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Abstract (English Version) 

Tuberculosis remains one of the leading causes of mortality worldwide. It 

is caused by Mycobacterium tuberculosis. The infection typically begins in the 

lungs, where bronchial epithelial cells serve as the first line of defense against the 

pathogen. The immune response in the lungs leads to the formation of 

granulomas, structured cellular aggregates designed to contain the pathogen. 

However, the pulmonary microenvironment is frequently exposed to oxidative 

stress conditions, which can increase cell susceptibility to infection. Despite 

extensive research using animal models and bidimensional (2D) cellular systems, 

these models often fail to replicate lung tissue's cellular interactions and 

physiological conditions accurately. 

This thesis focuses on developing a three-dimensional (3D) bioprinted 

lung model to mimic a tubercular granuloma. The aim is to beIer understand 

how the lung microenvironment, particularly in the presence of oxidative stress-

inducing molecules such as nicotine (commonly associated with smokers), 

influences the establishment of Mycobacterium tuberculosis infection and 

subsequent granuloma formation. 

In this study, three cell types were employed: human bronchial epithelial 

cells (HBEC3-KT) for the epithelial barrier, human leukemia monocytic cell line 

(THP-1) differentiated into macrophages to represent the immune component, 

and human lung fibroblasts (HLF hTERT) to provide connective tissue support. 

Infections were conducted using a Mycobacterium tuberculosis reference strain 

H37Rv (mCHERRY+) fluorescent mutant. Oxidative stress conditions were 

optimized using 2D experiments, and a nicotine concentration of 40 µM was 

selected as the final exposure condition. 
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Cell viability was evaluated using Alamar Blue assays for 2D cultures and 

Live/Dead staining for 3D cultures, while bacterial load was quantified using 

colony-forming unit counts. The results demonstrated that Mycobacterium 

tuberculosis is more prone to infect the granuloma-like structures designed in the 

study when pre-treated with nicotine. 

This innovative 3D model offers a physiologically relevant platform to 

study the molecular dynamics between lung cells and Mycobacterium tuberculosis 

during the early infection and granuloma formation stages. Furthermore, it 

addresses limitations associated with 2D cultures by enabling the exploration of 

oxidative stress-inducing molecules, such as nicotine, in a fully humanized and 

dynamic model. 
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Abstract (Italian Version) 

La tubercolosi è una delle principali cause di mortalità a livello globale ed 

è causata da Mycobacterium tuberculosis. L'infezione inizia tipicamente nei 

polmoni, dove le cellule epiteliali bronchiali rappresentano la prima linea di 

difesa locale contro il patogeno. La risposta immunitaria polmonare porta alla 

formazione di granulomi, aggregati cellulari strutturati volti a contenere il 

microrganismo. Tuttavia, il microambiente polmonare è frequentemente esposto 

a condizioni di stress ossidativo, che possono aumentare la suscettibilità cellulare 

all'infezione. Nonostante i numerosi studi condotti su modelli animali e sistemi 

cellulari bidimensionali (2D), questi modelli spesso non riescono a replicare 

accuratamente le interazioni cellulari e le condizioni fisiologiche del tessuto 

polmonare. 

Questa tesi si concentra sullo sviluppo di un modello polmonare 

tridimensionale sviluppato tramite un sistema di bioprinting che ha come scopo 

finale quello di simulare un granuloma tubercolare, al fine di approfondire la 

comprensione di come il microambiente polmonare, in particolare in presenza di 

molecole che inducono stress ossidativo come la nicotina, influenzi l’instaurarsi 

dell’infezione da Mycobacterium tuberculosis e la successiva formazione del 

granuloma. 

Nello studio sono stati utilizzati tre tipi cellulari: cellule epiteliali 

bronchiali umane (HBEC3-KT) per la barriera epiteliale, cellule monocitiche 

umane derivate dalla linea cellulare leucemica (THP-1) differenziate in macrofagi 

per rappresentare la componente immunitaria, e fibroblasti polmonari umani 

(HLF hTERT) per ricreare il supporto connettivale. Le infezioni sono state 

condotte utilizzando un mutante fluorescente del ceppo di riferimento Mtb 
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H37Rv (mCHERRY+). Le condizioni di stress ossidativo sono state ottimizzate 

attraverso esperimenti in 2D, selezionando una concentrazione finale di nicotina 

pari a 40 µM. 

La vitalità cellulare è stata valutata tramite saggi Alamar Blue per le 

colture 2D e colorazioni Live/Dead per le colture 3D, mentre il carico batterico è 

stato quantificato mediante conteggio delle unità formanti colonie. I risultati 

hanno dimostrato che Mycobacterium tuberculosis ha una maggiore propensione a 

infettare le strutture simili a granulomi progettate nello studio dopo pre-

trattamento con nicotina. 

Questo modello 3D innovativo offre una piattaforma fisiologicamente 

rilevante per studiare le dinamiche molecolari tra le cellule polmonari e 

Mycobacterium tuberculosis durante le fasi iniziali dell'infezione e della 

formazione del granuloma. Inoltre, affronta le limitazioni dei modelli 2D, 

consentendo l’esplorazione di molecole che inducono stress ossidativo, come la 

nicotina, in un sistema completamente umanizzato e dinamico. 
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Introduction 

The lung is a complex organ in which it is possible to find more than 50 

cell types with different origins. These cells are distributed across different lung 

compartments, such as airways, blood and lymphatic vessels, connective tissue, 

nerves, mesothelium, and lung parenchyma. Moreover, they are exposed to 

various stimuli, highlighting the high complexity of lung organization [1]. 

Respiratory infections are prevalent worldwide and were already rising 

before the COVID-19 pandemic, leading to significant morbidity and mortality. 

They rank as the third-leading cause of premature death and are linked to many 

chronic respiratory conditions [2]. Moreover, recent studies have demonstrated 

the involvement of respiratory infections, both viral and bacterial, in the 

development and progression of lung cancer.  

For this reason, understanding how respiratory infectious diseases behave 

in models that mimic physiological lung conditions is essential for developing 

effective vaccines and treatments [3]. 

Among all the pulmonary infectious pathogens, Mycobacterium tuberculosis 

(Mtb), the bacteria responsible for Tuberculosis (TB), is one of the two leading 

causes of infectious death worldwide [4]. 

TB is one of the oldest acquired infectious diseases, constituting a 

persistent threat to public health. Designated as a Global Emergency by the 

World Health Organization (WHO) in 1993, it has infected approximately 10.6 

million individuals worldwide and caused 1.3 million deaths, making it one of 

the primary causes of mortality attributed to a single infectious agent. 

Additionally, an estimated one-fourth of the global population (~1.7 billion 

people) carries latent tuberculosis infection (LTBI) [5].  
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It's important to note that Mtb can adapt to the human host continuously, 

and this specific feature adds another layer of complexity to TB management 

alongside the emergence of drug-resistant strains.  

Thus, developing new models to study Mtb infection, from the initial 

stages through granuloma formation, is essential for advancing our 

understanding of TB and improving treatment and prevention strategies. This 

study represents a groundbreaking application of 3D bioprinted models, 

substantially improving over traditional 2D and animal-based methods. 

Simulating the structural and functional dynamics of the pulmonary 

microenvironment provides a novel and more physiologically relevant approach 

to understanding TB pathogenesis and treatment development. Current models, 

particularly animal and in vitro systems, provide limited insight due to 

significant differences between human and model immune responses, especially 

in granuloma formation, where human-specific immune processes play a critical 

role [6]. The application of 3D bioprinted models marks a transformative step in 

tuberculosis research, offering capabilities that surpass traditional 2D cultures 

and animal models. Unlike 2D systems, which fail to replicate the spatial 

architecture and dynamic cell-cell interactions of lung tissue, 3D bioprinted 

models recreate the pulmonary microenvironment with high fidelity.  

Additionally, while animal models provide valuable insights, they are 

often limited by interspecies differences in immune responses and granuloma 

formation. The 3D bioprinted model employed in this study not only 

incorporates human-relevant cells but also allows precise control over 

experimental conditions, enabling the study of host-pathogen interactions and 

oxidative stress in a manner that is both physiologically relevant and ethically 

favorable. This innovative approach sets a new standard for studying 
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tuberculosis pathogenesis, granuloma formation, and the impact of external 

factors such as nicotine exposure. 

Granulomas, organized structures formed by immune cells to contain the 

infection, involve complex host-pathogen interactions, including a balance 

between immune containment and tissue damage, which is difficult to replicate 

outside of human systems [6]. Traditional models often do not capture this 

dynamic or support long-term studies that simulate the months or years over 

which TB progresses in humans [7].  

New approaches are emerging, such as 3D in vitro culture models using 

human cells to closely approximate granuloma structures and lung organoid and 

organ-on-chip models that mimic human lung architecture and physiological 

conditions [8]. Humanized animal models with human immune cells offer more 

accurate reflections of the immune response to TB and show promise in 

understanding granuloma dynamics and immune interactions [9]. Combined 

with advanced imaging and computational techniques, these models allow for 

real-time visualization and analysis of granuloma development and can simulate 

various aspects of TB pathogenesis under controlled conditions [10].  

Developing new models will accelerate the discovery of effective therapies 

and vaccines, improve our understanding of TB progression, and enable the 

identification of novel therapeutic targets, all of which are critical to addressing 

the global TB epidemic.  

Furthermore, there is an urgent need for rapid and accurate diagnostic 

tools to control TB transmission.  

These models are particularly critical if we consider that a lot remains to 

be defined in the complex dynamics of TB infection. The development of new 

physiologic three-dimensional models has the potential to recreate a more 
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accurate representation of the pulmonary microenvironment, including the 

interactions between epithelial cells, immune cells, and pathogens.  

This possibility acquires even more importance if we consider the critical 

burden of what is nowadays recognized as a sort of “epidemic”: the cigarette 

smoking (CS) exposure [11]. 

Data have largely confirmed that both primary and secondary exposure to 

the CS components, in particular to the nicotine, can compromise epithelial 

barrier integrity and alter immune responses, further complicating TB 

progression.  

Nicotine (Nic) is one of the key components of the CS. It can affect the 

tight junctions (TJ) in bronchial epithelial cells, disrupting the barrier integrity, 

increasing lung permeability, and facilitating pathogen invasion [12]. 

This disruption enhances susceptibility to pathogen infection and 

exacerbates inflammation, contributing to a more favorable bacterial growth and 

dissemination environment. Existing studies have shown that nicotine has a 

profound impact on immune cell function during Mtb infection [13]. Specifically, 

it has been shown to alter the activation of key immune cells, such as 

macrophages and T cells, impairing their ability to mount an effective immune 

response. This immunosuppressive effect not only hinders the initial defense 

against Mtb but also affects granuloma formation. In addition, nicotine exposure 

leads to an increase in oxidative stress and to an alteration in cytokine 

production, further exacerbating the inflammatory environment and promoting 

Mtb persistence[14].  

Understanding how nicotine enters these critical cellular interactions is 

essential for developing targeted interventions and improving therapeutic 

strategies, particularly for individuals with a history of smoking or exposure to 

nicotine products.  
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By integrating these insights into advanced three-dimensional models, we 

can better understand the nicotine’s effects on pulmonary defenses and 

accelerate the development of more effective treatment approaches.  

In the end, to effectively combat the growing burden of TB, it is crucial to 

implement robust prevention strategies that address both the environmental 

factors, such as nicotine exposure, and the biological mechanisms underlying the 

disease. This will enhance the effectiveness of public health interventions and 

reduce the incidence of TB worldwide.   
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Chapter 1: Lung Anatomy and Tuberculosis Pathogenesis: Exploring 

Immune Responses and Structural Models 

Lung architecture and physiological structure 

Lungs are paired, symmetrical organs that are part of the respiratory 

system. They are located within the chest in the two pleural cavities, laterally to 

the mediastinum. 

The lung bud appears on the 26th day of gestation as an outgrowth of the 

primitive gut. It comprises undifferentiated epithelial cells that expand into the 

surrounding embryonic connective tissue or mesenchyme. The development of 

the functional component of the lungs, the alveoli, begins later: the alveolar 

phase starts almost at the end of gestation, around the 36th week, continuing into 

early childhood, around 18-24 months of age, resulting in the formation of a final 

number of alveoli estimated at around 200-300 million [15]. 

In an adult subject, lungs can be defined as sophisticated organs 

comprised of semi-rigid conducting tubes branching and narrowing from the 

trachea, bronchi, and bronchioles, ultimately leading to highly vascularized sacs 

known as alveoli, where respiratory gases are exchanged.  

These airways consist of various cell types, primarily from the embryonic 

neuroectoderm, mesoderm, and endoderm. Within the mature lung, different 

types of cells exist in specific proportions and locations, forming the structural 

elements crucial for ventilation. This intricate structure is shaped by continuous 

exposure to particles, pathogens, and toxicants through the secretion of 

protective mucus and surfactants, active mucociliary clearance, and an essential 

innate and acquired immune system [16]. 

The conducting airways in the lungs are primarily populated by four 

main types of epithelial cells: ciliated cells, goblet cells, and basal cells.  
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Ciliated cells facilitate mucus movement through synchronous cilia beating, 

while goblet cells secrete mucus onto airway surfaces. Basal cells act as adult 

stem cells, predominantly lining larger airways [17].  

Other sparse cell populations include club cells, which produce 

lubricating substances and antimicrobial peptides, and pulmonary 

neuroendocrine cells, which release proteins under physiological stimuli like 

hypoxia. Less common cell types include ionocytes and brush cells [16] (Figure 

1). 

 

 

Figure 1. Schematic representation of the main cell lines that are present in the lung. It 

highlights the different compositions of the innermost epithelial compartment in the various 

portions of the respiratory tract. Adapted from Dichtl et al., "The breathtaking world of human 

respiratory in vitro models: Investigating lung diseases and infections in 3D models, organoids, 

and lung-on-chip" Eur.J.Immuno, 2024, published under the terms of the Creative Commons 

Attribution License (CC BY) [18]. 
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The respiratory tract and lungs perform several vital functions in the 

body. They are essential in facilitating respiration, supporting pulmonary 

circulation, and contributing to the immune system.  

Considering the complexity of this system, reliable physiological and 

pathological models are essential to enhancing our understanding of the 

mechanisms and pathomechanisms in the respiratory tract and lungs [18]. 

Tubercular infection 

TB, caused by the microorganism belonging to the Mycobacterium 

tuberculosis complex (MTBC), is a preventable infectious disease that typically 

enters the body through the respiratory tract, primarily targeting the lungs. 

TB is transmitted via aerosol droplets with dimensions ranging from 1 to 5 

µm. It affects 10 million people worldwide each year, and it is one of the 

infectious diseases with higher mortality rates. It is the world’s second leading 

cause of death from a single infectious agent [4,20] 

The human-adapted Mtb is well known for its adaptability to the host 

immune system, allowing it to persist within the infected host. For this reason, 

TB eradication typically requires 6 to 9 months of multidrug chemotherapy, 

making it a complicated task [21]. 

Moreover, multidrug-resistant or rifampicin-resistant TB (MDR/RR-TB) 

presents a growing public health challenge in many regions, particularly in 

Eastern Europe, Russia, Asia, and sub-Saharan Africa.  

Considering what has been said before, immediate and rapid action is 

necessary to eliminate what is recognized as a global “TB epidemic” by 2030, a 

target endorsed by all United Nations (UN) Member States and the WHO [22]. 

Patients infected with Mtb can develop a wide array of symptoms and 

manifestations [23]. Traditionally, the Mtb infection has been described through 
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a dichotomy: LTBI, which is asymptomatic, and 'active' TB disease (ATB), which 

is contagious and symptomatic. Recent advancements in understanding TB 

pathogenesis highlighted that the step that takes us from Mtb infection to the 

Tubercular disease is a more complex continuum identifying eight broad 

conceptual themes to categorize TB states, summarized in Figure 2 [24]. 

 

Figure 2. Schematic representation of the spectrum of TB disease. 

 

This distinction is particularly relevant because it clarifies that a symptom-

driven approach alone may not reduce TB incidence. Comprehensive diagnostic 

strategies must address all phases of the disease, including subclinical TB, which 

remains difficult to diagnose. Developing reliable models is crucial to bridging 

the gaps in current procedures for diagnosing and treating this phase of TB [25]. 
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The interaction between Mtb and macrophages is central to the 

progression of TB. These immune cells are the first to encounter Mtb during 

infection, attempting to engulf it through phagocytosis. However, Mtb has 

evolved mechanisms to evade destruction, including inhibiting phagosome 

maturation and preventing lysosome fusion. This allows Mtb to survive and 

replicate within macrophages, creating a protected intracellular environment. 

Additionally, Mtb manipulates host immune responses by altering 

cytokine signaling and inhibiting apoptosis, supporting the formation of 

granulomas. Granulomas contain the infection but allow Mtb to persist in a 

latent state, complicating efforts to eliminate the disease by creating a reservoir 

of viable bacteria. Granulomas are composed of several resident cells (e.g., lung 

fibroblasts and epithelial cells), immune cells such as neutrophils, T-cells, and 

natural killer cells recruited by alveolar macrophages and by Mtb-infected 

alveolar macrophages [24].  

After the infection is established, Mtb, like other bacteria, can go into 

dormancy.  

