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Lepromatous leprosy patients produce antibodies that recognise
non-bilayer lipid arrangements containing mycolic acids

Isabel Baeza'/*, Carlos Wong-Baeza', Esther Valerdi', Jeanet Serafin-Lopez?,
Miguel Ibanez', Sergio Estrada-Parra?, Carlos Wong', Iris Estrada-Garcia?

'Biochemistry Department 2lmmunology Department, National School of Biological Sciences,
National Polytechnic Institute, Mexico DF, Mexico

Non-bilayer phospholipid arrangements are three-dimensional structures that form when anionic phospholipids
with an intermediate structure of the tubular hexagonal phase II are present in a bilayer of lipids. Antibodies that
recognise these arrangements have been described in patients with antiphospholipid syndrome and/or systemic lu-
pus erythematosus and in those with preeclampsia; these antibodies have also been documented in an experimental
murine model of lupus, in which they are associated with immunopathology. Here, we demonstrate the presence of
antibodies against non-bilayer phospholipid arrangements containing mycolic acids in the sera of lepromatous lep-
rosy (LL) patients, but not those of healthy volunteers. The presence of antibodies that recognise these non-bilayer
lipid arrangements may contribute to the hypergammaglobulinaemia observed in LL patients. We also found IgM
and IgG anti-cardiolipin antibodies in 77% of the patients. This positive correlation between the anti-mycolic-non-
bilayer arrangements and anti-cardiolipin antibodies suggests that both types of antibodies are produced by a com-
mon mechanism, as was demonstrated in the experimental murine model of lupus, in which there was a correlation
between the anti-non-bilayer phospholipid arrangements and anti-cardiolipin antibodies. Antibodies to non-bilayer
lipid arrangements may represent a previously unrecognised pathogenic mechanism in LL and the detection of these
antibodies may be a tool for the early diagnosis of LL patients.
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Leprosy is a chronic and degenerative infectious dis-
ease caused by Mycobacterium leprae, a Gram-positive
and acid-fast bacterium. Recently, the number of cases
has decreased considerably as a consequence of oppor-
tune detection and effective multidrug treatments. How-
ever, the incidence rate (new cases/year) has been stub-
bornly consistent. The disease can have severe physical
and psychological repercussions and it remains a public
health problem in Brazil, tropical Africa and Asia (WHO
2010). The clinical signs of leprosy depend on the immu-
nological response of the infected individual. Thus, ac-
cording to the Ridley-Joplin (1966) classification, leprosy
can be characterised by high resistance and low numbers
of bacteria [tuberculoid leprosy (TT)] or by low resis-
tance and high numbers of bacteria [lepromatous leprosy
(LL)]; between the two ends of this spectrum, borderline
tuberculoid (BT) leprosy, borderline leprosy (BB) and
borderline lepromatous (BL) leprosy present decreasing
resistance and increasing number of bacteria (Ridley
& Jopling 1966). TT is usually limited and can resolve
spontaneously without neurological lesions. It can also
present with hypopigmented and anaesthetic skin lesions
and neurological atrophy, which is caused by immune-
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mediated nerve destruction. Patients develop a strong
cellular response, characterised by a Thl cytokine profile
[interleukin (IL)-2, tumour necrosis factor-a, interferon
(IFN)-y], macrophage activation by IFN-y (which leads
to the killing of intracellular mycobacteria) and normal
serum immunoglobulin levels (Murphy et al. 2008). In
these cases, lesions show consolidated granulomas with
scarce mycobacteria and the lepromin skin test is positive
(Britton & Lockwood 2004).

LL is a systemic and progressive disease that affects
all organs (Scollard et al. 2006, Murphy et al. 2008). Even
the central nervous system may be involved because M.
leprae antigens and antibodies against these antigens
have been detected in the cerebrospinal fluid of LL pa-
tients (Patil et al. 1991, 1995). Moreover, the presence of
these antibodies was statistically correlated with upper
motor neuron signs in LL patients (Patil et al. 1995). In
nodular LL, circumscribed skin lesions (hypopigmented
plaques or nodules) are found in auricular pavilions, su-
perciliary regions and limbs. In diffuse LL, patients have
generalised and deforming lesions and patients present
with a Th2 cytokine profile (IL-4, IL-5, IL-10) and poor
cellular responses, which allow intracellular mycobacte-
ria to multiply in macrophages and Schwann cells. Cel-
lular immunity to many antigens is also suppressed and
patients develop hypergammaglobulinaemia (Murphy et
al. 2008); immune complexes obstruct blood capillaries
and lead to an inflammatory response (via complement
fixation and neutrophil recruitment) that causes tissue
damage (Nath et al. 2000, Prabhu et al. 2009); myco-
bacteria are abundant in nasal mucosa, skin lesions and
blood and the lepromin skin test is negative. BB has the
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clinical and immunological characteristics of TT and
LL; BT leprosy is lepromin-positive and BL leprosy is
lepromin-negative. According to the World Health Or-
ganisation (WHO) operational classification (WHO
1982), TT and BT leprosy are considered paucibacillary
(PB) and usually present with five or fewer skin lesions
and only one affected nerve, whereas LL, BL leprosy
and BB are multibacillary and usually present with more
than five skin lesions and more than one affected nerve
(WHO 1982, Britton & Lockwood 2004).

