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ABSTRACT.  The immunomodulatory activities of monophosphoryl lipid A (MLA) and diphosphoryl lipid A 
analogues obtained from the sensitive strain of E. coli and from the resistant strains adapted to a quaternary 
ammonium salt and an amine oxide were compared. All analogues considerably stimulated the activity of 
human leukocytes although the analogue from the sensitive strain at a higher concentration significantly 
suppressed phagocytosis. The MLA analogue exhibited a suppressive effect on the microbicidal activity of 
human leukocytes against E. coli and the peroxidase activity. Adaptation of bacteria to amphiphilic anti-
microbial compounds, which is accompanied by chemical changes in their lipid A, only slightly reduced 
their immunomodulatory activity when compared with the analogue from the sensitive strain. On the other 
hand, the diphosphoryl analogues were less active than MLA. 

Bacterial cell-surface components reveal a large scale of biological activities on the host organism 
and some of them are modulators of the immunity response. Adaptation of bacteria to various environmental 
factors (e.g., temperature, antimicrobial compounds) often leads to chemical changes in their cell-surface 
structures (Van Alphen et al. 1979; Pospíšil and �ezanka 1994; Dubois-Brissonnet et al. 2001) and modifi-
cation of their biological activities (Salkowski et al. 1998; Matsuura et al. 1999). 

Quaternary ammonium salts (QAS) and structurally similar amine oxides (AO) are membrane 
active antimicrobial agents. In subinhibitory concentrations they are able to modulate various biological 
activity of bacteria (�upková et al. 1988; Hoštacká et al. 1994, 1995; Majtánová et al. 1996). Moreover, 
QAS and AO themselves affect the metabolic activities of human leukocytes (Feren�ík et al. 1990). A 
strain of E. coli adapted to antibacterial AO significantly differed from the natural sensitive strain in fatty 
acid and hydroxy fatty acid profiles of lipid A, which caused a decrease in the outer membrane permeability 
due to reduction of its fluidity (Bukovský et al. 1991).  

Several factors, such as changes in the disaccharide backbone, structure orientation and the number 
of phosphate groups, number, order, length and degree of saturation of acyl chains of fatty acids have been 
reported to influence the biological activity of lipid A variants (Frecer et al. 2000). The natural lipid A of  
E. coli is commonly described as a 1,4�-bisphosphorylated 1,6-� linked D-glucosamine disaccharide with 
acylated amide- and/or ester-linked (R)-3-hydroxymyristic acids in 2,3-tetradecanoic acid in positions 2�,2� 
and dodecanoic acid in 3�,3� positions of the glucosamine group (Lüderitz et al. 1978). In contrast, structu-
rally related monophosphoryl lipid A (MLA) differs from the natural lipid A by the absence of the phos-
phate group on the 1 position of glucosamine and �-hydroxyacyl side chain in 3� position (Hagen et al. 
1997). Concerning the structure and conformation differences between the natural and MLA analogues of 
lipid A, several studies confirmed their different effects on the immune system and other biological acti-
vitiess (Ikeda et al. 1990; Elliot 1998; Matsuura et al. 1999; Kuželová et al. 1999).  

It was of interest to investigate the ability of adaptation changes in this cell-surface component to 
modify its immunomodulatory activity. Therefore, the lipid A analogues obtained from the sensitive strain 
of E. coli and strains adapted to QAS and AO were tested for their activities on the human leukocytes, in 
comparison with MLA.  
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MATERIAL  AND  METHODS 

The strain of Escherichia coli ATCC 11229 was adapted to 1-(methyldodecyl)trimethylammonium 
bromide (ATDBr) (620 mmol/L) and to 1-(methyldodecyl)dimethylamine oxide (ATDNO) (820 mmol/L). 
Lipid A was isolated according to Westphal and Jann (1965) from the sensitive strain of E. coli (analogue 
C), from the strain adapted to ATDNO (analogue LNO) and from the strain adapted to ATDBr (analogue 
LBr). MLA from the deep rough (Rd) mutant of E. coli F 538 was obtained from the Sigma.  

Human leukocytes from 6–8 healthy volunteers per one control (no. 1–3 in Tables I–V) (Hemato-
logy and Transfusion Unit, Derer’s Clinic and Hospital, Bratislava) were isolated and purified by HistoPa-
que-1077 (Sigma) according to Boyum (1968). Next, they were cultivated with a competent concentration of 
lipid A according to Bukovský et al. (1998).  

