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Summary 

Respiratory disease remains an increasing global health burden, however few new medicines for asthma and 
chronic obstructive pulmonary disease (COPD) have reached the market in the past decade. Whilst there has 
been a considerable amount of research investment into the development of new inhaled medicines, many fail 
due to safety or efficacy.  One of the main reasons for this is the observation of a foamy alveolar macrophage 
responses in rats in pre-clinical studies which limits the dose of these compounds in subsequent studies despite 
not knowing if these observations are toxic in humans.  The ultimate aim of this work is to develop an accurate, 
immune responsive, human alveolar macrophage based co-culture model for the assessment of inhaled 
medicines. Accordingly, U937, a human lung-derived monocyte cell line, was differentiated to a macrophage 
phenotype in the presence of 5 nM and 100 nM phorbol myristate acetate (PMA) over 24-96 h.  The activation, 
differentiation and functionality characteristics of native and treated cells were assessed using a combination of 
cell viability and morphological analyses, microarray technology, flow cytometry and phagocytic ability.  The 
concentration of PMA was found to have a more significant impact than incubation time on the expression of 
macrophage cell surface markers, morphology and viability.  This work suggests that the differentiation protocol 
for U937 cells is important to consider as it may impact cell response. The U937 cell line offers good potential to 
explore macrophage responses to inhaled pharmaceutics in a robust in vitro immunocompetent co-culture model 

with airway epithelial cells.  
 
Introduction 

Despite considerable research investment into the development of new medicines for the treatment of respiratory 
disease, only a very limited number have reached the market in the past decade

1,2
. A key factor for the attrition of 

potential candidate inhaled drug compounds is the observation of an immune response in the airways of rats in 
pre-clinical studies, characterised by the appearance of foamy alveolar macrophages

2
.  There is increasing 

evidence that inhaled medicines can be taken up by alveolar macrophages resident within the lung giving them a 
foamy, vacuolated appearance

1-3
.  However, the mechanism for induction of this ‘foamy’ alveolar macrophage 

response and its significance in relation to lung pathophysiology are currently poorly understood
1,2

.  Despite not 
knowing if the foamy macrophage effects observed in rats are a safety concern for humans, many new drug 
candidates are halted due to safety or lack of efficacy in subsequent studies

2
. 

 
Table 1: Reported phorbol myristate acetate (PMA) mediated differentiation protocols for U937 cells 

Cell density Concentration Incubation Rest period Surface marker expression Compared 

control 

Reference 

3x10
5
 cells/ml 160 nM 72 h 0 h CD11a/b/c, 29, 54, 56, 59, 36,    

44, 61, 41b 
Y (2) 

1x10
6
 cells/ml 40 nM 48 h 0 h CD36 Y (3) 

5×10
5
 cells/ml 81 nM 48 h 0 h n/a N (4) 

2x10
4 
cells/well 5 nM 72 h 72 h repeated* CD11a/b. 14, 18 Y (5) 

n/a 16 nM 72 h 72 h CD14, 206 Y (6) 

5×10
5
 cells/ml 1-10 nM 48 h 0 h CD14,13, 4, 71 Y (7) 

4x10
4
- 7.5x10

5
 cells/ml 162 nM 24, 48 h 0 h n/a Y (8) 

2×10
5
 cells/ml 20 nM

+
 0-24 h 0 h CD11b,  36 Y (9) 

4×10
5
 cells/ml 32 nM 48-72 h 0 h CD11a/b/c, 15, 33, 14 Y (10) 

5×10
5
 cells/ml 150 nM 96 h 0 h n/a N (11,12) 

1x10
6
 cells/ml 4 nM 96 h (media change 

after 48 h) 
24 h CD11b Y (13) 

n/a 16 nM 12 h 72 h** CD14 Y (14) 

1x10
6
 cells/ml 160 nM

++
 48 h 48 h CD11b Y (15) 

5×10
5
 cells/ml 16 nM 24 h 0 h n/a n/a (16) 

5×10
5
 cells/ml 20 nM 12-72 h 0 h CD11a/b, 14 Y (17) 

4x10
5
cells/ml 32 nM 8 h 36-46 h*** n/a N (18) 

5×10
5
 cells/ml 16 nM 72 h 24 h n/a Y (19) 

2x10
5
-10

6
 cells/ml 81 nM 48 h Not disclosed**** n/a N (20) 

