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Abstract 

The need for novel anti-infective therapies is dramatically increasing, not only for viral but also 

for bacterial infections and antimicrobial resistance. This is especially true for chronic lung 

infections, typically occurring during e.g., cystic fibrosis (CF). Mimicking the structure and 

physiology of the diseased lung, advanced in vitro models also allow studying the 

pathophysiological changes relevant to microbial growth, drug resistance, and biofilm 

formation. Combining data from such advanced in vitro models with pharmacometric 

approaches may enable mechanistic explanation of the PK/PD drug exposure-response 

relationship and facilitate the translation to an in vivo setting. 
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Introduction 1 

In 2017, the Global Burden of Diseases, Injuries, and Risk Factors Study (GBD) 2 

identified lower respiratory tract infections as the 4th leading causes for early death worldwide, 3 

accounting for more than 1 million deaths annually. This category includes pneumonia, 4 

bronchitis, and viral infections, and this death count is disproportionally higher for children 5 

and adults over 70 years[1]. Lung infection also has crucial implications on lung physiology 6 

that challenges the way we develop and test new anti-infectives.  7 

Bacterial growth results in the release of virulence factors that change the lung 8 

physiology. Acute infection can lead to cell and tissue destruction and develop into a chronic 9 

stage characterized by biofilms formation[2]. The severity of infections is increasingly 10 

worsened by antimicrobial resistance (AMR), which is believed to become a major cause of 11 

death by 2050 [3]. Also, the expectation that antibiotics shall cure disease and not only alleviate 12 

symptoms poses a particular challenge to the pharmaceutical industry.    13 

The primary innate defense mechanism in the lungs against inhaled particles and 14 

pathogens is the mucociliary clearance. Additionally, trachea-bronchial mucus and the alveolar 15 

lining fluid with the lung surfactant and alveolar macrophages are natural clearance factors that 16 

continuously remove inhaled particles. A recent study showed that formylated bacterial 17 

peptides stimulate the release of acetylcholine from tracheal cells, leading to increased ciliary 18 

beating and thus mucociliary clearance[4]. It still needs to be investigated whether such 19 

mechanisms also apply to non-bacterial particles. Indeed, the pulmonary lining fluids are a 20 

structural barrier protecting the inner tissue while containing antimicrobial peptides to exert 21 

action locally. The lung epithelial and endothelial layers provide a physical barrier against 22 

particles and microorganisms to access the bloodstream. In such a scenario, the resident 23 

immune cells scan for every particle and, when needed, produce danger signals to recruit the 24 

immune system to act. This interplay between host and microbes and its modulation by 25 

antimicrobial therapy is observed in several respiratory diseases, for instance, asthma, chronic 26 

obstructive pulmonary disease (COPD), and cystic fibrosis (CF). In this review, we will mainly 27 

focus on infectious diseases with a particular focus on CF - a genetic disorder that alters the 28 

flow of chloride into the cells. In the lung, CF causes alterations that facilitate the establishment 29 

of chronic infections[5]. 30 

If a new anti-infective has potential against respiratory infections, the drug testing starts 31 

with pre-clinical studies involving cell culture and animal models. In the case of CF, advanced 32 

in vitro cell culture systems have been used to emulate CF disease and host-microbe 33 

interactions[6]. Such models allow evaluating the efficacy, but also to identify the hurdles a 34 
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drug might face during its deposition or interaction with biological barriers and matrices. 35 

Furthermore, advanced in vitro models may help to define the next step in drug development, 36 

including providing insights for drug dosing regimen and mechanism of action, and thus to 37 

optimize their delivery to the target. However, the establishment of such in vitro systems and 38 

their validation to mimic human physiology remains challenging[7]. 39 

A multidisciplinary approach is needed to tackle the analysis of complex data arising 40 

from such in vitro systems, combined with the compound’s kinetics and its direct influence on 41 

the human physiological response, and the host-microbe-drug interplay. The field of 42 

pharmacometrics, which relies on data from (pre-)clinical trials, generates mathematical 43 

models to explore multiple scenarios for the drug action and interaction on the body as well as 44 

the elucidation of pharmacokinetic-pharmacodynamic relationships enabling a translation of 45 

data integration[8].  46 

Nonetheless, some steps still need to be made to use pharmacometrics to bridge the 47 

gaps between current in vitro models and in vivo situation. A first example is that the 48 

investigation of drug efficacy is currently performed on bacteria grown on abiotic surfaces (i.e., 49 

plastic supports). The integration of the epithelial cell layer and immune cells into this surface 50 

would increase the complexity of the in vitro system to mimic a living substrate for biofilm 51 

development and further drug testing[9]. A second example would be the study of immune cell 52 

recruitment and host response, which has also been investigated using pharmacodynamics 53 

modeling studies.  54 

Another example involves studies of bactericidal activity, which quantify the 55 

concentration-effect relationship of a new drug. However, the majority only report static 56 

concentrations as minimal inhibitory concentration (MIC). At the same time, a time-kill curve 57 

experiment could be used to build a mathematical model to simulate all possible scenarios of 58 

the host-microbe-drug interplay[10]. In a dynamic time-kill curve approach, the drug 59 

concentration can vary over time using a pumping system, and this study is a more clinically 60 

relevant approach that both fields can benefit from the building of 61 

pharmacokinetic/pharmacodynamics (PK/PD) modeling [11]. In this review, we highlight the 62 

need for bridging in vitro pharmacodynamic experiments to develop useful in vitro models of 63 

long-term pulmonary infections. Such an approach has the potential to provide new scientific 64 

data that could help to predict drug efficacy and drug kinetics from in vitro to in vivo, in a 65 

coherent and translational framework. 66 

 67 

 68 
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Lung physiology and drug delivery 69 

