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bacterium. This is a signature for which each small detail 
may exert important differences on LPS recognition by host 
cells and signal transduction (2). LPS does not necessarily 
induce a toxic response, so all LPSs are not endotoxins, but 
endotoxins are always composed of LPSs. LPSs are the first 
nonsecreted toxins found to interact with host innate im-
munity, generating cytokine production, immune cell re-
cruitment, and specific host-cell responses leading, at higher 
doses, to multiple organ failure and septic shock (3). The 
smallest change in the structures of LPSs or their hydropho-
bic moiety, named lipid A, is directly linked to innate im-
mune recognition and development of a specific host 
response. The interaction between LPS molecules and their 
innate receptor, the MD-2/TLR4 complex, is greatly affected 
by the fine details of LPS structures. First, LPS molecules are 
recognized by the LPS binding protein and presented as 
monomers to the soluble or membrane CD14 receptors. 
Then, the LPS is transferred to the MD-2/TLR4 complex (2, 
4) allowing its dimerization of the receptor through ionic 
and hydrophobic interactions and activation of the cellular 
signaling pathways. Among these, the activation of the NFB 
pathway directly induces rapid pro-inflammatory cytokine 
production. Secreted cytokines are ultimately central to the 
generation of efficient responses to pathogens and the activa-
tion of the adaptive immune system (5, 6).

The Neisseriaceae family members, including the Vitreos-
cilla genus, are obligate aerobic bacteria described for the 
first time in 1949 by E. G. Pringsheim (7) as colorless glid-
ing filamentous organisms. Similar organisms were in fact 
described earlier by Cohn (8) in 1870. They are known as 
the first genus in which bacterial hemoglobin (VHb) was 
discovered (9).

Abstract  Vitreoscilla filiformis is a Gram-negative bacterium 
isolated from spa waters and described for its beneficial ef-
fects on the skin. We characterized the detailed structure of 
its lipopolysaccharide (LPS) lipid A moiety, an active compo-
nent of the bacterium that contributes to the observed skin 
activation properties. Two different batches differing in 
postculture cell recovery were tested. Chemical analyses and 
mass spectra, obtained before and after mild-alkali treatments, 
revealed that these lipids A share the common bisphosphor-
ylated -(1→6)-linked d-glucosamine disaccharide with hy-
droxydecanoic acid in an amide linkage. Short-chain FAs, 
hydroxydecanoic and dodecanoic acid, were found in a 2:1 
ratio. The two lipid A structures differed by the relative 
amount of the hexa-acyl molecular species and phosphoeth-
anolamine substitution of the phosphate groups. The two V. 
filiformis LPS batches induced variable interleukin-6 and 
TNF- secretion by stimulated myelomonocytic THP-1 cells, 
without any difference in reactive oxygen species production 
or activation of caspase 3/7. Other different well-known 
highly purified LPS samples were characterized structurally 
and used as standards.  The structural data obtained in 
this work explain the low inflammatory response observed 
for V. filiformis LPS and the previously demonstrated benefi-
cial effects on the skin.—Breton, A., A. Novikov, R. Martin, P. 
Tissieres, and M. Caroff. Structural and biological character-
istics of different forms of V. filiformis lipid A: use of MS to 
highlight structural discrepancies. J. Lipid Res. 2017. 58: 
543–552. 

Supplementary key words  cytokines • lipid biochemistry • lipopolysac-
charide • mass spectrometry • skin • toll-like receptor • V. filiformis

Lipopolysaccharides (LPSs) are the main components of 
the outer-membrane of Gram-negative bacteria, represent-
ing about 106 molecules per bacterium (1). They are also 
major antigens displaying unique structures for each 
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After the discovery of the improvement of the atopic der-
matitis skin syndrome by spa waters containing such non-
pathogenic bacteria (10), interest was focused on the 
bacterial elements responsible for this beneficial effect.

