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Summary 

Bronchial provocation with lipopolysaccharide (LPS) has been developed into a clinical challenge model to 
investigate the effect of novel anti-inflammatory drugs under development for the treatment of diseases such as 
asthma and COPD that are associated with neutrophil recruitment into the lung. This model has been used for 
early proof of concept and dose ranging studies in both healthy volunteers and in smoking subjects. However, 
surprisingly there is no standardised method of LPS delivery to the lungs and several issues have to be 
addressed before it can be validated as a model to be used more effectively in drug development. These issues 
mostly relate to a lack of knowledge on the exact dose of LPS that is administered to the lungs in terms of amount 
and potency (endotoxin strength). 

We have investigated whether a bioassay based on the human monocytic cell line (Mono Mac 6) can be 
developed into a simple and fast tool to determine LPS potency. We investigated various cell densities, LPS 
concentrations, and incubation times in a 96-well plate format to establish a dose-response relationship between 
LPS concentration and IL-6 release from the Mono Mac 6 cells. We found a linear dose-response relationship 
between 0.05–1 ng/mL LPS and IL-6 release at a cell density of 0.5*10

5
 cells/mL and an incubation time of 4 h. 

The techniques are very simple and the assay can be performed within one day, which with further optimisation 
may be further shortened to a few hours. In conclusion, we have developed a bioassay that relates Mono Mac 6 
IL-6 release to LPS concentration. Ongoing work focuses on reducing the variation between replicate 
measurements and testing the robustness of the assay using LPS from different strains. 

Introduction 

Lipopolysaccharide (LPS), also called endotoxin, is a major component of the outer membrane of Gram-negative 
bacteria and is known to have pyrogenic and pro-inflammatory effects in animals.

[1]
 Aerosolised LPS is present 

ubiquitously in the environment in concentrations that do not elicit immune responses. However, In certain 
aerosols, such as tobacco smoke and organic dusts, concentrations can be high enough to induce responses in 
the lungs.

[2]
 Inhalation of LPS has been associated with lung inflammation, most notably neutrophilia.

[3-5]
 It can 

further lead to bronchial obstruction in people with bronchial hyperresponsiveness, such as that associated with 
asthma.

[6]
  

Bronchial provocation with a nebulised LPS solution has been used mainly to study inflammatory processes in the 
lungs and has been developed into a challenge model to investigate the effect of novel anti-inflammatory drugs 
under development for the treatment of diseases such as asthma and COPD that are associated with neutrophil 
infiltration into the lungs.

[7-11]
 This model has been used for early proof of concept and dose ranging studies in 

both healthy volunteers and smoking subjects. However, surprisingly there is no standardised method of LPS 
delivery to the lungs and the model still suffers from several weaknesses that need resolving before it can be 
accepted as a validated tool to be used more widely in drug development studies. 

One weakness is the lack of a uniform delivery method for LPS. The relatively low doses of LPS needed and its 
good aqueous solubility make it suitable for nebulisation, and both tidal breathing and controlled inhalation 
methods have been used. In most studies to date, the Mefar MB3 dosimeter was used to administer a highly 
concentrated LPS solution in five slow inhalation manoeuvres. For tidal breathing administrations, the Pari Boy jet 
nebuliser was mostly used to administer less concentrated solutions over a period of 10 to 15 min. The 
differences between devices and inhalation manoeuvres inevitably result in differences in the actual delivered 
dose. 

Another important issue is the nature of the LPS. Studies so far have used different sources of LPS and different 
doses, ranging from 0.5 to 100 μg. Often the dose is reported by mass, whereas the potency of different LPS 
batches may vary greatly. For example, it is often assumed that 1 ng of LPS has a potency of 10 endotoxin units 
(EU), based on the potency of the pharmacopoeial International Standard (IS). However, potency is not only 
greatly dependent on the bacterial strain from which the LPS has been derived, but there is also large batch-to-
batch variation. This is illustrated by LPS from the Escherichia coli strain 026:B6, which has often been used for 

bronchial provocation and is specified to contain at least 0.5*10
6
 EU/mg. This means that this strain has at least 

half the potency of the IS.  However, the batch used at Quintiles Drug Research Unit was reported to have a 
potency of 3*10

