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Summary 

Lung disease such as asthma and chronic obstructive pulmonary disease (COPD) are increasing the global heath 
burden affecting hundreds of millions of people worldwide. The development of novel inhaled therapies is being 
hindered by the lack of understanding of alveolar macrophages to inhaled particulate medicines. In animal 
models, there is increasing evidence that inhaled medicines are taken up by alveolar macrophages resident within 
the lung resulting in poorly understood perturbations. The aim of this work is to identify an appropriate in vitro 

alveolar macrophage culture model for the generation of a human co-culture model. This model will allow us to 
better understand alveolar physiology at a cellular level and predict in vivo responses to pharmaceutical 
particulates. Human lung, U937 monocyte cell line was differentiated to alveolar macrophages in the presence of 
phorbal myristate acetate (PMA) and differential characteristics specific to PMA naïve and PMA treated cells were 
identified. These characteristics include cell viability, immunological changes in surface markers and phagocytic 
activity. Human U937 monocyte cell line was differentiated to the macrophage phenotype using (5 - 500 nM), 
incubation and resting times (0 - 72h). Cells were harvested and differentiation was validated for surface marker 
expressions by microarray technology, flow cytometry and confocal microscopy. In general, cellular perturbations 
were identified in alveolar macrophages compared to their phenotype. The U937 cell line has the potential to 
provide a platform appropriate to explore macrophage responses.  Characterisation of a cell line representative of 
alveolar macrophages will allow for a concrete basis to be established for which a co-culture model can be 
developed in order to understand alveolar macrophages in response to inhaled pharmaceuticals. Work is ongoing 
to standardise a protocol for generating alveolar macrophage cells from monocytes and to validate the U937 cell 
line as a suitable inhaled response model.    
 
Introduction 

Few new inhaled medicines have reached the market in the past decade despite considerable investment into 
developing new drugs for the treatment of airway diseases

1
.  One of the main reasons for the attrition of candidate 

inhaled drug treatments during drug discovery is the induction of foamy alveolar macrophage responses observed 
in rat in vivo

2,3
.  There is increasing evidence that inhaled medicines can be taken up by alveolar macrophages 

resident within the lung giving them a foamy, vacuolated appearance
1–4

.  However, the mechanism for induction 
of this ‘foamy’ alveolar macrophage response and its significance in relation to lung pathophysiology are currently 
poorly understood

2,3
.  These observations have affected new inhaled drugs reaching the market as regulatory 

bodies are unable to approve new medicines that appear to sensitise the immune system in animal models, 
despite not knowing fully if these observations are adverse in human patients

2-4
.   

 
Rat in vivo studies remain the main methodology to screen for adverse lung responses to new inhaled drug 
candidates

3
.  Whilst these studies provide information of a whole animal response to inhaled medicines, 

responses are generally observed by imaging thin slices of lung tissue that have been fixed and stained to gain a 
better understanding of tissue morphology and response

5
.  These observations are only able to provide at best, 

information regarding the broad morphological changes in alveolar macrophages and similar foamy macrophage 
phenotypes endpoints are observed from a variety of different cell responses

6
.  A variety of different in vitro cell 

culture models have been employed to characterise these responses on a cellular level, including mono-cultures 
to multiple cell co-cultures and three-dimensional (3D) models

7–13
. 

 
In order to develop a robust in vitro human model, it is necessary that a suitable, well characterised cell line be 
identified.  This proves challenging because there are no human alveolar macrophage cell lines readily available. 
Local and blood derived monocyte cell lines are differentiated by various stimuli to generate a mature monocyte/ 
macrophage cell line that can be readily exposed to aerosols or particulate matter of interest. However, the 
methodology available to differentiate and validate these cell lines are poorly defined, especially for U937 cells 
whereby methodology for differentiation varies significantly from use of different stimuli, incubation and resting 
times. Furthermore, validation of U937 cells and their phenotype differ due to the lack of standardised terminology 
of morphological and phenotypical thresholds among other macrophage cell lines, suggesting a possible need to 
characterise individual cell lines to their specificity profiles.  By characterising a cell line representative of alveolar 
macrophage, a concrete basis can be established for which a co-culture model can be developed upon. 
The aim of this work is to identify an appropriate in vitro alveolar macrophage culture model for the generation of 
a human co-culture model. This model will allow us to understand alveolar physiology at a cellular level and better 
predict in vivo responses to pharmaceutical particulates. 