The conducting airways of the central lung and the respiratory epithelium of the 70 

peripheral lung are the main constitutes of this organ. Once inhaled, the air is humified and 71 

filtered in the conducting airways—this area is comprised of the nasal cavity, mouth, trachea, 72 

bronchi, and bronchioles. Respiratory bronchioles, alveolar ducts, and sacs compose the 73 

respiratory region of the lung [12].  74 

While the alveolar epithelium of the deep lung is much larger (100-140m2), the airways 75 

have a relatively small surface area (1-2 m2); nevertheless, the airways represent the primary 76 

target as well as a biological barrier for the majority of inhaled particles (including drugs) and 77 

microbes. The airways provide multiple defense strategies, such as mucociliary clearance, the 78 

maintenance of electrolyte levels, epithelial lining fluid, and mucus that releases anti-79 

inflammatory, anti-infective, and antioxidant molecules. Next to the chemical protection, there 80 

is a second line of defense: an epithelial barrier developed by relatively tight cell-to-cell 81 

connections. With the introduction of allergens or microbes (inhaled or from the bloodstream), 82 

the barrier can be compromised as a result of direct cytotoxic effects or inflammatory 83 

reactions[13].  84 

The pulmonary surfactant, produced by AT2-cells of the alveolar epithelium, provides 85 

additional barrier functions, such as reducing surface tension and antimicrobial activity. As a 86 

major part of the surfactant, DPPC, and the lung surfactant proteins (SP) are most efficient in 87 

lowering the surface tension of the pulmonary lining fluid. A surface tension lower than 1 88 

mN/m prevents the lung from collapsing and facilitates breathing. Besides, the surfactant 89 

proteins SP-A and SP-D are a particular group of lectins, so-called collectins, that target viral 90 

and bacterial glycans via their C-terminal to promote macrophage and monocyte-mediated 91 

phagocytosis [14]. Cellular models provide the building blocks to study lung physiology in 92 

health and disease. While animal in vivo models are key tools to comprehend the alterations in 93 

the respiratory tracts, translation to the human system is limited by species differences that may 94 

be better resolved by the human in vitro models. For example, on the lung structure, the use of 95 

genetic gain-and-loss-of-function studies report the importance of signaling pathways in the 96 

development of the lung, including how branching of the lung tree bifurcations start. 97 

Nevertheless, rat and mice models are used to understand lung injury that is comparable to 98 

humans as fibrosis and emphysema[15]. 99 

In contrast, the translation of these results to the clinic remains a challenge. Parameters 100 

in the development of the mouse lung are faster than in humans; moreover, the mouse only 101 

develops alveoli after birth. Furthermore, on the apparent difference of size and branching 102 
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steps, the rodent lung also presents alternative sites of progenitor and stem cells. These 103 

distinctions will lead to 80% of failure on drug efficacy in human trials from molecules that 104 

were previously tested on the rodent lung [16]. 105 

Therefore, there is a need for suitable human cell models that could better predict drug 106 

efficacy before animal and human clinical trials. Moreover, in vitro models can provide large-107 

scale screening platforms, assessment of specific cell-to-cell molecular differences, and the 108 

opportunity to understand lung disorders while providing insights into molecular mechanisms 109 

that cause variability in drug efficacy between individuals. 110 

 111 

In vitro models of the lung: what to consider regarding aerosol deposition? 112 

The pulmonary route allows both for local-regional delivery as well as systemic drug 113 

delivery. It is essentially non-invasive - an advantage to parenteral delivery (i.e., by injection). 114 

In the context of pulmonary delivery, human cells with their intrinsic biological matrices, 115 

genetic specificity, metabolic enzymes, efflux pumps, mechanisms of clearance, and biological 116 

barriers, may allow to step-wise address the lung’s complexity[16]. Parameters like lung 117 

morphology, aerosol characteristics, target disease, besides pharmacokinetics and 118 

pharmacodynamics, should also be considered in the aerosol deposition.  119 

The development of inhalation formulations assumes that with the total delivered dose, also 120 

the regional deposition is possible. The inflammation observed in the pathophysiological 121 

characteristics of COPD and asthma is a drawback to be overcome by formulations – the latter 122 

should adapt their deposition dynamics to reach the peripherical airways. Also, targeting the 123 

alveolar region is used for more efficient drug absorption in the case of systemic delivery. In 124 

the clinics, the study of albuterol aerosols against asthma, through FEV1 in spirometry 125 

evaluation, showed that 6 µm particles were associated with improved bronchodilation, when 126 

compared to 3 and 1.5 µm particles. Such effect was due to the relative selectivity of the 127 

proximal airways in the bronchial tree (the target of bronchodilators), while the smaller 128 

particles went deep into the lung[17]. In general, particles with a mass median aerodynamic 129 

diameter (MMAD) of 5-10 µm will use gravitational sedimentation and be allocated at the 130 

middle or upper airways. In contrast, MMAD of 2-5 µm reaches the middle or deep airways. 131 

Using Brownian motion, particles with MMAD under 2 µm will target the small airways and 132 

alveolar region[18]. 133 

Classic in vitro models (i.e., submerged cultures) of bronchial or alveolar epithelial cells 134 

are widely used to assess permeability as well as direct local effects of inhaled pharmaceuticals. 135 

While this approach is fast and has low costs for routine experiments, the cell exposure to the 136 
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air, so-called air-liquid interface (ALI), represents a more accurate depiction of the human 137 

respiratory in vitro. The cultivation of cells on porous membrane inserts allows working under 138 

ALI conditions, with feeding and humidification being provided through the basolateral 139 

side[19]. Some exposure systems for ALI in vitro models have been described in the literature 140 

or are already commercially available, for instance, TSE Systems (Bad Homburg, Germany), 141 

Vitrocell (Waldkirch, Germany), CULTEX (Hannover, Germany) or Pharmaceutical Aerosol 142 

Deposition Device On Cell Cultures (PADDOCCs)[19,20].  143 

Compared to other routes of administration, the development of aerosol medicines, 144 

however, imposes additional challenges. The pathophysiological changes of the lung function 145 

in diseases like COPD or asthma may affect both pulmonary deposition as well as clearance of 146 

inhaled aerosol particles. Besides, drug solubility, release, aggregation, particle size, and 147 

chemical alterations are important biopharmaceutical parameters that must be accurately 148 

controlled and characterized[19]. 149 

The mucus layer covering the upper airways (as a hydrogel of more than 50 µm 150 

thickness) is very effective in trapping and expulse particles via mucociliary clearance. The 151 

same is true for the pulmonary surfactant (an 80 nm layer) produced in the alveolar region that 152 

also covers mucus in the airways. If a given drug or nanoformulation is not soluble, the particles 153 

can be quickly engulfed by resident macrophages. This impacts the local drug delivery, as well 154 

as systemic bioavailability, since these biological barriers and epithelial permeability may limit 155 

transport to the bloodstream [21]. 156 

 157 

A brief  overview of pulmonary  in vitro models  158 

Cell- and tissue-based in vitro models are of increasing relevance to pulmonary drug 159 