During the last decades, biological activities have been 
found to be beneficial for the skin after application of Vit-
reoscilla filiformis biomass. These activities include: sub-
stance P antagonist (11), stimulation of skin anti-microbial 
peptide secretion, recovery of sunburn areas (12, 13), acti-
vation of MnSOD as an inducible free-radical scavenger 
in keratinocytes for protecting cells against the uncon-
trolled production of reactive oxygen species (ROS) (14), 
modulation of mouse and human cutaneous inflammatory 
responses inducing interleukin (IL)-10 production in 
dendritic cells (DCs), and priming of regulatory T cells 
(15). It was shown that the activation of two independent 
TLR pathways occurs following DC stimulation with a V. fi-
liformis lysate (13, 15). First, the TLR2 pathway induces IL-
10 secretion and activation of antioxidant responses. 
Second, the TLR4 pathway activation induces IL-12p70 
production. In contrast to Escherichia coli LPSs, it was shown 
that V. filiformis LPSs stimulate anti-microbial peptide se-
cretion by keratinocytes. DCs stimulated with V. filiformis 
LPS induce a Th1 polarization during T cell priming. This 
effect is not found with V. filiformis lysate stimulation. The 
role of V. filiformis lipid A, in contrast to E. coli lipid A, was 
found to promote a skin DC response through increased 
expression of costimulatory factors (B7-2) and phagocyto-
sis (10, 16). Altogether, the effects of a V. filiformis lysate on 
the skin are dominated by TLR2 signaling and induction of 
tolerance (17), while V. filiformis lipid A acts through TLR4 
signaling promoting pathogen clearance.

In dermatologic treatments including V. filiformis lysates, 
the structure of the biologically active part of the corre-
sponding LPS had to be characterized. Herein, we present 
the chemical characterization of the lipids A of two closely 
related forms of LPS from V. filiformis and their TLR4-re-
lated myeloid response. The two LPS batches correspond 
to LPS extracted from a bacterial culture pellet, named V. 
filiformis (V.f)5-6, and LPS isolated from the whole biomass, 
including LPS from the pellet and LPS soluble in the 
growth medium, named V.f6+2 phosphoethanolamine 
(PEA) (V.f6+2PEA). We therefore stress that culture super-
natants should always be tested for the presence of more 
soluble LPS molecules, which could be underestimated 
and lost while being part of LPS-relevant molecules for a 
given experiment.

We also demonstrate the importance of MS during the 
process of structural characterization of these molecules 
and for the control of LPS structures known to vary accord-
ing to different bacterial growth conditions and showing 
discrepancies with structures described in the literature.

MATERIALS AND METHODS

Bacterial strains
V. filiformis (ATCC® 15551TM) was collected in two different 

manners as described in the European patent 2144995 A1 (18). 

The  production was regulated at 0.12 H1, the temperature at 
26°C, and the pH at 7.00. The biomass was harvested by centrifu-
gation (9,000 g at 4°C) and then stabilized by lyophilization.

Two batches were examined for lipid A characterization, the 
first batch corresponded to a first growth corresponding to the 
bacterial pellet of the whole biomass after centrifugation. The sec-
ond corresponded to another growth in similar conditions, with-
out pellet and supernatant separation before LPS extraction (i.e., 
the whole biomass).

E. coli J5 (ATCC® 43745TM) was cultured in lysogeny broth at 
37°C overnight in our laboratory.

Bordetella pertussis 1414 and Neisseria meningitis bacteria were 
grown at the Institut Mérieux, Lyon, France and LPSs were ex-
tracted in the laboratory.

Reference LPS samples
Several purified LPS samples with already described structures 

were used as references.
The Haemophilus influenzae Eagan LPS sample was a generous 

gift from the National Research Center (Ottawa, Canada).
Rhodopseudomonas gelatinosa and Pseudomonas aeruginosa LPS 

were kindly provided by LPS-BioSciences (Orsay, France).

LPS and lipid A preparation
All LPS samples were repurified to obtain the necessary quality 

for optimal conditions of MS analysis and no contamination by 
other bacterial components required for biological use, as shown 
by UV spectrometry, SDS-PAGE, TLC, and amino acid analyses 
(19, 20).

The V. filiformis LPSs were extracted by the isobutyric acid/1 M 
ammonium hydroxide method (21). LPSs were purified by enzy-
matic treatments to remove DNA, RNA, and proteins, as already 
described (22). They were also extracted with a mixture of sol-
vents to remove phospholipids and lipoproteins. Lipid A was pre-
pared by mild detergent-facilitated hydrolysis of LPS and purified 
as before (23).

Alternatively, lipid A was obtained by direct hydrolysis of the 
lyophilized bacteria (24). Briefly, 10 mg of lyophilized bacteria 
were suspended in 400 l of isobutyric acid and 1 M ammonium 
hydroxide (5:3, v:v), heated 2 h at 100°C with stirring, cooled to 
4°C, and centrifuged. The supernatant was diluted with water 
(1:1, v:v) and lyophilized. The material obtained was then washed 
twice with 400 l of methanol and centrifuged (2,000 g for 15 
min). Finally, the insoluble lipid A was extracted once in a 100 to 
200 l mixture of chloroform:methanol:water (3:1.5:0.25, v:v:v).

