
 

 Towards replacement of animals in lung inflammation 
research: developing novel 3D model of human lung 
inflammation in vitro 
 

Abstract 
 

Lung infection and inflammation is one of the leading causes of death worldwide. Critically 

ill patients are especially prone to the developing pneumonia, which often lead to lung 

failure, with no treatment currently available to rectify this. Multiple animal models have 

been used to mimic lung infection and inflammation, but results obtained using animals 

poorly translate to patients, and raise ethical concerns. Here we established a novel 3D lung 

model in a dish that is specifically designed to study lung inflammation during infection. We 

have utilised the most advanced techniques available at this time to recreate alveolar 

structure relevant to the human research, such as upside-down co-culture of human lung 

endothelial and epithelial cells to recreate the lung surface, and a human lung biogel to 

recreate the lung matrix. We have also tested some animal-free alternatives, such as human 

platelet lysate to be used instead of foetal bovine albumin and animal-free analogue of 

bovine Trypsin. Neutrophils from human volunteers and lipopolysaccharide were introduced 

to mimic lung inflammation. To our knowledge, this is the first time that such a virtually 

animal-component free model has been created. We believe that this model would be of 

value to the researchers studying mechanisms of lung inflammation and provide a useful 

platform for testing new medicines. 
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1. Introduction  
 

Lung infection and pulmonary inflammation is one of the leading causes of death 

worldwide. Inflammatory lung disease, such as pneumonia, is a common public health issue 

that places a significant burden on the healthcare systems. Patients with critical illnesses are 



 

especially vulnerable to ventilator-associated pneumonia, leading to excess mortality in this 

group of people1. Animal models of pneumonia have traditionally been used to study lung 

infection and test treatments, but this raises both ethical and clinical relevance concerns2. 

Better models that capture human pathophysiology of alveolar disease are urgently needed 

to improve our understanding and provide platforms for testing novel treatments.  

Pulmonary epithelial in vitro models have shown to be a useful tool for studying numerous 

aspects of lung cell physiology, including cellular responses to bacterial or viral infections, 

and basic pharmacology3. However, most of those models recapitulate some, but not all, 

features of the human lung, forcing researchers to use animals to answer more complex 

questions, where interaction of multiple factors or cell types is studied4. Moreover, cell 

culture ingredients of animal origin can alter the normal responses of the human cells, 

providing potentially misleading results. Co-cultures of epithelial cells with other cell types 

using transwells and human lung biogels can bridge the gap between monolayers of two-

dimensional (2D) cell cultures and in vivo models. Such three-dimensional (3D) in vitro 

human lung models that utilise non-animal alternatives can be promising systems that 

simulate realistic cell-cell and cell-matrix interactions, allowing the study of physiological 

mechanisms relevant to human lung in health and disease. 

So far, various in vitro pulmonary models have been established, mimicking either airways 

or alveoli2, 3, 5, 6. Rather than portraying the complete lung in all its biological complexity, 

these models are designed to answer specific problems in respiratory research. The most 

advanced models so far include triple co-culture of human alveolar epithelium, 

endothelium, and leukocytes7, upside down air-liquid interphase8 and growing cells on 

human lung-derived hydrogels9.  

 

Aims 
 

The main aim of this project was to design and test a 3D model of a human lung that 

embraces all the novel methodologies to create the most relevant human alveolar model to 

use for lung inflammation studies and drug discovery, which could potentially replace 

animal lung infection models or at least restrict animal use only for the studies of systemic 

effects. Additionally, we aimed to test the feasibility of using several animal-free 



 

alternatives of cell culture components and check whether these work as well as 

compounds of animal origin. 

