1B and Supplementary Figure 1D). This decrease in HSC numbers was 

reflected in other hematopoietic progenitor populations, namely multipotent progenitors (MPPs: 

Lin-, ckit+, Sca1+, CD150-, Flk2+) (Figure 2D) and myeloid progenitors (MyPros: Lin-, cKit+, 

Sca1-) (Figure 2E), which can be phenotypically subdivided into common myeloid progenitors 

(CMPs: Lin-,cKit+, Sca1-, CD16/32mid, CD34+), granulocyte-monocyte progenitors (GMPs: 

cKit+, Sca1-, CD16/32+, CD34+), and megakaryocytic-erythroid progenitors (MEPs: cKit+, Sca1-

, CD16/32-, CD34-) (Supplementary Figure 2B-D). The reduction in HSPC numbers was not 

reflected in an overall decrease in immature (lineage-negative) cells in the BM of nicotine-exposed 

pups (Supplementary Figure 2A). Additionally, similar to the P0 time point, we did not observe 

any changes in cell cycling of HSCs at P14 (Figure 2F). We then analyzed the BM composition 

of adult offspring that had been exposed to nicotine perinatally. Interestingly, we observed that at 

this time point the number of HSCs remained significantly lower in the nicotine-exposed mice 

compared to control (Figure 2G). In contrast, we observed no significant difference in the number 

of live, lineage negative BM cells (Supplementary Figure 2E), MPPs (Figure 2H) or MyPros 

(Figure 2I; Supplementary Figure 2F-H) between control and experimental mice. No difference 

in the cell cycle status of adult HSCs was observed (Figure 2J). To determine whether the 
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developmental age during which mice are exposed to nicotine differentially affects hematopoiesis, 

we exposed adult (8-12 weeks) mice to nicotine (100 µg/mL) in sucrose solution ad libitum via 

drinking water for ~8 weeks (Figure 2K; these mice had not been exposed to nicotine perinatally). 

The effect of adult exposure on HSCs was not concordant with what we observed by PNE. 

Instead, we observed a significant increase in the number of phenotypic HSCs in the BM of 

nicotine-treated adult mice (Figure 2L) along with a significant increase in white blood cell (WBC) 

counts (Figure 2O). These results are consistent with previous reports (Chang et al., 2010; 

Zalokar et al., 1981). Meanwhile, adult-exposed MPPs and MyPros remained unaffected by 

nicotine treatment (Figure 2M-N). Taken together, these data suggest that the developmental 

age during which mice are exposed to nicotine differentially affects HSCs and hematopoiesis. 

Specifically, there was a long-lasting decrease of BM HSC and HSPC numbers upon perinatal 

nicotine exposure, in stark contrast with the selective increase in numbers of HSCs observed 

upon nicotine exposure in adulthood. 

 

Perinatal nicotine exposure does not affect mature cell numbers in the peripheral blood 

To determine if the changes observed within the BM HSPC compartment were reflected in 

circulating cell populations, we analyzed the peripheral blood of P14 and 8-12 week old adult 

offspring that had been exposed to nicotine in utero (Figure 2A). Interestingly, although PNE led 

to altered BM HSPC numbers, we observed no significant differences in the number of myeloid 

cells (“GMs”, CD11b+Gr1+ cells; Figure 3A), B cells (Figure 3B), T cells (Figure 3C), red blood 

cells (RBCs) (Figure 3D), or platelets (Figure 3E) of P14 pups. Similarly, we observed no 

differences in cell numbers in the peripheral blood of adult offspring of nicotine-exposed mothers 

(Figure 3F-J). Thus, the decreased numbers within the BM HSPC compartment of nicotine-

exposed offspring were able to sustain mature blood cell homeostasis in the peripheral blood.  

 

PNE leads to persistent decrease in tissue resident macrophages in the lungs  
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As smoking during pregnancy is strongly associated with higher susceptibility to respiratory 

diseases in the offspring, we wanted to determine if PNE results in persistent changes in 

establishment of non-traditional, tissue-resident immune cell populations that are established 

during the exposure period, and/or immune cells derived from PNE HSCs. Thus, we analyzed the 

lungs of pups born from nicotine-exposed mothers (Figure 2A) to be able to simultaneously 

compare traditional BM-derived and fetal-established immune cell populations (Supplementary 

Figure 3A-C). While there were no differences in lung weight being observed between PNE pups 

and controls (Figure 4A), the effects of PNE appeared to be cell-type specific in the lungs of adult 

mice. We observed no differences in cell numbers of CD4+ T cells (Figure 4B), CD8+ T cells 