delivery to mirror the peculiarities of the respiratory system[16]. Stable cell lines, primary cells 160 

from human donors, or even human stem cells can be used to reconstruct lung tissue. In fact, 161 

in vitro cell models are a relatively new concept to mimic different aspects of the diseased lung 162 

and to develop new platforms for drug discovery and drug testing. As primary cell culture is 163 

demanding and expensive, the use of immortalized cell lines is often preferred. Some cell lines, 164 

derived from well-defined parts of the lung, eventually even in the disease state, combine the 165 

stability of infinite proliferation with the advantages as the preservation of cell morphology 166 

and functionality[22].  167 

The variety of more than ten cell types, ciliary structures, surfactant fluids, and mucus 168 

poses a challenge for emulating the in vivo airway system in vitro[23]. Therefore, several 169 
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groups have established co-cultures models, usually constituted of two or more cell types 170 

[24,25]. This combination goes beyond the traditional cultivation of cells as monocultures, 171 

allowing access to increased inflammation, excessive immune cell recruiting, tissue damage 172 

due to matrix-breaking molecules, and failure of bacterial control[26].  173 

Human primary bronchial epithelia can be obtained through biopsies and explants. 174 

However, cell yield, bacteria colonization from the host, and lung injuries turn the procurement 175 

of primary cells into a challenge[27]. Other options, such as airway brushings or 176 

bronchoalveolar lavage and nasal swabs are being used, although cell counts are scarce in CF 177 

patients[28]. New technologies access the development of patient-specific cells, including 178 

basal stem cells, trans-differentiation (percent of alveolar surface area covered by one cell type) 179 

from type-II alveolar into type-I cells, and inducible pluripotent and embryonic stem cells (Fig. 180 

1A)[29,30]. 181 

An overview of the in vitro models and possible applications towards drug efficacy 182 

testing, aerosolization, and PK/PD relationships is provided below and in Table 1. 183 

 184 

Static systems. Here the cells are grown either on standard culture plates or permeable 185 

membrane inserts. For controlling the deposition of aerosols, such models ask for ALI 186 

conditions, as shown, for instance, by Ong et al. [35]. Here, ciprofloxacin was delivered as an 187 

aerosol, and its cellular transport through epithelial barrier assessed. In the future, such an 188 

approach could consider pharmacokinetic alterations due to pharmaceutical formulations. 189 

Kletting et al.[22] also delivered silver nanoparticles and investigated their pulmonary and 190 

immune toxicity. Mostly parameters, such as macrophage migration or nanoparticle uptake, 191 

are already part of the system’s general characterization. Besides, it may deserve attention to 192 

how such parameters could also be used in PK/PD. For instance, with the nanoparticle uptake 193 

by macrophages, the measured uptake rate can be considered when evaluating drug transfer, 194 

absorption, and possible clearance. 195 

Microfluidic systems. These are devices specifically designed to emulate human 196 

(patho)biology in vitro, sometimes also referred to as organs-on-chip. A systematic report on 197 

the potential of microphysiological systems for drug development and animal welfare has been 198 

recently published  [36]. Sophisticated lung-on-a-chip systems integrate advanced cell culture 199 

into microfluidic channels and chambers, aiming to engineer structures capable of representing 200 

the air-blood barrier. This concept has been integrated into a differential application of flow 201 

and even stretching mechanisms similar to lung movements during breathing. More recently, 202 

such mechanical factors have been implemented to study pulmonary edema and the role of 203 
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interleukin-2, or the influence of interleukin-13 on ciliary beating, recapitulating processes 204 

from chronic obstructive pulmonary disease (COPD) patients[16]. Other groups built chips 205 

based on morphometric measurements of the adult human lung, adding human bronchial cells 206 

in ALI conditions for 21 days, where cell differentiation is observed towards the detection of 207 

mucus and ciliated cells. Here, the addition of flow and shear could gather influence on drug 208 

biokinetics and allow assessing immune cell recruitment [37]. 209 

Organoids. Lung development has been explored with so-called bronchospheres, which are 210 

organoid-like cultures that integrate basal stem cells embedded into an extracellular matrix. 211 

They form spherical colonies with secretory ducts and ciliated cells. Furthermore, the coculture 212 

of bronchial cells with endothelial cells and fibroblasts provided cues to form lung capillary 213 

structures. Moreover, lung cells from CF patients were grown as organoids and infected by the 214 

respiratory syncytial virus, as a representation of the infected CF lung[38]. Human pluripotent 215 

stem cells cultivated in alginate beads and collagen in a bioreactor were able to form organoids 216 

similar to alveolar sacs. 217 

Nonetheless, the organoids functionality as “mini-lung” is still to be improved. 218 

Bronchial epithelial cells, lung fibroblasts, or endothelial cells can be cultivated as airway 219 

organoids to stimulate plasticity with proximal cell interaction and microenvironment in 220 

coculture [16]. Expanding this concept towards a multi-organ chip, Bovard et al. combined 221 

lung and liver cells in the same system[34]. The potential of aerosolization was explored using 222 

pollutants and testing lung toxicity and liver metabolism. This combination can provide future 223 

insight into drug biokinetics and PK/PD, such as clearance and biotransformation, while 224 

mimicking pollutants or drug delivery via the lungs. Also, compartmental clearance can be 225 

considered for different organs as a pre-evaluation for a future physiology-based 226 

pharmacokinetic (PBPK) model. 227 

 228 

Ex vivo models. These models are somewhat challenging to handle (e.g., an isolated perfused 229 

lung), but have the advantage to represent the whole organ inside an artificial environment with 230 

minimum alterations. Here drugs, particles, and pathogens are parameters to be considered to 231 

increase physiology and model complexity. Alternatively, slices of the lung can be cultivated. 232 

These approaches preserve not only the in vivo architecture, but also the cell types enclosed. 233 

Multiple cellular functions can be demonstrated, including adequate mucociliary clearance in 234 

the embryonic chicken trachea, independent of particle size or shape. Models such as the 235 

porcine lung show a spatial structure very close to the human lung[15]. Here, the concept of 236 
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bound versus unbound drug fraction is used to adapt experiments on the binding to plasmatic 237 

proteins, such as albumin. Besides, clinical parameters, like lung volume, ventilation rate, and 238 

respiratory patterns, could be simulated with the control of flow in the organoid model. 239 