 

2. Materials and Methods  
 

2.1  Cell culture 
 

2.1.2   2D culture of Human pulmonary microvascular endothelial cells  
 

Human pulmonary microvascular endothelial cells (HPMVECs) were obtained commercially 

either from PromoCell or ThermoFisher. The cells were initially cultured according to 

standard procedures in Endothelial Cell GM MV2 media (PromoCell) containing 10% foetal 

bovine serum (FBS) and supplements. Briefly, the frozen vial was gently thawed in a water 

bath of 37°C, resuspended in 5 ml of fresh media and spun down at 200g for 5 mins, 

supernatant discarded, and cell pellet resuspended in 2 ml of fresh full media. Meanwhile, 

10 ml of complete MV2 media was added to a T75 flask and placed into the humidified cell 

culture incubator, 5% CO2, for pre-conditioning. After centrifugation, the supernatant was 

discarded, and the cell pellet resuspended in 2 ml of complete MV2 media; cells were 

counted, and viability assessed using ethidium homodimer and acridine orange and Luna fl 

automatic cell counter (LogosBio). The cell suspension was then transferred to the T75 and 

mixed thoroughly with the pre-conditioned media. The complete MV2 media was changed 

the next day, and every other day thereafter until 90% confluence was achieved. 

The initial split was done using bovine Trypsin (Merk). First, the cells were washed with 

sterile PBS, then 5 ml of Trypsin was added to the cells and placed for 5 mins in the 

incubator. After the incubation, the side of the flask was gently tapped to assist 

detachment, then the cell suspension was collected into a 15 ml Falcon tube, and 5 ml of 

fresh full media was added. Cells were spun down at 200g for 5 mins, supernatant 

discarded, and cell pellet resuspended in either 2 ml of fresh MV2 media with FBS replaced 

by  fibrinogen-depleted, xeno-free human platelet lysate (HPL; STEMCELL), or serum-free 

cell freezing media (Bambanker, Lymphotec Inc.) for freezing and long-term storage. 

Meanwhile, 10 ml of complete MV2 media with HPL was added to a T75 flask and placed 

into cell culture incubator. When cells were ready, counted and viability assessed using Luna 



 

fl (acridine orange), the cell suspension was applied to the T75 and mixed thoroughly with 

the pre-conditioned media. The flask with the cells was checked under the microscope, 

sterilised, and placed into the TC incubator. Media was changed as described above. 

 

2.1.2 Human pneumocytes, 2D culture 
 

Human lung pneumocytes were purchased from Epithelix. The frozen vial was gently 

thawed in a water bath (37°C), then resuspended in 5 ml of fresh complete pneumocyte cell 

culture media (Epithelix) and spun down at 200g for 5 mins. Supernatant was discarded, and 

the cell pellet was resuspended in 2 ml of fresh pneumocyte cell culture media. Meanwhile, 

10 ml of the media was added to a T75 flask and placed into the cell culture incubator for 

preconditioning. When the cells were ready, counted and viability assessed using Luna fl 

(described above), the cell suspension was put into the T75 and mixed thoroughly with the 

pre-conditioned media. The flask with the cells was checked under the microscope, 

sterilised, and placed into the TC incubator. The media was changed the next day, and every 

other day thereafter until the cells reached 90% confluence. 

 

2.2 Methods  
 

2.2.1 Comparing Trypsin to TrypZean cell detachment reagents  

TrypZeanTM, a recombinant trypsin EDTA, was purchased from Lonza. The cell culture media 

was removed from cells grown in T25, washed with 5 ml PBS, 3 ml bovine trypsin was then 

added and left to incubate for 4 mins. The T25 was gently tapped on one side to help 

detachment. The cells were checked under the inverted microscope for detachment. The 

suspension was collected in a falcon tube and 3 ml of fresh media was added. The falcon 

tube was spun down at 200g for 5 mins, the supernatant was discarded, and the pellet of 

cells was resuspended in fresh complete media. The viability and cell count were measured 

by automated cell counter Luna fl. Cells were seeded in each of the 6 wells. The cells were 

left to proliferate until confluent. When the confluency was achieved, either 1 ml of Trypsin 

or 1 ml of TrypZeanTM was added into the wells. The plate was placed in the incubator and 

checked after 4 mins for detachment under the microscope. Not all the cells were visually 

detached, so the plate was placed back into the incubator for a further minute. After 5 mins 



 

in total, the cells in all 6 wells were detached. Content of each well was collected, and the 

cell count and viability were performed as above. Cells were then plated in triplicates into a 

black-walled 96-well plate (µCLEAR®, Greiner) and maintained in the cell culture incubator 

overnight. 