5×10
5
 cells/ml 16 nM 12, 24, 48,72 h 0 h n/a Y (21) 

n/a 100 nM 48 h 0 h CD14 N (22) 

1x10
6
 cells/ml 1.6 nM

+++
 72 h 0 h n/a Y (23) 

1x10
6
 cells/ml 100 nM 72 h 0 h n/a N (24) 

*fresh complete culture medium every 72 h up to 2-3 weeks, **fresh complete culture medium every 24 h up to72 h, ***included 3 h 
incubation with LPS, ****did not disclose length of time for rest period. Concentrations were corrected to nM, 

+
Concentration range: 

+
0-

200 nM, 
++

80-162 nM for 24 and 48 h, 
+++

0.16 nM- 24.3 nM. Rest period: the amount of time cells were incubated in fresh culture 
medium following treatment. Compared to control: Differentiated U937 cells were either compared (Y- yes) or not compared (N-no) to 
their untreated phenotype. 
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In vitro cell culture models provide an ideal platform to assess cell response to exposure of compounds in a high 
throughput manner and to investigate the mechanisms involved which generate the foamy macrophage 
phenotype.  It is first necessary to identify an appropriate, well characterised cell line in order to develop a robust 
in vitro human model.  To date, no human alveolar macrophage cell line is readily available.  As such, current 
models rely on lung and blood derived monocyte cell lines, which are differentiated using various stimuli to 
generate a mature monocyte/macrophage-like cell line that can be exposed to aerosols or particulate matter of 
interest

3
. However, the methodologies available to differentiate and validate these cell lines are poorly defined, 

especially for U937 cells whereby differentiation protocols vary significantly from use of different stimuli, 
incubation and resting times (Table 1). Furthermore, the characterisation of differentiated U937 cells differs in 
comparison with other monocyte/macrophage cell lines, suggesting a possible need to characterise individual cell 
lines to their specific profiles

25
.  The aim of this research was to investigate if varying the differentiation protocol 

for U937 had an impact on the resulting cell characteristics.  Optimising a cell line representative of human 
alveolar macrophages will provide the basis for a robust in vitro immunocompetent co-culture model for the safety 
assessment of new candidate inhaled medicines. 
 
Materials and Methods 
Cell culture:  The U937 human monocyte cell line (LCG Standards, Teddington, Middlesex, UK) was cultured in 
RPMI supplemented with 10 %v/v FBS, 100 IU/ml penicillin-100 µg/ml streptomycin solution, 2 mM L-glutamine 
and incubated in a humidified atmosphere at 37 °C with 5 %v/v CO2. Cell number was maintained between 1 x 
10

5
 to 2 x 10

6
 cells/ml and experiments performed with cells between passage 2 and 15 from purchase.  For 

differentiation to a macrophage phenotype, cells were seeded at a density of 5 x 10
6
 cells/mL in complete cell 

culture medium supplemented with PMA (5 or 100 nM) and incubated for either 24, 48, 72 or 96 h followed by a 
24 h resting period in complete cell culture medium. 
 
Characterisation of differentiated U937s: Cells were characterised for cell differentiation (CD) surface markers 
using array analysis (Sciomics, Heidelberg, Germany) and flow cytometry techniques (CD11a, CD11b, CD14, 
CD36 and CD206). Phagocytosis was assessed using Cayman's phagocytosis assay kit (Bar Hill, Cambridge, 
UK) containing 0.1 µm latex beads coated with FITC-labelled IgG. Viability of cells was assessed every 24 h for 
18 days following exposure to PMA using Guava® ViaCount® Reagent from Millipore Limited (Watford, 
Hertfordshire, UK). Cell morphology was assessed by haematoxylin and eosin stain on sterilised milinex films 
from Agar Scientific (Stanstead, Essex, UK). 
 
Results and Discussion 

Protein microarray results showed that PMA treated U937 cells were rich in surface markers specific to 
macrophages and alveolar macrophages

26
.  CD11a, CD11b, CD14, CD36 and CD206 were selected for 

characterising PMA-mediated differentiation of U937 cells based on the protein microarray results and literature.  
Cell surface marker expressions for CD11a, CD11b and CD36 were more abundant in the PMA differentiated 
U937 cells in comparison with undifferentiated cells.  CD11b was significantly more highly expressed (p<0.05) in 
cells incubated with 100 nM PMA in comparison with 5 nM and untreated control.  Expression levels of CD14 and 
CD206 (data not shown) were lower than for the other markers tested and were minimally impacted by the 
presence of PMA. (Figure 1). No significant (p>0.05) difference in expression level were observed for the cell 
surface markers investigated with the length of PMA exposure time. 
 