 240 

Critical issues of in vitro models for pulmonary drug development 241 

Sakagami[39] reviewed different lung models used for testing inhaled drugs and 242 

addressed that the choice of model is intrinsic to the scientific question. In vitro models can 243 

indeed be a sophisticated tool to minimize the complex interactions of living organisms, while 244 

allowing studying intercellular interactions within the lung, as well as the effect of inhaled 245 

particles or pathogens. 246 

As mentioned before, when considering pulmonary deposition, in vitro models should 247 

be exposed to the air to allow for aerosolization. In fact, the use of cultures at ALI is a standard 248 

method in respiratory research. Although some difference between in vitro models at ALI and 249 

direct human airways derived from bronchoscopy or bronchial brushing could be founded – 250 

e.g., the expression of genes related to cilia formation - other features did not show a significant 251 

change: genes related to ion transport, antimicrobial peptides (excluding lysozyme), 252 

surfactants, and cell adhesion molecules[40]. 253 

In the intact human lung, the process of drug absorption is important to be evaluated. 254 

In vitro, cell layers that form tight junctions can be used to understand drug permeability in the 255 

lung. The Calu-3 bronchial immortalized cell line has been used to understand the roles of 256 

passive drug diffusion or interaction with OCT or P-gp transporters. For that, the apparent 257 

permeability coefficients (Papp values) of in vivo models can be compared with Papp values from 258 

in vitro epithelial barrier. Coculture models offer a more sophisticated approach to assess 259 

particle uptake and cell-cell interaction (e.g., lung epithelial and immune cells) [27] as well as 260 

the drug efficacy on an infected bronchial epithelium [44]. The latter system allows for 261 

simultaneous measurement of inflammation, epithelial barrier integrity, macrophages 262 

transmigration, and P. aeruginosa survival. Those parameters are essential for monitoring drug 263 

efficacy and host response and shall be useful in the test of new anti-infectives. 264 

Advanced in vitro complexity allows for better exploration of physiological and 265 

cellular responses. Using well-plate inserts, advanced coculture models have been described to 266 

mimic the interaction between different lung cells. The pulmonary epithelium, bronchial or 267 

alveolar, is always present as the main barrier, which can be complemented by other cellular 268 

components, including immune cells. For instance, the combination of bronchial with 269 

endothelial cells[42], alveolar cells with fibroblasts[43], airways with neutrophils[44], and 270 
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bronchial cells with alveolar macrophages[41,45] and also endothelial cells[46] has already 271 

been reported. Some commercialized models can reach full lung differentiation, as e.g., in 272 

MucilAir™ (Epithelix, Suisse) with immune cells, enabling the understanding of pathology, 273 

inflammation, and host response, mainly due to the presence of mucociliary clearance. In 274 

cocultures, an alveolar-capillary barrier can be integrated to study the toxicity of materials such 275 

as silica nanoparticles[47]. Chowdhury et al.[48] observed an increased mRNA level of the 276 

tight junction protein, occludin, when bronchial epithelial and endothelial cells were cultivated 277 

together. Even without immune cells, cocultures can shed light on several aspects of 278 

inflammation triggered by particles. For instance, a coculture of alveolar epithelia with 279 

pulmonary endothelial showed increased barrier function but also increased IL-6 and IL-8 280 

expression during the exposure to the environmental pollutant cadmium (Cd2+)[49]. 281 

 282 

 Modeling the lungs in state of diseases  283 

Lung development and homeostasis are prominent and challenge areas to be emulated 284 

in vitro.  The high global burden of infectious lung diseases and drug failure ask for innovative 285 

therapeutic modalities. In this context, there is an urgent need for the development and 286 

validation of in vitro models that allow multiple readouts options and better emulate the 287 

physiological changes observed in vivo. From primary to immortalized cells, in vitro models 288 

enabled long-term cell culture with the advantages of cell differentiation and possibilities to 289 

develop scenarios of disease progression, including acute to chronic infection[50]. 290 

Lower respiratory lung infections like chronic obstructive pulmonary disease (COPD), 291 

Tuberculosis, and Pneumonia share the common drawback of antibiotic failure and bacteria 292 

resistance. Moreover, the currently challenging with Coronavirus (COVI-9) infections stress 293 

the need for appropriated lung disease in vitro models.   294 

COPD. Chronic airway inflammation is the main trigger of COPD. In vitro cell models 295 

have also been applied to uncover new COPD targets, for instance, the use of COPD bronchial 296 

epithelial and lung fibroblasts cells to show TGF-β as a target against lung fibrosis mediated 297 

by squamous bronchial cell metaplasia[51]. Also, COPD patients are known to be affected by 298 

infections with high microbial diversity (even anaerobes pathogens)[52]. This model may 299 

allow the assessment of the synergic effect of anti-infectives with anti-inflammatory or 300 

immunomodulatory drugs. Another COPD in vitro model mimicked Goblet cell hyperplasia, a 301 

characteristic of COPD triggered by particulate matter from cigarette smoke. For that, primary 302 

human bronchial epithelial cells (HBEC) were exposed to cigarette smoke for 28 days leading 303 

to an increased expression of MUC5AC positive cells on the overproduction of mucus [53]. 304 
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Pneumonia. This is a disease affecting the alveolar region, with inflammation and 305 

infection being the main hallmarks. Several microbes could be responsible for pneumonia, 306 

including Streptococcus pneumoniae, Haemophilus influenzae, and Acinetobacter baumanii. 307 

For that, in vitro models have been developed to understand the host-microbe interplay. For 308 

instance, a study with S. pneumoniae severely altered the cytoskeleton of ciliary cells in the 309 

lung[54]. Moreover, a 3D coculture model combined bronchial epithelial cells, fibroblasts, and 310 

neutrophils helped to assess the effect of S. aureus alpha-toxins or PVL toxin itself on the 311 

disruption of the lung barrier[55].   312 

Tuberculosis. This is another challenge disease to mimic in vitro. This infection is 313 

caused by Mycobacterium tuberculosis, and it requires compliance of two years to a therapy 314 

regimen involving drugs leading to adverse effects. In vitro models can now be used to mimic 315 

the early stages of granuloma formation with human lung cells, fibroblasts, leukocytes, and the 316 

microbe itself[56]. In recent model development, lung cells could be encapsulated into alginate 317 

microspheres to mimic granuloma formation[57]. This allowed studying the influence of 318 

collagen on the granuloma matrix and the immune response of encapsulated cells when 319 

stimulated by Mycobacterium tuberculosis-responsive T cells.  320 

COVID-19. This is a recently pandemic virus infection characterized by acute 321 

respiratory disease, caused by the ‘severe acute respiratory syndrome coronavirus 2’ (SARS-322 