  
  



Drug Delivery to the Lungs 26, 2015 - In vitro assessment of alveolar macrophage characteristics for the 
application of inhaled pharmaceuticals  

 

 
Materials and Methods 

Cell culture:  The U937 human monocyte cells line was purchased from the LCG Standards (Teddington, 
Middlesex, UK) and used between passage 2 and 15 from purchase. U937 cells were cultured in RPMI with 10 
%v/v FBS and supplemented with 1% v/v penicillin streptomycin and 2 mM L-glutamine.  Cells were cultured in a 
humidified atmosphere at 37 °C with 5 %v/v CO2 and cell number was maintained between 1 x 10

5
 to 2 x 10

6
 

cells/ml.   

Differentiation: For differentiation into an alveolar macrophage phenotype, cells were seeded onto 6 well plates at 
a density of 1 x 10

6
  cells/well in 4 mL of complete cell culture medium supplemented with phorbol myristate 

acetate (PMA) (5-100 nM) with an incubation and resting time of 24-72 h and 24 h respectively. 

Characterisation of differentiated U937s: Cells were harvested by resuspending in complete cell culture media 

and differentiation was validated for CD marker array analysis (Sciomics, Heidelberg, Germany) and surface 
marker expressions by flow cytometry. For flow cytometry, antibodies used were fluorescein isothiocyanate 
(FITC) conjugated to mouse anti-human CD14, CD11a and CD11b with isotype controls: mouse IgG1 κ and 
IgG2a κ obtained from BD Biosciences (Oxford, Oxfordshire, UK) as previously described ref. For data analysis, 
each sample population was gated to only include cells of interest based on their forward scatter and side scatter 
contours. A total of 20,000 events were collected for each sample. The positive signal was determined as being 
more fluorescent relative to its isotype control. 

 
Results and Discussion 

PMA treatment activates protein kinase C and induces a degree of differentiation in U937 cells
14

. Perturbations to 
U937 cells are evident through the formation of adherent aggregates with extended pseudopodia and increased 
expressions of surface markers. CD microarray analysis was used to identify protein profiles (81 CD marker 
molecules, 16 cytokines and 19 other relevant proteins) of PMA naïve and PMA (100 nM) treated cells at a high 
(passage 17) and low (passage 5) passage number. No significant differences between protein expressions were 
identified for PMA naïve cells at a low and high passage number, similarly for PMA treated U937 cells at a low 
and high passage. For further analysis we compared CD marker expression profiles of both cell populations at a 
low and high passage number.  PMA naïve and PMA treated cell were compared at a low passage number and 
again at a high passage number.  The comparison of differential protein expressions of PMA treated U937’s and 
control U937’s at a low and high passage number allowed us to identify significantly upregulated proteins for the 
differentiated populations (Figure 1).  
 

 
 

Figure 1. Comparison of differential protein expressions of PMA treated U937 compared to PMA naïve phenotype 
at a low (A) and high (B) passage number. Several proteins exhibited distinct abundance variations in treated 
samples and controls at low passages at a significant level. The volcano plot visualises the p-Values (adjusted for 
multiple testing) and corresponding log-fold changes. A significance level of p = 0.05 is indicated as a red 
horizontal line. Proteins with a positive value had a higher abundance in treated samples. 
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The change in expression of cell surface markers for monocyte and macrophage cell populations was assessed.  
The leukocyte function antigens (CD11a and CD11b) and pattern recognition marker (CD14) were identified from 
the literature and the microarray data as appropriate markers to distinguish between monocytes and 
macrophages 

15–17
  (Figure 2). There was a significant increase (p<0.001) in expressions CD11a and CD11b for 