In the dormant state, Mtb remains viable but inactive within infected cells 

or granulomas, avoiding immune detection and causing no symptoms. This 

dormant phase is key to the high proportion of individuals who remain 

asymptomatic and do not progress to active TB. Only about 5–10% of people 

infected with Mtb will develop active, symptomatic disease within the first five 

years, either shortly after infection or due to the reactivation of dormant bacteria 

later in life. When complete clearance does not occur, people develop what is 

called “latent infection”; this means that the host controls the pathogen's 

replication, and the individual remains asymptomatic but will be at risk of 

developing the disease in the active form during their lifetime [25,26]. 
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Reactivation typically occurs when the immune system is compromised, 

such as in conditions like Human Immunodeficiency Virus (HIV) infection, 

malnutrition, or aging. This ability to switch between active and dormant states 

is central to the persistence and complexity of TB, making it challenging to 

diagnose and treat effectively [26].  

Moreover, the Mtb capability to evade these host defenses by inhibiting 

phagolysosome formation, blocking phagosome acidification, expressing 

glycine-rich host proteins, and creating an electron-transparent zone (ETZ) that 

hinders the diffusion of lysosomal enzymes increases the Mtb to persist in the 

host. 

Moreover, recent studies have confirmed that many external stress stimuli 

can lead to different molecular responses that result in transcriptional, 

posttranscriptional, or allosteric controls in Mtb [25]. 

Given the factors discussed earlier, it is easy to understand why drug-

resistant Mtb strains are evolving. Mtb bacilli can become resistant to anti-TB 

drugs by acquiring genetic mutations and utilizing various mechanisms to adapt 

under selective environmental pressure. A significant contributing factor is 

heteroresistance, where subpopulations of Mtb within the same infection exhibit 

different levels of drug resistance, complicating treatment and eradication efforts 

[27].  

The complex structure of granulomas poses additional challenges for drug 

penetration. The hypoxic and nutrient-deprived environment within granulomas 

can limit the efficacy of many anti-TB drugs, reducing their ability to reach 

therapeutic concentrations at the site of infection. These factors make treating 

drug-resistant TB particularly challenging, as genetic mutations and 

pharmacokinetic barriers contribute to the bacteria’s survival and persistence 

[28]. 
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How to study the pulmonary infection: in vivo models 

As we said before, the organs comprising the respiratory system often 

serve as a first barrier against exogenous substances and act as a filter for the 

inhaled air, primarily at the microbial level. Consequently, many infectious 

diseases affect the entire respiratory system. For this reason, deepening our 

understanding of the physiological and pathological mechanisms operating 

within the respiratory tract has become essential. To do this, it has been 

necessary to develop models. 

In vivo models identify models used in experiments conducted in living 

organisms. Animal models have been crucial in uncovering the biochemical and 

physiological mechanisms underlying cancer and infectious diseases for decades. 

They are still essential for evaluating the safety and efficacy of new drugs or 

implantable devices. However, these models inadequately replicate the 

histological structure of the human lung epithelium and demonstrate 

shortcomings in mimicking physical characteristics and physiological processes, 

such as cell-to-cell communication [4,29]. Moreover, the significant failure rates 

in clinical drug development and the challenges in translating preclinical animal 

data to human outcomes, alongside disparities between animal and human 

biology and human-specific pathogens, underscore the need for a paradigm shift 

towards advanced and validated human cell-based cultures [3]. 

Small animal models 

Throughout history, small animal models, such as rodents and leporids, 

played a pivotal role as animal models for the study of pulmonary infections. 

Despite the limitations described above and better specified below, these models 

remain indispensable in preclinical TB research and have significantly 

contributed to the rapid progress in developing COVID-19 vaccines. Specifically, 
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mouse models are the most widespread and used animal models, even if they 

only partially recapitulate the complexity of human disease. On the contrary, 

other rodent species like rats, hamsters, and guinea pigs (Figure 3) offer valuable 

insights into pathophysiological aspects of respiratory infectious diseases that 

murine models may not fully capture.  

 

 

Figure 3. The figure represents a schematic overview of animal models for TB, reporting 

the diverse range of species used for studying these respiratory infections, from mice to non-

human primates. Among these, murine models are the most varied, while guinea pigs, rabbits, 

hamsters, and livestock typically apply to only one of the two diseases. Non-human primates and 

mice have contributed the most to advancing knowledge, with non-human primates offering the 

highest translational value. Adapted from Corleis et al., "Animal models for COVID-19 and 

tuberculosis" Front. Immunol., 2023, published under the terms of the Creative Commons 

Attribution License (CC BY) [4]. 
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Mouse model 

Mice are the most used model for preclinical investigations due to their 

ease of handling, accessibility, affordability, and the extensive array of 

immunological and genetic tools available for research. Regarding Mtb infection, 

mice models are one of the first choices, considering their well-established nature 

in laboratory settings. However, while murine models offer numerous 

advantages, they also have limitations, particularly in fully capturing the 

complexities of TB infections [4,30].  

The experimental murine TB model, achieved through aerosol exposure, 

has provided invaluable insights into the fate of the host following natural 

infection. It has meticulously delineated the intricate kinetics of the infectious 

process and facilitated the comprehensive integration of host and pathogen traits 

in experimental investigations.  

However, mice do not fully replicate TB pathology observed in humans. 

Critical features such as granuloma liquefaction, cavitation, and fibrosis remain 

absent in Mtb-infected mice. Nonetheless, this model offers a platform to 

extensively examine immune responses to Mtb. The similarity between 

pulmonary anatomy and immune mechanisms in mice and humans makes mice 

well-suited to study immune dynamics within tissues and evaluate vaccine 

efficacy. Despite not being natural hosts for Mtb and generally exhibiting 

tolerance to the development of TB, mice have played a crucial role in 

elucidating specific disease mechanisms.  

Overall, different aspects must be considered: host factors such as mouse 

genetics, age, sex, and immune status play pivotal roles in determining the 

outcome [31]. Additionally, variables including the route of infection, inoculum 

size, and bacterial characteristics such as Mtb lineages and virulence factors also 

significantly impact the progression of TB: exposure to different strains of Mtb in 
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mice results in distinct outcomes, with some strains triggering heightened 

susceptibility and granulomatous lesions resembling human pathology. Various 

genetic modifications in Mtb or host mice, such as deletion of virulence genes or 

immune-related genes, have been instrumental in elucidating the mechanisms 

underlying TB pathogenesis and host immune response. 

Moreover, different strains of mice, including inbred, knock-out, 

collaborative cross (CC), and diversity outbred (DO) lines, have been employed 

to study TB. Inbred mice and knock-out lines have helped identify specific host 

factors essential for susceptibility to TB. In contrast, genetic diversity in CC and 

DO mice has facilitated the discovery of unbiased susceptibility or resistance 

traits [32]. 

In the end, it is essential to underline also the utility of transgenic mouse 

models in TB research. These models have provided insights into TB 

pathogenesis, including the role of immune cells, cytokines, and molecular 

pathways. 

Rat model 

Rats, particularly Wistar rats, are often involved in the pharmaceutical 

industry for pharmacokinetic and toxicological studies. They are also commonly 

present in immunization studies because of their widespread availability, ease of 

handling, well-defined physiology, and capacity to yield larger samples 

compared to mice.  

Rats generally exhibit susceptibility to Mtb infection and have been 

utilized to discern investigational compounds' bacteriostatic or bactericidal 

properties [33]. Moreover, various rat strains, including American cotton rats, 

Lewis rats, Wistar rats, and Sprague-Dawley rats, develop granulomatous lesions 

that do not undergo liquefaction, thus failing to replicate human TB pathology 
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fully [34]. In the end, rats have also proven valuable in TB diagnostic endeavors, 

particularly in resource-constrained settings. 

Guinea pig model 

Guinea pigs are highly susceptible to TB: in his ground-breaking 

experiments, Robert Koch worked with guinea pigs and rabbits to demonstrate 

that pure cultures of Mtb cause the disease. They inhale mycobacteria and expel 

them through expectoration, akin to humans, making them suitable for 

transmission studies.  

The course of TB infection in this type of animal varies based on the Mtb 

strain and initial dose, but invariably, animals succumb to Mtb infection. 

Following logarithmic lung growth, Mtb loads remain stable over many weeks. 

Toward the later stages of infection, Mtb bacteria can re-enter a logarithmic 

growth phase. Symptoms such as weight loss, labored breathing, and reduced 

activity are commonly observed, and this clinical observation aligns with 

histopathological findings of advanced disease. This later stage of infection is 

very similar to the humane endpoint. Granulomas in guinea pigs rarely exhibit 

liquefaction and cavitation [35], but they resemble primary lesions observed in 

humans more closely. Therefore, guinea pigs are not suitable for studying 

mycobacterial latency.  

Guinea pigs are valuable for evaluating diagnostic skin tests and testing 

antimycobacterial compounds. Nonetheless, a drawback of the guinea pig model 

lies in the limited availability of immunological tools and genetically modified 

strains. Despite this limitation, recent advancements have seen the development 

of guinea pig-specific monoclonal antibodies and molecular screening techniques 

to study immune responses in greater detail [36]. 
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Rabbit model 

Rabbits are valuable models for studying the clinical features of Mtb 

infection [37]. The rabbit model closely reproduces post-primary TB, with 

animals developing cavities similar to human lesions involving bronchioles 

congestion, massive mycobacterial multiplication, and extensive necrotizing 

tissue destruction.  

Moreover, also the outcome of Mtb exposure can be studied in rabbits, 

revealing that early innate inflammatory responses, inoculum size, and bacillary 

aggregation facilitate progressive TB and the development of pathology rather 

than the establishment of LTBI: TB pathology in rabbits, particularly the 

occurrence of cavities, mirrors the critical stage of the disease that is most 

relevant for successful antibiotic treatment. 

The rabbit model is essential for studying the biodistribution of new and 

established antimycobacterial compounds. However, like guinea pigs, rabbits 

lack immunological reagents, which limits vaccinology studies. Additionally, the 

rabbit model is limited in replicating the clinical manifestations of TB. 

Furthermore, genetic editing of rabbits is still in its early stages, and the high 

costs compared to rodent models restrict the use of the rabbit model to specific 

scientific inquiries [38,39]. 

Large animal models 

Livestock species and non-human primates (NHP) are natural hosts of the 

MTBC. Their similarity to humans regarding respiratory tract anatomy, lung 

structure (such as lobulation), and immune system organization and function 

makes them valuable models for studying respiratory diseases like TB and 

COVID-19. Their evolutionary proximity to humans provides additional 

advantages and unique insights into disease mechanisms. 
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Non-human primates model 
Among NHP, Rhesus Macaques (RM), Cynomolgus Macaques (CM), and 

African Green Monkeys are commonly used for research on Mtb infection [40]. 

Depending on factors such as the dosage of Mtb administered (ranging 

from 101 to 105 colony-forming units), the specific Mtb strain utilized, and the 

method of infection (intravenous, intratracheal, or aerosol), RM and CM can 

accurately replicate the entire spectrum of TB seen in humans, including acute 

infection, LTBI, and reactivation of LTBI. Like humans, the granulomas observed 

in NHP exhibit mature, adaptive structures characterized by necrotic cores 

surrounded by layers of macrophages and lymphocyte zones, including areas of 

immunocompromised microenvironments. NHP granulomas also feature 

tertiary lymphoid structures, which are crucial in anti-mycobacterial immunity 

and mirroring human lesions. 

Livestock model 

Large livestock species, including cattle, goats, and pigs, are natural hosts 

and serve as models for human TB. While Mtb is a human-adapted strain, other 

members of the MTBC, such as M. orygis, M. caprae, and M. bovis, are zoonotic 

pathogens, with livestock species, including cattle, goats, and pigs, serving as 

their main reservoirs [41]. These bacteria can infect humans and cause pathology 

like Mtb-driven disease, often resulting in extra-pulmonary manifestations. 

Interestingly, while Mtb can infect livestock, such as cattle, it usually does not 

induce comparable pathology. Under experimental conditions, cattle, goats, and 

pigs can eradicate Mtb. Therefore, livestock species can serve as models for 

human TB to investigate pathologies, such as that induced by M. bovis, and 

correlates of protection against Mtb.  
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In all species, macrophages and their precursors, such as monocytes, serve 

as the main intracellular niche for M. bovis or Mtb [42]. 

Large livestock species offer unique opportunities to investigate disease 

susceptibility and resistance in natural hosts and are valuable models for novel 

preclinical vaccine concepts.  

While experimentation with cattle may be challenging due to their size 

and associated costs, goats offer a viable alternative. Pigs provide additional 

advantages such as smaller size, lower costs, easier maintenance, and availability 

of immunological reagents. [43]. Further studies in large livestock species are 

warranted to elucidate their potential as models for human TB. 

Limits and perspectives of the in vivo models 

Using animal models in infectious disease research offers invaluable 

insights into host responses and disease pathogenesis under controlled 

conditions. However, it's essential to recognize that no ideal model exists for 

studying diseases such as tubercular infection (Table 1).  

 

Table 1. Advantages and limits of the different in vivo models. 

Model Advantages Limits Applicability 

Mouse - detailed 

immunological 

insights 

- similarity to human 

anatomy and 

immune mechanisms 

- genetic diversity 

- feasibility of gene 

editing 

- imperfect disease model 

(lack of granuloma 

liquefaction, cavitation, and 

fibrosis) 

- inadequacy for transmission 

studies 

- immunological 

research: immune 

dynamics within 

tissues and vaccine 

efficacy 

- host susceptibility 

or resistance trait 

Rat - broad availability - inadequate mirroring of  
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- easy handling 

- defined physiology 

- defined physiology 

- potential to obtain 

larger samples 

compared to mice 

human TB pathology (the 

observed lesions do not 

fully replicate the liquefying 

lesions seen in human) 

- limitations in 

understanding TB 

pathophysiology 

Guinea 

Pig 

- susceptibility to TB 

and transmission 

mode entirely similar 

to human 

- revealing disease 

mechanisms 

- human-like clinical 

presentation: guinea 

pigs develop 

granulomatous 

lesions similar to 

primary lesions in 

humans 

- scarcity of immunological 

tools 

- lack of genetically modified 

strains 

- limited understanding of 

complex interactions 

- vaccine efficacy 

- transmission studies 

- evaluation of 

diagnostic skin tests 

and 

antimycobacterial 

compounds 

Rabbit - rabbit model closely 

reproduces post-

primary TB, 

including cavity 

formation 

- lack of immunological 

reagents 

- limitations in clinical 

manifestation 

- infancy of genetic editing 

- high costs 

- clinical features of 

TB: the post-

primary phase 

- study of the 

antimycobacterial 

compounds 

Non-

human 

primate 

- reflection of human 

TB spectrum 

(granuloma 

formation) 

- structural similarities 

- high housing costs 

- ethical concern 

- shortage of animals 

- experimental variability 

- monitoring disease 

progression: 

focusing on the role 

of tertiary lymphoid 

structures 
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- co-infection studies 

Livestock 

animals 

- natural infection 

- granuloma formation 

- immune responses 

- high housing costs and 

difficult logistic 

- ethical concern 

- experimental variability 

- translation to humans: risk 

- transmission studies 

 

Each animal model has benefits and limitations, and the purpose-oriented 

use of one or more models is essential for adequately addressing specific 

scientific questions and advancing interventions. 

In conclusion, at the moment, targeted and well-considered use of animal 

models remains indispensable for understanding infectious diseases and testing 

vaccines or therapeutics. However, it must be pointed out that it is essential to 

follow the 3R concepts to reduce, replace, and refine the usage of animals in 

experimental research. These ethical-driven approaches represent the foundation 

of animal experimentation around the world, and it is conceivable that, in some 

cases, newer systems, such as three-dimensional cell culture or organoids, will 

continue to prove themselves to be able to replace some animal testing. 

The 3Rs, "Replacement," "Reduction," and "Refinement” 

The 3R principle—Replacement, Reduction, and Refinement—refers to a 

widely accepted ethical framework for animal research. Its main aim is to 

minimize the use of animals in research by replacing them where possible, 

reducing the number of animals used, and refining procedures to lessen their 

suffering. This ethical concept has firm roots. Introduced in 1959 by British 

scientists W. M. S. Russell and R. L. Burch, it is now incorporated into standard 

guidelines and regulations in many countries worldwide [44].  
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Even if the specific definition of the 3Rs might differ from one institution 

to another, it is generally accepted that “Replacement” deals with the possibility 

of alternative methods to minimize the use of animals as models in research 

[44,45]."Reduction" deals with the scientific question that analyses the 

experimental protocol to understand if it is possible to work with fewer animals 

than initially planned and explore whether parts of the problem can be 

investigated using non-animal testing methods. In the end, "Refinement" focuses 

on determining whether and how the suffering of laboratory animals can be 

minimized during an experiment or test. 

Overall, as the directive 2010/63/EU specifies, the final goal of 3R is to 

completely replace animal research. 

In “vitro” models 
In vitro models are crucial in biomedical research. They offer a controlled 

environment for studying biological processes outside their natural context.  

In vitro models are precious in studying Mtb infection because they allow 

exploring the interactions between the pathogen and the host immune system, 

which is not always achievable with in vivo models. This is particularly 

significant when considering the genetic variability of both the host (i.e., ethnic 

background) and the pathogen (different Mtb lineages). These factors can 

significantly influence infection dynamics and immune responses, making 

controlled in vitro systems indispensable for studying genetic and 

immunological intricacies. 