(Figure 4C), TCRβ+ T cells (Figure 4D), TCRγδ T cells (Figure 4E), regulatory B cells (B regs; 

Figure 4F), neutrophils (Figure 4G) and eosinophils (Figure 4H). However, in utero nicotine 

exposure resulted in a long-lasting decrease of alveolar macrophages (Figure 4I) and interstitial 

monocytes/macrophages (Figure 4J). These data suggest that PNE primarily affects tissue-

resident myeloid immune cell types that are established in the lung during fetal development and 

sustained throughout life with little contribution from adult hematopoiesis.  

 

PNE exacerbates changes in immune cell proportions with secondary challenge  

Children of smoking mothers are at significantly higher risk of infections. Having demonstrated 

that PNE permanently alters the number of phenotypic HSCs (Figure 1-2) and lung macrophages 

(Figure 4), we wanted to model this infection risk by determining how adult mice that had been 

perinatally exposed to nicotine would respond to a secondary immune challenge. To test this, we 

exposed the PNE adult offspring to a single high dose of lipopolysaccharide (LPS) and analyzed 

their BM and blood compartments 16 hours after injection (Figure 5A). The nucleated peripheral 

blood compartment of an adult mouse is composed of ~75% lymphocytes (primarily B and T cells) 

and ~25% myeloid cells (primarily GMs) (Figure 5B). LPS exposure alone resulted in decreased 

proportions of B and T cells, as well as an increase in the proportion of the GM pool in both control 
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and PNE adult mice (Figure 5B). We observed a significantly greater increase in the proportion 

of GMs in mice that had been exposed to both nicotine perinatally and LPS in adulthood (Figure 

5B). This was due to an overall increase in GM counts (Figure 5C), likely as a consequence of 

inflammation-induced accelerated granulopoiesis (Su et al., 2020), as well as a significant 

decrease in B and T cell numbers (Figure 5D-E), likely due to their movement out of the 

bloodstream and into tissues to fight off the perceived pathogen invasion. As expected, LPS-

exposed animals showed significant expansion of the BM HSC pool and a significant depletion of 

MyPros in response to LPS (Figure 5F-H) (Zhang et al., 2016), while MPP numbers were 

unaffected (Figure 5G). The BM response to LPS appeared to be largely independent of previous 

nicotine exposure. In fact, there were no stark differences in the response to LPS between the 

control mice exposed to LPS only and PNE mice exposed to LPS for HSCs (Figure 5F), MPPs 

(Figure 5G), and MyPros (Figure 5H). Taken together, these data indicate that PNE may 

exacerbate the mature cell mediated response to a systemic immune trigger such as LPS; 

however, such potent inflammatory trigger might mask the extent to which PNE contributes to an 

altered response by BM HSPCs. 

 

Perinatal nicotine exposure leads to increased disease severity upon influenza infection 

Given the previously reported link between maternal smoking and increased susceptibility to 

respiratory diseases in the offspring (Carroll et al., 2007; Cook & Strachan, 1999; DiFranza et al., 

2004; Jaakkola et al., 2006; Jones et al., 2011; Taylor & Wadsworth, 1987), and our data showing 

a significant decrease in a lung macrophages in murine offspring of dams exposed to nicotine 

during gestation (Figure 4), we next investigated the effects of PNE to an acute viral respiratory 

infection. We infected adult PNE mice with mouse-adapted influenza A virus (IAV), commonly 

referred to as x31 [A/Aichi/02/68 (HA,NA) x A/Puerto Rico/8/34] (Sanders et al., 2013), which 

causes a non-lethal mild infection localized to the murine respiratory tract. To examine the 

response of PNE mice to IAV infection, we tracked their body weight and analyzed their blood 
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counts during the IAV infection as well as BM and spleen 7 days post infection (dpi) (Figure 6A). 

Significant reductions in body weight started at 3 dpi IAV infection in all infected mice (Figure 6B). 

