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Abstract: Alcaligenes faecalis is the predominant Gram-
negative bacterium inhabiting gut-associated lymphoid tissues,
PeyerQs patches. We previously reported that an A. faecalis
lipopolysaccharide (LPS) acted as a weak agonist for Toll-like
receptor 4 (TLR4)/myeloid differentiation factor-2 (MD-2)
receptor as well as a potent inducer of IgA without excessive
inflammation, thus suggesting that A. faecalis LPS might be
used as a safe adjuvant. In this study, we characterized the
structure of both the lipooligosaccharide (LOS) and LPS from
A. faecalis. We synthesized three lipid A molecules with differ-
ent degrees of acylation by an efficient route involving the
simultaneous introduction of 1- and 4’-phosphates. Hexaacyl-
ated A. faecalis lipid A showed moderate agonistic activity
towards TLR4-mediated signaling and the ability to elicit
a discrete interleukin-6 release in human cell lines and mice. It
was thus found to be the active principle of the LOS/LPS and
a promising vaccine adjuvant candidate.

Introduction

Over 100 trillion microorganisms living in the gastro-
intestinal tract, known as the gut microbiota, play a funda-
mental role in human physiology, disease, and maintenance of
homeostasis through complex interactions, including immu-
nomodulation of microbial components and metabolites.[1] In
healthy individuals, Bacteroidetes, Firmicutes, and Proteobac-
teria are major phyla among gut microbes,[2] with the former
as one of the most commonly found Gram-negative phylum in
the human intestine.[2] The main component of the Gram-
negative bacterial outer membrane and, therefore, in constant
contact with the host environment, is its lipopolysaccharide
(LPS), which is known as a potent stimulator of the host
immune system.[3] LPS typically consists of a glycolipid
portion termed lipid A, a core oligosaccharide (OS), and an
optional polysaccharide O-antigen region.[3] If the O-antigen
moiety is absent, the terminology employed is a lipooligosac-
charide (LOS or R-LPS). The lipid A portion generally acts as
the immunoactive entity of LPS through specific recognition,
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primarily by the host innate immune receptorial complex
built up of Toll-like receptor 4 (TLR4)/myeloid differentia-
tion factor-2 (MD-2).[3] Importantly, depending on the fine
structure of such a glycolipid moiety, LPS can fine-tune the
degree of the TLR4/MD-2-mediated inflammatory re-
sponse.[3]

LPS has been extensively investigated for its negative
impact on the development and exacerbation of diseases
caused by Gram-negative bacterial infections. Nevertheless,
recent studies have reported the role of specific gut micro-
biota LPS and lipid A in immune homeostasis and auto-
immunity.[1a–f] However, these studies have been conducted
on bacteria inhabiting the intestinal surfaces such as Bacter-
oides vulgatus. We recently determined the chemical and
immunological properties of its LPS. Its O-antigen was also
synthesized and tested for affinity with defined lectins to
better understand its beneficial role in the intestine.[1,4]

Herein, we focus on bacteria that colonize gut-associated
lymphoid tissues (GALT). PeyerQs patches (PPs) are the
major GALT immediately underlying the intestinal epithe-
lium over the entire length of the small intestine.[5] PPs are
also known as the largest sites for the initiation and regulation
of intestinal IgA responses by crosstalk via cytokines and cell–
cell interactions comprising dendritic, T, and B cells.[6] It is
widely accepted that microbial stimuli are required for the
development and maintenance of intestinal IgA production.
Within this framework, we proposed that such stimuli in PPs
are represented by Alcaligenes spp., which are unique Gram-
negative bacteria inhabiting these GALT and crucially
involved in the regulation of dendritic cells (DCs) for the
efficient production of intestinal IgA.[5a,7] Alcaligenes spp.
were known as opportunistic bacteria but, focusing on the
LPS, we recently revealed that these bacteria create and
maintain a homeostatic environment in PPs without trigger-
ing any harmful responses.[8] Furthermore, we demonstrated
that Alcaligenes spp. LPS acts as a weak TLR4 agonist and it
could promote interleukin (IL)-6 release from DCs, which, in
turn, enhanced IgA production.[8] Therefore, we hypothesized
that Alcaligenes spp. LPS tends to favor bacterial persistence
in PPs by promoting homeostasis rather than inflammation.
Acting as such, Alcaligenes spp. LPS would take part in the
host immune system vigilance through the production of IgA,
which, in turn, might favor commensal persistence in PPs.[8]