6
 EU/mg, a 6-fold difference from its specification and a potency 3-fold higher than the IS. This 

demonstrates how expressing the dose in weight is of little value if the potency of the batch is not reported, even 
before variability in the dose delivered to patients is considered. Other issues that need to be addressed are the 
lack of dose-response studies performed in humans and uncertainty regarding why some people do not respond 
to LPS inhalation. To study the latter issues, it is imperative to know the exact dose of LPS that is delivered and 
its potency. 
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To determine the potency of LPS, a number of methods are available. The most widely applied method is the 
Limulus amoebocyte lysate (LAL) test, which is based on the principle that LPS causes extracellular coagulation 
of the blood of the horseshoe crab. This immediately points out the major drawback of this test, i.e. its use of this 
ancient animal species as a blood donor. Alternatively, the monocyte activation test (MAT) has been developed, 
where the principle is based on the high sensitivity of human monocytes to exogenous pyrogens.

[12-14]
 In this test, 

monocytic cells are incubated with the LPS-containing solution and assayed for cytokine release. Interestingly, all 
pyrogen test methods have been developed to detect LPS in extremely low concentrations to ensure parenteral 
medicinal products are free of pyogens at trace levels, whereas testing pure LPS allows for working at much 
higher concentrations. The first step in the adaptation of the pharmacopoeial MAT method is thus to determine 
the optimal dose range for LPS testing by establishing a dose-response relationship for LPS and monocytic cells. 

Our ultimate objective is to develop an easy and fast tool that can be used to test the potency of a specific LPS 
batch prior to administering it to humans. In the presented work, we investigated the dose-response relationship 
for LPS and Mono Mac 6 cells to determine whether an assay based on this cell line can eventually serve this 
purpose.  

 

Materials and methods 

The Mono Mac 6 cell line was obtained from DMSZ (Braunschweig, Germany) and maintained in continuous 
culture in 24-well NUNC plates in RPMI 1640 medium (#R8758, Sigma-Aldrich, Dorset, UK) containing 2 mM L-
glutamine, which was supplemented with 1 mM oxaloacetate, 0.45 mM pyruvate, 0.2 U/mL insulin (OPI media 
supplement, Sigma #O5003), 10 mL penicillin and streptomycin (200 U/mL and 200 µg/mL, Sigma #P0781), 5 mL 
non-essential amino acids (Sigma #M7145) and 50 mL heat-inactivated fetal bovine serum (FBS) (Sigma 
#F9665). The cell culture medium was stored at 4°C for no longer than 1 month. The LPS was from the E. coli 
strain 055:B5 (Sigma #L6529, lot 124M4049V) with a reported potency of 0.6*10

6
 EU/mg. 

The cells were seeded in an initial density of 3*10
5
 cells/mL and pooled and reseeded every 3-4 days. They were 

kept in a humidified incubator at 37°C in a 5% CO2 / 95% air atmosphere. For the LPS stimulation experiments, 
Mono Mac 6 cells were seeded in uncoated 96-well plates and were allowed to settle overnight under the same 
conditions as the continuous cell culture. 

To determine the optimal conditions for the assay, 100 μL of cell suspension was added to the wells, with 
densities ranging from 1*10

4
 to 2*10

6
 cells/mL. 100 μL of LPS dissolved in PBS was added in concentrations that 

were varied between 0.1 and 10,000 ng/mL. Since the Mono Mac 6 cells grow in suspension, the LPS challenges 
had to be added to the already present cell-conditioned medium, resulting in two-fold lower cell densities and LPS 
concentrations. IL-6 secretion was determined after incubation times of 2, 4, 6, and 24 h. 

The MAT method is based on the excretion of pro-inflammatory cytokines in response to stimulation of the Mono 
Mac 6 cells with LPS. IL-6 was chosen as readout cytokine because IL-6 is entirely secreted by the cells in high 
concentrations, in contrast to cytokines such as IL-1β and TNF-α, which remain largely intracellular.

[13]
 IL-6 

concentration in the cell-conditioned media was determined by sandwich ELISA, using the Human IL-6 (2
nd

 
Generation) ELISA Ready-Set-Go kit (eBioscience, Hatfield, UK), which has a standard curve range of 2 to 200 
pg/mL, according to the supplier’s protocol. In brief, a high-affinity protein-binding 96-well plate was coated with 
IL-6 capture antibody and incubated overnight at 4°C after which any non-specific binding sites were blocked with 
FBS. Aliquots of 50-100 μL were taken from the cell-conditioned media and incubated in the ELISA plate for 2 h, 
after which first biotinylated IL-6 detection antibody and subsequently avidin-bound horseradish peroxide (HRP) 
were added for 1 h and 30 min respectively. The HRP substrate TMB (3,3',5,5'-Tetramethylbenzidine) was 
incubated in the plate for exactly 15 min, after which the reaction was stopped by adding 1 M NaH3PO4 and 
absorbance was directly measured at 450 nm and 570 nm (background signal). IL-6 concentration was related to 
the standard curve, which was calculated using the 4 parameter logistic (4PL) nonlinear regression model 
(Graphpad Prism version 5).  