Monophosphorylated lipids A were obtained by HCl 0.1 M hy-
drolysis of the lipid A for 10 min at 100°C, neutralization, and re-
covery by ultracentrifugation.

Identification of glycose absolute configurations
Lipids A (4 mg) were hydrolyzed with 0.5 ml of 4 M HCl at 

100°C for 2 h. After cooling and extraction of FAs with chloro-
form, residual solutions were brought to neutrality by repeated 
evaporation under reduced pressure. After N-acetylation, the resi-
due was treated with trifluoroacetic acid, R-()-2-butanol, per-
acetylated, and analyzed by GC on a BP10 capillary column 
(Scientific Glass Engineering) using a program of 160°C (1 min) 
to 220°C, 5°C min1 at 0.6 kPa (25).

Sequential liberation of ester-linked FAs by mild alkali 
treatment

This treatment was used to establish the lipid A acylation pat-
terns (22). For the first-step liberation of primary ester-linked FAs, 
lipid A (200 g) was suspended at 1 mg/ml in 28% ammonium 
hydroxide and stirred for 5 h at 50°C. The solutions were dried 
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under a stream of nitrogen, the residues taken up in a mixture of 
chloroform:methanol:water (3:1.5:0.25, v:v) followed by MALDI-
MS analysis. In this case, kinetics (15 min, 30 min, 2 h 30 min, and 
5 h) were done to follow the complete process in parallel to the B. 
pertussis lipid A kinetics taken as a reference (26).

Chemical analyses
FAs were analyzed as in (27). Briefly, LPSs (1 mg) were submit-

ted to strong acid treatment, 4 M HCl, 2 h at 100°C with 20:0 (20 
g) as internal standard, extraction with ethyl acetate, and esteri-
fication with diazomethane. GC-MS analysis was performed as be-
fore (28) using a Finnigan Mat 95S mass spectrometer.

The aqueous phase containing the free soluble compounds was 
lyophilized and hydrolyzed with 6 M HCl for 6 h at 95°C in order 
to remove the glucosamine (GlcN) phosphate group. Acid was 
removed under vacuum and the residue, recovered into a citrate 
buffer, was subjected to hexosamine, ethanolamine (EA), and 
PEA analysis.

The contents of these components were measured with a Hita-
chi L-8800 amino acid analyzer equipped with a 2620 MSC-PS  
column (ScienceTec, Les Ulis, France). The elution protocol rec-
ommended by the manufacturer for the separation of amino acids 
and hexosamine was used. Under these conditions, PEA, GlcN, 
and EA were eluted respectively at 3.5, 39.84, and 46.91 min.

TLC
TLC was done on glass HPTLC silica gel plates (Merck). Twenty 

micrograms of LPS were deposited at the origin of the HPTLC 
plate and chromatographed in a solvent mixture of isobutyric 
acid and 1 M ammonium hydroxide (5:3, v:v) (29). Products were 
visualized by charring (in an oven at 150°C for 5 min) after spray-
ing with 10% sulfuric acid in ethanol.

SDS-polyacrylamide gel analysis of LPS
Fifteen percent polyacrylamide gel was used and 0.2 g of LPS 

were loaded onto the 4% stacking gel. The LPS sample prepara-
tion, electrophoresis process, and the Tsai and Frasch silver ni-
trate coloration were performed as previously described (30, 31).

MALDI-MS analysis
MALDI-MS was done in the linear mode with delayed extrac-

tion using a PerSeptive Voyager STR (PE Biosystems, France) 
time-of-flight mass spectrometer and/or Shimadzu Axima Per-
formance system. A suspension of lipid A (1 mg/ml) in 
chloroform:methanol:water (3:1.5:0.25, v:v:v) was desalted with a 
few grains of Dowex 50W-X8 (H+), 1 l was deposited on the tar-
get mixed with 1 l of the gentisic acid (2,5-dihydroxybenzoic 
acid) matrix suspended at 10 g/l in the same solvent or in 0.1 
M aqueous citric acid, and dried (23). Analyte ions were desorbed 
from the matrix with pulses from a 337 nm nitrogen laser. Spectra 
were obtained in the negative-ion mode at 20 kV. When LPSs were 
analyzed directly, they were suspended in water and decationized 
in the same way, using the same matrix and conditions.

Cell culture
ATCC® TIB-202TM THP-1 cells were cultured in RPMI 1640 

medium supplemented with 10% heat-inactivated (56°C for 30 
min) fetal bovine serum (PAA Laboratory, GE Lifesciences), 100 
IU/ml penicillin, and 100 g/ml streptomycin under standard 
conditions.