These remarkable TLR4-mediated immunomodulating
properties of Alcaligenes spp. LPS must, of course, be
attributed to the lipid A chemical structure, which is expected
to be different from that of canonical Escherichia coli. This, in
turn, opens the intriguing possibility of elucidating novel
synthetic compounds inspired by gut commensal-derived
lipid A as a potential vaccine adjuvant. It is well known that
lipid A from canonical E. coli LPS, which is a potent inducer
of inflammation,[9] cannot be applied as an adjuvant. We
identified that the immune functions of E. coli lipid A
decrease if the phosphate group is removed, yielding the so
called monophosphoryl lipid A (MPL).[10] Furthermore,
GlaxoSmithKline developed and commercialized 3D-
MPL[11] as a novel lipid A derivative adjuvant for its selective
antiviral effect. As the response of TLR4/MD-2 is species-
specific,[12] this complicates structure–activity relationship

studies of lipid A to control signaling pathways and toxicity.
On the other hand, focusing on lipid A from human symbiotic
bacteria to elucidate host–bacterial chemical ecology, we
revealed a close connection between bacterial characteristics
and lipid A activity.[13] We synthesized lipid A moieties from
two parasitic bacteria (Helicobacter pylori[13a, c] and Porphyr-
omonas gingivalis[13c]) which showed antagonistic activity in
pro-inflammatory cytokine induction, such as IL-6, 8, 1b, and
TNF-a. This could be counterbalanced by a selective induc-
tion of IL-18, which is thought to be related to chronic
inflammatory diseases.[14] This observation suggested that
parasitic bacteria, to allow a permanent relationship with the
host, tend to induce chronic inflammation, avoiding the
antibacterial effects derived from the induction of pro-
inflammatory cytokine release.[13]

A similar behavior was hypothesized for lipid A from
GALT-specific intracellular symbiotic bacteria, such as in the
case of Alcaligenes spp. To shed light on this, we aimed
to establish the complete chemical structure of LPS and its
lipid A.

Therefore, we defined the complete structure of the LOS
and LPS isolated from the predominant Alcaligenes spp.
component in human and murine PPs, that is, Alcaligenes
faecalis. This structural study revealed an uncommon chem-
ical structure with interesting peculiarities both in the
glycolipid and the saccharide domain. Furthermore, we
synthesized and tested the immunological properties of its
lipid A components with different degrees of acylation. The
overall aim of this study is to propose a new chemical
structure to work on and develop a novel strategy for
potential vaccine adjuvants based on the structural character-
istics of gut commensal-derived LPS.

Results

Structural Determination of LOS and LPS from A. faecalis

Briefly (see the Supporting Information for a full descrip-
tion), LOS and LPS material were obtained from dried
bacterial cell extract,[15] and the nature and degree of purity of
LPS and LOS fractions were analyzed by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE). The
convergent information from compositional analyses via gas
liquid chromatography–mass spectrometry (GLC–MS), ma-
trix-assisted laser desorption/ionization MS (MALDI MS),
and NMR spectroscopy allowed us to define the complete
structure of A. faecalis LOS and LPS. Monosaccharide
analysis of LOS revealed the presence of terminal D-
galactose (Gal), 6-substituted D-glucose (Glc), terminal D-
glucosamine (GlcN), 6-substituted D-GlcN, terminal D-
galactosamine (GalN), 4-substituted D-GalN, 3,4-disubstitut-
ed L,D-heptose (Hep), 2,7-disubstituted L,D-Hep, and 5-
substituted 3-deoxy-D-manno-oct-2-ulosonic (Kdo). In con-
trast, the monosaccharide analysis of LPS highlighted the
presence mainly of 2-substituted, 3-substituted, and 2,3,4-
trisubstituted D-rhamnose (Rha) and terminal D-xylose
(Xyl). All sugars were in pyranose form. Fatty acid content,
identical to that of LPS and LOS, revealed the presence of
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(R)-3-hydroxytetradecanoic acid (14:0(3-OH)), either in both
ester and amide linkages, and of ester-linked (R)-3-hydrox-
ydodecanoic acid (12:0(3-OH)), decanoic (10:0), dodecanoic
(12:0), and tetradecanoic acids (14:0).