Interestingly, mice previously exposed to nicotine perinatally lost significantly more weight than 

PNE control infected mice starting at 4 dpi, indicative of increased severity of disease (Figure 

6B). This was independent of sex and of body weight prior to infection (0 dpi) (Supplementary 

Figure 4A). Peripheral blood counts of both PNE and control mice exhibited a significant increase 

in CD11b+Gr1+ GMs at 3 dpi, which returned to baseline by 6 dpi (Figure 6C). Interestingly, PNE 

mice had significantly higher numbers of GMs, the majority of which are neutrophils, at 3 dpi 

compared to control mice infected with influenza (Figure 6C). Neutrophils are HSC-derived innate 

immune cells that were previously shown to increase in the lungs and blood after IAV infection 

and infiltrated into the respiratory tract (Camp & Jonsson, 2017) and that have been implicated in 

driving influenza disease severity (Brandes et al., 2013; Gautam et al., 2024). To confirm the 

identity of these peripheral blood neutrophils, we used an additional phenotypic marker 

combination, CD11b+ Ly6G+ Ly6C-, which led to similar outcomes (Supplementary Figure 4G). 

Regardless of PNE exposure, all infected mice developed lymphopenia (Supplementary Figure 

4C-D) to similar levels. In contrast, PNE led to significantly more drastic reduction of natural killer 

(NK) cells in IAV-infected mice compared to non-exposed (control) IAV-infected mice (Figure 6D). 

The decrease in cytotoxic NK cells in the circulation may be explained by their sequestration to 

the lung, where they serve an important role in the immune response against influenza infection 

(Frank & Paust, 2020). RBC numbers remained unaffected upon IAV infection (Supplementary 

Figure 4E), while the number of platelets significantly increased at 6 dpi, independent of previous 

nicotine exposure, as recently also shown by others (Rommel et al., 2022) (Supplementary 

Figure 4F). PNE also caused exacerbated responses by immune cells in the lungs. Specifically, 

the alveolar macrophage pool, which was already substantially reduced in PNE mice (Figure 4I), 

was further diminished upon IAV infection in PNE mice compared to control mice infected with 

influenza (Figure 6E). The number of neutrophils in the lung, which was unaffected by PNE 
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(Figure 4G), significantly increased upon IAV infection in PNE mice compared to control mice 

infected by influenza (Figure 6F). The significant increase in neutrophils and decrease in alveolar 

macrophages could be contributing to the increased disease severity indicated by the increased 

weight loss of PNE mice after IAV infection. Upon testing whether these changes originated in 

the BM, we did not observe significant changes in HSC numbers upon influenza infection (Figure 

6G). In contrast, we found a significant decrease in MyPros, which include the hematopoietic 

progenitors of GMs, specifically in PNE mice infected with influenza compared to control mice 

infected with influenza (Figure 6H), potentially due to the significant demand for GMs (in particular 

neutrophils) during IAV infection. Overall, PNE led to increased disease susceptibility and severity 

upon IAV infection in adulthood. 

 

DISCUSSION 

The establishment of a robust immune system is crucial for lifelong health, enabling 

effective infection defense, response to challenges, and homeostasis. Disruptions during early 

immune development, such as exposure to toxicants like nicotine, can increase susceptibility to 

diseases, including autoimmune disorders and respiratory infections (Avşar et al., 2021; J. Cao 

et al., 2016; Cool et al., 2022; Dietz et al., 2010; Karthikeyan et al., 2024; Quelhas et al., 2018). 

Despite declining rates of maternal smoking during pregnancy, nicotine exposure remains a 

concern due to e-cigarettes and secondhand smoke. Here we showed that nicotine exposure 

during development perturbed immune establishment with long-term consequences. 

Mechanistically, this was manifested by altered cellular composition before and after subsequent 

infection. Trained immunity – characterized by epigenetic reprogramming of HSCs and innate 

immune cells – provides a framework to understand how perinatal exposures like nicotine may 

prime immune cells for altered responses later in life (R. Cao et al., 2024; de Laval et al., 2020; 

Divangahi et al., 2021; Johansson et al., 2023; Kain et al., 2023; Kaufmann et al., 2018; Netea et 

al., 2020). 
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Understanding the specific risks associated with PNE is necessary in addressing potential 

life-long health implications for the offspring. While it is well-documented that adult HSCs are 

impacted by inflammatory stimuli, including clinical influenza infections (Haas et al., 2015; Pietras 

et al., 2014; Rommel et al., 2022), our understanding of the effects of in utero exposure to toxic 

compounds on the establishment of the hematopoietic system remains limited. To shed light on 

this, our study focused on isolating the effects of nicotine alone, distinct from the diverse toxicants 

present in tobacco products. We observed a significant decrease in fetal and neonatal HSCs in 

PNE offspring (Figure 1-2), likely due to altered homing and migration patterns. This deficit 

persisted into adulthood (Figure 2). Notably, a reduction in HSC with PNE could not have been 

predicted by adult exposure, as nicotine treatment in adulthood led to the opposite result of 

increased HSC numbers (Figure 2K-O). Moreover, while adult nicotine caused elevated WBCs, 

the PNE-induced HSC reduction did not affect production of mature cells in the peripheral blood 

of adult PNE offspring (Figure 3) highlighting the remarkable capacity of hematopoietic 

progenitors to maintain hematopoietic homeostasis at steady-state. 