In vitro systems allow researchers to investigate specific mechanisms and 

dynamic pathways that are challenging to study in animal models. Additionally, 

these models are indispensable for high-throughput drug screening, as they are 

more cost-effective and less resource-intensive than in vivo studies. They are 
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typically categorized into two-dimensional (2D) and three-dimensional (3D) 

cellular models, each providing unique insights into infection biology [18]. 

2D culture techniques have provided standardized and controlled 

conditions for experiments with living biological specimens. However, they have 

limitations due to the lack of a physiological microenvironment. The main 

limitations are (i) differences in substrate stiffness, (ii) absence of spatial cues, (iii) 

receptors topography, and (iv) differences in concentration gradients of nutrients 

and gases. It must be underlined that substrate stiffness and morphology 

significantly influence differentiation, migration, and gene expression. 

3D models have emerged to overcome the limitations of 2D cultures. 

These models can potentially mimic physiological tissue behavior more 

accurately and at a lower cost than some animal models. By incorporating tissue 

complexity, 3D models provide a more physiologically relevant environment for 

studying various biological processes, including matrix remodeling, cell-cell 

interactions, growth factor secretion, and gene regulation [18]. 

The development of biological 3D multi-tissue models requires a 

multidisciplinary approach, integrating engineering, chemistry, physics, 

mathematics, biology, and physiology. These models offer promising avenues for 

studying human organ responses to external stimuli, cytofunctionality analysis, 

and the design of implant substrates. 

Additionally, they reduce the need for small animal models, aligning with 

the principles of the 3Rs (reduce, replace, refine) in animal experimentation. 

In summary, 3D in vitro models represent a pivotal tool for evaluating 

essential biological processes in a physiological context, providing valuable 

insights into cell interactions and reducing the reliance on animal models in 

research. 
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Cell culture of human airway epithelial cells: focus on 3D models and their 

application in the study of the tubercular infection 

Nasal, tracheal, bronchial, small airway, and alveolar epithelial cells can 

be cultured using various techniques, including submerged conditions, air-liquid 

interface (ALI) culture, lung-on-a-chip systems, or in organoid form (Figure 4) 

[46]. 

 

 

Figure 4. Schematic summarization of the most common 3D model used for reproducing 

the human airways. Adapted from Dichtl et al., "The breathtaking world of human respiratory in 

vitro models: Investigating lung diseases and infections in 3D models, organoids, and lung-on-

chip" Eur.J.Immuno, 2024, published under the terms of the Creative Commons Attribution 

License (CC BY) [18]. 

 

These cell culture models aim to mimic the characteristics of epithelial 

cells from their specific region within the human respiratory tract or lung in vivo. 

These models represent different types of epithelial cells, mirroring the diversity 

observed in the human lung. These include club, ciliated, basal, and goblet cells.  
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Submerged and ALI culture 

Human airway epithelial (HAE) cells derived from primary tissue offer a 

promising opportunity to study the human lung epithelium in various 

experimental setups. When HAE cells are cultured in a submerged environment, 

they are typically grown on plastic surfaces coated with extracellular matrix 

proteins like collagen or cellulose. This method yields primarily basal cells 

distributed throughout the airway tree but results in the loss of differentiated 

ciliated and secretory cells. 

The air-liquid interface (ALI) culture technique has been developed to 

address these shortcomings and create a more physiologically relevant model. In 

ALI culture, HAE cells are seeded onto microporous membranes coated with 

matrix proteins, exposing the apical side of the cell layer to air. In contrast, the 

basolateral side remains submerged in a nutrient medium. This setting enables 

HAE cells to undergo differentiation into a pseudostratified mucociliary 

epithelium, encompassing various functional cell types, including basal, ciliated, 

and mucus-secreting goblet cells.  

ALI-cultured HAE cells offer a closer representation of the in vivo lung 

environment. Additionally, ALI culture presents the advantage of exposing the 

cells to pathogens or airborne substances, facilitating studies on host-pathogen 

interactions and respiratory toxicology [47]. 

Organoids 

Organoids represent 3D structures autonomously forming tissue 

architectures resembling airways [48]. They mirror the critical characteristics of 

their respective organs. These respiratory cell aggregates originate from stem or 

progenitor cells sourced from adult or embryonic tissues or induced pluripotent 

stem cells (iPSCs) [49].  
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Typically, organoids derived from adult stem cells (ASCs) exhibit 

polarized, cystic structures primarily composed of epithelial cells. These 

structures are less complex than organoids derived from pluripotent stem cells 

(PSCs), which also contain non-epithelial cell types. The choice of stem cell 

source significantly influences the cellular composition of lung organoids. 

Human PSC-derived organoids tend to display an alveolar phenotype, 

predominantly containing alveolar type I (AT1) and type II (AT2) cells. 

Conversely, organoids obtained from adult tissue biopsies or 

bronchoalveolar lavage fluid present a broader range of cell types, including 

basal, club, goblet, and ciliated cells [50].  

While lung organoids contain fewer basal cells than HAE cells, they 

feature a higher abundance of club and ciliated cells. 

Organoids are typically embedded in a matrix like Matrigel or cultured in 3D 

systems like the Celvivo system. These organoids maintain an internally oriented 

ciliated apical surface, which poses experimental challenges. Consequently, 

methods have been devised to reverse the epithelial polarity and expose the 

apical surface outward. Strategies to enhance proximal differentiation include 

inducing ciliary differentiation in alveolar organoids, which results in an 

increased presence of ciliated, basal, and goblet cells while decreasing club cell 

populations. 

Human organoid cultures can be differentiated on transwell inserts or as 

monolayers in submerged cultures [51].  

Monolayer cultivation predominantly yields a distal signature with AT1 

cells, suggesting a bias towards AT2 differentiation into AT1 cells. In contrast, 

ALI-cultured lung organoids comprise ciliated, goblet, and basal cells, forming a 

proximal pseudostratified mucociliary epithelium.  

 



	 -	35	-	

Lung on chip 

The "lung-on-chip" model utilizes complex 3D systems comprising 

primary cells, cell lines, PSCs, or ASCs on engineered microdevices. This model 

mimics the in vivo environment by incorporating multicellular tissues, which can 

be integrated with electronic sensors for real-time organ and tissue function 

monitoring.  

Additional advantages include the combination of engineered 

microtissues with microfluidic devices, enabling the application of mechanical 

forces such as stretch and shear, fluid flow, biochemical cues, and electrical or 

optical signals [52,53]. 

Co-culture with immune components 

HAE or lung organoids cultured on a transwell—submerged or in ALI—

can be supplemented with other cells, such as immune cells.  

The respiratory immune system is increasingly recognized for 

maintaining epithelial barrier integrity and lung homeostasis. Even epithelial 

disruption triggers massive production of innate immune components, leading 

to inflammation or immune cell recruitment. Nonimmune epithelial cells can 

release innate immune responses like intracellular complement and cytokines. 

Therefore, incorporating immune cells or characterizing humoral immune 

components at infection sites is crucial for bridging the gap between in vitro 

models and the host situation.  

During initial pathogen invasion, dendritic cells (DCs), macrophages, 

natural killer cells, and neutrophils synergistically promote airway 

inflammation, cytokine release, and lysis of infected cells.  

DCs, as immune sentinels, process antigens and transition from immature 

to mature cells, initiating adaptive immunity. Including these known modulators 
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of respiratory barrier functions in in vitro models is essential for better 

mimicking the host environment. Immune cells are typically added on the 

basolateral side, interacting with epithelial cells through cell-cell contact or 

cytokine release.  

Co-culture models, such as neutrophils with HAE cells, macrophages with 

HAE or SAE cells, or dendritic cells with HAE cells, are essential, especially for 

studying infection at entry sites  [18,47].  

Co-culture of airway epithelium with peripheral blood mononuclear cells 

allows the analysis of innate and adaptive immune subsets during infection over 

time. Incorporating immune cells like NK or CD8 T cells requires matching the 

HLA phenotype between immune and epithelial cells [49,54,56]. 

Respiratory models in perfusion and Precision-cut lung slices 

Microphysiological systems, like organs-on-chip and interconnected 3D 

tissue constructs, provide more relevant alternatives to traditional cultures or 

animal studies, especially for studying human pathogen interactions at barrier 

sites. In vitro microfluidic models for the respiratory tract, including the alveolar 

level, mimic respiration and vascularization, offering a more accurate 

representation. These systems continuously evolve to incorporate the respiratory 

microenvironment's physical, mechanical, and organizational features [57].  

Perfused conditions in microfluidic models significantly enhance 

ciliogenesis and mucus production compared to static cultures. This is attributed 

to the increased nutrient supply and enhanced cell communication.  

Precision-cut lung slices from human lungs offer another ex vivo model 

maintaining microarchitecture and function, enabling mechanistic studies.  

However, their viability is typically limited to 7-10 days, with changes in tissue 

architecture over time posing some limitations. Despite this, precision-cut lung 
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slices remain valuable for controlled lung physiology and pathology 

investigations. 

In Vitro Granuloma Models of Tuberculosis 

Despite extensive research, many fundamental aspects of TB pathogenesis 

remain elusive. The intricate interplay between the host and the pathogen, 

particularly within multicellular tissue granulomas, is a crucial challenge.  

Granulomas are complex structures composed of various cell types. They are 

predominantly mature macrophages at the core surrounded by T cells, B cells, 

and fibroblasts. They are formed in response to persistent stimuli (Figure 5). 

 

Figure 5. Schematic representation of the main cellular component of a granuloma. 

Created in BioRender. https://BioRender.com/m59m113. 

 

While granulomas have been observed for centuries, the mechanisms 

governing their dynamics, behavior, and maintenance are now being elucidated 

[58].  
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Contrary to traditional views, in which granulomas have always been 

represented as a way of limiting infection, recent findings from the zebrafish 

model suggest that in Mtb infection, they may promote mycobacterial growth 

and spread.  

For this reason, understanding the molecular basis of macrophage 

reprogramming and specific cellular events within TB granulomas, like 

multinucleate giant cell formation and central necrotic caseation, still needs to be 

completed. 

Cell culture systems of TB granulomas 

Collagen Matrix Model of Mtb Dormancy 

Kapoor and colleagues [53] developed a 3D model that employs human 

peripheral blood mononuclear cells (PBMCs) within an extracellular matrix to 

recreate spatially and temporally accurate three-dimensional structures and 

microscopic granulomatous aggregates in response to virulent Mtb. This model 

effectively mimics key features of human TB, such as multinucleated giant cell 

formation, changes in T cell populations, macrophage activation status, and 

increased cytokine and chemokine secretion upon Mtb exposure. 

A crucial aspect of this model is its ability to simulate Mtb latency and 

reactivation under immune suppression induced by anti-tumor necrosis factor-

alpha (anti-TNF-α) treatment. Thus, it offers insights into host-pathogen 

interactions during latency and reactivation. It also showcases fundamental 

latency characteristics, including non-replicating states, rifampicin resistance, 

loss of acid fastness, and lipid body accumulation.  

Despite its strengths, the model has limitations such as low throughput, 

technical challenges in adding cells over time, and the need for collagenase to 

release cells from the matrix for analysis. Nonetheless, its potential to advance 
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our understanding of Mtb latency and reactivation and identify therapeutic 

interventions remains promising [59]. 

Multicellular Lung Tissue Model 

Lerm and colleagues introduced Mtb into a human in vitro lung tissue 

model to investigate early granuloma formation [60]. This model involves a 

collagen matrix supported by a filter membrane acting as a scaffold for a human 

fibroblast cell line, which grows and differentiates before the addition of primary 

macrophages/monocytes and a human epithelial cell line.  

Once tissue formation occurs, the apical side is exposed to air, stimulating 

mucus secretion by the epithelial cells. This organotypic mucosa closely 

resembles lung tissue both anatomically and functionally.  

Studies in zebrafish and human lung tissue models suggest that Mtb 

virulence factors are involved in the induction of granuloma formation. For 

instance, host matrix metalloproteinases (MMPs) induced by mycobacterial 

virulence factors are known to promote granuloma formation [61]. Inhibition of 

MMPs has been shown to reduce both granuloma pathology and bacterial load 

in the human lung tissue model, aligning with reports advocating for MMPs 

inhibition in mouse models of TB. 

This model's limitations include (i) challenges in introducing other 

immune cells, such as lymphocytes or neutrophils, and (ii) adapting it for high-

throughput assays. Nevertheless, the model can potentially study host-pathogen 

interaction and secondary assays for assessing novel TB drugs. 

Granuloma Model to Assess the Impact of the Human Immune Response 

Guirado et al., developed a granuloma model using human PBMCs and 

autologous serum to mimic the immune environment typical of Mtb infection [8]. 

Indeed, this innovative system allows the study of early granuloma formation. 
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The model was developed to study the immunopathogenesis of individuals with 

LTBI. The authors demonstrated that LTBI subjects exhibit significant differences 

in bacterial survival, immune cell activity, cytokine production, and lipid body 

accumulation, highlighting variations in immune responses and their effects on 

granuloma formation. Additionally, it highlights a unique bacterial 

transcriptional signature influenced by the host’s immune status. The model’s 

ability to simulate these interactions demonstrates its potential for personalized 

medicine and advances in TB biomarker and treatment research.  

Limitations of the initial model, such as the absence of fibroblasts and 

extracellular matrix components, have been addressed, influencing the kinetics 

and stability of granuloma formation. Additionally, the model lacked a 

continuous influx of mononuclear phagocytes needed for sustained dynamic 

structures, leading to the introduction of HIV into the model to explore its 

impact on granuloma formation and dissolution timing. 

This model allows comparative analysis with other granulomatous 

diseases and can be adapted for high-throughput screening of potential 

therapeutic compounds. Continuous refinement and development of this system 

offer promise for advancing the understanding of granuloma biology, exploring 

therapeutic interventions, and studying the effects of comorbidities. 

Bioelectrospray 3D Model 

Workman et al., developed an innovative system based on cell 

encapsulation within microspheres, achieved through alginate cross-linking in a 

calcium chloride bath [62]. This technique produces highly customizable 

microspheres with a matrix and cellular composition conducive to manageable 

experimentation. Cells can be quickly released from the spheres for downstream 

analysis by dissolving them in solutions like EDTA or sodium citrate. 
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This system has been utilized to explore various aspects of the host-

pathogen interaction and has several translational applications. Initially, 

comparisons between spheres with or without collagen revealed the regulatory 

role of the extracellular matrix in the host-pathogen interaction, consistent with 

findings from transgenic mouse studies. Subsequently, the group investigated 

different dimensions of the host immune response, including studies on spheres 

exposed to various cytokines or featuring enhanced Mtb-responsive T cells [63]. 

Integrating diverse cell types into multiple spheres and examining their 

effects over extended periods (up to 21 days) offers an effective tool for 

discerning protective versus pathological immune responses. Notably, Mtb 

exhibits sensitivity to pyrazinamide when cultured in three-dimensional 

microspheres, replicating stress conditions encountered in vivo. Moreover, due to 

the confinement of cells and bacteria within the microspheres, the model lends 

itself to microfluidic pharmacokinetic modeling. In this setup, increasing 

concentrations of rifampicin have been demonstrated to accelerate Mtb killing. 

Additionally, the model has been used to explore the effects of MMPs 

inhibition with doxycycline in limiting TB-driven immunopathology. 

This model faces challenges like other systems, including difficulties 

incorporating additional immune cells after encapsulation within the 

microspheres. Further refinements address these limitations by introducing a 

dual encapsulation system to mimic better granuloma features, such as a caseous 

central core and an oxygen gradient from the periphery to a hypoxic center 

(cause). These advancements could also facilitate cellular intake, enabling the 

model to simulate immune cell recruitment to granulomas more effectively, 

thereby enhancing its utility for studying TB immunopathogenesis.  
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Lessons From Animal Models 

The complexity of chronic host-pathogen interactions in human TB 

necessitates using animal models alongside in vitro systems. While in vitro 

models with human cells offer valuable insights, they lack the full complexity 

observed in human disease.  

Conversely, animal models provide a more comprehensive understanding 

of these interactions, and their findings inform the development of human 

systems.  

Classically described granulomas in TB have a characteristic architecture, 

typically consisting of a caseous center surrounded by layers of myeloid and 

lymphocytic cells. These lesions may eventually become necrotic or fibrotic, 

leading to mineralization or cavitation. Signaling cascades involving myeloid 

cells and interferon-gamma from T cells aim to eliminate Mtb within the lesion. 

Still, sterilization is rarely achieved due to the complex granuloma environment, 

which promotes and inhibits bacterial killing. As we saw before, traditional 

mouse models do not fully replicate the specialized architecture of human lung 

TB granulomas. However, recent developments have allowed for generating 

necrotic or fibrotic lesions in mice. Other animal models, such as guinea pigs, 

rabbits, and macaques, develop granulomas more akin to those observed in 

humans, including necrotic and organized structures, with hypoxia particularly 

prominent in necrotic regions. Under specific conditions, rabbits have been used 

to study cavitary lesions, further highlighting the relevance of animal models in 

understanding TB pathogenesis.  

These animal models provide crucial insights into the mechanisms within 

lung granulomas that drive the balance of Mtb killing and survival.  