The core OS structure was primarily determined on the
fully deacylated LOS after alkaline treatment (Figures 1a,b
and S1–S4), as assessed by compositional analyses and NMR
spectroscopy. Further information of the core OS was
obtained after mild acid hydrolysis of the LOS by NMR
investigation (1H NMR spectrum in Figure S5). This soft
chemical degradation selectively cleaves the mild linkage
between Kdo and the non-reducing GlcN of the lipid A
portion, thus enabling the isolation of both lipid A and core
OS moieties.

The 1H and 1H,13C heteronuclear single quantum coher-
ence (HSQC) NMR spectra of the fully deacylated product
revealed the occurrence of twelve anomeric signals, indicative
of twelve spin systems (A–L, Figure 1b; Table S1), which
were fully assigned (see the Supporting Information for
complete chemical and spectroscopic analyses and full
structural discussion; Figures S1–S4; Table S1). Moreover,
the upfield-shifted signals clearly visible in the spectra were
attributed to the H-3 methylene resonances of the Kdo unit
(K). The HSQC spectrum revealed the presence of four
amino sugars, as evident from the correlation of four H-2
signals to nitrogen-bearing carbon atoms resonating in the
range 50.8–55.4 ppm (Table S1). As deduced from the NMR

analysis of the core OS product after acid treatment (Fig-
ure S5), all the four amino sugar bear N-acetyl groups. Finally,
analysis of the 31P,1H HSQC spectrum (not shown) disclosed
that the Kdo was phosphorylated at position O-4, as also
proven by the downfield displacement of C-4/H-4 (dC/dH =

70.2/4.46 ppm) observed in the HSQC spectrum (Figure S1).
Therefore, we concluded that the core OS was a monophos-
phorylated nonasaccharide made up of one a-Kdo (K), two a-
L,D-Hep (D and G), two a-D-GalNAc (E/E’’ and C/C’’), two
a-D-GlcNAc (B and F), one b-D-Gal(I), and one b-D-Glc
(L). The primary sequence of the core OS was inferred by
using NOE contacts of the nuclear Overhauser effect
spectroscopy (NOESY) spectrum (Figure S3), and by long-
range correlations visible in the 1H,13C heteronuclear multiple
bond correlation (HMBC) (Figure 1a, full spectrum is shown
in Figure S4). Briefly, starting from the lipid A sugar back-
bone, built up of GlcN residues A and H, the latter was found
to be substituted at position O-6 by Kdo unit (K). This was, in
turn, substituted at O-5 by a-Hep G as proven by the inter-
residual NOE correlation of H-1 G with H-5 K (Figure S3),
and by the corresponding long-range correlation observed in
the HMBC spectrum (Figure 1a). a-Hep G was, in turn,
substituted at positions O-3 and O-4 by a-Hep D and b-Glc L,
respectively. The latter b-Glc L was, in turn, substituted at its
O-6 by terminal a-GalN unit E/E’’. Residue E was found to be
non-stoichiometrically substituted at its position O-4 by b-Gal
I. Moreover, the a-Hep D was substituted at O-2 by a-GalN