Despite nearly normal steady-state hematopoiesis in adulthood, PNE exposure notably 

impacted the establishment of tissue-resident macrophages in the lungs (Figure 4) and primed 

the immune system for exaggerated responses. Nicotine-exposed mice showed increased 

disease severity during influenza infections (Figure 6), with greater weight loss, elevated 

neutrophil counts, and reduced alveolar macrophages. These results demonstrate that very 

selective cellular mechanisms provide resilience to infectious disease, and that, surprisingly, 

traditional adaptive immune cells were not evident key players. This observation may point to key 

mechanistic differences of fetal and adult exposures that are anchored in the dynamic regulation 

of immune system development. Our findings suggest that nicotine exposure may induce trained 

immunity by priming both HSCs and innate immune cells for maladaptive responses to respiratory 

infections later in life. This mechanism aligns with established links between maternal smoking 

and increased respiratory infection susceptibility in humans (Carroll et al., 2007; Cook & Strachan, 
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1999; DiFranza et al., 2004; Jaakkola et al., 2006; Jones et al., 2011; Taylor & Wadsworth, 1987). 

Further studies are needed to elucidate how nicotine-induced epigenetic and metabolic changes 

influence trained immunity and immune dysfunction. Such insights have the potential to inform 

therapeutic strategies to mitigate long-term health impacts of maternal exposure to nicotine and 

other toxins. 
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METHODS 

Mice 

All animals were housed and bred in the AALAC accredited vivarium at UC Santa Cruz and group 

housed in ventilated cages on a standard 12:12 light cycle. All procedures were approved by the 

UCSC or the UC Merced Institutional Animal Care and Use (IACUC) committees. WT C57BL/6 

mice were used for all experiments. Male and female mice were used equally and without sex 

discrimination for all experiments. Mice were fed normal chow diet and given nicotine solution 

(100 µg/mL nicotine and 5% sucrose, diluted in water(Maier et al., 2011)) ad libitum. Mice were 

sacrificed at post-natal day 0 (P0), post-natal day 14 (P14), or adulthood (8-12 weeks of age). For 
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LPS exposure, adult mice (8-12 weeks) were administered a single intraperitoneal injection of 35 

µg of LPS. They were sacrificed for analysis ~16 hours post injection.  

 

Tissue and cell isolation 

Mice were sacrificed by CO2 inhalation. Neonatal livers were harvested and homogenized using 

mortar and pestle, or microscope slides, before filtering through a 70 µm filter. Lungs were 

harvested and treated with 1X PBS (Ca+/Mg+) with 2% fetal bovine serum (WVR) and 2 mg/mL 

Collagenase IV (Gibco) and 100 U/mL DNaseI (Sigma) for 1 hour at 37°C. Following incubation, 

tissue was passed through a 16G needle followed by 19G needle (approximately 10 times each) 

and then filtered through a 70 µm filter. For all BM HSPC analysis, both long bones (tibia and 

femur) were pulled, crushed in 1X PBS supplemented with 5 mM EDTA with 2% fetal bovine 

serum, and single cell suspensions were filtered through a 70 µm filter. Peripheral blood (PB) 

taken from the femoral artery at sacrifice for terminal analysis or by retro-orbital bleeds for 

infection experiments.  

 

Cytokine analysis 

Livers were extracted from P0 pups, weighed, and homogenized in 200µL of PBS without calcium 

and magnesium to collect serum. After a 10-minute centrifugation at 300xg at room temperature, 

180 µL of supernatant were transferred to a new tube, incubated at room temperature for 30 

minutes (to allow clotting), centrifuged at 7000xg for 7min at 4C, and finally 75 µL of the 

supernatant was sent to Eve’s Technologies for “Mouse Cytokine/Chemokine 44-Plex Discovery 

Assay Array”. Concentrations of these cytokines/chemokines in the liver serum was normalized 

to total protein concentrations determined by Eve’s Technologies. 