LPS stimulations and cytokine production
For stimulations, 5 × 105 myelomonocytic cells (THP-1) were 

seeded in each well of a 12-well tissue culture plate (CELLSTAR®, 
Greinerbio-one, Gmbh, Germany) and stimulated with 0, 5, 10, 

25, and 100 ng/ml LPS. THP-1 cells were stimulated for 6 or 30 h 
and TNF- and IL-6 were measured in cell-free supernatants by 
ELISA kit (Ready-Set-Go!® human IL-6 and human TNF-; eBio-
science, San Diego, CA). The OD of each well was read by using a 
microplate reader (96-well Maxisorp Nunc) at 450 nm (Multiskan 
EX; Thermo Fisher Scientific, Waltham, MA).

ROS production and caspase 3/7 activation
THP-1 cells (1 × 106) were seeded in 12-well tissue culture 

plates and stimulated for 1 or 24 h with or without LPS (100 ng/
ml). Different controls were realized, N-acetyl-cysteine (10 
mmol/l; HIDONAC, Zambon, France), a ROS taken as a produc-
tion inhibitor, was incubated for 1 h before LPS stimulation. ROS 
induction was obtained with polymyristate-acetate (Sigma- 
Aldrich, St. Louis, MO) at 100 ng/ml incubation for 5 min just 
before labeling. Caspase 3/7 activation was controlled with 
polymyristate-acetate incubation at 100 ng/ml for 3 h before the 
24 h-culture. Shortly, after stimulation, cells were incubated with 
mouse anti-human monoclonal antibody CD14 PE-Cy5.5® TuK4 
(Invitrogen, Carlsbad, CA) for 15 min at room temperature. Cells 
were resuspended in PBS and labeled for either ROS production 
(CellRox Green reagent; Molecular Probes, Life Technologies, 
Carlsbad, CA) or caspase 3/7 activation (CellEvent Caspase3/7 
Green detection reagent; Molecular Probes, Life Technologies) 
according to manufacturer’s instructions. Cell viability was mea-
sured with LIVE/DEAD fixable aqua dead cell stain (Molecular 
Probes, Life Technologies, Eugene, OR). Samples were analyzed 
with an Attune acoustic focusing cytometer (Thermo Fisher Sci-
entific, Germantown, MD). Events (20,000–30,000) on CD14+ live 
cells were counted to measure intensity emission. Data were ana-
lyzed with the Attune Cytometer software v2.1. Data groups were 
compared two by two with the statistical Student’s t-test.

RESULTS

Total FA composition of the two forms of  
V. filiformis lipid A

Lipid A FA composition was found to correspond to 
3-hydroxydecanoic acid [10:0(3-OH)] and dodecanoic 
acid (12:0) in the proportions 1.8:1 for the pellet sample 
and 1.6:1 for the whole biomass sample. Taking into ac-
count the heterogeneity of these lipids A and the tendency 
toward underestimation of the short-chain FAs, these pro-
portions translated to 2 units of 10:0(3-OH) and 1 unit of 
12:0 for the main molecular species.

The anomer of the GlcN-I glycosidic phosphate was de-
termined to be  by the kinetics of phosphate release com-
pared with the - and -P anomers of synthetic GlcNAc 
references. The glycose absolute configuration of D-GlcN 
was determined by GC-MS compared with l- and d-GlcN 
reference samples (32).

Molecular heterogeneity and distribution of the FAs 
between the two d-GlcN residues in lipid A from two V. 
filiformis bacterial samples

Negative-ion mass-spectra of lipid A isolated from the 
pellet and the whole biomass samples are shown in Fig. 1A, B, 
respectively. They share the major peak of deprotonated 
[M-H] ions observed at m/z 1,544.8. Based on the overall 
chemical composition, this peak is attributed to a molec-
ular species containing two GlcN, two phosphates, four  
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hydroxydecanoic acids, and two dodecanoic acids (theoreti-
cal molecular weight (MW) = 1,545.88). Another common 
molecular ion observed at m/z 1667.8 carries an additional 
PEA residue (+123 u). While its abundance is relatively low 
for the pellet sample, it represents a major molecular spe-
cies for the whole biomass sample. Interestingly, the latter 
also contains a molecular species with two PEA residues, 
which is observed at m/z 1,791.4. This means that both phos-
phate groups of the lipid A isolated from the whole biomass 
sample can be substituted, and that the level of PEA substi-
tution varies from one batch to another. The pellet sample 
also displays more heterogeneity due to the presence of a 
penta-acyl molecular species observed at m/z 1,374.9 and 
containing three 10:0(3-OH) residues and two 12:0 resi-
dues. Other peaks observed in the mass-spectra correspond 
to dephosphorylated ions whose presence is most probably 
due to hydrolysis (corresponding molecular species are ob-
served at 80 u, e.g., at m/z 1,295.3 and 1,465.1) or due to 
the MS fragmentation process (98 u, e.g., m/z 1,570.1 and 
1,693.4). In the light of the present data, we named the LPS 
from the pellet sample V.f5-6 to reflect the number of FAs in 
the two main molecular species, and the LPS from the bio-
mass sample was named V.f6+2PEA to reflect the number of 
FAs in the main molecular species combined with PEA.