Phagocytotic activity and phagocytotic index. A suspension of 100 μL of human leukocytes (2/nL, 
i.e. 2 × 106 cells per mL) was incubated for 1 h at 37 °C with 50 �L of heat-killed Streptococcus faecalis 
(500/nL, i.e. 5 × 108 cells per mL). Wright’s staining of the suspension was performed by the conventional 
methodology. Phagocytotic activity was calculated as percentage of the phagocytosing cells per 100 phago-
cytes; the phagocytotic index was calculated as the average number of S. faecalis cells ingested by one pha-
gocyte.  

The microbicidal activity of disintegrated human leukocytes was determined on strains of Staphylo-
coccus aureus MAU 2958, Escherichia coli ATCC 11229 or Candida albicans SC 1539. A 1-d culture of  
S. aureus on blood agar, E. coli on Endo agar or a 2-d culture of C. albicans on Sabouraud’s agar were 
adjusted to absorbance A540 = 0.35 (all the media were from Imuna, Slovakia). One-hundred-μL aliquots of 
E. coli (or C. albicans) and 75 μL of S. aureus were added to 100 μL of ultrasonically disintegrated leuko-
cytes (18 kHz, 10 s). The mixtures were incubated for 1 h at 37 °C. Aliquots of the mixtures were cultivated 
on solid media (bacteria 1 d at 37 °C on blood agar or Endo agar, yeasts 2 d at 25 °C on Sabouraud’s agar). 
The surviving microbes were calculated as colony-forming units (CFU). 

Lysozyme and peroxidase (metabolic) activity. The ultrasonically disintegrated leukocytes (18 kHz, 
10 s) were centrifuged (65 Hz, 10 min). The supernatant (150 �L) was mixed with 50 �L of the suspension  
of Micrococcus luteus ATCC 4698 in phosphate buffer (A410 = 0.8) or 50 �L of the peroxidase substrate 
(1,2-benzenediamine and freshly diluted H2O2, pH 5.0). The lysozyme activity was measured spectrophoto-
metrically at 410 nm in 0–20-min period. The peroxidase reaction was stopped after 20 min by H2SO4 
(4 mL/L) and changes in A490 were measured (MR 5000 spectrophotometer; Dynatech).  

Statistical analysis. The results were analyzed by Student’s t test; values of p < 0.05 were regarded 
as statistically significant. 

RESULTS AND  DISCUSSION 

In vitro treatment of human leukocytes with various concentrations of lipid A analogues led to dis-
tinct changes in their reaction to various stimuli. At a lower concentration diphosphoryl lipid A analogues 
enhanced twice both the phagocytotic activity and the phagocytotic index of human macrophages (Table I). 
At higher concentrations, the phagocytosis was suppressed only by C analogue. Phagocytosis of human macro-
phages was stimulated two- to three-times by MLA analogue. In comparison, Masihi et al. (1986) showed 
that phagocytosis of peritoneal macrophages was enhanced even 7–10-fold by diphosphoryl lipid A and 5-fold 
by monophosphoryl lipid A.  

Microbicidal activity against S. aureus cells was significantly stimulated after treatment of human 
leukocytes with MLA and LBr (Table II). On the other hand, their microbicidal activity against E. coli was 
stimulated only by the C analogue. The other tested analogues reduced the ability of the leukocytes to kill  
E. coli.  

As shown in Table III, only C and LNO analogues at higher concentrations stimulated the microbi-
cidal activity of human cells against C. albicans. In previous work with the whole outer-membrane extracts 
obtained from E. coli cells adapted to an AO (Bukovský et al. 1998), the microbicidal activity of human 
cells against C. albicans was stimulated only by extracts from the sensitive strain of E. coli. 

The in vivo production of lysosomal enzymes is a common response of leukocytes to infection. 
Pretreatment in vitro of the human leukocytes by all the lipid A analogues at 1 mg/L stimulated the cells to 
release lysozyme (Table IV). Moreover, at this concentration the peroxidase activity was also stimulated 
after the cells were treated by the analogues (Table V), though MLA at lower concentration significantly 
suppressed this activity.  
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Among the various biological effects of lipid A, its immunomodulatory activity is of particular 
interest not only because of its ability to enhance the immune response. On the other hand, its immunosup-
pressive activity might serve in protection against sepsis and probably cardiac ischemia–reperfusion injury; 
this means to decrease the destructive inflammation changes in the tissues (Salkowski et al. 1998; Matsuura 
et al. 1999). Therefore, natural lipid A from bacteria as well as several modifications of its natural structure 
were studied both in vivo and in vitro. 