 

Flow cytometry 
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Single cell suspensions were stained with monoclonal anti-mouse antibodies on ice in the dark 

for 20 minutes and acquired using a FACSAria, LSRII flow cytometer (BD Biosciences, San Jose, 

CA) or Cytoflex LX (Beckman Coulter) at the University of California-Santa Cruz, as described 

previously (Beaudin et al., 2014, 2016; Boyer et al., 2011; Cool et al., 2020; Poscablo et al., 2021; 

Rajendiran et al., 2020; Rodriguez Y Baena et al., 2022; Smith-Berdan et al., 2015; Worthington 

et al., 2022). Cell populations were defined by the following cell surface markers: P0 liver HSC 

(Live, CD3-CD4-CD5-CD8-B220-Gr1-Ter119-cKit+Sca1+CD150+); P14 and adult BM HSCs 

(Live, CD3-CD4-CD5-CD8-B220-Gr1-CD11b-Ter119-cKit+Sca1+CD150+ Flk2-); BM MPP (Live, 

CD3-CD4-CD5-CD8-B220-Gr1-CD11b-Ter119-cKit+Sca1+Flk2+CD150-); BM MyPro (Live, 

CD3-CD4-CD5-CD8-B220-Gr1-CD11b-Ter119-cKit+Sca1-); BM CMP (Live, CD3-CD4-CD5-

CD8-B220-Gr1-CD11b-Ter119-cKit+Sca1-CD16/32midCD34+); BM GMP (Live, CD3-CD4-CD5-

CD8-B220-Gr1-CD11b-Ter119-cKit+Sca1-CD16/32+CD34+); BM MEP (Live, CD3-CD4-CD5-

CD8-B220-Gr1-CD11b-Ter119-cKit+Sca1-CD16/32-CD34-); PB GM (Live, Ter119-CD61-B220-

CD3-CD11b+Gr1+), PB neutrophils (Live, Ter119-CD61-B220-CD3-CD11b+ Gr1high or Live, 

Ter119-CD61-B220-CD3-CD11b+Ly6G+Ly6C-), PB B cells (Live, Ter119-CD61-CD11b-Gr1-

B220+CD3-), PB T cells (Live, Ter119-CD61-CD11b-Gr1-B220-CD3+), PB RBC (Live, CD61-

B220-CD3-Ter119+), PB platelets (Live, CD61+B220-CD3-Ter119-), PB NK cells (Live, Ter119-

CD45+B220-Gr1-NK1.1+), lung CD4+ T cells (Live, Ter119-Gr1-B220-CD11b-CD3+CD8-CD4+), 

lung CD8+ T cells (Live, Ter119-Gr1-B220-CD11b-CD3+CD4-CD8+), lung TCRβ T cells (Live, 

Ter119-Gr1-B220-CD11b-CD3+CD4-CD8-TCRγδ-TCRβ+), lung TCRγδ T cells (Live, Ter119-

Gr1-B220-CD11b-CD3+CD4-CD8-TCRβ-TCRγδ+), lung B regs (Live, CD3-CD4-CD8-Ter119-

Gr1-CD11b-CD19+IgM+CD21+CD23+), lung alveolar macrophages (Live, CD45+CD11b-

CD11c+Ly6G-SiglecF+), lung interstitial macrophages (Live, CD45+CD11b+CD11c+Ly6G-

SiglecF-), lung eosinophils (Live, CD3-CD4-CD5-CD8-B220-Ter119-CD45+CD11b+CD11c-

Ly6G-SiglecF+), lung neutrophils (Live, CD3-CD4-CD5-CD8-B220-Ter119-

CD45+CD11b+CD11c-Ly6G+SiglecF). Data was analyzed using FlowJo 10.10. 
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Cell cycle analysis 

Single cell suspension from P0 neonatal liver and P14 BM were first stained with lineage markers 

(Ter119, Gr1, B220, CD3, CD4, CD5, CD8) and HSPC markers (cKit, Sca1, CD150, Flk2), then 

fixed with 4% PFA, permeabilized with 0.3% saponin, treated with 100U RNAase A 

(ThermoFisher), and stained with 0.01 mg/ml DAPI (Millipore) or Hoechst 33342 (ThermoFisher) 

for cell cycle analysis by flow cytometry. 