PMA-differentiated U937 cells compared with untreated cells which indicates differentiation to a macrophage 
phenotype. An increase in expression for CD11a and CD11b are similar to microarray results and was also 
observed in previous studies for U937 cells 

15–17
.  However, the increased expression folds are lower in our recent 

findings, particularly for CD11b compared to the literature. This is probably because of variations in PMA 
concentrations and incubations times between studies. Thus, CD11a and CD11b are appropriate markers for 
identifying characteristic expression profiles of differentiated/ naïve U937 cells.  Macrophages are known to 
express CD14; this is shown in differentiated HL-60, THP-1 and primary murine cells

18,19
. U937 cells and U937 

cells treated with PMA displayed no significant expression in either group for integrin CD14.  

 

 

Figure 2. Relative MFI for cell surface markers on MO and MØ. Relative median fluorescence intensity and 
standard deviation for CD11a, CD11b and CD14 for U937 naïve and PMA treated U937. Student’s t-test 
determined significance between each marker for its sample. Relative MFI for CD11a and CD11b was 
significantly increased, where p<0.001***. Data are displayed as relative MFI +/- SD dev. 

Conclusion 

Cells can be induced to differentiate and change their characteristic profiles in a morphological and physiological 
manner. U937 cells have been commonly reported to be differentiated to alveolar macrophages in the presence 
of PMA but the literature lacks in providing a standardised protocol for this method. Several surface marker 
proteins have been identified that are significantly upregulated in PMA treated U937’s compared to its control. 
Also, the integrin marker expressions have shown to be cell line specific when compared to THP/ blood derived 
macrophages 

18,20
. We can conclude that PMA treatment of U937 cells results in a differentiated state along the 

monocyte/ macrophage lineage. There is a need for optimisation of U937 differentiation protocol and, 
standardisation of clarification terminology of new cell populations within the literature.  

Future work will include further analysis of the CD microarray to allow selection of appropriate markers for each 
cell type which will be analysed in a quantified manner using flow cytometry to characterise the U937 phenotype 
and the different populations within it.   The efficiency of PMA induced differentiation such as integrin expression 
and phagocytic activity will be assessed over a range of concentrations (5 - 500 nM), incubation and resting times 
(0 - 72h). Additionally, a survival curve and cell culture profile (passages) of differentiated U937 cells will be 
generated to determine proliferation ability of these cells.  

This knowledge will allow researchers to develop a robust in vitro model which responses to various xenobiotics 
can be investigated for alveolar macrophages.  Finally, data obtained from differentiated U937 mono-culture will 
allow identification of abnormal or adverse responses of these cells when incorporated with another cell line such 
as epithelial cells. An optimal co-culture cell matrix would allow significant morphological, phenotypic and 
molecular measurements by assessment to inhaled particulate responses. The model would adequately 
represent cell responses of the alveoli and finally, translatable in vitro endpoints/ biomarkers that have not yet 
been evaluated in nonclinical studies. 

  



Drug Delivery to the Lungs 26, 2015 - In vitro assessment of alveolar macrophage characteristics for the 
application of inhaled pharmaceuticals  

 

References 

1. Nikula, K. J., Avila, K. J., Griffith, W. C. & Mauderly, J. L. Lung tissue responses and sites of particle 
retention differ between rats and cynomolgus monkeys exposed chronically to diesel exhaust and coal 
dust. Fundam. Appl. Toxicol. 37, 37–53 (1997). 

2. Lewis, D. J., Williams, T. C. & Beck, S. L. Foamy macrophage responses in the rat lung following 
exposure to inhaled pharmaceuticals: a simple, pragmatic approach for inhaled drug development. J. 
Appl. Toxicol. 34, 319–31 (2014). 

3. Jones, R. M. & Neef, N. Interpretation and prediction of inhaled drug particle accumulation in the lung and 
its associated toxicity. Xenobiotica. 42, 86–93 (2012). 