Cov-2). The urgency for new therapy against this virus asked for the development of several 323 

in vitro and in vivo models[58]. In vitro models are particularly important here because they 324 

allow for a better understanding of the virus biology and pre-clinical evaluation of new 325 

therapies. Although cell lines from different organs have been used in COVID-19 research, the 326 

epithelial cells from airways are the ones expressing receptors used by the virus to infect cells 327 

(angiotensin-converting enzyme 2 and transmembrane serine proteinase 2). For instance, Calu-328 

3 lung cells showed an increased infection rate of SARS-CoV-2 virions. Lung organoids 329 

derived from stem cells allowed the observation that type-II alveolar cells are more prone to be 330 

infected to the SARS-CoV-2. Moreover, human bronchial organoids showed the presence of 331 

viral genome integration, pyknotic cells, and stimulation of Type-1 IFN response; besides, this 332 

model was used for drug testing[58].  333 

 334 

In vitro models of the infected lung in the context of CF 335 

CF is characterized as a genetic autosomal recessive disorder caused by mutations in 336 

the cystic fibrosis transmembrane conductance regulator (CFTR); the latter is an ABC ion 337 

channel transporter of chloride, regulated via cyclic adenosine monophosphate (cAMP). CF 338 
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can affect organs such as the pancreas, liver, intestine, and lungs – the latter through significant 339 

airway obstruction[59]. Recent progress has allowed the expansion of patient-specific lung 340 

cells with the development of inducible pluripotent stem cells (iPSC)[60], allowing for the 341 

elucidation of the full genetic background related to the disease. Here personalized medicine 342 

and research on gene targets and repair, including mutations correlated to CF, could be applied. 343 

Nonetheless, to create iPSC models, one needs a batch of samples obtained from different 344 

patients, which could result in increased variability due to differences regarding age, sex, 345 

disease severity, and other pathophysiological variables. 346 

With CF providing a complex scenario, there is now the opportunity to create new 347 

platforms for drug testing, starting by emulating the disease, infection, and consequences in 348 

lung cell models (Figure 1). Direct cultivation of cells from the trachea, bronchi, and alveoli is 349 

possible with advances in cell culture and access to primary cells (Figure 1A). However, the 350 

re-building of epithelial layers with primary cells needs to mimic the lung environment, 351 

including the air-to-blood interface. Advancing these models, the inclusion of immune cells 352 

(Fig. 1B and C) has now provided differences between non-CF versus CF cells (NuLi versus 353 

CuLi-1 with ΔF508 CF mutation) with an increase in inflammation in the presence of CFTR 354 

defects, including increased neutrophil migration[61].  355 

Cell models of the bronchial area can now be cultivated at the ALI, in double to triple 356 

cell-culture, with the possibility to include extracellular matrices and shear stress (Fig. 1D and 357 

1E). This provided insights into the characterization of CF immortalized cells, including 358 

CFBE41o- cells, which intrinsically express the deletion of CFTR via the ΔF508 mutation, 359 

mature receptors such as TLR1-5 and TLR1-9 as well as healthy bronchial cells such as 360 

16HBE14o[62]. Coculture with immune cells has been used not only for the analysis of drug 361 

delivery methods but also on CF infection like the inclusion of S. aureus[9,22,63]. This opens 362 

the possibility of mimicking and investigating CF co-infections as opportunistic infections by 363 

pathogens, such as P. aeruginosa with S. aureus, B. cenocepacia, H. influenzae, or the 364 

respiratory syncytial virus (Fig. 1F). 365 

Besides the impact on the host, the outcome in CF disease will also be influenced by 366 

the bacterial growth, more specifically by the transition from planktonic to biofilm form. 367 

Marquis-Moreau et al.[64] have demonstrated the use of cocultures to observe early biofilm 368 

formation on top of CFBE41o-cells after six h of P. aeruginosa infection. This model increased 369 

understanding of biofilm control, drug efficacy, and antibiotic resistance. Transmigration of 370 

immune cells in vitro, focusing on the Staphylococcus aureus [9] and Pseudomonas 371 
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aeruginosa[41] infections have also been developed.  The latter in vitro system was established 372 

at ALI to enable controlled deposition of aerosolized drugs and nanocarriers.   373 

While early P. aeruginosa colonization of the lung can now be mimicked in vitro, the 374 

establishment of a mature biofilm on epithelial cells is still a challenge. The infection itself is 375 

highly toxic to epithelial cells, reducing their viability within 6-8 hours of infection[64]. This 376 

limits further studies on bacteria-host cell responses in chronic infection or repeated dosage 377 

regimens. Thus, different strategies are being used, such as the external growth of biofilm and 378 

transfer of its content, or the combination of biofilm growth on a substrate composed of airway 379 

cells or a polymeric scaffold (Fig. 1E)[65]. 380 

The combination of cells and pathogens allows for increasing the complexity of the 381 

system, more closely resembling the in vivo condition. Some cells command the immune 382 

reaction, while others create a biological barrier, and both elements are relevant to pathogen 383 

adaptation and growth. Although in vitro models exist and are advancing in required 384 

complexity, we shall take advantage of concepts from the field of toxicology, for instance, the 385 

Quantitative in vitro to in vivo Extrapolation (QIVIVE). Toxicologists evaluate risk assessment 386 

by focusing on literature, physicochemical reactivity, drug biokinetic, effect battery test, 387 

concentration responses test, and considering population variability and sub-populations [66]. 388 