 

2.2.2 In-plate cell viability assay 

The next day, the cell culture media was replaced by PBS and 1 in 10 volume of a pre-

warmed to room temperature PrestoBlue® Reagent (ThermoFisher) was added to each of 

wells. The plate was then incubated for a further 15 mins at 37oC. The measurements were 

acquired using a fluorescence plate reader (Fluorostar Omega) with excitation wavelength 

560 nm (excitation range is 540–570 nm) and emission of 590 nm (emission range is 580–

610 nm). Blank values were subtracted from all recordings. 

 

2.2.3 Hydrogel coating 

TissueSpec® Lung ECM Hydrogel (Xylyx) was prepared according to the manufacturer’s 

instructions freshly before use. The hydrogel was either applied to cover the bottom of the 

wells of a 96-well plate (Greiner) or to treat cell culture inserts. Briefly, tissue culture PET 

Transwell® inserts of 6.5 mm diameter (Corning Costar®, a pore size of 3.0 μM, area 0.33 

cm2) were coated with the human lung hydrogel from the apical side and placed to the cell 

culture incubator for two hours at 37 °C to harden. Then, the inserts were inverted, and the 

basolateral side was covered with the hydrogel; the plate containing the Transwell® inserts 

was placed in the cell culture incubator overnight. The next day the hydrogel coating was 

checked to ensure that even coating and sufficient hardening have occurred. 

 

2.2.4. 3D ALI Co-culture  

HMVECs and human lung pneumocytes were detached using TrypZeanTM cell detachment 

reagent as described above. Then, the Lung ECM Hydrogel-treated 24-well Transwell® inserts 

were inverted, and human lung pneumocytes were seeded on the basolateral side of the 

Transwell® membrane. The cells were then placed into a humidified cell culture incubator 

for 2 h to allow adherence to the matrix. After that, Transwell® inserts were inverted. Then, 

HMVECs cells were seeded on the apical side of each Transwell®. Last, 0.6 mL of the 



 

complete MV2 media with HPL was applied to the top well, and 0.2 ml of the complete 

pneumocyte media was applied to the bottom well (Figure 1).  

On the following day, the medium was accurately aspirated and complete fresh media was 

added to each Transwell®. Cells were kept under liquid-liquid conditions (LLC) for 3 days. 

Then, the basolateral media was changed to Pneumacult-ALI-s-medium (STEM CELL) for 

another 5 days. After that, cells were settled at air-liquid interphase (ALI) by removing the 

0.6 mL of complete medium on the basolateral side, exposing the epithelial cells to the 

air. Cells were kept under ALI for up to two weeks, measuring trans-epithelial resistance 

every other day. At the day of experiment, the cells were treated with LPS 1 μg/ml for 1 

hour. Neutrophils from healthy volunteers were separated according to standard 

procedures10. Neutrophils were mixed with media and 1% autologous serum and applied to 

the apical side of the inserts for 1 hour, then the cells were washed from the basolateral 

side with 100 μL PBS and counted. 

 

2.2.5 TEER measurements  

TEER measurements were performed using EVOM 3 (WPI) and STX2-Plus electrode. The 

STX2 was attached to the EVOM3 and sterilized with 70% ethanol. The mode was set to 

resistance, 24 wells was chosen as the plate size, and ohms as units. Then the resistance of a 

cell-free, hydrogel-coated (blank) inserts was measured before measuring TEER in all the 

inserts.  

 

Figure 1. Diagram demonstrating upside-down alveolar ALI model grown on a semi-permeable 

membrane covered with human lung matrix. 