Conversely, 3D models are particularly useful in studying Mtb because 

they closely replicate granulomas' structural and functional complexity, which is 
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central to TB pathology. These models provide a controlled environment that 

allows researchers to investigate the interaction between Mtb and host immune 

cells. 

Crucially, 3D models enable the assessment of the genetic background of 

both the host (e.g., ethnic variability) and the pathogen (e.g., Mtb lineages). This 

is important as both factors significantly influence infection outcomes and 

immune responses. Unlike traditional 2D or animal models, 3D systems can 

integrate human-relevant genetic and immunological diversity, facilitating more 

precise studies on how these variables shape granuloma formation, pathogen 

persistence, and immune evasion mechanisms. 

Additionally, 3D systems can mimic oxygen gradients, nutrient 

limitations, and the architecture of granulomas more effectively than other 

models, making them indispensable tools for drug testing and personalized 

medicine research. 
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Chapter 2: From Antioxidants to Inflammation: The Role of Oxidative 

Stress in Pulmonary Health and Disease 

The lung, with its extensive surface area and rich blood supply, is 

uniquely exposed to atmospheric oxygen, making it highly susceptible to 

oxidative injury [64]. This vulnerability arises from the lung’s continuous 

interaction with reactive oxygen, nitrogen species (ROS/RNS), and free radicals 

generated endogenously and exogenously [65].  

Oxidative stress plays a critical role in the pathogenesis of various lung 

diseases, including chronic obstructive pulmonary disease (COPD), asthma, 

pulmonary fibrosis, and acute lung injury. Oxidative stress refers to an 

imbalance between ROS, RNS, and antioxidants that leads to damage to cellular 

components like lipids, DNA, carbohydrates, and proteins. Moreover, beyond 

localized damage, these oxidized biomolecules can trigger systemic cellular 

responses by generating secondary reactive metabolites, further amplifying 

oxidative damage and contributing to broader pathological processes [66]. 

In the lung, ROS/RNS are primarily generated by phagocytes and various 

lung cells, including polymorphonuclear, alveolar, bronchial, and endothelial 

cells. In addition, oxidative stress is critical in the pathogenesis of diffuse lung 

diseases, such as idiopathic pulmonary fibrosis, by promoting inflammation, 

fibrosis, and tissue damage, exacerbating the disease progression. Moreover, 

ROS can activate different signaling pathways that release pro-inflammatory 

cytokines, chemokines, and growth factors, worsening the disease’s progression 

and the patient's clinical presentation, particularly in conditions like asthma and 

COPD. In these cases, in fact, prolonged oxidative stress can lead to structural 

changes in the lung, such as airway smooth muscle hyperplasia, fibrosis, and 

mucus hypersecretion. These changes result in airway narrowing and impaired 
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lung function. Moreover, oxidative stress affects the endothelial cells of the 

lung’s blood vessels, leading to increased vascular permeability and edema, 

commonly observed in acute lung injury and in acute respiratory distress 

syndrome. In the end, ROS-induced damage to alveolar epithelial cells can cause 

cell death and impair the integrity of the alveolar-capillary barrier [65].  

Oxidative sources in the lung 

The accumulation of inflammatory cells like macrophages and neutrophils 

in the lower respiratory tract can lead to an increased oxygen burden in the 

lungs, triggering excessive production of ROS. Among them, many are the free 

radicals that could be produced. Among them, the most notable with 

physiological significance are superoxide anion (O₂•⁻), hydroxyl radical (•OH), 

nitric oxide (NO), and hydrogen peroxide (H₂O₂) [67,68]. 

ROS plays a crucial role in fibrogenesis and oxidative stress, influencing 

cytokines and growth factors involved in inflammation and lung fibrosis. For 

example, oxidative damage is evident in idiopathic pulmonary fibrosis and other 

lung disorders. Moreover, ROS also contributes to smoking-related COPD and 

carcinogenesis. 

The mitochondria in non-phagocytic cells are the primary source of ROS, 

although other cellular structures, such as the smooth endoplasmic reticulum 

and microsomes, also contribute. Under normal conditions, ROS are involved in 

critical physiological processes, such as apoptosis, gene expression regulation, 

and immune defense. However, when it leads to oxidative modification of 

proteins, notably through carbonylation, it becomes a hallmark of oxidative 

stress and a biomarker for protein damage in pulmonary diseases. [69]  

In addition to endogenous generation, exogenous exposition plays a 

crucial role in defining oxidative stress production in the lung (Figure 6).  
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Figure 6. Schematic representation of the main pathways involved in the cascade 

activated in the lung after the exposition to endogenous and exogenous oxidative stimuli. 

Created in BioRender. https://BioRender.com/m59m113. 

 

CS and airborne pollutants, such as ozone, nitrogen dioxide, and 

particulate matter, damage the lungs and heightened inflammatory responses.  

In particular, CS is a complex mix of over 4,700 chemical compounds 

across its gas, aqueous, and tar phases. The gas phase contains high levels of 

oxidants and free radicals, O2•− and nitric oxide, which combine to form the 

reactive peroxynitrite molecule. The tar phase houses organic radicals like 

semiquinone, capable of redox cycling with biological reducing agents (e.g., 

ascorbate, NAD(P)H, and glutathione), perpetuating the production of 

superoxide radicals. This process can continue in the epithelial lining fluid of 
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smokers. The tar phase also chelates metals like iron, generating hydrogen 

peroxide.  

Sidestream CS is particularly harmful, containing over 10¹⁷ reactive 

organic compounds per puff, such as carbon monoxide, formaldehyde, and 

carcinogens like benzo(a)pyrene. These compounds, concentrated in the lung's 

epithelial lining fluid, significantly contribute to oxidative stress and respiratory 

damage. 

The molecular pathways associated to the oxidative stress imbalance 

Oxidative stress plays a significant role in the regulation of extracellular 

matrix (ECM) degradation, a key process in the pathogenesis of diffuse lung 

diseases (DLD) like idiopathic pulmonary fibrosis (IPF). Structural remodeling is 

driven by matrix metalloproteinases (MMPs) and their inhibitors, tissue 

inhibitors of metalloproteinases (TIMPs). Increased expression of MMPs, 

particularly MMP-7 (matrilysin), has been observed in the lungs of IPF patients, 

contributing to epithelial damage. ROS/RNS exacerbate protease/antiprotease 

imbalances by activating MMPs, modifying their cysteine domains, and 

inactivating TIMPs [70,71].  

ROS/RNS can intervene in the balance of the apoptotic process by 

interacting with key mediators of this pathway, such as the caspases. Apoptosis 

plays a crucial role in lung homeostasis and in the pathogenesis of fibrotic lung 

diseases. The caspase cascade is activated through intrinsic or extrinsic 

pathways, leading to cell death: ROS/RNS contribute to apoptosis by activating 

caspases, inducing cytochrome C release from mitochondria, and triggering 

DNA fragmentation. ROS/RNS also interact with the MAPK pathway, activating 

ERK, JNK, and p38 MAPK, further promoting cell death.  
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TGF-β is another important profibrotic cytokine. It is overexpressed in IPF 

lung tissue, promoting fibroblast activation, ECM production, and abnormal 

lung tissue remodeling. ROS/RNS regulate TGF-β activity by activating NADPH 

oxidase, which increases ROS production and enhances the activation of latent 

TGF-β. ROS also impairs glutathione synthesis, contributing to the antioxidant 

deficit characteristic of IPF [72].  

The antioxidant activity of the lung 

The body relies on antioxidants as a primary defense against oxidative 

stress, with two main categories of antioxidants: non-enzymatic (e.g., vitamins E 

and C, β-carotene, glutathione) and enzymatic antioxidants (e.g., enzymes in the 

glutathione redox system such as glutamate cysteine ligase, glutathione 

reductase, glutathione peroxidase, glucose-6-phosphate dehydrogenase, 

superoxide dismutases, catalase, heme oxygenase-1, peroxiredoxins, 

thioredoxins, and glutaredoxins). These antioxidants often work together, 

recycling each other to maintain a balance in the cellular redox state. 

The primary enzymatic antioxidants in the lungs are SOD, CAT, and 

glutathione peroxidase. Recently, heme oxygenase-1, small molecular weight 

redox proteins such as thioredoxins, peroxiredoxins, and glutaredoxins, have 

also been found to play a crucial role in lung antioxidant defense mechanisms 

[73]. 

SOD is mainly known because it is present in almost every cell in the body 

and plays an essential role in protecting cells and tissues against oxidative stress. 

Three forms of SODs are classified based on their structure, localization, 

inducibility, and metal ion requirements.  

Next, CAT is known for being a homotetrameric protein (MWt 240 kDa) 

that decomposes hydrogen peroxide into water and oxygen. It is found in most 
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aerobic cells in animals, especially in the liver and erythrocytes, but it is present 

in low amounts in the brain, heart, and skeletal muscle. It is concentrated in 

peroxisomes and the cytoplasm, and it is localized in alveolar type II 

pneumocytes and macrophages [70]. CAT is the most critical antioxidant enzyme 

in consuming exogenous hydrogen peroxide in rat type II pneumocytes. 

Moreover, CAT is the only antioxidant enzyme whose levels increase at the 

mRNA and activity levels during human lung morphogenesis [74].  

Heme oxygenase (previously known as heat shock protein 32) is a 

member of the heat-shock family of proteins that plays a protective role in 

inflammation and oxidative stress [75]. It catalyzes the degradation of heme into 

bile pigments (biliverdin) in a reaction that generates carbon monoxide and iron 

[76]. Many stimuli, such as hyperoxia, hypoxia, lipopolysaccharide, and 

oxidative stress, induce heme oxygenase. It has been shown to have 

cytoprotective capacities. Also in this case, three isoforms of heme oxygenase 

(heme oxygenase-1, -2, and -3) have been characterized, where heme oxygenase-1 

is inducible, while heme oxygenase-2 and -3 are constitutive [77,78].  

In the end, the GSSG/2GSH ratio is a good indicator of the cellular redox state 

[79]. This ratio in GSH parlance can be determined by the rates of hydrogen 

peroxide reduction by glutathione peroxidase and GSSG reduction by 

glutathione reductase. The intracellular redox status of lung epithelial cells is 

critical in determining cell susceptibility or tolerance to oxidative insults. Studies 

have shown that GSH depletion, due to glutamate cysteine ligase inhibition by 

butathionine sulfoximine, sensitizes A549 cells, for example, to the injurious 

effects of hyperoxia and hydrogen peroxide, resulting in increased membrane 

permeability and activation of NF-κB [65].  
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The role of oxidative stress in the Mtb lung infection 

Respiratory tract infections caused by bacterial pathogens result from a 

combination of increased bacterial adhesion, compromised immune defenses, 

and predisposing conditions such as COPD and asthma. The airway epithelium 

is a primary defense mechanism, serving both as a physical barrier and an active 

participant in immune responses. Through pattern recognition receptors (PRRs), 

epithelial cells detect bacterial pathogens and activate pro-inflammatory 

pathways that limit pathogen proliferation. Specifically, epithelial cells in the 

bronchi and alveoli recognize Mtb using Toll-like receptors (TLRs) and NOD-like 

receptors (NLRs), as described by Leiva-Juarez et al. [80,81].  

However, bacterial infections often lead to excessive production of 

reactive oxygen species (ROS) during immune responses, resulting in oxidative 

stress that damages tissue, impairs epithelial function, and disrupts immune 

regulation. This mechanism is particularly evident in the early stages of Mtb 

infection, where oxidative stress plays a significant role.  

External factors such as nicotine—a major component of CS—exacerbate 

oxidative stress and further compromise immune defenses. Nicotine inhibits the 

production of antimicrobial peptides, such as LL-37 and β-defensins, in lung 

epithelial cells, reducing their ability to control Mtb growth. Additionally, 

nicotine disrupts macrophage functions, including phagosome-lysosome fusion 

and autophagy, which are critical for the clearance of intracellular bacteria. These 

effects are mediated by the activation of nicotinic acetylcholine receptors 

(nAChRs), which alter immune signaling and promote the release of 

immunosuppressive cytokines, such as transforming growth factor-beta (TGF-β), 

by regulatory T cells (Tregs) [82]. 

The combined effects of nicotine and oxidative stress amplify lung 

damage and create an environment conducive to Mtb persistence and disease 
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progression. The interplay between oxidative stress and immune suppression 

highlights the impact of nicotine on TB pathogenesis. Epidemiological evidence 

linking smoking prevalence to increased TB incidence underscores the need to 

prioritize smoking cessation as a key strategy in TB prevention. Addressing both 

microbial control and the reduction of oxidative stress is essential for effective TB 

management, particularly in populations with high smoking rates. 
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Chapter 3: Aim of the thesis 

This thesis aims to investigate the impact of nicotine-induced oxidative 

stress on the cellular components of the pulmonary microenvironment, with a 

particular emphasis on lung epithelial cells and their susceptibility to 

Mycobacterium tuberculosis (Mtb) infection. Given the complex interplay between 

the host immune response and Mtb in tuberculosis (TB) pathogenesis and the 

challenges of developing reliable in vivo models, this research employs an 

advanced three-dimensional (3D) printed lung model. This model, integrating 

lung fibroblasts (LF-hTERT), bronchial epithelial cells (HBEC-3kt), and 

monocytes (THP-1), provides a more accurate representation of the pulmonary 

microenvironment compared to traditional two-dimensional (2D) cultures. The 

3D model, by closely mimicking the structural and functional characteristics of 

lung tissue, allowed for a detailed exploration of external stimuli effects, possibly 

offering new insights into the mechanisms by which molecules, such as nicotine, 

modulates host-pathogen interactions. 

Additionally, this study aims to highlight the critical role of oxidative 

stress in compromising epithelial barrier integrity, mainly through the disruption 

of tight junctions. This research underscores the need for further investigations 

into the oxidation and degradation of tight junction proteins and the broader 

oxidative damage in the lung microenvironment caused by nicotine and Mtb.  

By establishing a cause-and-effect relationship between nicotine exposure 

and TB infection dynamics, this thesis aims to inform the development of 

targeted strategies to mitigate smoking-related TB progression, with the ultimate 

goal of reducing infection rates and improving disease prevention efforts. 
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Chapter 4: Materials and Methods 

Plasmid Description 

The reference strain H37Rv was engineered with an integrative plasmid 

carrying a constitutively expressed fluorescence protein to allow the tracking of 

Mtb during infection.  

The mycobacterial plasmid was designed to include the phage attachment site 

(attP) from the mycobacteriophage L5 genome and the bacterial attachment site 

(attB), enabling integration into the mycobacterial chromosome. Integration 

occurs via recombination between the plasmid-borne attP site and the 

chromosomal attB site, mediated by the L5 integrase (int) gene carried by a 

mycobacterial vector. 

This plasmid also features an origin of replication (ori), a polylinker 

region containing restriction sites recognized by enzymes (BamHI, EcoRV, ScaI), 

and a hygromycin resistance cassette (Hyg) for selection in mycobacteria. These 

components enable the construction of mycobacterial strains expressing 

mCHERRY to track bacterial infections using confocal microscopy. mCHERRY 

exhibits an absorption spectrum of 540–590 nm and an emission range of 550–650 

nm. 

Electroporation 

Electroporation was conducted using the Bio-Rad apparatus (Ec2-Bacteria, 

2500 V, 25 µF, and 200 Ω), 50 µL of competent H37Rv cells was mixed with 2µg 

of plasmid DNA and incubated on ice for 1 minute. The mixture was then 

transferred to an electroporation cuvette and pulsed. Post-electroporation, 1 ml 

of liquid medium was immediately added to the cells, and the culture was 

incubated at 37°C with 5% CO₂ for 24 hours to allow recovery and plasmid 

expression before plating on selective agar (7H10+10% OADC+ Hygromycin 100 
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µg/mL), so that at 37 ° C for about four weeks. A mutant subclone was selected, 

expanded in 7H9 enriched with 10% OADC, 0.05 Tween 80, and Hyg 100 µg/mL, 

and incubated at 37 °C. A PCR was performed on DNA extracted from the 

mutant H37Rv (H37Rv_mCHERRY) to confirm the plasmid integration.  

HBEC3-KT bronchial epithelial cells  

HBEC3-KT (Evercyte, Leberstrasse 20, 1110 Vienna, Austria) is a human 

bronchial epithelial cell line derived from cells of a central lung bronchiole 

immortalized by transfection with a retroviral construct containing human 

telomerase (hTERT) and mouse cyclin-dependent kinase 4 (CDK4).  

This cell line retains the expression of the epithelial stem/progenitor cell 

marker tumor protein p63 (p63). Moreover, it can differentiate into ciliated and 

goblet cells if seeded on a contracted fibroblast matrix and raised to an air-liquid 

interface for four weeks.  

The HBEC3-KT are cultured in Keratinocyte-SFM supplemented with 

Bovine Pituitary Extract and Epidermal growth factor (compKSFM) at 37 °C in a 

humidified atmosphere with 5% CO2. When at 80% confluence, the cells are 

passed using trypsin-EDTA (Euroclone, Milan, Italy) to ensure appropriate cell 

culture conditions. 

For infection experiments, 2,5×104 HBEC3-KT cells were plated in a Tissue 

culture treated 24-well plate.  

Infection was carried out using H37Rv_mCHERRY at an exponential 

growth phase (OD₆₀₀: 0.4–0.6) with a multiplicity of infection (MOI) of 100:1. 