This concept should be in the future applicable to anti-infectives and pulmonary delivery. This 389 

is because crucial factors can contribute to efficacy or interaction assessment, as:  390 

 macrophage cells may interfere with particles and drug concentration;  391 

 the epithelial layer may act as a barrier for drug products, and this will determine 392 

lung permeability;  393 

 the chemically and electrostatically characteristic of bacterial biofilm may 394 

repulse drug particles, hampering thus their action on bacteria;  395 

 the contact of bacteria with the lung epithelia may induce the release of 396 

virulence factors to promote bacterial adherence and the formation of bacterial 397 

communities;  398 

 ventilatory frequency in different individuals of different disease stages may 399 

require more effort or drug during inhalation delivery. 400 

 401 

These parameters, at the moment, are qualitative, which ask, therefore, for the 402 

production of quantitative data. Adequate in vitro models are necessary for the evaluation of 403 

pharmacokinetics parameters. There is great potential, for instance, in aerosolization studies, 404 
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for the generation of crucial data that may contribute to the development of pharmacometrics 405 

models. Addressing those points, we compiled the association of PK/PD, aerosolization, and 406 

drug efficacy on in vitro bacteria-infected systems (Table 2). 407 

 408 

PK/PD aspects of bacterial infections and anti-infective therapies 409 

In vitro models provide complex data that can be exploited regarding the effect of a 410 

drug in the body (pharmacodynamics-PD) and the influence of the body on the drug 411 

(pharmacokinetics-PK). PK/PD characterization of the relationship between antibiotic, host, 412 

and pathogen can elucidate the variability of responses that could be expected in a human 413 

population.  414 

The introduced in vitro lung models are capable of mimicking pathological alterations 415 

of the lung in CF, infection, and immune response. However, they typically do not account for 416 

the PK/PD of an antibiotic. This is determined by the physicochemical properties of the 417 

compound and (patho)physiological characteristics of the host, resulting in individual 418 

antibiotic concentration-time profiles at the target site. The PD effect of an antibiotic can be 419 

quantified by assessing serial bacterial concentrations over time in PK/PD in vitro models[75]. 420 

Thereby, linking drug exposure to the resulting bacterial growth and killing dynamics provides 421 

insights into the complex interplay between antibiotic, host, and pathogen.  422 

In static in vitro models, constant antibiotic concentrations are applied, while dynamic 423 

models mimic in vivo concentration-time profiles, resulting from the pharmacokinetic 424 

processes in the host[11]. Assessing the bacterial growth and kill trajectory enables a 425 

comprehensive characterization of the PK/PD relationship by applying metrics such as the 426 

relative bacterial reduction, representing the drug effect more comprehensively than the 427 

commonly used MIC[76]. Additionally, PK/PD indices, such as the maximum concentration 428 

(Cmax)/MIC ratio or the area under the concentrate-time curve (AUC)/MIC ratio can be derived 429 

when the drug concentration-time profile is assessed in a dynamic in vitro model. Based on 430 

that, the required target values for the desired effect, such as bacterial eradication or a specific 431 

reduction of bacterial load, can be determined[77].  432 

Based on in vitro time-kill curve experiments, in silico, PK/PD models can be 433 

developed. By linking applied drug exposure to the observed antibacterial effect, these models 434 

aim to predict the bacterial growth/kill trajectories based on MIC values, genomic resistance 435 

mechanisms, or measures for phenotypic adaptation, such as for persistence cell formation, 436 

indicated by bacterial filamentation[78].  437 
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Bacterial subpopulations, such as susceptible, resistant, and antibiotic-tolerant bacteria, 438 

can be quantified by estimating bacterial growth and death rate constants, as well as transfer 439 

rate constants between replicating and non-replicating subpopulations, providing mechanistic 440 

explanations for observed bacterial killing and regrowth under antibiotic exposure[79]. 441 

Experimental strategies to assess adaptation and resistance mechanisms are warranted to 442 

inform these mechanistic PK/PD models and enable translation into an in vivo setting. An 443 

interesting approach was presented by Thorsted et al., who determined endotoxin release of 444 

Escherichia coli under static and dynamic cefuroxime exposure and linked it to bacterial 445 

growth and antibiotic-induced killing of susceptible and filamentous bacteria[80].  446 

Leveraging mathematical modeling to exploit complex data generated in PK/PD in vitro 447 

models can elucidate bacterial adaptation mechanisms and the emergence of resistance under 448 

antibiotic exposure, but typically lacks the immune response of the host. The pharmacometric 449 

approach offers an opportunity to amalgamate insights from cell culture, PK/PD in vitro 450 

models, and clinical studies to optimize antibiotic therapy for individual patients ultimately.  451 

Expanding pharmacometric approaches towards pulmonary anti-infectives  452 

Comprehensive assessment of data on absorption, distribution, metabolism, and 453 

elimination is a prerequisite for the mathematical characterization of the PK/PD relationship of 454 

a drug and a pathogen, which is enabled by applying the techniques of quantitative systems 455 

pharmacology (QSP) and pharmacometrics[81]. 456 

PK/PD investigations aim to relate clinical cure to drug exposure via metrics measuring 457 

in vivo and in vitro microbiological eradication (from microbe inhibition – MIC, bactericidal 458 

effect, MBC, and biofilm inhibition or eradication – MBIC/MBEC[82] and dynamic time-kill 459 

curves). For the testing of anti-infectives, the antibacterial activity can be classified as either 460 

time or exposure dependent. However, clinical trials require a decision on a specific dosing 461 

regimen, for instance, during dose-fractionation studies. This evaluation is typically done in 462 

animal models withholding markers of efficacy as decreased bacterial concentrations (log 463 

CFU/mL) in animal tissue might correlate to the clinical efficacy of a drug. An earlier step on 464 

the definition of dose range is done by in vitro studies. The MIC is determined in vitro as the 465 

lowest concentration that inhibits visible bacterial growth using 2-fold dilution steps of an 466 

antibiotic. Different bacterial species with clinical relevance are investigated in vitro, resulting 467 

in specific MIC distributions for a species. Both laboratory reference strains, provided by the 468 

American Type Culture Collection (ATTC) and clinical isolates, are investigated, elucidating 469 

mechanisms of drug resistance. For that, in vitro testing can start with one microbial species to 470 
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evolve into genetically-different strains to infection on live substrates or scaffolds or advanced 471 

cell to organoid models[83]. 472 

The most common PK/PD indices relate the percentage of the dosing interval in which 473 

the unbound drug concentration (considering protein binding) exceeds the MIC (fT>MIC), the 474 

maximum concentration at the target site divided by the MIC (fCmax/MIC) and the 24 h 475 

exposure to the drug over the MIC (area under the unbound drug concentration-time curve 476 

fAUC/MIC)[84]. For inhaled drugs, some indices can be obtained from inhalation studies, for 477 

instance, in the animal model to perform histopathology on the observation of interstitial 478 

necrosis and the presence of pro-inflammatory cells[85]. Nevertheless, from human trials, the 479 

clinical endpoint of respiratory strength is important, as FEV1, FEV1% predicted, forced vital 480 

capacity, forced expiratory flow between 25% and 75% of forced vital capacity (FVC), and 481 

vital capacity. This has been exemplified on an established PK/PD model towards inhaled 482 

liposomal amikacin to CF patients[86]. 483 

This approach is being acknowledged as part of the regulatory process for new drug 484 

approvals, with the European Medicines Agency providing a guideline on how to apply the 485 