Over the last 12 years, several groups have investigat-
ed the presence of antiphospholipid antibodies in leprosy
(Santiago et al. 1989). Interestingly, the antiphospholipid
antibodies in leprosy are similar to those in patients suffer-
ing from antiphospholipid syndrome, but of a different iso-
type, with IgM being more prevalent (de Larrafiaga et al.
2000). Thus, leprosy-related antiphospholipid antibodies
comprise persistent [gG and IgM anti-beta 2 glycoprotein
I (B,GPI), which differ from antiphospholipid syndrome-
related antibodies with respect to IgG subclass, avid-
ity and epitope specificity, possibly reflecting a distinct
pathophysiological significance (Arvieux et al. 2002).

Anti-cardiolipin antibodies are often present in leprosy
(~50%) and they are frequently associated with the pres-
ence of anti-B,GPI antibodies (44.8%), although they do
not appear to be correlated with thromboembolic events
(Escobar-Gutiérrez et al. 1990, Levy etal. 2004, Fenniche
et al. 2007, Séne et al. 2008). However, thromboembolic
events in LL patients have recently been associated with
thalidomide or corticosteroid treatment (Vetrichevvel et
al. 2008, Yamaguchi et al. 2012). In addition, LL patients
may also present with thromboembolic events associ-
ated with single nucleotide polymorphisms of the 3,GPI
gene, such as Leu247Val and Trp326Ser (Brochado et al.
2010). Until now, the specificity of the antiphospholipid
antibodies produced by LL patients and, in particular, LL
patients have not been studied in detail.

Lipids constitute more than 40% of the dry weight
of mycobacteria (Goren & Brennan 1979). The cellular
membrane of M. leprae contains two characteristic li-
popolysaccharides (lipoarabinomannan and lipoman-
nan), whereas the cell wall consists of peptidoglycan
covalently bound to arabinogalactan, and mycolic acids
(MAs). The capsule contains a high level of mycobacte-
rium-specific lipids, which are related to virulence and
antibiotic resistance, including phthiocerol dimycocero-
sate, trehalose mycolates (including chord factor), tre-
halose sulpholipids (SL), phenolic glycolipid-1 (PGL-1)
and MAs (Brennan & Barrow 1980, Britton et al. 2000,
Ng et al. 2000, Rao et al. 2006, Scollard et al. 2000).

MAs are long fatty acids (60-90 carbon atoms) com-
posed of a shorter beta-hydroxy chain with a longer
alpha-alkyl side chain; the number of carbons varies
by species. There are three main types of MAs: alpha,
methoxy and keto. Alpha-MAs comprise at least 70% of
the MAs present in mycobacteria and contain several cy-
clopropane rings; methoxy-MAs with several methoxy
groups comprise between 10-15% of the MAs and the
remaining 10-15% are keto-MAs, which contain several
ketone groups (Minnikin & Goodfellow 1980, Besra
& Chatterjee 1994, Barry et al. 1998, Rao et al. 2006,

Brennan & Crick 2007). Considering the abundance of
mycobacteria in the organs of LL patients (3 x 10'%g of
tissue) (Waters et al. 1978), it is not surprising that some
antibodies are directed against lipid-rich mycobacterial
antigens. Moreover, lipid-rich mycobacterial molecules
released from dead mycobacteria could easily interact
with host molecules to create neoantigens, which could,
in turn, induce the production of antibodies.