 
Table I.  Phagocytotic activity and phagocytotic index of human macrophages after treatment with MLA, 
LBr, C and LNO 

Phagocytotic activity Phagocytotic index 
 

Treatment �g/L 
phagocytosing 

cells, % 
relative 

activity, % 
 na relative 

activity, % 

 

Control no. 1 – 37 � 13 100 4.3 � 0.5 100  

MLA 0.1 59 � 14*** 159 5.2 � 0.5*** 121  
MLA 0.5 94 �   6*** 254 8.9 � 0.6*** 207  
MLA 1 89 �   9*** 241 8.5 � 1.4*** 198  
MLA 3 50 � 11*** 135 5.0 � 0.6*** 116  
LBr 1 80 � 11*** 216 6.5 � 0.4*** 151  

Control no. 2 – 54 �   4 100 3.8 � 0.2 100  

C 1 89 � 10*** 164 7.3 � 0.9*** 192  
LNO 1 72 �   8** 133 6.0 � 1.4** 158  

Control no. 3 – 90 �   4 100 6.6 � 0.6 100  

C 5 77 �   2*** 86 5.3 � 0.1*** 80  
LNO 5 84 �   4 93 6.5 � 0.6 98  
LBr 5 85 �   5 94 7.7 � 1.1 116  

aNumber of engulfed particles. **p < 0.01, ***p < 0.001. 

 
Table II.  Bactericidal acitivity of human leukocytes against Staphylococcus aureus (S.a.) and Escherichia 
coli (E.c.) after treatment with MLA, LBr, C and LNO 

 Concentration of living cellsa Cell survival, % 
 

Treatment �g/L 
S.a. E.c. S.a.  E.c.    

Control no. 1 – 1560 � 130 1100 � 240  100 100  

MLA 0.1 780 � 130*** 1480 � 160*  50 135  
MLA 0.5 676 � 198*** 1100 � 200  43 100  
MLA 1 546 � 104*** 1260 � 160  35 115  
MLA 3 806 � 135*** 1540 � 120**  52 140  
LBr 1 702 � 179*** 1500 � 160**  45 136  

Control no. 3 – 847 �   95 1400 � 560  100 100  

C 5 835 � 141 480 � 100**  99 34  
LNO 5 933 � 226 1260 � 100  110 90  
LBr 5 658 � 122* –  78 –  

a100/�L, i.e. ×105 per mL. *p < 0.05, **p < 0.01, ***p < 0.001. 

 
The stimulation process of leukocytes by lipid A involves its binding to the cell and internalization, 

which is followed by cell activation. The binding is half-saturated at 10–30 �g/L of lipid A (Lentschat et al. 
1999) but its biological activity varies in a wide range of concentrations (0.3 �g/L to 1 mg/L). Among the 
tested analogues of lipid A, only MLA at 5 mg/L was without any effect on human monocytes, though it 
induced full T-cell activation (Ismaili et al. 2002). Saha et al. (2001) reported that 10 mg/L of MLA induces 
a significant release of H2O2 in primary stimulation of leukocytes. 

At the relatively high concentration (100 mg/L), MLA had been reported to be an activator of human 
leukocytes for calcium mobilization, activation of mitogen-activated protein kinase (MAPK) and for 
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induction of the NF-�B transcription factor (Ismaili et al. 2002). Matsuura et al. (1999) reported that the 
natural lipid A (E. coli type) at 1 �g/L affected the ability of human cells to produce the proinflammatory 
mediators TNF and IL-6. 

 

 

 
 

Adaptation of E. coli cells to amphiphilic 
compounds leads to changes in the composition of 
its lipopolysaccharide, particularly of its lipid A 
portion. Structural analysis of lipid A from E. coli 
adapted to ATDNO (Bukovský et al. 1991) reve-
aled a decrease in the content of hydroxy fatty 
acids. It was supposed that alterations in chemi- 
cal composition could modify the interaction of 
lipid A and leukocytes. Nevertheless, as shown 
here, the changes in lipid A due to adaptation of 
bacteria to the amphiphilic compounds only slightly 
reduced its immunomodulatory activity compa- 
red with the natural lipid A from untreated cells. 
On the other hand, all diphosphoryl analogues 
were less active than the monophosphoryl ana-
logue MLA.  
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