PK/PD models. This guideline requests leveraging time-kill curve experiments to inform 486 

mathematical models, which can be used to define target values for the PK/PD indices, by 487 

simulations. Based on the probability of target attainment analysis (PTA), the selection of 488 

dosing regimens is supported. One strength of this approach is the individualization of dosing 489 

regimens to patient subpopulations, such as patients with impaired renal function, pediatrics, 490 

elderly, obese, or critically ill patients[87]. 491 

The evolving field of pharmacometrics has contributed to a more comprehensive 492 

understanding of complex systems. The concept of mechanism-based PK/PD models addresses 493 

how biological (and pathological) processes may directly influence the pharmacokinetics and 494 

resulting pharmacodynamic effects. The human body and the microbiome are in homeostasis 495 

in which the involved elements undergo an inevitable turnover. This holds for the cells and 496 

organs of the human host, and secreted hormones or neurotransmitters, but also for bacteria 497 

and their secretions, in particular virulence factors. So, when PK/PD indices are increasingly 498 

variable, one option is to integrate microbial growth kinetics. In the future, the integration of 499 

data from other processes as disease progression or immune reactions should be foreseen. The 500 

mechanism-based PK/PD modeling approach allows for the characterization of bacterial 501 

growth behavior under antibiotic exposure based on in vitro or in vivo data by Jusko[88] and 502 

Rathi et al.[89]. 503 

 504 
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Bridging drug delivery and pharmacometrics  505 

Drug delivery via the lung is complex, involving several competing processes that can 506 

be described by pharmacometric approaches[90,91]. In the case of bacterial lung infections, 507 

the underlying processes are drug deposition, interaction with lung fluids, lung clearance 508 

mechanisms such as mucociliary clearance and macrophage uptake, lung retention of a drug, 509 

and its metabolism and transport towards other tissues or biofilm[90]. By stimulating cell 510 

growth and differentiation, features such as lung mucus or surfactant can advance in vitro 511 

systems to assess the behavior of inhaled particle or aerosol in the different parts of the lung. 512 

This was exemplified with a cellular pharmacokinetic model that explains drug accumulation 513 

due to passive transport in areas as the apical, basolateral, or intracellular regions[92]. Not only 514 

drug delivery into the lung should be accounted for, but also the different pathways taken by a 515 

drug to reach its target site, which is typically investigated using pharmacometric approaches.  516 

In such a multidisciplinary approach, doubts concerning which dosing regimen to start 517 

therapy can consider the clinical breakpoints determined by the EUCAST[93]. Susceptibility 518 

breakpoints can then directly help to treat infections. This determination is achieved when 519 

relating PK/PD indices, however, attentive to the target site and its variations of drug 520 

penetration, for instance, in biofilm, from its formation to eradication[94]. There are few 521 

examples for the use of pharmacometrics modeling based on in vitro and pre-clinical data in 522 

pulmonary therapeutic settings focussing on biofilm penetration, which are summarised in 523 

Table 3.  524 

These examples of multidisciplinary research represent the first approaches to combine 525 

pulmonary drug delivery and pharmacokinetic models in the context of bacterial biofilms. 526 

However, an overarching model taking all processes into account, as depicted in figure 2, is 527 

still lacking. The examples in Table 2 suggest that a multidisciplinary collaboration between 528 

pharmacometricians and pre-clinical scientists in the field of pulmonary biofilms could lead to 529 

the extraction of more knowledge from both in vitro and in vivo studies. However, the number 530 

of experimental datasets analyzed by these advanced techniques remains low. Optimal design 531 

theory based on these models could be applied to streamline the flow of information and 532 

efficiently design these experiments. 533 

Eventually, pharmacometric models can link antibiotic dosing to resulting 534 

concentration-time profiles at the target site and the therapeutic effect of the drug. Moreover, 535 

different mechanisms of acute or chronic infection could elucidate factors that can reduce anti-536 

infective resistance and provide insights on appropriate dosing regimens for diverse 537 

populations. 538 
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 539 

Concluding remarks and future perspectives 540 

Both established as well as emerging therapeutic approaches to pulmonary infections 541 

require novel tools for their fast and efficient development. In this review, we presented the 542 

lung as a challenging target for drug administration and innovative in vitro and in silico 543 

techniques, providing mechanistic insights in pathologically relevant processes. In the 544 

development of anti-infectives, finding new treatment options and mechanisms of action is 545 

crucial. Nevertheless, increased failure has called for technological advanced approaches[100]. 546 

The different microenvironments of the respiratory tract (nasal, trachea, bronchial, alveolar 547 

regions), containing different cell types and functions, enzymes, immune cells, and lining fluids 548 

are especially challenging regarding drug physico-chemistry[90]. Moreover, intracellular 549 

infections in macrophages, using lung structures to build communities, are challenging drug 550 

targets. Pathogens causing these infections take advantage of mucus and dead neutrophils to 551 

create biofilm or use the lung as a gateway into the bloodstream[101]. 552 

We discussed how human cell culture systems might be adopted to reproducibly model 553 

the relevant (patho-) physiological characteristics for drug delivery, mimicking the lung as a 554 

living substrate, barrier, or target. In the case of CF models, for instance, the cell culture of the 555 

bronchial epithelium is combined with an endothelial layer and immune cells to understand 556 

structural conditions for drug administration and action. However, these integrated 557 

experimental models may also be challenged with microbial growth of P. aeruginosa, 558 

mimicking acute infection, as well as virulence factors disarming therapy.  559 

Complementary, pharmacometrics exploits in vitro data and data from (pre-)clinical 560 

trials to develop mathematical models that characterize and quantify the kinetics of an 561 

antibiotic drug and its effects. They can be applied for simulations of different dosing regimens 562 

and administration routes for various compounds in mono- or combination therapy or to 563 

quantify and explain sources of variability in diverse patient populations. Communication 564 

among scientific communities provides the opportunity to exploit complex data and develop 565 

novel approaches, amalgamating different fields of expertise. The combination of 566 

pharmacometrics and pre-clinical pharmaceutical sciences offers unique opportunities to 567 

understand and explain complexity, provides insights into the intricacy of lung drug delivery, 568 

drug exposure, and effect, to ultimately optimize efficacy in antimicrobial therapy.  569 