Of particular interest are the long hydrocarbon MAs
because, based on their chemical structure, we propose
that they are amphiphilic molecules with a conical molec-
ular shape (the cross-sections of their hydrophobic regions
are larger than those of their hydrophilic regions) and that
this conical molecular shape suggests that MAs might have
a role as lipid mycobacterial antigens. Cationic molecules
with a conical molecular shape, such as the drugs chlo-
rpromazine (CPZ) and procainamide, can induce the for-
mation of intermediate structures of the hexagonal phase 11
(H,,) arrangements by some anionic conic phospholipids,
including phosphatidic acid (PA), phosphatidylserine and
cardiolipin; these intermediate forms of H, arrangements
are inserted into the bilayer arrangement of the other phos-
pholipids and distort it to form non-bilayer phospholipid ar-
rangements or lipidic particles (Aguilar et al. 1999, Baeza
et al. 2004, Wong-Baeza et al. 2012). Furthermore, when
injected intrasplenically in mice, non-bilayer phospholipid
arrangements induce the production of specific antibodies
and antiphospholipid antibodies that recognise non-bilayer
phospholipid arrangements have been reported in patients
with antiphospholipid syndrome (Baeza et al. 2004) and
patients with preeclampsia (Campos et al. 2006). Here, we
report that MAs induce the formation of non-bilayer lipid
arrangements in liposomes (model membranes) and that
83% of patients with LL have antibodies that specifically
bind to these non-bilayer lipid arrangements containing
MAs; moreover, 77% of these patients also have IgM and
IgG anti-cardiolipin antibodies. Antiphospholipid antibod-
ies against non-bilayer lipid arrangements may be relevant
to the pathogenesis of leprosy.

SUBJECTS, MATERIALS AND METHODS

Patients - Thirty untreated LL patients with a con-
firmed diagnosis and a bacterial index range of 1+ to
4+ (age range 15-73 years) were included in this study;
their diagnoses were established according to the guide-
lines of the Mexican Ministry of Health, which are based
on the Ridley-Jopling classification (Ridley & Jopling
1966). A further 30 healthy volunteers were also in-
cluded in this study for comparison purposes. Venous
blood (5 mL) was collected in anticoagulant-free tubes
and centrifuged at 2,600 g for 10 min. Serum was stored
in aliquots of 250 pL at -70°C until antibody detection
by ELISA or flow cytometry. Patients and healthy vol-
unteers signed an informed consent form; the local ethi-
cal committees of the institutions involved approved this
protocol in accordance with international guidelines.

Preparation of liposomes and liposomes with non-
bilayer phospholipid arrangements - Unilamellar lipo-
somes were prepared using the reverse-phase evaporation
method (Szoka & Papahadjopoulos 1978) that was modi-
fied (Baeza et al. 1994). The following lipids and lipid
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mixtures were dissolved in 1 mL of chloroform (Mall-
inckrodt Baker, Phillipsburg, NJ, USA), 3 pmol of phos-
phatidylcholine (PC), 2 umol of PC and 1 umol of PA (2:1
molar ratio), 2 pmol of PC and 1 umol of MAs (2:1 molar
ratio), and 2 umol of PC, 0.5 umol of PA and 0.5 pmol of
MAs (2:0.5:0.5 molar ratio). All lipids were from Sigma-
Aldrich (St. Louis, MO, USA) and they were at least 97%
pure. The MAs (Cat. M 4537) were a mixture of long
(78-90 carbon residues) branched beta-hydroxy acids,
molecular weight range of 1,108-1,307 Da, that were ob-
tained from the cell wall of Mycobacterium tuberculosis
(Mtb) (human strain). Each lipid solution was placed in a
two-neck glass flask connected to a vacuum pump and
chloroform was evaporated at reduced pressure. Next,
1 mL of diethyl ether (Mallinckrodt Baker, Phillipsburg,
NJ, USA) and 330 pL of TS buffer (Tris-HCI 10 mM,
NaCl 1 mM, pH 7.0) were added and the mixtures were
mixed in a vortex and sonicated three times (5 sec sonica-
tion followed by 30 sec resting period) using a Lab Sup-
ply G112SPI sonicator (Laboratory supplies, Hicksville,
NY, USA). The diethyl ether was then removed under a
stream of oxygen-free dry nitrogen at reduced pressure
using a rotary evaporator at 37°C. During this process,
the mixtures changed from viscous gels to suspensions.
To complete the 1 mL of liposome suspension, 600 pL
of TS buffer was added and the suspension was filtered
through a Millipore membrane (Billerica, MA, USA)
with 0.45-pm pores to homogenise the liposome size and
maintain sterility (Baeza et al. 1994).