4. Forbes, B. et al. Challenges for inhaled drug discovery and development: Induced alveolar macrophage 
responses. Adv. Drug Deliv. Rev. 71, 15–33 (2014). 

5. Nikula, K. J., Vallyathan, V., Green, F. H. & Hahn, F. F. Influence of exposure concentration or dose on 
the distribution of particulate material in rat and human lungs. Environ. Health Perspect. 109, 311–8 
(2001). 

6. Nikula, K. J. et al. STP position paper: interpreting the significance of increased alveolar macrophages in 
rodents following inhalation of pharmaceutical materials. Toxicol. Pathol. 42, 472–86 (2014). 

7. Rothen-Rutishauser, B. M., Kiama, S. G. & Gehr, P. A Three-Dimensional Cellular Model of the Human 
Respiratory Tract to Study the Interaction with Particles. Am. J. Respir. Cell Mol. Biol. 34, 281–9 (2005). 

8. Carterson, A. J. et al. A549 lung epithelial cells grown as three-dimensional aggregates: alternative tissue 
culture model for Pseudomonas aeruginosa pathogenesis. Infect. Immun. 73, 1129–40 (2005). 

9. Klein, S. G., Serchi, T., Hoffmann, L., Blömeke, B. & Gutleb, A. C. An improved 3D tetraculture system 
mimicking the cellular organisation at the alveolar barrier to study the potential toxic effects of particles on 
the lung. Part. Fibre Toxicol. 10, 31 (2013). 

10. Braydich-Stolle, L. K. et al. Nanosized Aluminum Altered Immune Function. ACS Nano 4, 3661–3670 
(2010). 

11. Alfaro-Moreno, E. et al. Co-cultures of multiple cell types mimic pulmonary cell communication in 
response to urban PM10. Eur. Respir. J. 32, 1184–94 (2008). 

12. Crabbé, A. et al. Alveolar epithelium protects macrophages from quorum sensing-induced cytotoxicity in a 
three-dimensional co-culture model. Cell. Microbiol. 13, 469–81 (2011). 

13. Lehmann, A. D. et al. An in vitro triple cell co-culture model with primary cells mimicking the human 
alveolar epithelial barrier. Eur. J. Pharm. Biopharm. 77, 398–406 (2011). 

14. Daigneault, M., Preston, J. A., Marriott, H. M., Whyte, M. K. B. & Dockrell, D. H. The identification of 
markers of macrophage differentiation in PMA-stimulated THP-1 cells and monocyte-derived 
macrophages. PLoS One 5, e8668 (2010). 

15. Yamamoto, T. et al. Role of catalase in monocytic differentiation of U937 cells by TPA: hydrogen peroxide 
as a second messenger. Leukemia 23, 761–9 (2009). 

16. Sintiprungrat, K., Singhto, N., Sinchaikul, S., Chen, S.-T. & Thongboonkerd, V. Alterations in cellular 
proteome and secretome upon differentiation from monocyte to macrophage by treatment with phorbol 
myristate acetate: insights into biological processes. J. Proteomics 73, 602–18 (2010). 

17. Hass, R. et al. TPA-induced differentiation and adhesion of U937 cells: changes in ultrastructure, 
cytoskeletal organization and expression of cell surface antigens. Eur. J. Cell Biol. 48, 282–93 (1989). 

18. Tontonoz, P., Nagy, L., Alvarez, J. G. ., Thomazy, V. A. & Evans, R. M. PPARγ Promotes 
Monocyte/Macrophage Differentiation and Uptake of Oxidized LDL. Cell 93, 241–252 (1998). 



Drug Delivery to the Lungs 26, 2015 - A Martin et al. 

 

19. Wang, Y. et al. A critical role of activin A in maturation of mouse peritoneal macrophages in vitro and in 
vivo. Cell. Mol. Immunol. 6, 387–92 (2009). 

20. Harris, P., Ralph, P. & Division, S. Human Leukemic Models of Myelomonocytic Development : A Review 
of the HL-60 and U937 Cell Lines. J. Leukoc. Biol. 422, 407–422 (1985).  