The negative-ion mass-spectrum of monophosphory-
lated lipid A from V.f6+2PEA (data not shown) displays a 
major peak at m/z 1,465 and another one at m/z 1,587. 
These peaks correspond to monophosphoryl hexa-acyl 
lipid A produced by the loss of the glycosyl phosphate or 
EA pyrophosphate at the C1 position. In the molecular 
species observed at m/z 1,465, the C4′ position is substi-
tuted with phosphate, and the one observed at m/z 1,587 is 

substituted with EA pyrophosphate. This result validates 
the presence of two PEA residues in this lipid A.

A postsource-decay negative-mode experiment performed 
by MALDI-MS on the ion at m/z 1,668 (not shown) gave 
three main daughter-ion peaks appearing at m/z 1,570 
(98 u, phosphate) and at m/z 122.9 (PEA) and 98 (phos-
phate) in the low-mass region. The presence of EA and 
PEA was also confirmed after hydrolysis, and detection of 
the soluble released substituents was confirmed with the 
use of an amino acid analyzer after elution and comparison 
with standard molecules.

Kinetics of sequential liberation of ester-linked FAs from 
the V.f5-6 lipid A

The kinetics of lipid A deacylation presented in Fig. 2 
revealed, after 15 min of treatment, the almost complete 
release of the FA at C3, according to previous data (26). It 
corresponded to a 10:0(3-OH), according to the mass dif-
ference, which agrees with the FA composition previously 
determined. It was also linked to the concomitant increase 
of the penta-acyl molecular species at m/z 1,374, with the 
disappearance of the hexa-acylated molecular species at 
m/z 1,544. After 30 min, the peak at m/z 1,374 became a 
minor one and a molecular species at m/z 1,204 appeared, 
corresponding to a tetra-acyl molecular species. The loss  
of the two 10:0(3-OH) at C3 and C3′ was complete at 2 h  
30 min and confirmed by GC/MS. The mass difference 
also corresponded to the loss of two 10:0(3-OH). This dem-
onstrated that these 10:0(3-OH) were not carrying any 
other FA on their hydroxyl groups in the native structure. 
Therefore, the two 12:0 had to be substituting the two re-
maining 10:0(3-OH) present in amide linkage, as shown by 

Fig.  1.  Negative-ion MALDI-TOF mass spectra of the lipid A moieties of the two V. filiformis LPS samples 
obtained after SDS-promoted pH 4.5 hydrolysis. A: V. filiformis lipid A isolated from the pellet sample (V.f5-6). 
B: V. filiformis lipid A isolated from the biomass sample (V.f6+2PEA).
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MALDI-MS. The release of secondary 12:0 from the C2 and 
C2′ positions was much slower, and was not even completed 
after 5 h of treatment. A tri-acylated molecular species cor-
responding to a peak at m/z 1,022 increased progressively 
along the kinetics, it corresponded to the loss of a branched 
12:0. The release of a second branched 12:0 led to a di-acyl 
molecular species at m/z 840. All data contributed to the 
design of a symmetrical FA distribution for the two V. filifor-
mis lipid A structures. The FA distribution was also con-
firmed by fragmentation in the positive-ion mode giving a 
B1 fragment ion at m/z 764 (not shown) corresponding to 
GlcN-II, one phosphate residue, two 10:0(3-OH) residues, 
and one 12:0 residue (33, 34).

MALDI-MS analysis of LPS from different bacterial gen-
era.  Bordetella, Escherichia, Haemophilus, Neisseria, Pseudomo-
nas, and Rhodopseudomonas LPSs were highly purified for 

structural and biological comparison with the two V. filifor-
mis LPSs. SDS-PAGE and TLC profiles of the reference 
samples used in this work are presented in Fig. 3. The pre-
dominant lipid A moiety molecular species of these LPS 
samples are presented in Fig. 4.