Where indicated, the inductors of non-bilayer phos-
pholipid arrangements, Mn** (5 mM MnCl,) and CPZ (3
mM) (all from Sigma-Aldrich), were added to the lipo-
some suspensions, which were incubated at 37°C for 30
min to induce the formation of non-bilayer phospholipid
arrangements (Baeza et al. 1994, 2004).

Liposome suspensions, with or without non-bilayer
phospholipid arrangements, were analysed by flow cy-
tometry (FACSCalibur, Becton Dickinson, San José,
CA, USA) (Aguilar et al. 1999, Baeza et al. 2004); 10,000
events were acquired per sample and the data were anal-
ysed using CellQuest software (Becton Dickinson). The
dot plots of size [forward scatter vs. granularity side
scatter (SSC)] and histograms of granularity (SSC) are
shown. The Kolmogorov-Smirnov test was used to com-
pare the granularity histogram of each sample with the
negative control (liposome suspension without MnCl, or
CPZ); D > 0.5 with p <0.001 was considered significant
and revealed the presence of non-bilayer phospholipid
arrangements in the liposome membranes (Aguilar et al.
1999, Baeza et al. 2004, Wong-Baeza et al. 2012).

Detection of antibodies that bind non-bilayer lipid
arrangements in sera - Flow cytometry was used to de-
tect antiphospholipid antibodies in the patients’ sera that
bind non-bilayer lipid arrangements. Liposomes made
from PC/PA/MAs or PC/PA (0.1 pmol of conic lipids in
100 pL of TS buffer), treated with 5 mM MnCl, were
mixed with 100 uL of serum (from LL patients or healthy
volunteers) and incubated for 1 h at 37°C (the sera were
previously heated at 56°C for 30 min to inactivate comple-
ment and diluted 1:50 in blocking solution). After incuba-
tion, 100 pL of fluorescein isothiocyanate (FITC)-labelled

goat anti-human polyvalent antibody (Sigma-Aldrich) di-
luted 1:2000 in blocking solution was added. After 1 h
at 37°C, TS solution was added up to a volume of 1 mL
and the samples were analysed by flow cytometry as de-
scribed above. A monoclonal antibody (H-308) that binds
non-bilayer phospholipid arrangements was used as a
positive control (Aguilar et al. 1999, Baeza et al. 2004).
The percentage of positive events in each sample was de-
termined. The results from the 30 patients were compared
with the results from the 30 healthy volunteers using the
Kruskal-Wallis test with Dunn’s post-test (the threshold
for significance was set at p < 0.05) and the Kolmogorov-
Smirnov test was used to compare the fluorescence-1
histogram of each patient with the negative control (li-
posome suspension with 5 mM MnCl, treatment stained
with FITC-labelled goat anti-human polyvalent antibody);
D > 0.5 with p < 0.001 was considered significant and
indicated the presence of antibodies that bind non-bilayer
lipid arrangements in the sera analysed.