Figure 1. Structural characterization of A. faecalis core OS and O-antigen. a) Zoom of the superimposition of 1H, 1H,13C HSQC and 1H,13C HMBC
NMR spectra of the fully deacylated LOS from A. faecalis. Key inter-residue long-range correlations are indicated. Numbering of sugar residues is
as reported in Table S1 and Figure 2. b) Structure of the core OS elucidated by NMR spectroscopy, reported using letters as indicated in Table S1
and Figure 2. c) Zoom of the superimposition of proton, HSQC and HMBC NMR spectra after mild acid hydrolysis performed on the LPS fraction.
Key inter-residue long-range correlations are indicated as in Table S2. d) Structure of the main pentasaccharide repeating unit comprising the O-
antigen as deduced by NMR spectroscopy and reported using the letters in Table S2 and Figure 2.
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C/C’’ and at O-7 by a-GlcN B. Finally, residue C was found to
be non-stoichiometrically substituted at its position O-4 by a-
GlcN residue F, as shown in Scheme S1 and Figure 2 a).

Mild acid hydrolysis was also performed on the LPS
fraction, yielding the O-antigen moiety of the A. faecalis LPS.
NMR investigation of the obtained product (Figures 1c,d and
S6–S9) enabled the identification of the O-antigen moiety as
a xylosylated rhamnan chain (Scheme S2 and Figure 2b), as
previously reported.[16]

Detailed MALDI-TOF MS and MS2 analyses were
performed on lipid A isolated through mild acid hydrolysis
of LOS/LPS to define its structure. MALDI-TOF MS and
MS2 investigations (Figures S10–S14) revealed that lipid A
was a mixture of species differing in acylation and phosphor-
ylation patterns. Mono- and bisphosphorylated tetra- to
hexaacylated lipid A species were identified, with the latter
form presenting a 3 + 3 distribution of the acyl chains with
respect to the GlcN disaccharide backbone. A discrete
heterogeneity in each lipid A cluster (tetra- to hexa-) was
visible due to the presence of mass differences of 28 atomic
mass units (amu; -(CH2)2- unit), indicative of the existence of
species differing in acyl chain length. In addition, a difference
of 16 amu was also detected, indicating the absence or
presence of hydroxylated acyl chains of lipid A species
(Figure S10). The relative abundance of lipid A species was
unfortunately not measurable due to both the high hetero-
geneity of lipid A moieties and the intrinsic inaccuracy of
MALDI MS approach. The MS2 analysis (Figures S11–S14) of
the main ion peak of each cluster demonstrated that a 12:0 (3-
OH) moiety was present as a secondary acyl substituent of the
nonreducing GlcN unit (Figure 2 a). This was further un-

equivocally confirmed by a positive-ion MALDI-TOF MS
and MS2 analysis (Figures S13–S14). In particular, positive-
ion MS2 analysis provided key information about the oxonium
ion, that is, a fragment ion that arises from the cleavage of the
glycosydic linkage and that gave indication of the 12:0 (3-OH)
moiety linked as a secondary acyl moiety to the primary
amide bound 14:0 (3-OH) of the nonreducing glucosamine
(Figure 2b).

Therefore, the combination of structural data on both
lipid A and core OS revealed an unprecedented LOS
structure (Figure 2a), whereas the O-antigen was as previ-
ously reported (Figure 2b).[15a]

With the perspective of a structure-to-function relation-
ship study and the immunological properties observed in the
LPS fraction,[8] we then performed the chemical synthesis of
A. faecalis lipid A, which is typically the main component of
the TLR4-mediated immune elicitation function of LPS.[3a]

Chemical Synthesis of Hexaacylated A. faecalis lipid A

Taking into account that the bisphosphorylated hexaacyl-
ated lipid A from E. coli is the most active form,[3a] we
synthesized bisphosphorylated hexaacylated A. faecalis lip-
id A (hexa-AfLA, Scheme 1) and then the tetra- and pen-
taacyl patterns present in the MALDI MS as well (penta-
AfLA, tetra-AfLA, Scheme S4).