E. coli J5 lipid A structure is composed of the classical 
hexa-acylated molecular species (35). Two weaker signals 
corresponding to tetra- and penta-acyl molecular species 
were observed in this lipid A sample.

H. influenzae lipid A is usually not very heterogeneous, as 
described before (36), but the tested sample is composed 
of a major tetra-acyl molecular species followed by the 
penta-, tri-, and hexa-acyl molecular species with smaller 
intensity. Choi et al. (37) have already described the lipid A 
heterogeneity for this sample.

Frequently, Neisseria meningitidis lipid A structures differ 
from strain to strain by the presence of one or two PEA 

Fig.  2.  Monitoring of the FA release from the lipid A by negative-ion MALDI-TOF MS during alkaline hydrolysis and the corresponding 
structures. Example of V.f5-6 before hydrolysis (A), and 15 min (B), 30 min (C), 2 h 30 min (D), and 5 h (E) after hydrolysis. The structures 
presented in this figure correspond to the marked masses appearing in the spectra.
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decorations on the GlcN (38). In our sample, the predomi-
nant LPS species possesses five FAs and does not display 
any PEA decoration.

B. pertussis 18-323 lipid A structure was shown, in our 
laboratory, to differ from the vaccine strain B. pertussis 1414 
lipid A structure by the presence of a 10:0(3-OH) on the 
C3′ instead of a 14:0(3-OH) (39). The two detected major 
molecular species for B. pertussis 1414 are the tetra- and 
the penta-acylated forms, the latter lacking the 14:0(3-OH) 
at C3′.

P. aeruginosa lipid A structure has been described as com-
posed of a bisphosphorylated GlcN disaccharide substi-
tuted by two amide-linked 12:0(3-OH), themselves 
substituted by one 12:0(2-OH) and one 12:0. The two other 
FAs on C3 and the C3′ are both 10:0(-3OH) (40). When we 
examined the strain at our disposal by MALDI-MS, the 
lipid A structure established according to previous studies 
was essentially composed of the penta-acyl molecular spe-
cies, the 10:0(3-OH) at C3 being absent. Only small 
amounts of the hexa-acyl molecular species were detected.

The lipid A structure of the tested R. gelatinosa sample 
was found to be composed of six FAs, including four 10:0(3-
OH), one 12:0, and one 12/14:0, as already described (41).

Comparison of IL-6 and TNF- production after LPS 
stimulation

Although the pro-inflammatory response to stimulation 
by both V. filiformis LPS samples was lower than with E. coli 
J5 LPS, both batches showed differences in TNF- and IL-6 
responses (Fig. 5). Early cytokine production, as displayed 
by TNF-, showed that V.f5-6 reaches a plateau at lower 
concentration (5 ng/ml) than V.f6+2PEA (25 ng/ml). In 
addition, late IL-6 production was measurable for V.f5 at 30 
h, but not for V.f6+2PEA. In our experiment, E. coli J5 LPS 
showed the stronger IL-6 and TNF- responses, whereas H. 
influenzae, B. pertussis 18-323, R. gelatinosa, and N. meningitidis 

LPS did not induce any cytokine production. B. pertussis 
1414 and P. aeruginosa displayed an intermediate TNF- 
and IL-6 response.

Caspase 3/7 activation and ROS production
In order to better characterize the cellular response to V. 

filiformis LPS stimulation, ROS production and caspase 3/7 
activation were compared with those of E. coli J5 LPS. No 
difference in cell viability was observed after E. coli J5 or 
both V. filiformis LPS stimulations (Fig. 6A). Caspase 3/7 
activation was evaluated at 0, 1, 12, 24, and 48 h after stimu-
lation and for the ROS induction at 0, 0.5, 1, 2, 12, 24, and 
48 h (data not shown). Significant caspase 3/7 activation 
occurred after 12 h of LPS stimulation, reaching a plateau 
after 24 h. No difference in caspase 3/7 activation was 
found between E. coli J5 and V. filiformis LPS stimulations 
(Fig. 6B). ROS production started as early as 30 min, reach-
ing a plateau after 1 h of LPS stimulation. No significant 
difference in ROS production was found after E. coli J5 or 
V. filiformis LPS stimulations (Fig. 6C).

DISCUSSION

We describe here, for the first time, the structure of V. 
filiformis lipid A. This was important in order to understand 
the previously described remarkable skin activation capaci-
ties of this molecule in the bacterial lysate (42). We charac-
terized two different batches, and found some differences. 
This structural variability in V. filiformis batches induces sig-
nificant differences in some of the tested biological re-
sponses, stressing the necessity of controlling the fine 
structures in each LPS sample used for structure to activity 
relationship studies.