Detection of antibodies that bind non-bilayer phos-
pholipid arrangements by liposomal ELISA - The ability
of the antiphospholipid antibodies in the sera to bind lipo-
somes with non-bilayer phospholipid arrangements was
also assessed using the liposomal ELISA method (Agui-
lar et al. 1999, Wong-Baeza et al. 2012). An aliquot of 100
puL of PC/PA liposome suspension, with or without 5 mM
MnCl, treatment, was added to each well of a 96-well flat-
bottom plate (Costar Co, Cambridge, MA, USA) and left
atroom temperature (RT) for 12 h. The plate was decanted
and 200 pL of blocking solution (8% foetal bovine serum
in TS buffer) was added to each well. After 1 h at RT, the
plate was decanted and 100 pL of serum (from LL patients
or healthy volunteers) was added to each well and left for
1 h at 37°C (the sera were previously heated at 56°C for 30
min to inactivate complement and diluted 1:250 in block-
ing solution). The plate was washed five times with 200
pL of blocking solution per well and then 100 pL of goat
anti-human polyvalent antibody conjugated to peroxidase
(Sigma-Aldrich) and diluted 1:2000 in blocking solution
was added to each well. After 1 h at 37°C, the plate was
washed five times with 200 pL of blocking solution per
well and 100 pL of peroxidase substrate solution (10 mg of
o-phenylenediamine and 20 uL of 30% H,0O, in 25 mL TS
buffer) was added to each well. After 20 min at 37°C, the
enzymatic reaction was stopped by the addition of 50 puL
of sulphuric acid 2.5 M to each well and the absorbance at
492 nm was measured in a Labsystems Multiskan MS
photometric plate reader (MTX Labsystems, Vienna, Vir-
ginia, USA). The monoclonal antibody (H-308) against
the non-bilayer phospholipid arrangements was used as a
positive control (Aguilar et al. 1999, Baeza et al. 2004); the
negative control was a liposome suspension with 5 mM
MnCl, treated with goat anti-human polyvalent antibody
conjugated to peroxidase. The results from the 30 patients
were compared with the results from the 30 healthy volun-
teers using the Kruskal-Wallis test with Dunn’s post-test
(significance was set at p < 0.05) and the mean absorbance
of the healthy volunteers plus two standard deviations
was set as the threshold for positive values, indicating the
presence of antibodies that bind non-bilayer lipid arrange-
ments in the sera analysed.
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Detection of anti-cardiolipin antibodies by ELISA -
Anti-cardiolipin antibodies were measured using the anti-
cardiolipin IgG/IgM enzyme immunoassay test kit from
Diamedix (IVAX Diagnostics, Miami, FL, USA) accord-
ing to the manufacturer’s instructions. This kit enables the
semi-quantitative detection of IgG and IgM antibodies to
cardiolipin in human serum using a 96-well ELISA plate
coated with highly purified bovine cardiolipin and satu-
rated using highly purified human ,GPI, which is a co-
factor required for the binding of anti-cardiolipin antibod-
ies. The results are reported in GPL or MPL units per mL,
where 1 GPL unit is the binding activity of 1 ug/mL of a
reference IgG anti-cardiolipin antibody and 1 MPL unit is
the binding activity of 1 ug/mL of a reference IgM anti-
cardiolipin antibody (Harris et al. 1987). The results from
the 30 LL patients were compared with the results from
the 30 healthy volunteers using the Kruskal-Wallis test
with Dunn’s post-test (significance was set at p <0.05). In
accordance with the manufacturer’s instructions, results
of less than 10 GPL or MPL units per mL were considered
negative, while results of 12 or more GPL or MPL units
per mL were considered positive for the presence of IgG
or [gM anti-cardiolipin antibodies, respectively.

RESULTS

MAs induce the formation of non-bilayer phospholip-
id arrangements on liposomes - PC, which is composed
of a choline head group, glycerophosphoric acid, a satu-
rated fatty acid (such as stearic acid) and an unsaturated
fatty acid (such as oleic acid), has a cylindrical molecular
shape because the cross-section of its hydrophobic re-
gion is similar to that of its hydrophilic region (Fig. 1A).
However, PA, which is composed of a glycerophosphoric
acid, a saturated fatty acid and an unsaturated fatty acid,
has a conical molecular shape because the cross-section
of its hydrophobic region is larger than that of its hydro-
philic region (Fig. 1B). When liposomes made of these
phospholipids are suspended in a buffer devoid of induc-
tors of non-bilayer phospholipid arrangements, such as
divalent cations, their lipid bilayer is smooth, which is
consistent with low granularity. In the presence of Mn*',
PA molecules form intermediate structures of the H, tri-
dimensional arrangements within the bilayers formed by
PC molecules; these structures are known as non-bilayer
phospholipid arrangements or lipidic particles and they
can be detected as liposome granularity increases (Agui-
lar etal. 1999, Baeza et al. 2004, Wong-Baeza et al. 2012).
Consistent with these findings, the liposomes containing
a conic phospholipid, such as those made of PC/PA, have
increased granularity in the presence of Mn?* (Fig. 2A);
however, the granularity of the liposomes made of PC
alone is not altered in the presence of Mn?*" (Fig. 2B) be-
cause, in this case, no conic phospholipids are available
to form the lipidic particles. Cationic drugs with a coni-
cal molecular shape, such as CPZ, can also form lipidic
particles with PA (Baeza et al. 2004, Wong-Baeza et al.
2012) and accordingly, liposomes made of PC/PA have
increased granularity in the presence of CPZ (Fig. 2C).
Taking into account the molecular form of phospholipids
and their molecular arrangements, we proposed that MAs
can also have a conical molecular shape (Fig. 1C, D) be-

cause they are fatty acids with long hydrocarbon chains
(60-90 carbon residues) and also branched beta-hydroxy
acids with cyclopropane, methoxy or ketone groups
(Minnikin & Goodfellow 1980, Besra & Chatterjee 1994,
Barry et al. 1998, Rao et al. 2006). We further hypoth-
esised that they could induce the formation of non-bilayer
lipid arrangements on liposomes (Fig. 1E). The addition
of MAs to PC or PC/PA liposomes increases the granu-
larity (Fig. 2E, F) and the granularity is further increased
in the presence of Mn?* (Fig. 2D-F) (D > 0.5 with p <
0.001, compared with the granularity histogram of lipo-
somes without Mn?*), which strongly suggests that non-
bilayer lipid arrangements containing MAs are formed.
Similar results to those shown in Fig. 2E were obtained
using 3 mM Ca*" (Supplementary data). A slight increase
in liposome size was also observed (Fig. 2D-F) because
the presence of non-bilayer phospholipid arrangements
promotes membrane fusion (Baeza et al. 2004).