 

qPCR of nAChRa7 

For whole tissue samples, total RNA was isolated, crushed brain and liver with a Direct-zol RNA 

MiniPrep kit (Zymo Research). For sorted cells, RNA was isolated from twenty thousand purified 

fetal liver HSCs using Trizol (Life Technologies) and a DNase treatment step. Complementary 

DNA (cDNA) was synthesized using the High-Capacity cDNA Reverse Transcription Kit 

(ThermoFisher). Quantitative PCR was performed using a Viia 7 Real-Time PCR (Applied 

Biosystems). Fold expression relative to the reference gene (GAPDH) was calculated using the 

comparative CT method (ΔΔCT) and the values were normalized to the positive control (brain 

tissue).  The primers used included: GAPDH - Forward: 5’-TGTGTCCGTCGTGGATCTGA-3’; 

GAPDH - Reverse: 5’-CCTGCTTCACCACCTTCTTGA-3’; nAChRa7 - Forward: 5’-

TTGTGCTGCGATATCACCAC-3’; nAChRa7 - Reverse: 5’TTCATGCGCAGAAACCATGC-3’.  

 

Influenza Infections 

Prior to influenza infection, mice were anesthetized by isoflurane inhalation, and then inoculated 

intranasally (Sanders et al., 2013) in both nostrils with 10^6 egg infection dose 50 (EID50) of 

influenza H3N2 virus A/Aichi/02/68 (HA, NA) x A/Puerto Rico/8/34 (diluted in DPBS) in 30 µL or 

30 µL of 1x DPBS using a displacement pipet. Mice were monitored post-inoculation to ensure 

recovery from anesthesia. As per our institutionally approved IACUC protocol, mice underwent 
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daily monitoring of body weight and were euthanized following evidence (body index score) of 

severe morbidity. 

 

Quantification and statistical analysis 

Unpaired two-tailed Student’s t-tests and ANOVAs adjusted for multiple comparisons 

with Tukey or Dunnett’s post-hoc tests were used to assess statistical significance for 

comparisons of different groups, as appropriate. The sample size (n) and p values are provided 

for each experiment in the respective figure legend. For each figure, at least 2-3 independent 

experiments were performed. All data are shown as mean ±. S.E.M unless stated otherwise. 

Outlier analysis tests were performed, and data points were removed subsequently as 

appropriate. 
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FIGURE LEGENDS  

Figure 1. Perinatal nicotine exposure (PNE) alters HSC number and liver niche in newborn 

pups. A) Experimental set up of PNE.  

B) PNE decreases the numbers of HSCs in the fetal liver. Absolute cell counts of liver HSCs from 

control (dark gray bars, n=12) or nicotine-exposed (light gray bars, n=11) post-natal day 0 (P0) 

pups; **P<0.01 (Student’s t-test).  

C) PNE increases the numbers of HSCs in the fetal bone marrow. Absolute cell counts of bone 

marrow (BM) HSCs from control (n=8) or nicotine-exposed (n=10) P0 pups. ****P<0.001 

(Student’s t-test).  

D) PNE does not significantly alter the cell cycle status of fetal liver HSCs. Cell cycle status of 

liver HSCs from control (n=6) or nicotine-exposed (n=6) P0 pups.  

E-H) PNE selectively alters the fetal liver cytokine environment.  

E) Heat-map representation of concentration for 35 cytokines/chemokines arrayed in liver serum 

from control (n=5) or nicotine-exposed (n=6) P0 pups. Concentrations were scaled and 

normalized within groups for each cytokine (shown as blue=low and red=high); the actual 

concentrations (pg/mg) are shown in F-H.  

F-H) Concentrations of cytokines/chemokines that were unchanged (F), significantly higher (G), 

or significantly lower (H) in liver serum from nicotine-exposed pups compared to control. ns, not 

significant; *P<0.05, **P<0.01, ***P<0.005, ****P<0.001 (Student’s t-test). Data are mean+/-SEM; 

each dot represents an individual animal. 

 

Figure 2. Perinatal nicotine exposure permanently reduced BM HSC numbers.  

A) Experimental set up of PNE.  

B) Body weight of P14 pups from control (n=6) and nicotine-exposed groups (n=9).  
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C-E) PNE reduces the numbers of hematopoietic stem and progenitor cells in P14 BM. Absolute 

cell counts of BM HSCs (C), MPPs (D), and MyPros (E) from the same mice as (B). *P<0.05, 

**P<0.01, ***P<0.005 (Student’s t-test).  

F) Cell cycle status of P14 BM HSCs from control (n=6) or nicotine-exposed (n=6) P14 pups. C-

E) G-I) PNE selectively reduces the adult HSC numbers. Absolute cell counts of BM HSCs (G), 

MPPs (H), and MyPros (I) from control (n=5) or nicotine-exposed (n=24) adult offspring. *P<0.05 

(Student’s t-test).  