LPS and lipid A biosynthesis were remarkably well-de-
scribed for E. coli by Raetz and Whitfield (43). The con-
served process leads to the synthesis of whole LPS molecules. 
In the lipid A moiety, the “decorations” on the phosphate 
groups, or the heterogeneity in the number of FAs, are due 
to posttranslational modifications. The details of the struc-
tures are crucial for the recognition of the whole structure 
by the MD-2/TLR4 complex, hence for the induction of 
biological activities (4). The standard LPS samples pre-
sented in this work in comparison with the two V. filiformis 
LPSs displayed various examples of these modifications.

After characterization of the different standard LPS 
structures corresponding, as expected, to molecules with 
short-chain FAs, like 10:0(3-OH) and 12:0, we compared 
their cell activation capacities by TNF- production, IL-6 
production, and ROS induction; the cytotoxicity was illus-
trated by caspase 3/7 activation. We also compared these 
activations to those of a J5 E. coli LPS sample, a strong in-
flammatory inducer, involving all the characteristics for a 
good receptor recognition, and also selected for similarity 
in its molecular mass. Effectively, the size of the LPS mo-
lecular species is rarely taken into account in such compari-
sons. However, LPS molecular masses vary from 2 to 20 
kDa, therefore it is obvious that their biologically active 
moieties (i.e., lipids A) correspond to almost 70% of deep 

Fig.  3.  Analyses of purified LPS from the two V. filiformis samples 
compared with LPS standards by SDS-PAGE (A) and HPTLC (B). A: 
1, E. coli J5 LPS; 2, V. filiformis V.f5-6 LPS; 3, V. filiformis V.f6+2PEA 
LPS; 4, B. pertussis 1414 LPS; 5, P. aeruginosa serotype O6 LPS. One-
tenth of a microgram of each LPS was loaded per well for the SDS-
PAGE electrophoresis. B: 1, B. pertussis 1414 LPS; 2, E. coli J5; 3, V. 
filiformis V.f5-6; 4, V. filiformis V.f6+2PEA. Twenty micrograms were 
deposited for HPTLC migration.
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rough-type LPS, 50% of LOS, and only 10–20% of long-
chain smooth-type LPS. In addition, the LPS solubility and 
state of aggregation vary considerably from one type to the 
other.

We thus compared the production of two cytokines stim-
ulated by the two Vitreoscilla LPS batches, with different 

known LPS samples originating from Bordetella, Escherichia, 
Haemophilus, Neisseria, Pseudomonas, and Rhodopseudomonas 
genera. All of them, except for Pseudomonas, corresponded 
to R-type LPS or LOS, as shown in Fig. 3. Observed differ-
ences resulted in the lack of one or two FAs or phosphate 
substitutions compared with published data; this was  

Fig.  4.  Lipid A structures of the major molecular species present in the purified LPS samples. The structures presented with the corre-
sponding MWT given masses correspond to published data for all LPSs. The dashed lines indicate elements missing in the structures for each 
LPS sample used in this paper and corresponding to MWS. E. coli J5 (A), H. influenzae (B), R. gelatinosa (C), P. aeruginosa (D), N. meningitis 
(E), B. pertussis 1414 (F), B. pertussis 18-323 (G), V. filiformis V.f5-6 (H), V. filiformis V.f6+2PEA (I).
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expected to induce differences in the MD-2/TLR4 activa-
tion and in cytokine production (2).

According to the structure and previously described bio-
logical data, we thus found that two of our samples, those 
isolated from Neisseria and Haemophilus, behaved as poor 
cytokine inducers; although they should not, according to 
their well-known described lipid A structure (37, 44). We 
then showed by MALDI-MS that these Neisseria and Hae-
mophilus samples, usually described as displaying major 
hexa-acyl molecular species, were in the present case, re-
spectively penta- and tri/tetra-acylated. The hypo-acylation 
of these samples explains their relative weak activity com-
pared with E. coli J5 LPS. One of the best illustrated exam-
ples of structure to activity relationships, related to the low 
number and short length of FA carbon chains, is that of B. 
pertussis, displaying mixtures of tetra- and penta-acyl mo-
lecular lipid A species. This example has been extensively 
studied (20, 39, 45) and compared with standard LPS as 
well as to closely related structures differing by only two 
carbons in a single FA at C3′ or the presence of GlcN on 
both phosphate groups. Both B. pertussis lipids A were 