LL patients produce antibodies that recognise non-
bilayer lipid arrangements containing MAs - The sera of
the LL patients, but not those of the healthy volunteers,
contain antibodies that recognise non-bilayer phospholipid
arrangements on PC/PA liposomes (Fig. 3A, B) and impor-
tantly also on PC/PA/MA liposomes (Fig. 3C). These an-
tibodies were detected by flow cytometry (Fig. 3A, C) and

S

(JC)
L e'e’

Fig. 1: molecular organization of the non-bilayer lipid arrangement
containing alpha-mycolic acids. Phosphatidylcholine (A) has a cylin-
drical molecular shape, while phosphatidic acid (B) and alpha-mycolic
acids (C, D) are conic molecules. The inverted micelle formed by phos-
phatidic and alpha-mycolic acids is inserted in the bilayer arrangement
of the liposome, forming the non-bilayer lipid arrangement.
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liposomal ELISA (Fig. 3B). Amongst the 30 LL patients
tested by flow-cytometry, using PC/PA liposomes bear-
ing non-bilayer phospholipid arrangements, 29 (97%) had
values of D > 0.5 with p < 0.001 when compared with the
negative control (liposomes with non-bilayer phospholipid
arrangements stained with FITC-labelled goat anti-human
polyvalent antibody); 28 of the 30 healthy volunteers had
values of D < 0.05 with this same assay. These results in-
dicate the presence of antibodies against non-bilayer phos-
pholipid arrangements in the LL patients and the lack of
these antibodies in the healthy volunteers. Amongst the
30 LL patients tested by flow-cytometry, using PC/PA/
MAs liposomes bearing non-bilayer lipid arrangements,
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Fig. 2: detection of non-bilayer lipid arrangements on liposomes by
flow cytometry. Liposomes made of phosphatidylcholine (PC)/phos-
phatidic acid (PA) (2:1 molar ratio), PC, PC/PA/mycolic acid (MA)
(2:0.8:0.2), PC/PA/MA (2:0.5:0.5) or PC/MA (2:1) were incubated at
37°C for 30 min with 5 mM MnCl, or with 3 mM chlorpromazine
(CPZ). Changes in bilayer complexity [side scatter (SSC)] and lipo-
somal aggregation [forward scatter (FSC)] were evaluated. Bilayer
complexity is represented in histograms (red lines represent lipo-
somes alone, blue lines represent liposomes with Mn?*" or with CPZ);
bilayer complexity and aggregation of liposomes alone or with Mn?"
or CPZ are represented in density plots. Broken lines indicate refer-
ence values for changes in SSC for bilayer complexity.

25 (83%) had values of D > 0.5 with p < 0.001 compared
with the negative control. All of the healthy volunteers
had values of D < 0.05, indicating the presence of antibod-
ies against the non-bilayer lipid arrangements containing
MAs in the LL patients and the lack of these antibodies
in the healthy volunteers. Of the 30 serum samples with
the highest antibody titres against the non-bilayer phos-
pholipid arrangements according to the liposomal-ELISA
method, eight were tested by immune adsorption assay
(Supplementary data). Additionally, the levels of anti-
bodies against non-bilayer lipid arrangements containing
MAs are 4.4 times lower than those against non-bilayer
phospholipid arrangements containing PA. All of the LL
patients tested by liposomal ELISA had absorbance values
above the positive threshold (0.09), which confirmed the
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Fig. 3: sera of lepromatous leprosy (LL) patients bind specifically to
non-bilayer lipid arrangements. The sera of LL patients and of healthy
volunteers were assayed by flow cytometry (A, C) or by liposomal
ELISA (B) using Mn?*'-treated phosphatidylcholine (PC)/phospha-
tidic acid (PA) liposomes or Mn?*-treated PC/PA/mycolic acid (MA)
liposomes. Data from 30 patients were compared with those from 30
healthy volunteers using Kruskal-Wallis test with Dunn’s post-test
(significance was set at p < 0.001 in A and at p < 0.05 in C) and the
mean absorbance of the healthy volunteers plus two standard devia-
tions was set as the threshold for positive values. Mn**-treated lipo-
somes incubated with fluorescein isothiocyanate (FITC)-labelled
goat anti-human polyvalent antibodies or with the monoclonal anti-
body (H-308) that binds non-bilayer phospholipid arrangements were
used as the negative and positive control, respectively.
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presence of antibodies that recognise non-bilayer phos-
pholipid arrangements in the sera of these patients.