We previously developed a diversity-oriented synthetic
strategy for MPL based on a key disaccharide, intermediate
1,[13] whose appropriate protection allowed the efficient
chemical synthesis of hypoacylated bacterial MPLs derived

Figure 2. Chemical structure of a) the LOS and b) the O-antigen from A. faecalis. The letter labels used for NMR analysis are as reported in
Tables S1 and S2 and Figure 1. N-Acetyl groups were deduced by NMR spectroscopic investigation of the core OS product after mild acid
hydrolysis.
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from H. pylori[13a, b] and P. gingivalis.[13c] Although the avail-
ability of such a strategy for MPLs has already been
demonstrated, our synthetic target was here bisphosphory-
lated. Therefore, in this study, we applied intermediate 1 to
the synthesis of bisphosphorylated lipid A.[17]

Chemical synthesis of hexa-AfLA was accomplished as
illustrated in Scheme 1 (see also the Supporting Information,
Scheme S3). Each protecting group, that is, 1-O-allyl, 2-N-
allyloxycarbonyl (Alloc), 2’-N-2,2,2-trichloroethyloxycarbon-
yl (Troc), 3’-O-p-methoxybenzyl (MPM), and 4’,6’-O-benzyl-
idene groups of 1 could be selectively removed to enable the
sequential introduction of acyl or phosphate) groups to the
proper position.

2-Methyl-6-nitrobenzoic anhydride (MNBA)[18] was em-
ployed in our strategy since we have previously shown that it
is effective in the acylation of this class of compounds,[13a]

whereas other coupling reagents tend to give considerable
amounts of the symmetrical acid anhydride, which showed
low reactivity in acylation. Benzyl-protected b-hydroxy fatty
acid 2[19] was introduced to the 3-position of 1 in the presence
of MNBA reactivity in acylation. Benzyl-protected b-hydroxy
fatty acid 2[19] was introduced to the 3-position of 1 in the
presence of MNBA and N,N-diisopropylethylamine (DIPEA)
to obtain 3 with 99 % yield. Then, the 2’-N-Troc group was
removed by a Zn–Cu couple and the resulting amino group
was acylated with fatty acid 4 (Scheme S3) using MNBA with
88% overall yield. Subsequently, the 2-N-Alloc group was
removed by Pd(PPh3)4 and (dimethylamino)trimethylsilane

(TMSDMA),[20] and the introduction of acyloxycarboxylic
acid 6 (Scheme S3) to the free 2-amino group using O-(7-
azabenzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium hexa-
fluorophosphate (HATU) and 4-dimethylaminopyridine
(DMAP) gave 7 with 78 % yield. In this case, we used HATU
instead of MNBA to avoid the formation of 2-methyl-6-
nitrobenzoyled by-product. After the cleavage of the MPM
group at 3-position by 2,3-dichloro-5,6-dicyanobenzoquinone
(DDQ) oxidation, b-hydroxy fatty acid 2 was introduced
using MNBA to obtain 8 with 85% yield. Next, the 4’,6’-O-
benzylidene group was cleaved by trifluoroacetic acid (TFA),
and then the trityl (Tr) group was selectively introduced to the
primary hydroxyl group. The anomeric allyl group was then
isomerized to the 1-propenyl group with the Ir complex[21] and
the resulting 1-propenyl group was then removed by iodine
and water to yield the 1,4’-dihydroxy disaccharide 10 quanti-
tatively. The simultaneous phosphitylation of 1 and 4’-
position using phosphoramidite in the presence of 1H-
tetrazole and MS4A gave the desired 1,4’-O-diphosphite,
which was then oxidized to 1,4’-O-diphosphorylated 11 using
dimethyldioxirane (DMDO)[22] with 80% yield. After hydro-
genolysis of 11 with Pd(OH)2/C under H2 (2.0 MPa) in THF/
H2O/AcOH, the first chemical synthesis of hexa-AfLA was
accomplished with 80% yield. Furthermore, penta-AfLA and
tetra-AfLA were also synthesized according to similar
synthetic schemes (Scheme S4).

Scheme 1. Synthesis of the hexaacylated Alcaligenes faecalis lipid A (hexa-AfLA).
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Immunological Properties of AfLAs and Isolated A. faecalis LOS

The immunomodulating activities of synthesized AfLAs
were evaluated and compared to the strong immunostimula-
tory LPS from E. coli strain O111 (Figures 3 and S15–S17).