After infection, cells were washed, lysed with sterile water at 37°C for 30’, and 

serially diluted 1:10 to be seeded for the CFU count. Alternatively, cells were 

incubated with a 10% AlamarBlue solution for 2 hours for the viability assays. 
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hTERT Lung Fibroblast 

hTERT-HLF (Evercyte, Leberstrasse 20, 1110 Vienna, Austria) is a human 

hTERT-immortalized lung fibroblast cell isolated from a female patient's lung 

and immortalized via transfection with the catalytic subunit of the human 

telomerase (hTERT) gene. 

This cell line retains the expression of TGF-Beta-induced Alpha-smooth 

muscle actin. Moreover, the toxicity induced in hTERT-HLF after exposure to 

chlorhexidine (CHX) is similar to that induced in primary lung fibroblasts, 

suggesting that hTERT-HLF can be an excellent model for investigating toxicity.   

The hTERT-HLF are cultured in DMEM/F12 (1:1, Sigma-Aldrich, St. Louis, 

Missouri, USA), enriched with stable Glutamine, 10 % FBS (Euroclone, Milan, 

Italy) and 200 µg/ml G418 (Sigma-Aldrich, St. Louis, Missouri, USA) and were 

maintained at 37 °C in a humidified atmosphere with 5% CO2. The cells were 

passed using Acutase (Sigma-Aldrich, St. Louis, Missouri, USA) when at 80% of 

confluence to ensure appropriate cell culture conditions. 

For infection experiments, 2,5×104 hTERT-HLF cells were plated in a 

Tissue culture treated 24-well plate.  

Infection was carried out using H37Rv_mCHERRY at an exponential 

growth phase (OD₆₀₀: 0.4–0.6) with a multiplicity of infection (MOI) of 100:1. 

After infection, cells were washed, lysed with sterile water at 37°C for 30’ and 

serially diluted 1:10 to be seeded for CFU count. Alternatively, cells were 

incubated with 10% AlamarBlue solution for 2 hr for the viability assays. 

THP-1 Monocyte 

Based on their responses to stimuli, in vivo macrophages can be classified 

into two main activation states: M1 and M2.  
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M1 macrophages, or classically activated macrophages, are primarily 

involved in defending against bacterial and viral infections and in tumor 

regression. The M1 phenotype is induced from resting macrophages upon 

exposure to pathogen-associated molecular patterns (PAMPs) or Th1 cytokines, 

such as interferon-gamma (IFNγ) and tumor necrosis factor-alpha (TNFα). They 

are characterized by the high production of pro-inflammatory cytokines, 

including TNFα, interleukin (IL)-1β, IL-6, IL-8, and IL-12. They also express 

pattern recognition receptors (PRRs), such as Toll-like receptors (TLRs) and 

NOD-like receptors (NLRs), which enable them to recognize and respond to 

pathogens. 

M2 macrophages, or alternatively activated macrophages, play essential 

roles in parasite infections, tissue remodeling, immunoregulation, allergy, and 

tumor progression. M2 macrophages are derived from resting macrophages 

upon stimulation by Th2 cytokines, such as IL-4 and IL-13. These macrophages 

exhibit an anti-inflammatory profile associated with wound healing and tissue 

repair. 

The M1 and M2 macrophage polarization reflects the functional diversity 

of macrophages in various immune responses and disease contexts. 

THP-1 cells (ATCC® TIB-202™) are a spontaneously immortalized 

monocyte-like line derived from the peripheral blood of a child with acute 

monocytic leukemia. This cell line is widely used to investigate 

monocyte/macrophage functions, signaling pathways, and nutrient and drug 

transport mechanisms. It serves as a reliable model for studying the modulation 

of monocyte and macrophage activities. THP-1 cells grow in suspension at 37°C 

and 5% CO₂. They are grown in RPMI 1640 medium supplemented with Hepes, 

L-glutamine, glucose, sodium pyruvate, and 10% fetal bovine serum (FBS). Cells 

were kept between 0.5 and 1x106 cells/ml in a ventilated 75 cm2 flask for a 
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maximum of 18 passages until seeded. Cells were counted using a Bürker’s 

chamber after staining with 0.4% Trypan Blue solution, which stains dead cells, 

enabling the distinction of viable (unstained) and dead (blue-stained) cells under 

a microscope. 

For infection experiments, 5.5 × 10⁵ THP-1 cells were plated in a Tissue 

cultures treated 96-well plate in presence of 100 nM Phorbol 12-Myristate 13-

Acetate (PMA) to induce the differentiation. PMA treatment was performed for 3 

days at 37°C, followed by 2 days of rest to obtain M0-like phenotypes. 

Macrophages were also polarized to an M1-like and M2-like phenotype with, 

respectively, 50 ng/mL LPS and 20 ng/mL IL-4 for 16 hours. Experiments were 

carried out with the three different phenotypes.  

Infection was carried out using H37Rv_mCHERRY at an exponential 

growth phase (OD₆₀₀: 0.4–0.6) with a multiplicity of infection (MOI) of 5:1. The 

infected plates were centrifuged at 300 × g for 5 minutes at room temperature to 

facilitate contact with macrophages. After 2 hours, extracellular bacteria were 

removed. After 24 and 72 hr, cells were washed, lysed with sterile water at 37°C 

for 30’ and serially diluted 1:10 to be seeded for CFU count. Alternatively, cells 

were incubated with 10% AlamarBlue solution for 2 hr for the viability assays. 

Nicotine’s treatment 

This first sets of experiments was conducted to establish the Nicotine 

concentration and incubation times. 

Nicotine solution (Sigma, [+/-]-Nicotine - n0267) has been stocked at 4°C. Stock 

solutions were prepared according to manufacturer instruction by diluting 

nicotine in EtOH to 100 mM. 

The concentrations used to treat the cells were selected according to the 

literature, and the same applies to the evaluated time points. 
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The concentrations and time points tested are shown in Table 2. 

 

Table 2. Schematic representation of the different nicotine’s concentrations and of the 

various time points that have been selected. 

 

Nicotine’s 

concentrations 

Timepoints of 

evaluation 

100 µM 24 hours 

40 µM 48 hours 

20 µM 72 hours 

10 µM 5 days 

5 µM 6 days 

1 µM  

0,1 µM  

 

For nicotine treatment, adherent cells were detached from the plastic 

surface with the appropriate enzyme, counted and seeded at 2,5x104 cells/well. 

Pre-warmed, cell-specific media were enriched with nicotine to reach the 

highest desired concentration (100 µM). Serial dilutions were then performed to 

obtain the other concentrations (Table 1). EtOH-enriched media were prepared 

by adding a volume of EtOH equivalent to that used for the highest desired 

nicotine concentration (100 µM). 

Cells were allowed to adhere and grow for 24 hours before treatment. 

Then, the culture medium was substituted with the nicotine-containing medium. 

Untreated cells and EtOH-treated cells were used as growth controls.  

After 24 hours, 48 hours, 72 hours, 5 and 6 days of incubation, cells were 

incubated with a 10% AlamarBlue solution for 2 hours for the viability assays. 
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Viability assay 

The AlamarBlue assay is a widely used method for assessing cell viability. 

It is valued for its simplicity, non-toxic nature, and reliability in prokaryotic and 

eukaryotic cells. The assay is based on metabolic enzymes such as FAD and NAD 

reducing the blue, non-fluorescent molecule resazurin, into resorufin, a pink, 

highly fluorescent compound. This reduction correlates directly with cellular 

metabolic activity.  

Following the manufacturer’s instructions, 50 µL of a 10x AlamarBlue 

solution (prepared at 0.2% in DPBS and sterilized using a 0.22 µm filter system) 

was added to each well containing 500 µL of medium. The plates were then 

incubated for 2 hours in the dark at 37°C with 5% CO₂.  

After incubation, 100 µL of medium from each well was transferred to a 

96-well black plate. Fluorescence was measured using a Perkin Elmer Victor X4 

Multilabel Microplate Reader with excitation/emission filter settings of 560/590 

nm. 

Mtb H37Rv_ mCHERRY infection   

H37Rv_mCHERRY was grown to a maximum OD600 of 0.6, corresponding 

to the empirical end of the logarithmic growth phase.  

To measure the OD, 900 µL of the culture was inactivated by adding 100 

µL of 37% formaldehyde directly into a cuvette. After 30 minutes of inactivation, 

the OD was measured using a spectrophotometer set to 600 nm. The OD value 

was used to determine the bacterial concentration in the culture; for the Mtb 

strain, an OD600 value of 1 corresponds to 10⁸ mycobacteria/mL.  

The calculated volume of the H37Rv_mCHERRY culture was centrifuged 

at 13,000 rpm for 7 minutes and washed twice with DPBS. The resulting pellet 

was resuspended in 1 mL of cell-specific medium, and clumps were dispersed by 
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repeatedly passing the suspension through a 26/27-gauge needle. The resulting 

homogeneous bacterial suspension was then appropriately diluted in a cell-

specific medium. 

The prepared bacterial suspension subsequently replaced the host cells 

medium for approximately 16 hours (overnight) at 37°C with 5% CO2, 

At each time point, both viability assay and CFU count were performed 

(Figure 7). 

 

 

 

Figure 7. Schematic representation of the sampling timeline. 

 

The infection with Mtb H37Rv_mCHERRY was optimized using three 

different infection protocols for the LF-hTERT and HBEC-3kt cell lines. The 

protocols differed in the adhesion and replication times of the cells, the exposure 

duration to nicotine, and whether the infection was performed in the presence or 

absence of nicotine. Each protocol was designed to evaluate the influence of 

nicotine on Mtb infection dynamics under varying cellular conditions and are 

better depicted above:  

 

Protocol 1 

The first protocol follows the steps described below:  
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Cell Preparation 

• Seed 5000 cells per well in 24-well plates and allow overnight adhesion. 

• Treat cells with two nicotine concentrations (1 µM and 40 µM) after 

washing with PBS and replacing the medium. 

 

Bacterial Preparation (M. tuberculosis H37Rv_mCHERRY) 

• A logarithmic-phase culture was used to grow in the Middlebrook 7H9 

medium. 

• Inactivate aliquots with formaldehyde for OD600 measurement and 

calculate the MOI (100:1). 

• Prepare the bacterial suspension in an antibiotic-free medium for 

infection. 

 

Cell Infection 

• Remove the nicotine-containing medium, wash with PBS, and add the 

bacterial suspension to the wells. 

• Incubate the infected cells at 37°C in a CO₂ atmosphere overnight. 

• Wash with PBS to remove non-internalized bacteria and replace with 

fresh, antibiotic-free medium. 

 

Protocol 2 

In the second protocol setting, cells were allowed to adhere for 72 hours 

before nicotine treatment. Mtb infection was carried out in the presence of 

nicotine. 

 

The second protocol follows the steps described below:  

Cell Preparation 
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• Seed 5000 cells per well in 24-well plates, allowing over 72 hours of 

adhesion. 

• Treat cells with two nicotine concentrations (40 µM) after washing with 

PBS and replacing the medium. 

 

Bacterial Preparation (M. tuberculosis H37Rv_mCHERRY) 

• A logarithmic-phase culture was used to grow in the Middlebrook 7H9 

medium. 

• Inactivate aliquots with formaldehyde for OD600 measurement and 

calculate the MOI (100:1). 

• Prepare the bacterial suspension in an antibiotic-free medium for 

infection. 

 

Cell Infection 

• Remove the nicotine-containing medium, wash with PBS, and add the 

bacterial suspension to the wells. 

• Incubate the infected cells at 37°C in a CO₂ atmosphere overnight. 

• Wash with PBS to remove non-internalized bacteria and replace with 

fresh, antibiotic-free medium. 

 

Protocol 3 

This third protocol follows the abovementioned steps, increasing the 

seeding density (20,000 cells/well) to ensure confluence before nicotine treatment 

and infection. Moreover, the infection was performed in this case, and the 

nicotine supplement was maintained in the medium. Ultimately, only one 

nicotine concentration was selected according to the previous data obtained from 

the other two protocols. 
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Cell Preparation 

• Seeding: Seed 5000 cells per well in a 24-well plate, allowing cells to reach 

confluence over the weekend. 

• Preparation for Cotreatment: 

o Remove the medium and wash the wells twice with PBS. 

o Add 500 µL of medium (without antibiotics) prepared with ethanol 

(0.04%) or nicotine (40 µM). 

 

Bacterial Preparation (M. tuberculosis H37Rv_mCHERRY) 

• A logarithmic-phase culture was used to grow in the Middlebrook 7H9 

medium. 

• Inactivate aliquots with formaldehyde for OD600 measurement and 

calculate the MOI (100:1). 

• Prepare the bacterial suspension in an antibiotic-free medium for 

infection. 

 

Cell Infection 

• Remove the nicotine-supplemented medium, collect for storage (-80°C), 

and add 500 µL of bacterial suspension at MOI 100:1. 

• Incubate infected cells overnight at 37°C in a CO₂ atmosphere. 

CFU Count - Direct Plating Method 

Colony Forming Unit (CFU) counts are used to quantify the number of 

viable bacteria in a sample. To perform CFU counting, bacterial suspensions are 

serially diluted in PBS, and 50 µL of each dilution is spread onto agar plates 

(Middlebrook 7H10).  
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The inoculated agar plates are incubated at 37°C in a CO₂-enriched 

atmosphere for 21 days. After incubation, colonies are counted to determine the 

number of viable bacteria per mL in each dilution and subsequently in the 

original culture. At each time point, cells were lysed to release intracellular 

bacteria. HBEC3-KT cells were lysed in 500 µL of 0.5% SDS, while hTERT-HLF 

and THP-1 cells were lysed in 500 µL and 100 µL of distilled water, respectively. 

The lysates from infected cells were collected, and the number of viable 

mycobacteria was quantified using CFU counts. 

Bioink Preparation and 3D Hydrogel Scaffold Fabrication 

HBEC3-KT, hTERT-HLF, and THP-1 cells were utilized to create a 

granuloma-like model comprising an outer layer (shell) and a core. Cells were 

counted, centrifuged at 1200 RPM for 5 minutes (HBEC and HLF) or at 1800 RPM 

for 8 minutes (THP-1), and resuspended in a 1:10 medium-to-hydrogel ratio. 

Using two Luer-lock syringes, HBECs were mixed with CELLINK Bioink to form 

the shell, while HLFs and THP-1 cells were mixed with CELLINK Laminink 411 

(CELLINK AB, Gothenburg, Sweden) to constitute the core. 

Several preliminary seeding and printing attempts were conducted to 

determine the required cell concentrations (data not shown). The 3D scaffold was 

designed to have a total size of 4×4×4 mm, with a core measuring 2×2×2 mm. 

Based on these preliminary experiments, the cell concentrations were adjusted to 

7×10⁷ THP-1 cells/mL and 4×106 HLF cells/mL in GelXA Laminink 411 for the 

core and 2×10⁶ HBEC cells/mL in GelMA Fibrin for the shell (10 models/ml). 

The cell-laden bioinks were transferred into cartridges and loaded onto a 

Bio X 3D bioprinter (CELLINK AB, Gothenburg, Sweden). Scaffold designs were 

developed using Fusion360 (Autodesk) and prepared for printing using the Bio X 

slicer software. The slicing process employed a rectilinear infill pattern with 30% 
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density. Printing was conducted using a 22G (410 µm diameter) nozzle at a 

deposition speed of 5 mm/s, with the bioprinting environment maintained at 

22°C. 

Following printing, the constructs were subjected to a dual crosslinking 

process. Initial UV crosslinking was performed at 405 nm for 15 seconds, 

followed by ionic crosslinking in a 50 mM CaCl₂ solution (CELLINK AB, 

Gothenburg, Sweden) for 4 minutes at room temperature. Per the manufacturer's 

instructions, the scaffolds were washed once with Hank’s Balanced Salt Solution 

(HBSS; EuroClone, Pero, Italy) to remove residual crosslinking agents. 

The constructs were submerged within 30 minutes of fabrication in a 

complete keratinocyte serum-free medium (KSFM; Thermo Fisher Scientific, 

Milan, Italy) to maintain cell viability. The scaffolds were subsequently incubated 

at 37°C in a 5% CO₂ atmosphere and maintained for downstream analyses. 

After stabilization, the models were treated with phorbol 12-myristate 13-

acetate (PMA) at a final concentration of 25 ng/mL for 72 hours to induce the 

differentiation of THP-1 cells in the core of the models into macrophages. 

Following the differentiation period, the models were washed twice with DPBS, 

with each wash lasting 10 minutes. The medium was then replaced with pre-

warmed KSFM and incubated for an additional 72 hours to allow the 

macrophages to stabilize during the "rest" phase. 

The models were incubated with either nicotine (40 µM) or EtOH (0.013%) 

for 72 hours at 37°C in a 5% CO₂ atmosphere. Simultaneously, two 

H37Rv_mCHERRY cultures were prepared as previously described, adjusted to 

a final concentration of 10⁷ cells/mL, and pretreated with either nicotine (40 µM) 

or EtOH (0.013%) under the same conditions for 72 hours at 37°C. After the 

pretreatment, the medium in the models was replaced with 1 mL of the 
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corresponding H37Rv_mCHERRY pretreated suspension (MOI 5:1), and the 

models were incubated for 3 and 10 days at 37°C in a 5% CO₂ atmosphere. 