The binding of the monoclonal antibody H-308,
which is specific to non-bilayer phospholipid arrange-
ments (Aguilar et al. 1999, Baeza et al. 2004, Wong-Bae-
za et al. 2012), to PC/PA liposomes bearing non-bilayer
phospholipid arrangements or to PC/PA/MA liposomes
bearing non-bilayer lipid arrangements, was used as a
positive control in the flow cytometry and liposomal
ELISA studies (Fig. 3A-C).

The levels of antibodies that recognise non-bilayer
phospholipid arrangements are correlated with the levels
of anti-cardiolipin antibodies in LL patients - Amongst
the 30 LL patients, 23 (77%) were positive for IgG anti-
cardiolipin antibodies (Fig. 4A) and 23 of these same LL
patients (77%) were positive for IgM anti-cardiolipin an-
tibodies (Fig. 4B). The levels of both the IgM and IgG
anti-cardiolipin antibodies were positively correlated
with the levels of antibodies that recognise non-bilayer
phospholipid arrangements (measured by ELISA) in the
sera of LL patients (Fig. 4C, D).

DISCUSSION

Non-bilayer phospholipid arrangements are tran-
siently formed on cellular membranes, where they par-
ticipate in several physiological processes, such as mem-
brane fusion (Hafez et al. 2000, Hafez & Cullis 2001,
Wong-Baeza et al. 2010), the organisation of tight junc-
tions (Wegener & Galla 1996) and the activation of mem-
brane enzymes (van den Brink-van der Laan et al. 2001).
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However, if they are stabilised, as occurs in the presence
of divalent cations, such as Ca* and Mn?*" or drugs like
CPZ and procainamide, they induce the production of
specific antiphospholipid antibodies (Baeza et al. 2004,
Wong-Baeza et al. 2012). Antiphospholipid antibodies
that recognise non-bilayer phospholipid arrangements
have been described in patients with antiphospholipid
syndrome and/or systemic lupus erythematosus (these
patients also have anti-cardiolipin antibodies) (Baeza et
al. 2004) and in patients with preeclampsia (Campos et
al. 2006). These antibodies have also been documented
in an experimental model of lupus in BALB/c and NIH
mice, in which they are associated with immunopathol-
ogy (Baeza et al. 2004, Wong-Baeza et al. 2012).

In this study, we demonstrate that MAs, which we
propose have a conical molecular shape similar to that
of the phospholipid PA, induce the formation of non-
bilayer lipid arrangements on liposomes, as assessed
by increased liposome granularity and by the reactiv-
ity of these lipid arrangements containing MAs with the
monoclonal antibody H-308. This antibody specifically
recognises non-bilayer phospholipid arrangements and
does not show any reactivity with cardiolipin immobil-
ised on solid supports, such as the ELISA plates used in
the diagnosis kits to clinically measure antiphospholipid
antibodies (Baeza et al. 2004, 2011). A combination of
these two experimental approaches led us to conclude
that MAs induce the formation of non-bilayer lipid ar-
rangements on the liposomes studied. Furthermore, the
composition of the liposomes used (PC and PA in a 2:1
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Fig. 4: the levels of antibodies that recognise non-bilayer phospholipid arrangements correlate with the units of anti-cardiolipin antibodies in
lepromatous leprosy (LL) patients. The units of IgG (A) and IgM (B) anti-cardiolipin antibodies were measured by ELISA in the serums of LL
patients, data from 30 patients were compared with data from 30 healthy volunteers using Kruskal-Wallis test with Dunn’s post-test (signifi-
cance was set at p < 0.05). The units of IgG and IgM anti-cardiolipin antibodies showed positive correlations with the levels of antibodies that
recognize non-bilayer phospholipid arrangements (measured by ELISA) in the serums of LL patients (C, D).