Nuclear factor (NF)-kB activation was analyzed by
a secretory alkaline phosphatase (SEAP) reporter assay in
HEK-BlueS hTLR4 and HEK-BlueS Null2 cells to evaluate
the effective immunoactivation of hexa-AfLA through TLR4.
As previously shown for the whole LPS,[8] hexa-AfLA
induced a weaker NF-kB activation than E. coli LPS in
HEK-BlueS hTLR4 cells (p< 0.05 for hexa-AfLA vs. E. coli
LPS, both at 1 ngmL@1 and 100 pg mL@1; p< 0.0001 for hexa-
AfLA vs. E. coli LPS at 10 pg mL@1; Figure 3a). The lack of
any NF-kB activation in HEK-BlueS Null2 cells, that is,
without TLR4/MD-2/CD14 expression (Figure 3b), indicated
that NF-kB activation by hexa-AfLA was TLR4-dependent.
On the other hand, penta-AfLA and tetra-AfLA did not show
any immunostimulatory effect (Figure S15).

Next, we evaluated the ability of hexa-AfLA to induce
cytokine release, such as IL-6, in phorbol 12-myristate 13-
acetate (PMA)-differentiated THP-1 human monocytic
cells[23] (Figure 3c,d) using an enzyme-linked immunosorbent
assay (ELISA). Hexa-AfLA induced IL-6 release, although
the inducing activity was significantly weaker than that
observed for E. coli LPS (p< 0.005 for hexa-AfLA vs. E. coli
LPS at 10 mgmL@1; p< 0.05 for hexa-AfLA vs. E. coli LPS, at
1 mgmL@1, 10 ng mL@1, 1 ng mL@1 and 100 pg mL@1; Fig-
ure 3c). Furthermore, its capacity to induce the release of
other cytokines such as tumor necrosis factor-a (TNF-a), IL-
1b, and IL-18 in PMA-differentiated THP-1 cells[23] was
investigated (Figure S16). In all cases, hexa-AfLA exhibited
low immunostimulant activity compared to E. coli LPS. A

competition assay of hexa-AfLA against E. coli LPS activity
was also performed, and the cytokine levels in the super-
natants of the incubated mixtures were measured using
ELISA (Figure 3d). Hexa-AfLA exhibited almost no inhib-
itory and/or synergistic effect in the presence of E. coli LPS
(1 ng mL@1).

Finally, we evaluated the IL-6-inducing ability of hexa-
AfLA in mice. As shown in Figure S17, serum cytokines
significantly increased upon subcutaneous hexa-AfLA ad-
ministration. Interestingly, the levels of induced IL-6 after
administration of hexa-AfLA were comparable to those
previously observed after administration of A. faecalis
LPS.[8] These results, although preliminary, suggested that
hexa-AfLA is potentially able to induce IL-6-mediated IgA
production, that is, it is the LPS moiety responsible to induce
IL-6 in mice.

Discussion

Comprehension of the host–gut microbe chemical ecol-
ogy, which is the molecular mechanism underlying host-
microbe interactions at the gut level, is at the crossroads of
many fields of science. The extent and the manner in which
the molecular recognition of microbes is achieved by the host
is not clearly defined yet. Specifically, how and why com-
mensal LPS does not cause an inflammatory response
remains underexplored.

Even more fascinating is the case of Alcaligenes spp., the
predominant Gram-negative bacteria inhabiting the gut
lymphoid tissues PPs.[5,8] We have previously demonstrated
that Alcaligenes spp. can establish symbiotic relationships
with the host in PPs despite continuous contact with immune