In accordance with the literature, U937 cells differentiated with PMA display phagocytic characteristics

8,27,28
. No 

significant difference (p>0.05) was observed between PMA treated and PMA naïve cells at each time point tested 
(Figure 2). However, a significant decrease (p<0.05) in phagocytic activity was observed for all treatments with 
increasing time in culture. 
 
Prolonged viability and growth of PMA naïve and treated U937 cells was observed for 18 days following PMA 
treatment (Figure 3).  No significant difference (p<0.05) was observed for the health and proliferation of PMA 
naïve cells and cells treated with 5 nM PMA for 24 h or 96 h.  In contrast, a significant reduction (p<0.05) in the 

number of cells present was observed in the 100 nM PMA treatment group in comparison with cells exposed to 5 
nM PMA at both 24 h and 96 h exposure times.  These results indicate that U937 cells exposed to 100 nM PMA 
stop proliferating and continue to be viable for at least 18 days after differentiation.  Whilst there are conflicting 
reports in the literature regarding U937 proliferation post differentiation, the low proliferation rate generated in this 
study may be more representative of resident alveolar macrophages in situ

29,30
.  Morphological differences 

including increased pseudopodia were observed in cells treated with 100 nM PMA in comparison with exposure 
to 5 nM concentrations (data not shown).  This supports the findings that the concentration of PMA used for the 
differentiation of the U937 cell line to a macrophage-like phenotype is an important factor in determining the 
characteristics of the cell. 
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Figure 1: Expression profile of CD markers in U937 cells incubated with PMA. U937 cells were seeded 5 x 10
5
 cells per 

100 µl on a 96 well plate and incubated with 0 nM, 5 nM or 100 nM PMA for (A) 24 h, (B) 48 h, (C) 72 h and (D) 96 h followed 
by a 24 h rest period in fresh culture medium. Expression of CD11a, CD11b, CD14 and CD36 was measured by a flow 
cytometry using a direct staining method alongside relevant isotype controls.  Data is presented as the mean +/- standard 
deviation of three experiments performed in triplicate.  * indicates p<0.05. 

Figure 2: Phagocytic behaviour in U937 cells treated with PMA.  U937 cells were seeded 5 x 10
5
 cells per 100 µl on a 96 

well plate and incubated with 0 nM, 5 nM or 100 nM PMA for (A) 24 h, (B) 48 h, (C) 72 h and (D) 96 h followed by a 24 h rest 
period in fresh culture medium.  Phagocytosis was assessed by incubating cells with 0.01 %v/v FITC-tagged 1.0 µm beads for 
24 h in fresh culture media analysed using flow cytometry.  Data is presented as the mean +/- standard deviation of three 
experiments performed in triplicate. 

 
Figure 3: Viability of U937 cells after differentiation with PMA. Cells were seeded at 5x10

5
 cells per 100 µl on a 96 well 

plate and incubated with no PMA (control), 5 nM or 100 nM PMA for either (A) 24 h or (B) 96 h followed by a 24 h rest period in 
fresh culture medium. Cell viability was assessed using Guava ViaCount assay where day 1 was assigned 24 h after media 
change. Data is presented as the mean +/- standard deviation of three experiments performed in triplicate. 



Drug Delivery to the Lungs 27, 2016 – Abigail Martin et al. 

Conclusion  

 
We have shown that modifications in the differentiation protocol for U937 cells result in cells with altered levels of 
cell differentiation markers, proliferation characteristics and morphology.  Our observations suggest that the 
concentration of PMA that U937 cells are exposed to has a more significant impact on cell characteristics than 
the length of incubation.  This highlights the need for an optimised and standardised protocol for PMA-
differentiation of U937 cells to allow for comparable research between laboratories. Our results suggest that 
exposure to 100 nM PMA for 48-72 h may provide the optimal conditions for the generation of an alveolar 
macrophage-like phenotype for U937 cells based on morphology, cell proliferation after differentiation, phagocytic 
activity and cell surface marker expression data presented.  Future work will characterise U937 responses as 
part of robust in vitro immunocompetent co-culture model for the safety assessment of new candidate inhaled 

medicines. 
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