hypo-acylated with tetra- and penta-acyl molecular species. 
Interestingly, R. gelatinosa LPS did not induce any inflam-
matory responses, whereas it was previously described as 
being highly pyrogenic in rabbit and lethal for mice (46). 
R. gelatinosa LPS contains short-chain FAs: four 10:0(3-
OH), one 12:0, and one 12/14:0. This type of lipid A struc-
ture, as shown with the many other examples of short-chain 
and hypo-acylated molecules, is not expected to induce 
high levels of inflammation (20). Several P. aeruginosa LPSs 
differing by their origin (biofilm, planktonic, cystic fibro-
sis, bronchiectasis) were studied by us and others (47, 48). 
In this work, P. aeruginosa forms of LPS induced an inter-
mediate level of TNF- and IL-6 secretions by THP-1 cells, 
although the penta-acyl lipid A form was predominant. 
This pentaacyl lipid A form was already described for in-
ducing low levels of TNF- in THP-1 with a good activation 
of TLR4 (49). When we compared the TNF- and IL-6 ac-
tivities of the two V. filiformis forms of LPS, we observed 
major differences: a lower TNF- dose-response and no late 
cytokine production for V.f6+2PEA compared with V.f5-6. 
These results suggest that the addition of PEA significantly 

Fig.  5.  THP-1 cells pro-inflammatory response to LPS stimulation. TNF- and IL-6 production following 
LPS dose response stimulation on THP-1 cells. The results presented on the figure are representative of three 
independent experiments, and were realized in triplicate. Results are expressed as mean ± SEM.
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modifies cytokine production by host cells and formation 
of the LPS MD-2/TLR4 complex. Nevertheless, cytokine 
production is lower than that observed after E. coli LPS 
stimulation. Moderate cytokine production by both V. fili-
formis LPS forms is, however, not negligible, explaining 
their capacity to contribute to the effects described on skin 
and the induction of the innate immune response that is 
necessary for setting up the adaptive immune response.

In addition to cytokine production, the comparative ef-
fects of V. filiformis and E. coli LPS on myeloid ROS produc-
tion, cell viability, and induction of apoptosis were tested. No 
significant difference was observed, in this case, between the 
different LPSs. ROS is a useful mechanism for phagocytes to 
eliminate pathogens by killing the intracellular bacteria and 
is an essential element in the activation of the innate immune 
response via TLR and NFB (50). Caspase activation is known 
to regulate cell viability and apoptosis. This is associated with 
the known effect of V. filiformis LPS in inducing costimulatory 
effectors and the production of antimicrobial peptides (12, 
13, 16) that promote efficient antimicrobial effects with a lim-
ited pro-inflammatory cytokine response.

In summary, we established the detailed structure of two 
batches of V. filiformis lipids A, one of the active contribu-
tors of the bacterial lysate used to treat atopic dermatitis. 
These structures, mostly composed of short-chain FAs and 
PEA, can substitute the phosphate groups. The two bacte-
rial samples corresponded to two different biomass recovery 
methods, which, by itself, could explain not only the ob-
served structural differences in the number of FAs, but also 
the presence of two PEA derivatives linked to the phos-
phate groups. By experience, we can anticipate that the 
PEA bis-substituted molecular species is more soluble than 
the nonsubstituted one, not only because PEA adds some 
natural solubility in water, but also because substituting the 
phosphate groups prevents LPS aggregation through biva-
lent cation capture by these phosphates. Therefore, it is 
not surprising that such molecular species could be solubi-
lized and lost in the supernatant of the growth medium 
during the centrifugation process separating bacterial cells 
and solubilized free LPS molecules in the growth medium 
used in the usual LPS purification steps. In the other bio-
mass batch, the non-PEA-substituted lipid A remained in 
the pellet. It is very interesting to give this additional 

example of the loss of natural LPS molecular species dur-
ing LPS purification steps leading, in this particular exam-
ple, to the biological differences observed between the two 
samples. Then, we compared their biological activities to 
standard LPS, whose structures were characterized in this 
work. Differences in cytokine production were observed 
between both V. filiformis LPSs compared with standard 
LPS. The moderate cytokine release matches with the de-
scribed structures of both V. filiformis lipids A displaying 
short-chain FA. However, neither caspase 3/7 activation 
nor ROS production differences, compared with E. coli J5 
LPS, appeared, confirming the maintained antimicrobial 
effects induced by V. filiformis LPS with limited pro-inflam-
matory cytokine production.

The authors thank Pr. Jean-Marc Cavaillon and Catherine 
Fitting for their help in preparing the cytokine experiments and 
Dr. Ian-Barry Holland for his kind help in editing the manuscript.
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