J) PNE does not significantly alter the cell cycle status of adult HSCs. Cell cycle status of adult 

(8-12 weeks) BM HSCs from control (n=6) or nicotine-exposed (n=7) mice.  

K) Experimental set up of adult nicotine exposure.  

L-O) Adult nicotine exposure selectively increases the numbers of BM HSCs and circulating white 

blood cells. Absolute cell counts of bone marrow HSCs (L), MPPs (M), MyPros (N), and peripheral 

blood white blood cells (O) from control (n=8) and nicotine-exposed (n=10) adult mice. *P<0.05, 

**P<0.01 (Student’s t-test). Data mean +/- errors bars represent SEM; each dot represents an 

individual animal. 

 

Figure 3. Perinatal nicotine exposure does not affect mature cell numbers in the peripheral 

blood.  

A-E) PNE does not alter mature cell numbers in the peripheral blood of P14 offspring. 

Quantification of absolute cell count per microliter of blood of “traditional” mature cells in the 

peripheral blood of P14 pups from control (n=6) and nicotine-exposed groups (n=9). Absolute cell 

counts of GMs (A), B cells (B), T cells (C), RBCs (D), and platelets (E).  

F-J) PNE does not alter mature cell numbers in the peripheral blood of adult offspring. 

Quantification of total numbers per microliter of “traditional” mature cells in the peripheral blood 

of adult offspring from control (n=8) and nicotine-exposed groups (n=18). Absolute cell counts of 
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GMs (F), B cells (G), T cells (H), RBCs (I), and platelets (J). All errors bars represent SEM; each 

dot represents an individual animal. 

 

Figure 4. Perinatal nicotine exposure results in decreased macrophages in the adult lung.  

A) PNE does not alter the lung weight of adult offspring. Weight (g) of lungs from control (n=7) 

and nicotine-exposed (n=11) adult mice. 

B-J) PNE selectively affects alveolar and interstitial monocytes/macrophages of adult offsprings. 

Quantification of total numbers tissue resident immune cells in the lungs of the mice from Figure 

4A. Absolute cell counts, normalized to grams of lung tissue, of CD3+ CD4+ T cells (B), CD3+ 

CD8+ T cells (C), TCRβ  (D), TCRγδ T cells (E), B regs (F), neutrophils (G), eosinophils (H), 

alveolar macrophages (I), and interstitial monocytes/macrophages (J). *P<0.05, **P<0.01 

(Student’s t-test). All errors bars represent SEM; each dot represents an individual animal. 

 

Figure 5. Perinatal nicotine exposure exacerbates emergency myelopoiesis in response to 

LPS.  

A) Experimental set up of LPS treatment.  

B) PNE significantly increases the proportion of peripheral blood GMs upon secondary LPS insult. 

Proportion of GM, B, and T cells in the peripheral blood of from control, LPS only, nicotine only, 

and nicotine +LPS. *P<0.05, **P<0.01, ****P<0.001 (Two-way ANOVA with Tukey post-hoc; only 

relevant comparisons shown).  

G-E) PNE exacerbates alterations in mature cell counts upon secondary LPS insult. Absolute cell 

counts of GMs (C), Bs (D), and Ts (E) from control (n=11), LPS only (n=12), nicotine only (n=15) 

and nicotine + LPS (n=14) mice. *P<0.05, **P<0.01, ***P<0.001, ****P<0.001 (Two-way ANOVA 

with Tukey post-hoc).  

F-H) PNE does not result in altered BM HSPC numbers upon secondary LPS insult compared to 

LPS only. Absolute cell counts of phenotypic HSCs (F), MPPs (G), and MyPros (H) from control 
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(n=7), LPS only (n=9), nicotine only (n=11) and nicotine + LPS (n=11) mice. ***P<0.001, 

****P<0.001 (Two-way ANOVA with Tukey post-hoc). Data represented as mean +/- SEM. 

Figure 6. Perinatal nicotine exposure leads to increased disease severity upon influenza 

infection. 

A) Experimental set up of influenza (X31 IAV) treatment.

B) PNE leads to significant weight loss upon IAV infection in adulthood. Weight loss as a

percentage of original weight for the 4 treatment groups: Control + no IAV (n=16), Control + IAV 

(n=19), Nicotine + no IAV (n=16), and Nicotine + IAV (n=18). *P<0.05, **P<0.01, ***P<0.001 (Two-

way ANOVA with Tukey’s post-hoc; only statistical differences between “Control + IAV” vs 

“Nicotine + IAV” are shown). 