Figure 3. Hexaacylated A. faecalis lipid A (hexa-AfLA) mediated NF-kB activation in a) HEK-BlueQ hTLR4 cells and b) HEK-BlueQ Null2 cells was
evaluated by a SEAP reporter assay. Hexa-AfLA-mediated cytokine induction activity in PMA-differentiated THP-1 cells was evaluated by ELISA:
c) release of IL-6, d) release of IL-6 in the presence of E. coli LPS O111 (1 ngmL@1). Results in (a–d) represent the mean: standard deviation of
three independent experiments. *p<0.05, **p<0.005, ****p<0.0001 by Student’s t-test.
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cells.[8] We showed that Alcaligenes spp. LPS is directly
involved in the maintenance of homeostatic immunological
conditions within PPs by induction of IgA production through
an IL-6-dependent mechanism.[8]

Given that the immunological functions of LPS are strictly
related to its chemical structure, it was expected that
Alcaligenes spp. express their LPS, and in particular the lipid
A moiety, with a particular chemical architecture enabling its
permanence in PPs, avoiding immune vigilance and simulta-
neously participating in surveillance by enhancing IgA
production.

In this study, we have taken a step forward at the
molecular level by establishing the complete chemical
structure of Alcaligenes spp. LPS/LOS and synthesizing its
bisphosphorylated lipid A portions with different acylation
patterns, whose immunological properties have also been
investigated.

Our structural studies revealed that the monophosphory-
lated core OS of A. faecalis is composed of nine monosac-
charide units comprising Kdo, two L-glycero-D-manno-hep-
toses, two N-acetyl D-glucosamine, two N-acetyl D-galactos-
amine, one D-glucose, and one D-galactose residue (Fig-
ure 2a). The O-antigen is made up of a xylosylated rhamnan
chain, with a double-branched pentasaccharide repeating
unit, where two xylose residues on a linear rhamnan chain are
substituted with a rhamnose residue (Figure 2b).[ 15a] As for
the lipid A component, a mixture of tetra- to hexaacylated
species was identified. The lipid A species with the highest
acylation degree was composed of a bisphosphorylated glu-
cosamine disaccharide backbone carrying 14:0 (3-OH) as
primary and 12:0 (3-OH) and 10:0 as secondary fatty acids,
which were distributed in a 3 + 3 fashion with respect to the
disaccharide backbone (Figure 2 a). A. faecalis lipid A moi-
eties in its tetra- to hexaacylated forms were completely
synthesized in this study (hexa-AfLA, penta-AfLA, tetra-
AfLA) and immunological investigation demonstrated that,
similar to what we previously observed for the A. faecalis
LPS,[8] only hexa-AfLA induces weaker NF-kB activation
than E. coli LPS in TLR4-expressing cells. Moreover, no
activation was observed in the absence of TLR4 expression
(Figure 3a,b); this observation concomitantly confirmed that
the active principle of A. faecalis LOS/LPS is hexa-AfLA.
Hexa-AfLA was able to induce IL-6 release in THP-1 human
monocytic cells (Figure 3c) and mice (Figure S17).

We previously proposed that Alcaligenes-derived LPS acts
as a weak agonist and creates a homeostatic inflammatory
condition within PPs without causing pathological inflamma-
tion.[8] Such low immunopotency is definitively related to the
fine structure of the A. faecalis lipid A moiety. Indeed,
although in the hexaacylated form, the presence of two
phosphates, the number and nature of most of the acyl chains
is identical to that of E. coli, several different structural
features are likely responsible for the diverse immunological
functions observed. In this frame, i) the symmetrical distribu-
tion of the acyl chains in the A. faecalis lipid A (3 + 3
distribution, in its hexaacylated form, vs. 4 + 2 symmetry for
the E. coli lipid A), ii) the presence of a shorter secondary
fatty acid (10:0 in place of 14:0), which is also in a different
position compared to E. coli, iii) the presence of a hydroxy-

lated secondary acyl moiety, and iv) the occurrence of
hypoacylated and monophosphorylated lipid A species, are
notable. These chemical features, in fact, could globally result
in a weak elicitation of the TLR4-mediated immune response.
For most of the above structural characteristics, the impact on
the lipid A binding mode to the TLR4/MD-2 complex has
been reported, limiting its proper dimerization/activation,
resulting in poor immune response.[3a,b,10b, 24]