 

2.2.6 Immunofluorescent labelling  

At the end of the experiment, cells growing on Transwell® inserts were fived using 3% 

paraformaldehyde for 30 mins, at room temperature, then washed twice with PBS. Cells 

were incubated for 1 hour in blocking/ permeabilisation solution [1% bovine serum albumin 

(Merk), animal-free blocker (BioTechne), 0.1% Triton-100 (Sigma-Aldrich) in PBS]. Anti-VE 

Cadherin antibody - intercellular junction marker and recombinant anti-surfactant protein B 

(mature) antibody (Abcam) were labelled using with DyLight® 488 and with DyLight® 550 

Conjugation Kits (Abcam), respectively, according to the manufacturer’s instructions. These 

antibodies and ZO-1 monoclonal antibody, 647nm (ThermoFisher), were dissolved in 

blocking/permeabilisation solution applied to the fixed cells, apical and basolateral sides of 

the insert, and incubated at 4oC in the dark overnight. Negative control had antibodies 

omitted. The next morning, the inserts with cells were thoroughly washed with PBS, stained 

with Hoechst 33342 (ThermoFisher) for 20 mins, and submerged in homemade anti-fade 

mounting solution [250 mg n-propyl gallate in 250 μl DMSO (with gentle heating), then 40 

mL glycerol and 10 mL PBS was added]. 3D images were acquired at 405nm for Hoechst, 488 

for VE cadherin, 550 for surfactant protein B, and 647 for ZO-1 using LSM800 (Zeiss), 10x 

objective. 

 

3. Data analysis 
 

Data were analysed using Microsoft Excel and GraphPad Prism. 3D reconstruction images 

were prepared using Zen software (Zeiss). Statistical comparisons were performed either t-

Test or one-way ANOVA, as indicated. 

 

4. Results and Discussion 
 

4.1 Replacement of animal products with animal -free alternatives. 

Since animals are not only used in research directly, as experimental models, but also as 

animal-derived products, we decided to limit animal-derived components in our research 

and replace with available alternatives. First, we have compared effects of switching from 

fetal bovine serum (FBS)-supplemented medium for HMVECs to human platelet lysate (HPL) 



 

– supplemented one11. Despite some cloudiness derived from the HPL supplementation, 

HMVECs grew in HPL at comparable rates to the ones treated with FBS, with no 

morphological changes noticed following three passages (data not shown). 

To validate usability of the animal product-free cell detachment reagent, we used 

TrypZeanTM (recombinant Trypsin EDTA) which is a trypsin solution of completely non-

animal origin (NAO) intended for cell dissociation and compared its effectiveness and safety 

with a conventional bovine trypsin. We treated both, hMVECs as well as human pulmonary 

epithelial cells (hPECs) with TrypZean and trypsin of the same concentrations, volumes, and 

duration, and performed cell counts and viability afterwards. Figure 2 demonstrates that 

following detachment, both reagents produced comparable results in terms of cell counts 

and cell viability for both cell types. However, when the viability of the cells was tested the 

next day, hMVECs have showed a small but significant reduction in viability in the TrypZean 

cohort, whilst hPECs have showed much improved survival in the TrypZean cohort I 

comparison to trypsin one (Figure 2, top and bottom right panels).  

To facilitate cell attachment, the surface of the transwells is often coated with animal-

derived matrixes, such as porcine skin or rat tail collagen2, 12. We have replaced these 

products with more relevant human lung collagen-containing hydrogel9. First, we have 

plated hPMVECs and hPECs into 96-well plates coated with TissueSpec® Lung ECM Hydrogel, 

and we observed that cells remained viable and preserved cellular morphology in 

comparison to the cells growing on matrix (data not shown). Next, we coated the transwells 

with the Lung ECM Hydrogel, and plated the cells as described in the methods. 

 



 

 

Figure 2. Effects of trypsin and TrypZean cell detachment regents on cell yield and viability of hMVECs 

and hPECs. Top and bottom left figures demonstrate viability immediately post-detachment (Luna fl), top 

and bottom middle figures show amounts of cells recovered by both reagents (Luna fl), and the top and 

bottom right panels demonstrate viability 24 hours post platng following the detachment with of trypsin 

and TrypZean. Paired t-test, where *** p<0.001, n=9 for hPMVECs, and n=3 for hPECs. 