Advanced in vitro techniques, such as microfluidic chips or including more host cell 570 

types or host matrices, hold the potential to bridge the gap between simple in vitro experiments 571 

and clinical complexity. Nonetheless, infection as another component of in vitro systems can 572 
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now follow the path of exploiting data towards the building of pharmacometrics models. This 573 

field has used flow and dynamic infection systems for decades and, with increased 574 

development, towards the use of hollow fiber model and multi-compartment models. This 575 

review is a call for combining technologies, knowledge, computational power, and clinical 576 

advances to build predictive in vitro models that integrate human host biology, the microbiome, 577 

either associated or not to pathology, and the need for targeting drug delivery as a dynamic 578 

interaction of these three major elements.579 
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Legends 942 

 943 

Figure 1. Evolution of in vitro models for the investigation of lung host-microbe interactions. 944 

1A) Cell procurement and its modes of cultivation. 1B) Transwell systems with the integration 945 

of immune cells. 1C) Models to mimic air-to-blood transport through cell layers and adaptation 946 

to its natural structures. 1D) Infection models with bacterial biofilm growth using P. 947 

aeruginosa. 1E) Use of scaffolds to develop longer and mature bacterial biofilms. 1F) 948 

Evolution of infection models combining other microbes relevant to chronic infection as S. 949 

aureus, the complex B. cenocepacia, and the respiratory syncytial virus.  950 

 951 

Figure 2. The factors and information to build an essential PK/PD model for new anti-952 

infectives. 953 

 954 

Table 1. Cellular in vitro systems that overlap drug efficacy studies (including aerosol 955 

delivery), microbiological, and human cell biology parameters towards the possibility of new 956 

PK/PD models.  957 

Abbreviations: Air-liquid interface (ALI), Airways surface liquid (ASL), Biological safety 958 

laboratory (BSL), Ciprofloxacin (CIP), Confocal laser scanning microscopy (CLSM), Cystic 959 

fibrosis (CF), Extracellular matrix (ECM), Ethylenediaminetetraacetic acid (EDTA), Hollow 960 

fiber model (HFM), Human pluripotent stem cells (hPSCs), Isolated perfused lung (IPL), 961 

Liquid covered conditions (LCC), Methicillin-Resistant Staphylococcus aureus strain 962 

(MRSA), Minimal biofilm eradication concentration (MBEC), Multidrug resistance-associated 963 

proteins (MRPs), Multiplicity of infection (MOI), Organic cation transporters (OCTs), Organic 964 

anion-transporting polypeptides (OATPs), Polydimethylsiloxane (PDMS), Polyethyleneglycol 965 

(PEG), Plasmid deoxyribonucleic acid (pDNA), Pharmacodynamics (PD), Pharmacokinetics 966 

(PK), Pseudomonas aeruginosa (PA), Respiratory syncytial virus (RSV), Sodium fluorescein 967 

(NaFlu), Staphylococcus aureus (SA), Staphylococcus newman (SN), Streptococcus salavari 968 

(SS). 969 

 970 

Table 2. In vitro bacteria-infected systems that overlap drug efficacy studies (including aerosol 971 

delivery), microbiological and human cell biology parameters towards the possibility of new 972 

PK/PD models.  973 

 974 
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Abbreviations: Air-liquid interface (ALI), Airways surface liquid (ASL), Biological safety 975 

laboratory (BSL), Ciprofloxacin (CIP), Confocal laser scanning microscopy (CLSM), Cystic 976 

fibrosis (CF), Extracellular matrix (ECM), Ethylenediaminetetraacetic acid (EDTA), Hollow 977 

fiber model (HFM), Human pluripotent stem cells (hPSCs), Isolated perfused lung (IPL), 978 

Liquid covered conditions (LCC), Methicillin-Resistant Staphylococcus aureus strain 979 

(MRSA), Minimal biofilm eradication concentration (MBEC), Multidrug resistance-associated 980 

proteins (MRPs), Multiplicity of infection (MOI), Organic cation transporters (OCTs), Organic 981 

anion-transporting polypeptides (OATPs), Polydimethylsiloxane (PDMS), Polyethyleneglycol 982 

(PEG), Plasmid deoxyribonucleic acid (pDNA), Pharmacodynamics (PD), Pharmacokinetics 983 

(PK), Pseudomonas aeruginosa (PA), Respiratory syncytial virus (RSV), Sodium fluorescein 984 

(NaFlu), Staphylococcus aureus (SA), Staphylococcus newman (SN), Streptococcus salavari 985 

(SS). 986 

 987 

Table 3. Recent reports on the combination of in vivo and in vitro models to inform 988 

pharmacometrics mathematical models. Pharmacometrics approach: Noncompartmental 989 

analysis (NCA), pharmacokinetic/pharmacodynamic (PK/PD), population pharmacokinetic 990 

(popPK), physiologically-based pharmacokinetic (PB)PK.  991 

Further abbreviations: Acylhomoserine lactones (AHLs), Acyl-oxohomoserine lactones 992 

(AOHLs), ciprofloxacin (CIP), colony-forming unit (CFU), cystic fibrosis (CF), epithelial 993 

lining fluid (ELF), Escherichia coli (E. coli), grams (g), green fluorescent protein (GFP), 994 

Hollow-fiber infection model (HFIM), High-performance Liquid Chromatography with 995 

tandem mass spectrometry (HPLC-MS/MS), hours (h), intravenous (i.v.), mechanism-based 996 

modeling (MBM), meropenem (MEM), milligrams (mg), milligrams/kilograms (mg/kg), 997 

milligrams/liters (mg/L), minimum inhibitory concentration (MIC), nanograms/milliliter 998 

(ng/mL), parts per billion (ppb), pharmacokinetics (PK), Staphylococcus aureus (S. aureus), 999 

Vibrio harveyi (V. harveyi). 1000 

 1001 