At each time point, the viability of the 3D bioprinted models was assessed 

using the LIVE/DEAD® Cell Imaging Kit (Thermo Fisher Scientific, 

Massachusetts, USA), which enables the visualization of live cells (Calcein AM, 

green) and nuclei (NuncBlue, blue). 

Scaffolds were washed twice with DPBS for 10 minutes and then 

incubated with the Live/Dead reagent, prepared as a 1:1000 dilution of Calcein 

AM and 3 drops of NuncBlue in 1 mL of KSFM. After a 2-hour incubation at 37°C 

in a 5% CO₂ atmosphere, the models were washed twice more with DPBS for 10 

minutes and inactivated overnight in 4% formaldehyde in PBS at 4°C. 

The models were washed twice with DPBS for 10 minutes and imaged 

using a Confocal Olympus FluoVIEW 3000 RS microscope equipped with 

appropriate filters. Images were acquired using Olympus software, exported, 

and analyzed with FIJI (ImageJ). 

To perform CFU counting, three models were collected at each time point, 

cut into small pieces using a scalpel, and each transferred to Eppendorf tubes 

containing 1 mL of enzymatic dissolution buffer. The buffer was prepared by 

dissolving 0.01 g of Dispase II, 0.005 g of DNase, 0.005 g of Papain, and 0.03057 g 

of MgSO₄ in 10 mL of distilled water. The samples were homogenized for 3 

minutes using a TissueLyser to enhance mechanical dissociation. After 30 

minutes, the solution was filtered through 70 µm cell strainers to remove debris 

and washed with 9 mL of DPBS. The resulting cell suspension was centrifuged at 

2700 × g for 10 minutes, and the pellet was lysed in 5 mL of sterile water 

overnight. Lysates from the infected models were collected, and viable 

mycobacteria were quantified through CFU counting. 
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Statistical analysis  

Statistical analyses were performed using GraphPad Prism software 

(version 10.2.3). Data are presented as mean ± standard deviation (SD) from at 

least three independent experiments. Differences between groups were assessed 

using a two-tailed Student's t-test for independent samples. A p-value < 0.05 was 

considered statistically significant. 
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Chapter 5: Results 

The findings of this study highlight the significant impact of nicotine-

induced oxidative stress on Mtb infection dynamics within a 3D lung model. The 

increased susceptibility of epithelial and immune cells to infection under 

oxidative stress conditions suggests a potential mechanism by which smoking 

exacerbates TB pathogenesis. This observation aligns with epidemiological data 

linking cigarette smoking with increased TB incidence, prolonged disease 

progression, and poorer treatment outcomes. 

From a clinical standpoint, these results emphasize the need for targeted 

therapeutic strategies addressing oxidative stress and its role in TB progression. 

Current TB treatments primarily focus on antimicrobial therapy. Still, these 

findings suggest that integrating antioxidant-based therapies or nicotinic 

receptor modulators could improve host resistance, especially in populations 

with high smoking prevalence. Moreover, therapies designed to restore epithelial 

barrier integrity—such as tight junction stabilizers or anti-inflammatory agents—

could reduce pathogen entry and colonization in the lung microenvironment.  

Beyond TB, this study has broader implications for other pulmonary 

infectious diseases where oxidative stress contributes, including chronic 

obstructive pulmonary disease (COPD)-associated bacterial infections and viral 

respiratory diseases. Given that nicotine exposure is linked to increased severity 

of infections such as COVID-19 and influenza, this research underscores the 

importance of understanding how environmental and behavioral factors 

contribute to lung vulnerability. 

Additionally, precision medicine approaches could leverage these 

findings by identifying patient subgroups that would benefit from adjunctive 

antioxidant or immune-modulating therapies. Smoking cessation programs, 
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already a key component of TB prevention strategies, could be reinforced by 

mechanistic insights into how nicotine exposure worsens infection outcomes. 

Effect of Nicotine Treatment on Cell Viability 

LF-hTERT Fibroblasts 

The first set of experiments evaluated the response of each cell line used in 

this thesis to nicotine. The main aim is to determine the optimal concentrations 

and time points to simulate chronic exposure while maintaining cell viability and 

avoiding cytotoxicity. 

The colorimetric AlamarBlue assay was conducted daily over a 6-day 

culture period to evaluate the viability of each cell line exposed to varying 

nicotine concentrations (0.1–100 µM). Data were normalized to control wells 

treated with an ethanol (EtOH) concentration equivalent to that present in the 

highest nicotine concentration. 

For the LF-hTERT cell line, 5 independent experiments were performed.  

Data showed that at 24 hours, cell viability decreased proportionally with 

increasing nicotine concentrations. No significant difference was observed 

between the two groups (Figures 8a and 8b). Moreover, this trend was not 

sustained after the 24-hour evaluation: the viability reduction appeared to 

attenuate with prolonged incubation due to cellular overcrowding and nutrient 

depletion within the multiwell culture system. The experimental setup may 

diminish nicotine's direct effects, as evidenced by the altered metabolic activity 

detected via the AlamarBlue assay at subsequent time points beyond 24 hours.  
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Figure 8. Graph (a) represents the cell viability of LF-hTERT cells treated with different 

nicotine concentrations. Data were obtained using the AlamarBlue assay after 24 hours, 48 hours, 

72 hours, 5 and 6 days, and normalized to the untreated control (100% viability). The untreated 

control consists of cells cultured in standard medium (SM) supplemented with the highest 

ethanol (EtOH) concentration present in the nicotine dilutions (100 uM). Graph (b) reported only 

the most valuable time points (24 and 48 hours) to better highlight the results obtained. Values 

represent the mean ± standard deviation (SD) from at least three independent experiments. p < 

0.05 indicates a statistically significant difference compared to the control. In graph (b), SDs are 

not reported to make the graph more readable, but the SDs refer to the same as those reported in 

graph (a). 
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HBEC-3kt Bronchial Epithelial Cells 

The colorimetric AlamarBlue assay was conducted after 24 and 48 hours 

to evaluate the viability of each cell line exposed to two nicotine concentrations: 1 

µM (threshold effect) and 40 µM (maximum effect). Data were normalized to 

control wells treated with an ethanol (EtOH) concentration equivalent to that 

present in the highest nicotine concentration. 

For the HBEC-3kt cell line, 3 independent experiments were performed. 

The results showed a concentration-dependent decrease in cell viability at both 

time points (Figure 9). No significant difference was detected between the 

nicotine and control groups. 

 

 

Figure 9. The graph represents the cell viability of HBEC-3kt cells treated with different 

nicotine concentrations. Data were obtained using the AlamarBlue assay after 24 and 48 hours 

and normalized to the untreated control (100% viability). The untreated control consists of cells 

cultured in standard medium (SM) supplemented with the highest ethanol (EtOH) concentration 

present in the nicotine dilutions (40 uM). Values represent the mean ± standard deviation (SD) 

0

20

40

60

80

100

120

140

EtOH SM Nic 1 uM Nic 40 uM

Ce
ll 

V
ia

bi
lit

y 
(%

)

Treatment

Nicotine Treatment Effect on HBEC-3kt Cell Viability 

24 hr

48 hr



	 -	72	-	

from at least three independent experiments. p < 0.05 indicates a statistically significant difference 

compared to the control.  

 

THP-1 Monocyte Cells 

The colorimetric AlamarBlue assay was conducted after 24 and 72 hours 

to evaluate the viability of each cell line exposed to nicotine 40 µM (maximum 

effect). Data were normalized to control wells treated with an ethanol (EtOH) 

concentration equivalent to that present in the highest nicotine concentration. 

For the THP-1 cell line, 3 independent experiments performed.  

The results showed a concentration-dependent decrease in cell viability at 

both time points, with no significant differences observed between the nicotine-

exposed and control groups (Figure 10).  

 

Figure 10. The graph represents the cell viability of HBEC-3kt cells treated with different 

nicotine concentrations. Data were obtained using the AlamarBlue assay after 24 and 48 hours 

and normalized to the untreated control (100% viability). The untreated control consists of cells 

cultured in standard medium (SM) supplemented with the highest ethanol (EtOH) concentration 

present in the nicotine dilutions (40 uM). Values represent the mean ± standard deviation (SD) 

from at least three independent experiments. p < 0.05 indicates a statistically significant difference 

compared to the control.  
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Effect of Nicotine Treatment on Mycobacterium Tuberculosis Infection 

Infection with Mycobacterium tuberculosis H37Ra 

This set of experiments aimed to assess the Mtb infection dynamics in LF-

hTERT and HBEC-3kt cell lines, which are not commonly used for studying 

tubercular infection. The initial protocol assessment was performed with the less 

virulent Mtb strain known as H37Ra.  

To assess the impact of nicotine on Mtb infection, both LF-hTERT and 

HBEC-3kt cells were infected with Mtb H37Ra (MOI 100:1). Cells were pre-

treated with nicotine (1 µM or 40 µM), and subsequently infected. Cell viability 

was evaluated using AlamarBlue staining 24 hours and 5 days after the infection. 

At 24 hours post-infection, nicotine-treated and non-infected LF-hTERT cells 

showed lower viability than untreated cells, particularly at 40 µM. In contrast, 

once both cell lines have been nicotine-treated and infected, they exhibited 

higher viability, with a non-linear progression, unlike previous experiments. 

After 5 days from the infection, on the contrary, the nicotine effect reported is 

more linear within the different cell lines and considering the different 

concentrations (results are reported in Figure 11a for the 24 hours and in Figure 

11b for the 5 days). The graph in Figure 11c compares cell viability between 

infected and non-infected cells for the LF-hTER and HBEC-3kt cell lines at the 

first time point. 
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Figure 11. The graph represents the cell viability of LF-hTERT and HBEC-3kt cells treated 

with two nicotine concentrations (1 µM or 40 µM). Data were obtained using the AlamarBlue 

assay after 24 hours (a) and 5 days (b) from the Mtb H37Ra infection and normalized to the 

untreated control (100% viability). The untreated control consists of cells cultured in a standard 

medium supplemented with the highest ethanol (EtOH) concentration in the nicotine dilutions 

(40 uM). Values represent the mean ± standard deviation (SD) from at least three independent 

experiments. p < 0.05 indicates a statistically significant difference compared to the control. 

Graph (c) represents the diversity in the cell viability (expressed as %) obtained by comparing 

infected vs non-infected (control) cells.  

 

These results suggest that nicotine exposure, in combination with 

infection, may alter the cell's response, highlighting a potential 

immunomodulatory effect of nicotine during Mtb infection. However, the data 

are not entirely linear, which could be associated with using a less virulent strain. 
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Infection with Mycobacterium tuberculosis H37Rv_mCHERRY on LF-hTERT and 

HBEC-3kt cell lines 

In this series of experiments, as well as in the subsequent ones, infections 

were performed using fluorescent mutant strains derived from the laboratory 

reference strain H37Rv, designated as H37Rv_mCHERRY. 

To assess nicotine's impact on tuberculosis infection, LF-hTERT and 

HBEC-3kt cells were infected with Mtb H37Rv_mCHERRY (MOI 100:1). The 

infection was carried out following three different protocols for the LF-hTERT 

and the HBEC-3kt cell lines to set the best one as described in the Material and 

Methods section.  

Cell viability was evaluated using AlamarBlue assay. Mtb growth was 

assessed using the CFU counting methods. Only one time point has been selected 

for the evaluation (24 hours). 

The Alamar blue assay results and the CFU counts are reported in Figures 

12 and 13, respectively. 
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Figure 12. The graph represents the cell viability of LF-hTERT and HBEC-3kt cells treated 

with one nicotine concentration (40 µM). Data were obtained using the AlamarBlue assay and 

normalized to the nicotine-untreated control (100% viability). The untreated control consists of 

cells cultured in a standard medium supplemented with the highest ethanol (EtOH) 

concentration in the nicotine dilutions (40 uM). Values represent the mean ± standard deviation 

(SD) from at least three independent experiments. p < 0.05 indicates a statistically significant 

difference compared to the control.  

 

Figure 13. The graph represents the CFU counts of Mtb H37Rv_mCHERRY recovered 

from LF-hTERT and HBEC-3KT cells treated with one nicotine concentration (40 µM) following 

the three protocols already described in the Material and Methods section. Data were normalized 

to inoculum (CFU counts set as 100%). The untreated control for the nicotine treatment consists of 

cells cultured in a standard medium supplemented with the highest ethanol (EtOH) 

concentration in the nicotine dilutions (40 uM). Values represent the mean ± standard deviation 

(SD) from at least three independent experiments. p < 0.05 indicates a statistically significant 

difference compared to the control. 

 

The data obtained show cell viability in the control group (EtOH) and in 

response to nicotine treatments (40 uM), both in the presence and absence of Mtb 
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infection in LF-hTERT and HBEC-3kt cell lines. In the control group, the viability 

of non-infected cells remains more or less stable, which is more expected since 

the evaluation was performed 72 hours after cell seeding. On the contrary, it 

decreases in infected cells.  

These results suggest that nicotine exposure, in combination with 

infection, may alter the cell's response, highlighting a potential 

immunomodulatory effect of nicotine during Mtb infection. 

Regarding CFU, nicotine treatment consistently and steadily increases 

cellular growth, although it is not statistically significant in both cell lines. 

Infection with Mycobacterium tuberculosis H37Rv_mCHERRY on THP-1 cell line 

In this set of experiments, we aimed to assess the role of nicotine pre-

exposure on the capability of macrophages to counteract Mtb infection. 

Infections were carried out with H37Rv_mCHERRY applying Protocol 3 

(previously described in the Materials and Methods section).  

THP-1 cells were infected with Mtb H37Rv_mCHERRY (MOI 5:1) to 

assess nicotine's impact on tubercular infection. Two time points were 

considered: 24 and 72 hours. Additionally, polarization into M1 and M2 

phenotypes was performed for this cell line before nicotine treatment and 

infection, as described in the Material and Methods section. Cell viability was 

evaluated using AlamarBlue assay (Figure 14a for the 24 hours time point and 

Figure 14b for the 72 hours time point), and Mtb growth was assessed using the 

CFU counting method (Figure 15). 
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Figure 14. The graph represents the cell viability of THP-1 cells treated with one nicotine 

concentration (40 µM). Data were obtained using the AlamarBlue assay after 24 (a) and 72 (b) 

hours from Mtb H37Rv_mCHERRY infection and normalized to the nicotine-untreated control 

(100% viability). The untreated control consists of cells cultured in a standard medium 

supplemented with the highest ethanol (EtOH) concentration in the nicotine dilutions (40 uM). 

Values represent the mean ± standard deviation (SD) from at least three independent 

experiments. p < 0.05 indicates a statistically significant difference compared to the control. In 

particular, graph (a) represents the diversity in the cell viability (expressed as %) obtained by 

comparing cells previously exposed to nicotine vs non-exposed cells. Graph (b) represents the 

diversity in the cell viability (expressed as %) obtained by comparing infected vs non-infected 

cells. 

 

The data obtained show cell viability (%vit) in the control group (EtOH 

0.013%) and in response to treatments with nicotine (40 uM), both in the presence 

and absence of Mtb infection. In the control group, the viability of non-infected 

cells remained at 100%. On the contrary, it significantly decreased in infected 

cells. The addition of nicotine affected cell viability differently; specifically, in the 

infected cells, data shows a decrease in viability in M1 and M2 conditions, 

suggesting a potential negative impact on the cell's response to infection. 



	 -	79	-	

These results suggest that nicotine exposure, in combination with 

infection, may alter the cell's response, highlighting a potential 

immunomodulatory effect of nicotine during Mtb infection. 

 

 

Figure 15. The graph represents the CFU counts of Mtb H37Rv_mCHERRY recovered 

from THP-1 cells treated with one nicotine concentration (40 µM). CFU quantification was 

performed 24 hours after the Mtb H37Rv_mCHERRY infection. Data were obtained using the 

AlamarBlue assay after 24 hours of simultaneous nicotine treatment and Mtb H37Rv_mCHERRY 

infection. Data were normalized to inoculum (CFU counts set as 100%). The untreated control for 

the nicotine treatment consists of cells cultured in a standard medium supplemented with the 

highest ethanol (EtOH) concentration in the nicotine dilutions (40 µM). Values represent the 

mean ± standard deviation (SD) from at least three independent experiments. p < 0.05 indicates a 

statistically significant difference compared to the control. 

 

The data reported above confirm that nicotine exposure significantly 

increased bacterial growth in the M0 model. The total CFU/ml was 4.27×105, 

nearly double the CFU/ml evaluated in the control condition. However, the effect 
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of NIC was less pronounced in the M1 and M2 conditions. In particular, in the 

control group, there was a decrease in CFU/ml over time, from 24 hours to 72 

hours, particularly for M1 and M2. In contrast, the nicotine-treated group 

showed a relatively stable bacterial growth pattern over time, with only slight 

reductions in CFU/ml in M0 and M2, while M1 demonstrated a substantial drop. 

These results indicate that nicotine exposure tends to promote bacterial growth 

over time. 