C-D) PNE selectively alters peripheral blood immune cell numbers upon IAV infection.

Quantification of absolute cell count per microliter of blood of GMs/neutrophils (C) and NK cells 

(D) at dpi 0, 3, and 6 (n=16-19/group). *P<0.05 (Two-way ANOVA with Tukey’s post-hoc; only

statistical significance between infected groups shown). 

E-F) PNE significantly decreases alveolar macrophages and significantly increase lung

neutrophils upon IAV infection. Absolute cell counts, normalized to grams of lung tissue, of 

alveolar macrophages (E) and neutrophils (F) at 7 dpi (n=5/group). *P<0.05, ***P<0.001, 

****P<0.0001 (Two-way ANOVA with Tukey’s post-hoc). 

G-H) PNE results in significant loss of BM MyPros upon IAV. Absolute cell counts of BM HSCs

(G) and MyPros (H) at 7 dpi (n=11-13/group). *P<0.05, **P<0.01, ***P<0.001 (Two-way ANOVA

with Tukey’s post-hoc). (#) P<0.01 (Student’s t-test). All errors bars represent mean +/- SEM. 
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Figure 1. Perinatal nicotine exposure alters HSC numbers and liver niche in newborn pups
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Figure 2. Perinatal nicotine exposure permanently reduces BM HSPC numbers
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Figure 3. Perinatal nicotine exposure does not affect traditional blood mature cell production

Contro
l

Nico
tin

e
0

5×102

1×103

2×103

2×103

A
bs

ol
ut

e 
co

un
ts

/u
l b

lo
od

PB GM counts

0.4006

Contro
l

Nico
tin

e
0

1×103

2×103

3×103

4×103

5×103

A
bs

ol
ut

e 
co

un
ts

/u
l b

lo
od

PB T counts

0.8082

Contro
l

Nico
tin

e
0

2×103

4×103

6×103

8×103

1×104

A
bs

ol
ut

e 
co

un
ts

/u
l b

lo
od

PB B counts

0.8731

GMs B cells T cells RBCs

Contro
l

Nico
tin

e
0

5×104

1×105

2×105

2×105

3×105

A
bs

ol
ut

e 
co

un
ts

/u
l b

lo
od

WB Plt counts

0.3384

PlateletsF) G) H) I) J)

Contro
l

Nico
tin

e
0

2×105

4×105

6×105

8×105

1×106

A
bs

ol
ut

e 
co

un
ts

/u
l b

lo
od

WB RBC counts 102723

0.6454

GMs B cells T cells RBCs PlateletsA) B) C) D) E)

Contro
l

Nico
tin

e
0

1×103

2×103

3×103

4×103

A
bs

ol
ut

e 
co

un
t/u

l b
lo

od

GM

0.1165

Contro
l

Nico
tin

e
0

2×103

4×103

6×103

8×103

1×104

A
bs

ol
ut

e 
co

un
t/u

l b
lo

od

B

0.1649

Contro
l

Nico
tin

e
0

1×103

2×103

3×103

4×103

A
bs

ol
ut

e 
co

un
t/u

l b
lo

od

T

0.4754

Contro
l

Nico
tin

e
0

2×104

4×104

6×104

8×104

A
bs

ol
ut

e 
co

un
t/u

l b
lo

od

Plt

0.5999

Contro
l

Nico
tin

e
0

1×105

2×105

3×105

4×105

A
bs

ol
ut

e 
co

un
t/u

l b
lo

od

RBC

0.4511

Offspring at P14

Offspring at adulthood (8-12 weeks)



Contro
l

Nico
tin

e
0.0

0.1

0.2

0.3

W
ei

gh
t (

g)

Lung weights

0.8799

Contro
l

Nico
tin

e
0.0

2.0×106

4.0×106

6.0×106

Neutrophils

A
bs

ol
ut

e 
co

un
t/g

ra
m

0.5077

Contro
l

Nico
tin

e
0.0

5.0×105

1.0×106

1.5×106

2.0×106

Eosinophils

A
bs

ol
ut

e 
co

un
t/g

ra
m

0.4006

Figure 4. PNE leads to persistent decrease in tissue resident macrophages in the lungs of 
exposed mice
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Figure 5. Perinatal nicotine exposure exacerbates altered  immune cell compositions upon secondary 
insult 
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Figure 6. Perinatal nicotine exposure leads to increased disease severity upon influenza infection
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