 

Results 

In a screening experiment, cells in eight different cell densities (1*10
4
 – 2*10

6
 cells/mL) were stimulated with nine 

LPS concentrations (1 – 10,000 ng/mL) and incubated for 24 h (data not shown). Initial cell densities of 1*10
5
 and 

2*10
5
 cells/mL, thus final densities of 0.5*10

5
 and 1*10

5
 cells/mL, looked most promising for optimisation, 

however, the incubation time of 24 h appeared to be excessive. Furthermore, even the lowest concentrations that 
were tested induced extensive IL-6 release in the Mono Mac 6 cells, which suggested that the LPS concentrations 
should be further reduced. 

Next, the cells were stimulated in final densities of 0.5*10
5
 and 1*10

5
 cells/mL for 2, 4, 6, and 24 h with 0.005, 

0.05, 0.5, 5 ng/mL LPS. The results of the combination of 0.5*10
5
 cells/mL and 4 h incubation time are shown in 

Figure 1A. The response at 0.005 ng/mL LPS was just above the detection limit of the assay. The three higher 
concentrations suggested a log-linear relationship, which were investigated further (Figure 1B).  
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Figure 1 - IL-6 secretion by Mono Mac 6 cells (0.5*10
5
 cells/mL) in response to 4 h stimulation with LPS derived from 

E. coli 055:B5 (potency 0.6*10
6
 EU/mg). A: n = 2, mean and range are shown. B: n = 4, mean and SD are 

shown. 

 

Since the LPS can be diluted to any desired concentration, establishing a linear relationship between LPS 
concentration and IL-6 secretion for concentrations below 1 ng/mL was investigated, as this would increase the 
sensitivity of the assay. A significant linear relationship (p < 0.0001) was determined (Figure 2), although further 
optimisation is needed to find the most suitable concentration range and reduce the variation between the 
replicate measurements. 

 

 

Figure 2 - IL-6 secretion by Mono Mac 6 cells (0.5*10
5
 cells/mL) in response to 4 h stimulation with LPS derived from 

E. coli 055:B5 (potency 0.6*10
6
 EU/mg). n = 8, mean and SD are shown. Linear regression analysis indicated 

a significant linear relationship Y = 44.54 + 100.6*X (95% CI of the slope [76.44, 124.8], R
2
 = 0.57, p < 0.0001).  

 

Discussion 

In this study, the possibility of using the Mono Mac 6 cell line to quantify LPS potency was investigated. These 
preliminary results indicate that there is a linear dose-response relationship between LPS concentration and the 
amount of IL-6 released by the cells, although the optimal range for this relationship still needs to be determined. 
So far, only one strain of LPS has been used and the results need to be verified with LPS from other sources, 
such as the E. coli strain 026:B6. One important control that needs be included is the International Standard with 

verified potency to translate our findings in concentration to potency. A fundamental drawback of the MAT method 
is that it is a relative measurement, and as such a standard needs to be included to quantify LPS potency.  

Two main requirements for this assay are that it should be easy and fast. The techniques used in this assay are 
very simple to perform. Using an incubation time of 4 h, the entire assay can be performed in one day. The 
duration of the assay may be further reduced by using a single plate for the entire assay. It has been shown by 
Poole et al. that the 4 h stimulation can be combined with the first steps of the ELISA assay.

[13]
 This would almost 

halve the duration of the assay. The assay requires having the cells in continuous culture, but since the number of 
cells per well is low, it does not require a lot of resource to maintain the cell line. 
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Conclusion 

In conclusion, we have developed a fast and simple assay that relates IL-6 release from the monocytic cell line 
Mono Mac 6 to LPS concentration. We are continuing to optimise the assay by reducing the variation between the 
replicate measurements. Future work will focus on testing the robustness of the assay by using LPS from different 
sources. 
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