Infection with Mycobacterium tuberculosis H37Rv_mCHERRY on the 3D model 

The 3D model used in this experiment is a granuloma-like model 

composed of three cell lines: HBEC3-KT (human bronchial epithelial cells), 

hTERT-HLF (human lung fibroblasts), and THP-1 (human monocytic cells). This 

model was designed to mimic the pulmonary microenvironment, providing a 

more accurate representation of the interactions between host cells and Mtb than 

traditional 2D cultures. The model was 3D printed using CELLINK Bioink for the 

outer shell of the granuloma (HBEC3-KT cells) and CELLINK Laminink 411 for 

the inner core (hTERT-HLF and THP-1 cells). After cross-linking and infection 

with Mtb H37Rv, the model was used to assess bacterial growth and host 

response over time, allowing for the evaluation of factors such as nicotine 

exposure in the context of tuberculosis infection. This approach offers a more 

physiologically relevant platform for studying infection dynamics and immune 

responses. 

The main results were obtained through confocal microscopy analysis. 

Notably, three days post-infection, the main difference observed was that in the 

nicotine-treated model, bacteria were found even in the central portion of the 

granuloma (Figure 16), whereas, in the ethanol-treated model, very few bacteria 

were present in the core, with a higher number trapped in the outer epithelial 
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layer (granuloma shell - refer to attached Z-stack images). This suggests that 

nicotine exposure facilitates the breach of the epithelial barrier, enabling easier 

spread within the granuloma structure. This, in turn, may promote the 

dissemination of Mtb within the granuloma. 
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Figure 16. Distribution differences of Mtb H37Rv_mCHERRY (in red) and Calcein AM-

stained cells (in green) within a 3D granuloma model analyzed via focal microscopy. Three days 

post-infection, the nicotine-treated model showed bacterial presence even in the central portion 

of the granuloma, whereas, in the ethanol-treated model, bacteria were predominantly trapped in 

the outer epithelial layer (granuloma shell), with very few in the center. 

 

The CFU counts in the 3D model confirmed the effect of the nicotine 

treatment. In particular, they show significant differences between the control 

(EtOH) and nicotine (40 uM) treatment groups. Nicotine exposure increased CFU 

in the treated group compared to the control group, suggesting that nicotine may 

promote the growth and proliferation of Mtb (Figure 17).  

 

Figure 17. The graph represents the CFU counts in the 3D granuloma-like model 

composed of HBEC3-KT, hTERT-HLF, and THP-1 cells infected with Mtb H37Rv_mCHERRY. 

The chart shows CFU values at different time points (24 hours before the Mtb H37Rv_mCHERRY 

infection, the day of the infection, 72 hours post-infection, and 10 days after the infection) for the 

control (EtOH) and nicotine (40 uM) treatment groups. Nicotine exposure resulted in higher CFU 

counts at all time points than the control group. Data are presented as the mean CFU counts from 
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triplicate experiments. Data were normalized to inoculum (CFU counts set as 100%). The 

untreated control for the nicotine treatment consists of cells cultured in a standard medium 

supplemented with the highest ethanol (EtOH) concentration in the nicotine dilutions (40 µM). 

Values represent the mean ± standard deviation (SD) from at least three independent 

experiments. p < 0.05 indicates a statistically significant difference compared to the control. 
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Chapter 6: Discussion 

This study represents a significant advancement in tuberculosis (TB) 

research. It leverages a three-dimensional (3D) bioprinted lung model to 

investigate the impact of nicotine-induced oxidative stress on Mtb infection.  

Unlike conventional two-dimensional (2D) cultures and animal models, 

which present inherent limitations in replicating human lung 

microenvironments, this 3D bioprinted system offers unprecedented 

physiological accuracy in mimicking granuloma formation and host-pathogen 

interactions. 

The novelty of this study lies in its ability to recreate the structural and 

cellular complexity of the pulmonary microenvironment with a fully humanized 

approach. Traditional 2D cultures fail to capture the spatial architecture and 

dynamic interactions of lung cells, while animal models suffer from interspecies 

differences in immune responses despite their contributions to TB research. This 

study overcomes these challenges by developing a model that incorporates 

human bronchial epithelial cells, lung fibroblasts, and macrophages and allows 

precise control over experimental conditions. This innovative model provides 

deeper insights into the role of oxidative stress, particularly nicotine exposure, in 

compromising epithelial barrier integrity and enhancing Mycobacterium 

Tuberculosis (Mtb) infection susceptibility. Moreover, this 3D bioprinted model 

aligns with the principles of the 3Rs—Replacement, Reduction, and 

Refinement—by reducing reliance on animal experimentation and offering a 

more ethical and sustainable alternative. The ability to simulate the human lung 

microenvironment with high fidelity makes this platform a transformative tool 

for TB research, with potential applications extending beyond this study. 
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The well-established association between cigarette smoke (CS) exposure 

and an increased risk of TB is supported by several epidemiological evidence. 

However, the specific role of nicotine, a key component of CS, in influencing 

immune function remains less thoroughly characterized.  

This issue is particularly pressing given the rising prevalence of smokeless 

nicotine products, such as electronic cigarettes, nicotine pouches, and other 

alternatives marketed as safer than conventional cigarettes. With millions of 

individuals globally turning to these products, understanding how nicotine 

exposure affects immune responses to TB has become increasingly important 

[14]. 

Given the absence of an established biological model that fully 

recapitulates the complexity of nicotine's impact on Mtb infection within the 

human respiratory system, this study aimed to assess the effects of nicotine 

exposure on Mtb infection using a cellular model composed of lung fibroblasts 

(LF-hTERT), bronchial epithelial cells (HBEC-3kt), and monocytes (THP-1). This 

approach may offer a new framework for investigating the complex interactions 

between cellular components—lung fibroblasts, bronchial epithelial cells, and 

macrophages/monocytes—the infective pathogen Mtb and the role of an 

exogenous substance like nicotine. Moreover, the use of 3D bioprinted models in 

this study not only enhances the physiological relevance of in vitro systems but 

also addresses critical limitations seen in traditional models. Unlike 2D cultures, 

which lack spatial and mechanical cues, the 3D bioprinted models provide a 

dynamic and interactive microenvironment that closely resembles in vivo lung 

tissue. Furthermore, these models outperform animal systems by allowing direct 

observation of human-specific immune responses and granuloma dynamics, 

thereby reducing interspecies variability. The integration of multiple cell types 

into a structured model enables a comprehensive analysis of the interaction 
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among epithelial, immune, and stromal cells under oxidative stress and nicotine 

exposure. This methodological advancement represents a significant step 

forward in TB research, offering a powerful tool for mechanistic research and 

developing targeted therapies interventions. 

Nicotine exposure affects cell viability across all cell types, particularly at 

24 hours post-exposure. This observation aligns with previous studies 

demonstrating that CS components impair lung cell function through oxidative 

stress and apoptosis [83]. Notably, the observed reduction in cell viability 

appeared to diminish with prolonged incubation, suggesting that nicotine's 

impact is more likely due to impaired cellular metabolism, characteristic of 

oxidative stress induction, rather than direct cytotoxic effects. Oxidative stress 

leads to DNA damage, genomic instability, and DNA hypomethylation during 

short-term exposure, while prolonged exposure may result in apoptosis 

resistance and increased growth rate. Nicotine-induced ROS can act as signal 

transducers, influencing key regulatory pathways, including NF-κB activation. 

Although studies on nicotine's toxicity yield contradictory results, its role in ROS 

generation and NF-κB activation highlights its potential to disrupt cellular 

homeostasis, contributing to pathogenesis and toxicity [84]. This underscores the 

need for further investigation into nicotine’s mechanisms of action and its 

broader implications for human health. 

The literature shows that immune cells are sensitive to nicotine-induced 

oxidative stress [85]. This is important to consider since impaired immune cell 

function may hinder the formation of effective granulomas, a key defense 

mechanism in TB. This may facilitate increased bacterial replication and 

accelerate disease progression. These results underscore the detrimental impact 

of nicotine on TB outcomes and emphasize the need for targeted interventions to 

preserve immune cell function in individuals exposed to CS [86]. 
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Indeed, we focused part of our study on differentiated THP-1 cells. 

Macrophages were historically classified into two distinct subtypes based on 

their activation status: M1, characterized by pro-inflammatory properties, and 

M2, associated with anti-inflammatory and tissue repair functions. However, this 

binary classification is now regarded as an oversimplification of macrophage 

phenotypes’ highly dynamic and heterogeneous nature. Due to the lack of better 

options, we decided to use the classical classification. 

M1 macrophages, or classically activated macrophages, are primarily 

induced by interferon-gamma (IFN-γ) and lipopolysaccharides (LPS). These 

macrophages exhibit robust pro-inflammatory activity, producing high levels of 

ROS, nitric oxide (NO), and pro-inflammatory cytokines like tumor necrosis 

factor-alpha (TNF-α) and interleukin-12 (IL-12). These factors enhance the host's 

ability to control Mtb by promoting phagocytosis and destroying intracellular 

bacteria. However, excessive M1 responses can lead to tissue damage due to 

inflammation [87]. 

In contrast, M2 macrophages, a subset of alternatively activated 

macrophages, are induced by interleukins such as IL-4 and IL-13. These cells are 

characterized by anti-inflammatory properties and are involved in tissue repair 

and immune regulation. During MTB infection, M2 macrophages contribute to 

creating a more permissive environment for bacterial survival by dampening the 

inflammatory response and reducing the production of bactericidal molecules 

like NO. This phenotype can facilitate Mtb persistence and immune evasion, 

promoting latent or chronic infection and the tissue homeostasis required to 

contain the infection. 

In our experimental settings, nicotine was observed to facilitate bacterial 

infection in M2 macrophages. Despite a significant reduction in macrophage 

survival, this did not correlate with decreased intracellular mycobacterial levels. 
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This suggests that the bacterial burden was relatively higher in nicotine-treated 

wells than in controls, as evidenced by comparable CFU/ml counts under 

reduced host cell viability. Interestingly, nicotine appeared to have minimal 

impact on M1 macrophages, highlighting a differential effect that warrants 

further investigation [13]. Ongoing studies aim to elucidate this selective 

response's mechanisms, including potential differences in nicotine metabolism, 

receptor expression, or resistance to oxidative stress between macrophage 

subtypes [88]. 

While most studies have primarily focused on the immune system's role, 

the surrounding pulmonary microenvironment has often been overlooked. At 

the same time, emerging evidence highlights the importance of epithelial barrier 

integrity in maintaining lung health and function. Therefore, it is critical to 

investigate the effects of nicotine on these “neglected” components of the lung 

[89,90]. The interactions between immune cells, the epithelial barrier, and the 

broader pulmonary microenvironment are fundamental in shaping the host 

response to Mtb infection. Elucidating how nicotine modulates these interactions 

may offer new insights into the mechanisms through which smoking exacerbates 

TB progression and identify potential therapeutic targets for mitigating its 

harmful effects on lung health. 

The integrity of the lung's epithelial barrier is predominantly maintained 

by tight junctions (TJs) between lung epithelial cells, which regulate paracellular 

permeability and the selective passage of molecules [12]. These junctions consist 

of key proteins such as claudins, occludin, junctional adhesion molecules (JAMs), 

and Zonula Occludens (ZO) proteins [91]. Among these, claudin-1, occludin, and 

ZO-1 are particularly susceptible to oxidative stress. Nicotine, a well-known 

oxidative stressor, has been shown to alter the expression and subcellular 

localization of these TJ proteins, thereby compromising epithelial barrier 
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integrity. This disruption increases lung permeability, possibly facilitating 

pathogen invasion and exacerbating the inflammatory response during Mtb 

infection [92–94]. 

Bronchial epithelial cells, as the first line of defense against inhaled 

pathogens, play a critical role in the initial immune response to Mtb. These cells 

not only form the physical barrier but also interact with immune components, 

contributing to the establishment of the pulmonary microenvironment. 

Nicotine’s ability to compromise TJ integrity and its immunomodulatory effects 

can impair the epithelial barrier’s function, increasing susceptibility to Mtb 

infection [95]. The disruption of TJs weakens the epithelial cells' capacity to form 

an effective physical barrier, which may alter immune signaling pathways and 

further enhance the risk of infection and inflammation [96]. 

In the context of Mtb infection, the loss of tight junction integrity provides 

a route for pathogen translocation, allowing Mtb to breach the epithelial barrier 

more easily. Additionally, the altered immune signaling resulting from nicotine 

exposure can modify the response to infection, leading to an enhanced 

inflammatory environment conducive to Mtb growth and dissemination. This 

dual impact—on both the epithelial and immune responses—emphasizes the 

importance of understanding the full scope of nicotine’s effects on pulmonary 

defenses. Therefore, elucidating the mechanisms by which nicotine affects 

epithelial and immune cell function is essential for developing targeted 

interventions to mitigate the detrimental effects of smoking on tuberculosis 

progression and improve therapeutic strategies for smokers affected by the 

disease. 

Lung fibroblasts play a pivotal role in tissue repair and immune cell 

recruitment during TB infection. Our findings indicate that nicotine exposure 

significantly reduces fibroblast viability and bacterial load, suggesting that it 



	 -	90	-	

may impair fibroblast function and hinder Mtb replication. This observation 

aligns with previous reports indicating that fibroblasts can serve as reservoirs for 

Mtb during chronic infections, and their functional impairment may influence 

bacterial persistence and tissue remodeling [97]. Reduced fibroblast activity may 

compromise the host's ability to maintain tissue integrity and coordinate 

immune responses, further exacerbating disease progression. 

Inflammation plays a dual role in TB, serving as a vital defense 

mechanism while also contributing to tissue damage and disease progression. 

Our findings indicate that nicotine modulates the inflammatory response in a 

cell-type-specific manner. While nicotine exposure may promote inflammasome 

activation and enhance bacterial clearance in monocytes, it may also exacerbate 

oxidative stress and inflammatory damage, as reported in prior studies [83]. In 

contrast, epithelial cells, which play a key role in orchestrating the pulmonary 

immune response, may become less efficient in recruiting and activating immune 

cells under nicotine exposure. This could facilitate Mtb persistence in the lung 

microenvironment. The complex interplay between nicotine, oxidative stress, 

and inflammation requires further investigation, particularly in the context of TB 

progression in smokers and individuals exposed to second-hand smoke. 

Our study highlights the need to consider environmental factors, such as 

nicotine exposure, when investigating TB pathogenesis and developing 

management strategies: future research should focus on the molecular 

mechanisms underlying nicotine's effects on immune cell function, 

inflammasome activation, and epithelial-immune cell interactions. Additionally, 

investigating the impact of nicotine on lung-resident memory T cells, which are 

critical for long-term immunity against TB, could provide valuable insights into 

the development of targeted interventions [97]. 
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Most of the previously described results from this thesis or other research 

papers have been produced using classical 2D cultures. While these models have 

been instrumental in demonstrating the direct effects of nicotine on lung 

fibroblasts, bronchial epithelial cells, and THP-1 monocytes, they provide a 

limited representation of the complex pulmonary microenvironment during Mtb 

infection[89]. 

In 2D cultures, each cell type is isolated from the dynamic interactions that 

occur in vivo between epithelial cells, immune cells, and fibroblasts. This isolation 

may overlook critical aspects of cellular crosstalk, extracellular matrix (ECM) 

signaling, and spatial organization, which are essential for accurately modeling 

the host response to environmental stressors and pathogens [88,98].  

Developing and using 3D co-culture systems, which incorporate multiple 

lung cell types in a more physiologically relevant architecture, can address these 

limitations. Such systems facilitate direct cell-cell and cell-ECM interactions, 

better mimicking the lung's structural and functional complexity. Three-

dimensional models can replicate the formation of granulomas, a hallmark of TB 

infection, and provide a platform to investigate how nicotine exposure influences 

individual cell behavior and the collective response of the pulmonary 

microenvironment. 

To overcome the limitations of traditional 2D culture systems, we 

developed a granuloma-like model using 3D bioprinting technology. This model 

integrates human bronchial epithelial cells (HBEC3-KT), lung fibroblasts 

(hTERT-HLF), and THP-1-derived macrophages organized into a core-shell 

structure. The outer shell, consisting of HBECs embedded in CELLINK Bioink, 

mimics the epithelial barrier. At the same time, the core, composed of fibroblasts 

and differentiated macrophages within CELLINK Laminink 411, simulates the 
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immune microenvironment characteristic of granulomatous structures observed 

in tuberculosis (TB). 

The bioprinted construct, with precise dimensions of 4 × 4 × 4 mm and an 

inner core of 2 × 2 × 2 mm, was fabricated using the CELLINK Bio X 3D 

bioprinter [99]. The model underwent dual crosslinking through ultraviolet (UV) 

and ionic stabilization processes to ensure structural stability and optimal cell 

viability. This 3D co-culture system provides a more physiologically relevant 

environment than traditional 2D cultures, enabling direct interactions between 

epithelial, mesenchymal, and immune cells. The three-dimensional configuration 

facilitates the formation of granuloma-like structures, closely resembling in vivo 

conditions during Mtb infection. Furthermore, it allows for a more accurate 

investigation of ROS dynamics and their impact on TJ integrity. ROS production 

varies across cellular compartments, influencing localized oxidative stress levels 

and disrupting the epithelial barrier. 

In 3D models, oxidative stress in epithelial cells can propagate to 

neighboring fibroblasts and immune cells through paracrine signaling, 

amplifying tissue damage and inflammation [94]. This highlights the importance 

of intercellular communication in breaking the epithelial barrier and 

disseminating Mtb across lung tissue. Additionally, the 3D co-culture system 

provides a versatile platform for testing potential therapeutic interventions to 

mitigate oxidative stress and restore TJ integrity. Antioxidants and other agents 

targeting ROS-mediated damage can be evaluated for their efficacy in preserving 

epithelial barrier function and preventing Mtb invasion. 