 

4.2. Modelling 3D upside-down ALI alveolar model 

A major problem employing conventional ALI techniques relates to the single-cell type 

instead of multiple-cell type cultures that do not recapitulate the multi-cell complexity of 

the alveolar wall. To overcome this problem an upside-down ALI was proposed that would 

not only allow co-culture of two relevant cell types, namely hPECs and hMVECs, but also 

enable easy addition of immune cells, such as neutrophils, to the inner side of the Transwell 

to mimic in situ conditions when immune cells more able to migrate from the vascular side 

to the alveolar side through the tight junctions8.  



 

We successfully developed this model using human lung hydrogel as a scaffold, as 

evidenced by the formation of confluent layers of epithelial and endothelial cells on 

alternate sides of the membrane as well as leak-proof upside-down ALI formation (Figure 2). 

3D confocal microscopy reconstructions demonstrate the formation of defined layers of 

epithelial and endothelial cells, and neutrophils transmigrating through the pores of the 

membrane as evidenced by the presence of smaller polymorphonuclear staining between 

the layers. Some punctate staining visible on the reconstructions indicates possible 

disruption of the cells by the LPS-induced neutrophil-mediated inflammation as well as the 

need for further optimisation of the staining technique.  

 

Figure 2. 3D reconstruction of upside-down ALI alveolar model, treated with LPS 1 μg/l and neutrophils. 

Images were acquired using Zeiss LSM800.  Anti-VE Cadherin (green), Anti-Surfactant Protein B (orange), 

ZO-1 (red), and nuclei (blue). 

 

TEER measurements have indicated the formation of 

a weak electrical barrier. However, treatment with 

LPS and neutrophils have further disrupted the 

alveolar integrity of the model (Figure 3) indicating 

that induced pro-inflammatory conditions mimic 

TEER reductions seen in situ. 

  

Figure 3. TEER measurements of upside-down ALI alveolar 

model following treatments with 1 μg/ml LPS and healthy 

human peripheral blood neutrophils. One-way ANOVA with 

Tukey post-hoc test, where *P<0.05, N=2 independent 

experiments, n=4 wells. 



 

5. Opportunities/future research  
 

This first steps taken to replace not only animal models in lung research, but also animal-

derived products, will be continued in our laboratory until robust protocol is established. 

Once successfully developed, the model will be utilised by other members of the group for 

further study to look at the effects of hypoxia, bacterial or viral infection and drug 

development applications. In future, a system providing flow of the leukocyte-rich media on 

the apical chamber will be introduced to mimic circulating blood, facilitating oxygenation, 

nutrient exchange, epithelial differentiation, and leukocyte attachment3. This approach will 

also form a basis of a human pluripotent stem cell-derived 3D alveolar model that will be 

grown using microfluidic devices such as organ-on-a-chip. 

 

Conclusions  
 

The aim of the project was to create a 3D in vitro model of the human lung suitable for 

studying inflammation and infection in various settings. Our experiment has proven that it is 

possible to create appropriate 3D alveolar models using predominantly non-animal derived 

products and human lung hydrogels as a scaffold for the lung cells. Human primary lung 

epithelial cells were cultured in human lung hydrogel scaffold on the bottom side of the 

insert, whilst human primary microvascular endothelial cells were co-cultured on the apical 

side of the insert. Media from the bottom was removed to create upside-down-ALI. Pro-

inflammatory agents such as lipopolysaccharide (LPS) from Gram-negative bacteria was 

applied to the bottom side of the insert, and neutrophils from healthy volunteers was added 

to the apical side, allowing transmigration of leukocytes through the co-culture. Multiple 

factors such as leukocyte recruitment, trans-epithelial electrical resistance (TEER), cell 

counts, and morphological structure (immunofluorescence) were investigated. This 

approach mimics the native lung environment with leukocytes being recruited to the 

alveolar space during infection. Further development is needed to streamline the protocol 

to ensure high levels of TEER formation are achieved as an indication of maturity of the 

alveolar model. 
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