We previously synthesized hexaacylated lipid A with
shorter acyl groups (3 + 3 symmetry with four 10:0 b-hydroxy
and two 12:0 fatty acids) and its carboxymethyl (CM)
analogues, in which 1-phosphate was replaced with a CM
group, with a different distribution of the acyl groups. The
immunological properties of these compounds varied from
potent antagonistic, moderate agonistic, to no activity de-
pending on the acyl group distribution as well as on the
structure of the acidic functional groups.[25] Moreover, we
have shown that the synthesized hypoacylated and mono-
phosphorylated lipid A molecules act as weak TLR4 agonists
or antagonists.[13]

Similarly, LPS from Bacteroides spp., the predominant
Gram-negative bacteria in human gut microbiota, are mono-
phosphorylated and hypoacylated[1a,e] and show antagonis-
tic[1a] or extremely weak cytokine-inducing activity compared
to E. coli LPS.[1e, 4a] Such lipid A monophosphorylation and
expression of less than six acyl chains are considered to be
a trick adopted by some bacteria to prevent the TLR4
elicitation either in the case of commensal bacteria (avoiding
their elimination), and in the case of parasitic bacteria
(enabling the infection to become chronic). In this context,
due to its physiological location and persistence, a mono-
phosphorylated hypoacylated lipid A was also expected for
A. faecalis LPS/LOS. However, we revealed that together
with hypoacylated and monophosphorylated species compris-
ing the lipid A moiety of A. faecalis LPS/LOS, hexaacylated
bisphosphorylated forms are also present. In this study, we
synthesized this hexaacylated lipid A, taking into account that
hexaacylated E. coli lipid A represents the TLR4-immunoac-
tive portion of E. coli LPS,[26] and then also synthesized tetra-
and pentaacylated lipid A species. We previously revealed
that a homogeneous mixture of hexaacylated E. coli lipid A
and tetraacylated antagonistic lipid IVa still exhibits immu-
nostimulating activity comparable to or higher than that of
E. coli lipid A itself.[27] Tests for a mixed lipid A species
system are in progress.

Conclusion

Despite the fact that only a limited number of LPSs from
gut commensals have been structurally defined, the capability
to only poorly engage the TLR4-mediated signaling seems to
be a leitmotiv adopted by bacteria inhabiting the intestinal
surfaces to avoid host immune system detection. We have
recently demonstrated that LPS from Bacteroides also
functions via the synergistic action of TLR4/MD-2 and
TLR2-mediated signaling pathways.[4a]

Nonetheless, this is the first case of complete structural
description of an LPS/LOS from a Gram-negative mutualistic
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bacterium inhabiting GALT. We identified hexa-AfLA as the
active moiety of A. faecalis LPS/LOS through the immuno-
logical characterization of its chemically synthesized tetra- to
hexaacylated lipid A forms (hexa-AfLA, penta-AfLA, tetra-
AfLA). Future studies will be devoted to the definition of the
role of the carbohydrate portion of A. faecalis LOS/LPS in
the previously observed immunological functions.[8] Finally, it
should be noted that the capability to induce only weak
activation of TLR4 signaling in combination with potent IgA
production-inducing activity are of great importance in the
evaluation of a molecule as a potential adjuvant candidate in
vaccine production. From this perspective, a detailed struc-
ture–function study is currently ongoing to shed light on the
molecular bases of the A. faecalis LOS/LPS and lipid A
immunological functions, aiding in the evaluation of potential
use of synthetic derivatives as efficient and safe adjuvants in
vaccine production. These structure-related immunological
functions also demonstrate that hexa-AfLA is a promising
adjuvant candidate with the intrinsic fascinating feature to not
derive from detoxification of useful but toxic immunomodu-
lators, but rather on host–microbe chemical ecology research.
In other words, LPS from GALT-resident mutualistic bacteria
can inspire the synthesis of a pool of safer and effective
adjuvants. Within this frame, we recently also demonstrated
that hexa-AfLA promotes antigen-specific IgA and IgG
production and enhances Th17 response in the vaccination of
female BALB/c mice without excessive inflammation.[28]
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