Overall, this 3D granuloma-like model offers a more comprehensive and 

physiologically relevant approach to studying nicotine's impact on tuberculosis 

progression. It facilitates deeper insights into the interactions between 



	 -	93	-	

environmental stressors, host immune responses, and bacterial persistence in the 

lung microenvironment. 

Our preliminary findings indicate that nicotine exposure within this 3D model 

affects both epithelial and immune components, compromising barrier integrity 

and altering macrophage function. Notably, the granuloma-like structure 

provides a platform to investigate how environmental stressors, such as nicotine, 

modulate the interplay between epithelial and immune cells in a more realistic 

context. This approach highlights the importance of transitioning from 2D to 3D 

systems to better understand the pathophysiology of TB, particularly in smokers 

and individuals exposed to second-hand smoke [11,100]. 

Future studies utilizing this 3D model could further elucidate the 

molecular mechanisms by which nicotine influences TB progression, including 

its impact on cytokine signaling, oxidative stress responses, and bacterial 

clearance. Additionally, the model can be adapted to incorporate other cell types, 

such as lung-resident memory T cells, to explore their role in long-term 

immunity and identify potential therapeutic targets to mitigate the detrimental 

effects of smoking on TB outcomes. 

The use of human lung organoids to model Mtb infection represents a 

significant advancement in in vitro research [16]. This model more accurately 

reflects human pathology than traditional two-dimensional cell cultures or 

animal models. Integrating lung epithelial cells and macrophages in these 

organoids enables studying host-pathogen interactions in a complex, dynamic 

environment. 

Notably, Mtb infection in human lung organoids demonstrates how Mtb 

can infect both epithelial cells and macrophages, replicating the initial stages of 

tuberculosis infection. Furthermore, this model facilitates long-term culture, 

allowing the researchers to monitor the persistence of Mtb inside the organoids 



	 -	94	-	

across several passages. The potential of using hLOs extends to evaluating host-

directed therapies (HDTs), such as the knockdown of MFN2 and HERPUD1, 

which were shown to reduce Mtb survival and inflammatory cytokine 

production within the organoids [101]. 

In the context of your study, integrating the effects of nicotine on TJ 

integrity and immune responses could be explored further using this advanced 

model. Combining human lung organoids with immune cells would provide 

valuable insights into how nicotine may exacerbate Mtb infection by disrupting 

the epithelial barrier and immune functions, leading to more effective host-

directed therapeutic strategies. 
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Chapter 7: Conclusions 

This study examined the effects of nicotine exposure on Mtb infection 

using a 3D-printed model comprising lung fibroblasts (LF-hTERT), bronchial 

epithelial cells (HBEC-3kt), and monocytes (THP-1). The findings demonstrate 

that nicotine accelerated bacterial uptake by epithelial cells despite having 

minimal direct effects on each cell type. This altered the infection dynamics and 

facilitated bacterial invasion. These observations suggest that nicotine enhances 

Mtb’s ability to invade and persist within host cells. 

The use of a three-dimensional (3D) model in this study is particularly 

significant, as it more closely mimics the natural microenvironment of the lung 

compared to traditional two-dimensional (2D) cultures. The 3D model allows for 

a more accurate simulation of cell-cell interactions and tissue architecture, 

providing a more physiologically relevant context for studying host-pathogen 

dynamics. This approach enabled us to properly understand nicotine’s 

mechanism of action and, more in general, enhanced the reliability and 

translational potential of the findings, offering a more comprehensive 

understanding of how nicotine influences TB infection. Our results also reveal 

the significant role of oxidative stress in disrupting TJ integrity and impairing 

epithelial barrier function. Future studies should focus on further quantifying 

oxidative damage, particularly investigating the oxidation and degradation of 

key TJ proteins in 3D lung models exposed to nicotine and Mtb. 

Despite these insights, the precise mechanisms by which nicotine 

modulates epithelial cell susceptibility to bacterial uptake remain unclear and 

warrant further investigation. Elucidating these pathways is essential for 

understanding how smoking-related compounds contribute to the progression of 

tuberculosis (TB).  
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Exploring antioxidant therapies and evaluating the efficacy of ROS-

scavenging agents could offer promising solutions for restoring TJ integrity and 

enhancing barrier function, thereby improving the host’s defense against Mtb. 

Moreover, understanding the molecular pathways involved in ROS-mediated TJ 

disruption will provide essential insights into potential therapeutic targets for 

preserving epithelial barrier integrity. 

Integrating advanced models, such as 3D lung organoids, offers a 

promising approach to studying these complex interactions in a more 

physiologically relevant context. These models provide an opportunity to test 

host-directed therapies that target oxidative stress and preserve lung barrier 

function, ultimately contributing to more effective strategies for combating 

tuberculosis, particularly in populations at high risk due to chronic nicotine 

exposure. 

The broader implications of this research emphasize the urgent need to 

address the infection-promoting and immunosuppressive effects of nicotine, 

particularly considering the increasing global use of smokeless nicotine products. 

These findings underscore the importance of integrating this knowledge into 

public health strategies and TB management programs to mitigate the disease 

burden associated with both smoking and alternative nicotine consumption. 
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Chapter 8: Methodological Limitations and Considerations 

While the development of the 3D bioprinted lung model represents a 

significant advancement over traditional 2D cultures and animal models, several 

challenges emerged during its optimization. Addressing these issues required 

iterative adjustments in bio-ink composition and printing parameters, 

highlighting the need for more standardized protocols in 3D bioprinting.  

The initial experiments underscored the need to optimize the protocol, 

which led to several key modifications to improve the consistency and relevance 

of the results.  

Scaffold Material and Biocompatibility 

The choice of bioink and hydrogel composition played a crucial role in 

maintaining cell viability and mimicking physiological conditions. However, 

achieving an optimal balance between scaffold rigidity and cellular permeability 

was challenging. Stiffer scaffolds provided better structural integrity but 

sometimes limited cell migration and interaction, whereas softer scaffolds were 

more permissive but risked structural collapse over time. 

Cellular Integration and Distribution 

The model aimed to replicate the lung’s cellular complexity by integrating 

epithelial cells, fibroblasts, and immune components. However, ensuring 

uniform cell distribution within the 3D scaffold remained a challenge. In 

particular, macrophages exhibited varying migration patterns, which could 

influence granuloma formation dynamics. Future iterations of this model may 

incorporate microfluidic systems or perfusion bioreactors to improve cellular 

organization and dynamic interactions. 
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Oxygen and Nutrient Diffusion 

Oxygen gradients play a crucial role in granuloma formation and Mtb 

dormancy, yet replicating these conditions in vitro posed technical difficulties. 

The static culture system may not fully mimic hypoxic regions found in TB 

granulomas in vivo. Future refinements could integrate oxygen-controlled 

bioreactors or engineered oxygen-releasing biomaterials to create more 

physiologically relevant conditions. 

Long-Term Stability and Repeatability 

Another key consideration was the reproducibility of infection dynamics 

in the 3D model. While the model successfully demonstrated Mtb colonization 

and granuloma-like formation, maintaining its stability over extended culture 

periods was challenging. Factors such as hydrogel degradation, bacterial 

overgrowth, and cellular senescence introduced variability, suggesting a need for 

further optimization of culture conditions. 

Comparability to In Vivo Conditions 

Although this model offers a more physiologically relevant platform than 

2D cultures, it still lacks certain in vivo features, such as the full complexity of the 

immune system and lung biomechanics. To improve translational relevance, 

future adaptations might incorporate air-liquid interface models, immune cell 

recruitment systems, or vascularized microenvironments.  

Structural Challenges and Knowledge Gaps 

A comprehensive understanding of the three-dimensional structure of 

human granulomas remains incomplete, particularly regarding standardized 

parameters such as shape and thickness, given the inherent heterogeneity of their 

internal organization. This knowledge gap constrains the ability to develop 
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accurate in vitro models and limits the potential applications of 3D bioprinting in 

this context. However, the extent to which these structural parameters influence 

granuloma function and infection dynamics remains uncertain, as 

mechanobiological studies are currently lacking. In this study, we designed a 

granuloma-mimetic structure composed of a central core of 

monocytes/macrophages, supported by resident connective cells, and 

encapsulated by an epithelial layer, thereby partially replicating a simplified 

lung-like environment. To investigate bacterial infiltration and infection 

dynamics, we exposed the model to a bacterial suspension in the presence or 

absence of nicotine, a factor hypothesized to enhance bacterial uptake and 

facilitate infection establishment. Notably, the initial cellular composition of our 

model already reflected an inflamed phenotype, a critical consideration for the 

interpretation of infection dynamics within this system. 

Other Limitations 

Additionally, while this study focuses on structural lung cells like 

fibroblasts and epithelial cells, the direct impact of nicotine on other cell types 

involved in Mtb infection, such as dendritic cells and T lymphocytes, remains 

unexplored. Immune cell responses to nicotine-induced oxidative stress could 

alter the overall pathogenesis of Mtb infection. Studies addressing the broader 

immune landscape in the context of chronic nicotine exposure would be valuable 

for a more comprehensive understanding of the host-pathogen interactions. 

Another limitation is using only one strain of Mtb (H37Rv), which may 

not fully capture the variability in infection dynamics, especially considering that 

it only partially represents linage-like strains and that Mtb lineages present 

substantial differences in fitness and infection capability. Moreover, the effects of 

nicotine on the infection and immune response in the context of multidrug-
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resistant or extensively drug-resistant (MDR/XDR) Mtb strains could differ, and 

further research involving different Mtb strains is needed to assess the broader 

implications of nicotine exposure on tuberculosis progression.  

Finally, the study primarily investigates the acute effects of nicotine 

exposure. The long-term effects of chronic nicotine use, particularly in the 

context of prolonged infection, remain unknown. Chronic exposure to nicotine 

may induce alterations in lung tissue that could modify the host’s response to 

Mtb over time, potentially complicating the disease progression. Longitudinal 

studies examining the cumulative effects of nicotine exposure on both the 

epithelial barrier and immune responses in chronic infection models are essential 

for understanding its role in tuberculosis outcomes. 

Future Directions 

To overcome these limitations, future studies could focus on developing 

perfused lung-on-chip systems to better replicate oxygen gradients and cellular 

interactions. Moreover, it is essential to work on incorporating additional 

immune components to enhance granuloma modeling, including dendritic cells 

and T-cell subpopulations and on refining bio-ink compositions to imprint, 

although physiologically relevant, in vitro models such as 2D and 3D cultures 

can only partially replicate the complexity of the human pulmonary 

microenvironment. While 3D lung models, including organoids, offer significant 

advantages in simulating tissue architecture and host-pathogen interactions, they 

still lack the complete representation of systemic immune responses and other 

physiological factors in a living organism.  
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Abbreviations: 

• 2010/63/EU: European Directive on Animal Welfare in Experiments (2010/63/EU) 

• 22°C: Standard Room Temperature (22 degrees Celsius) 

• 2D: Two-Dimensional Cell Culture 

• 37°C: Cell Incubation Temperature (37 degrees Celsius) 

• 3D: Three-Dimensional Cell Culture 

• 3R: "Replacement, Reduction, Refinement" (Ethical Principles for Animal Research) 

• 4°C: Refrigeration Temperature (4 degrees Celsius) 

• 7H10: Middlebrook Agar (Culture Medium for Mycobacteria) 

• 7H10+10%: Middlebrook Agar Supplemented with OADC (Oleic Acid-Albumin-

Dextrose-Catalase) 

• 7H9: Middlebrook Broth (Liquid Medium for Mycobacteria Culture) 

• A549: Human Alveolar Epithelial Cell Line 

• AB: Antibiotic 

• ALI: Air-Liquid Interface 

• AM: Alveolar Macrophage 

• AT1: Alveolar Type 1 Cells 

• AT2: Alveolar Type 2 Cells 

• ATB: Active Tuberculosis 

• ATCC®: American Type Culture Collection 

• C: Carbon (Chemical Element) 

• CAT: Catalase (Antioxidant Enzyme) 

• CC: Collaborative Cross (Mouse Genetic Lines for Research) 

• CD8: Cluster of Differentiation 8 (Surface Protein of Cytotoxic T Cells) 

• CDK4: Cyclin-Dependent Kinase 4 

• CELLINK: Company Producing Bioink and 3D Bioprinters 

• CFU: Colony-Forming Units 

• CHX: Chlorhexidine 

• CM: Cynomolgus Macaque 

• CO2: Carbon Dioxide 
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• COPD: Chronic Obstructive Pulmonary Disease 

• COVID-19: Coronavirus Disease 2019 

• CS: Cigarette Smoke 

• DLD: Diffuse Lung Disease 

• DMEM/F12: Dulbecco’s Modified Eagle’s Medium/Nutrient Mixture F-12 

• DNA: Deoxyribonucleic Acid 

• DO: Diversity Outbred (Genetically Diverse Mouse Line) 

• DPBS: Dulbecco’s Phosphate-Buffered Saline 

• ECM: Extracellular Matrix 

• EDTA: Ethylenediaminetetraacetic Acid 

• ERK: Extracellular Signal-Regulated Kinase 

• ETZ: Electron-Transparent Zone 

• FAD: Flavin Adenine Dinucleotide 

• FBS: Fetal Bovine Serum 

• FIJI: Image Analysis Software Based on ImageJ 

• G418: Genetic Antibiotic (Neomycin Analog) 

• GSH: Glutathione (Antioxidant) 

• GSSG: Glutathione Disulfide (Oxidized Glutathione) 

• GSSG/2GSH: Ratio of Oxidized to Reduced Glutathione 

• HAE: Human Airway Epithelial Cells 

• HBEC-3kt: Immortalized Bronchial Cell Line 

• HBSS: Hank’s Balanced Salt Solution 

• HERPUD1: Homocysteine-Induced ER Protein with Ubiquitin-Like Domain 1 

• HIV: Human Immunodeficiency Virus 

• HLA: Human Leukocyte Antigen 

• HLF: Human Lung Fibroblast 

• H₂O₂: Hydrogen Peroxide 

• IL-12: Interleukin 12 

• IL-13: Interleukin 13 

• IL-4: Interleukin 4 
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• IL-6: Interleukin 6 

• IL-8: Interleukin 8 

• IPF: Idiopathic Pulmonary Fibrosis 

• IRCCS: Scientific Institute for Research, Hospitalization, and Healthcare 

• JNK: c-Jun N-terminal Kinase 

• KSFM: Keratinocyte Serum-Free Medium 

• L5: L5 Phage (Used in Mycobacterium Plasmids) 

• LIVE/DEAD®: Cell Viability Assay 

• LL-37: Human Antimicrobial Cathelicidin 

• LPS: Lipopolysaccharide 

• LTBI: Latent Tuberculosis Infection 

• M: Molarity 

• M0: Undifferentiated Macrophage Phenotype 

• M1: Classically Activated Macrophages 

• M2: Alternatively Activated Macrophages 

• MAPK: Mitogen-Activated Protein Kinase 

• MDR/RR-TB: Multidrug-Resistant/Rifampicin-Resistant Tuberculosis 

• MDR/XDR: Multidrug-Resistant/Extensively Drug-Resistant 

• MFN2: Mitofusin 2 

• MMP-7: Matrilysin (a Metalloproteinase) 

• MOI: Multiplicity of Infection 

• MTB: Mycobacterium Tuberculosis 

• MTBC: Mycobacterium Tuberculosis Complex 

• NAD: Nicotinamide Adenine Dinucleotide 

• NAD(P)H: Reduced Form of NAD or NADP 

• NADPH: Nicotinamide Adenine Dinucleotide Phosphate 

• NHP: Non-Human Primate 

• NIC: Nicotine 

• NK: Natural Killer Cells 

• NO: Nitric Oxide 
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• OADC: Oleic Acid-Albumin-Dextrose-Catalase 

• OADC+: Culture Medium Enriched with OADC 

• OD: Optical Density 

• OD₆₀₀: Optical Density at 600 nm 

• O₂•⁻: Superoxide Anion 

• PBS: Phosphate-Buffered Saline 

• PCR: Polymerase Chain Reaction 

• PMA: Phorbol 12-Myristate 13-Acetate 

• R: Resistance 

• RM: Rhesus Macaque 

• RNS: Reactive Nitrogen Species 

• ROS: Reactive Oxygen Species 

• ROS/RNS: Reactive Oxygen and Nitrogen Species 

• RPM: Revolutions per Minute 

• RPMI: Roswell Park Memorial Institute Medium 

• RS: Reactive Species 

• S: Sulfate 

• SAE: Small Airway Epithelial Cells 

• SD: Standard Deviation 

• SDS: Sodium Dodecyl Sulfate 

• SM: Medium Supplement 

• SOD: Superoxide Dismutase 

• TB: Tuberculosis 

• THP-1: Human Monocytic Cell Line 

• TIB-202™: ATCC Code for THP-1 Cell Line 

• TJ: Tight Junction 

• UN: United Nations 

• USA: United States of America 

• UV: Ultraviolet 

• V: Volt 
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• W: Watt 

• WHO: World Health Organization 

• X4: Chemokine Receptor CXCR4 

• ZO: Zona Occludens 

• ZO-1: Zona Occludens 1 

• •OH: Hydroxyl Radicals 

 