Mem Inst Oswaldo Cruz, Rio de Janeiro, Vol. 707(Suppl. 1), 2012 101

molar ratio) closely resembles that of cellular membranes
(Voet & Voet 2011) and Mn*, the inducer of non-bilayer
lipid arrangements, is a trace element present at concen-
trations of 87.2 + 17.8 ng/dL in the sera of the control
subjects (Yilmaz et al. 2005). Moreover, tissues of LL
patients can have very high levels of mycobacteria (3.3
x 10'%g of tissue) (Waters et al. 1978) and because lipids
constitute more than 40% of the dry weight of myco-
bacteria (Goren & Brennan 1979), the amount of MAs
released from dead mycobacteria in these tissues would
be considerable. Therefore, it is possible that non-bilayer
lipid arrangements containing MAs, similar to those in-
duced by MAs on liposomes, may be formed in the cel-
lular membranes of LL patients. Cations, such as Mn**
and Ca?* released from lysed cells and damaged tissues,
could further increase the number of these non-bilayer
lipid arrangements. Considering the complexity of the
mycobacterial cell wall, it seems improbable that free
MAs could form non-bilayer lipid arrangements in the
mycobacterial cell membrane. Furthermore, we found
that the addition of MAs to liposomes in molar ratios
higher than 1.0 caused the production of irregular ag-
gregates and liposomes of smaller size (data not shown),
which suggests that MAs at high concentrations could
disrupt cellular membranes. These findings suggest that
MAs, in addition to their recognised role in the survival
and pathogenesis of mycobacteria, may play other im-
portant roles in the physiopathology of LL.

The presence of antibodies that recognise non-bilay-
er lipid arrangements in LL patients, but not in healthy
volunteers, was demonstrated using two complementa-
ry methods: ELISA and flow cytometry. We performed
immune adsorption assays in the serum samples that
had the highest antibody titres against non-bilayer phos-
pholipid arrangements using the ELISA method. Of
the 30 serum samples from the LL patients, eight were
analysed in this way. The titres of antibodies against
non-bilayer lipid arrangements containing MAs did not
change after immune adsorption on ELISA plates coated
with cardiolipin. No data regarding anti-PGL-1 antibod-
ies are available for any of the sera used here because
this test is not used by health authorities in Mexico.
Rojas-Espinosa et al., in 1999, showed that Mexican pa-
tients have no specific recognition for M. leprae PGL-1
or Mtb SL-1, ruling out the possibility of using PGL-I or
SL-I as tools for the differential diagnosis of these two
mycobacterial diseases.

In the LL sera, the levels of antibodies against PC/PA
liposomes were higher than those against PC/PA/MA li-
posomes. This difference could be attributed to the ir-
regular molecular form of MAs (1 of their hydrocarbon
chain is shorter than the other). The non-bilayer lipid
arrangements that they form might be more irregular,
making them less immunoreactive than those arrange-
ments formed by PA. However, these antibodies could
have activities similar to those described in our experi-
mental mouse model of lupus triggered by non-bilayer
phospholipid arrangements. These mice develop facial
alopecia and symmetric malar masks with deposits of
immune complexes, extensive epidermal atrophy, a mild
inflammatory infiltrate and decreased terminal hair fol-

licles, which present a disaggregation of matricial cells
surrounded by an inflammatory infiltrate and haemor-
rhage (Baeza et al. 2004, Wong-Baeza et al. 2012). Even
with their lower titres, the antibodies against non-bilayer
lipid arrangements containing M As could cause skin le-
sions, such as vasculitis and necrosis, which have been
described in the Lucio phenomenon, a variant of LL
found in Mexico (Monteiro et al. 2012).

Antibodies that recognise non-bilayer lipid arrange-
ments may contribute to the hypergammaglobulinaemia
that is observed in LL patients. Moreover, these antibod-
ies may bind to non-bilayer lipid arrangements stabi-
lised by MAs on cellular membranes, which would lead
to complement fixation and cellular lysis as well as an
inflammatory response that would increase tissue dam-
age. The release of intracellular contents could promote
the production of antibodies that recognise molecules not
usually found in the extracellular space, such as cardio-
lipin (Baeza et al. 2004, Wong-Baeza et al. 2012), which
is a constituent of mitochondrial inner membranes. Pre-
vious studies (Santiago et al. 1989, Escobar-Gutiérrez et
al. 1990, Levy et al. 2004) report anti-cardiolipin anti-
bodies in almost 50% of 55 patients with LL and here we
report IgM and IgG anti-cardiolipin antibodies in 77% of
the 30 LL patients tested. It is noteworthy that a higher
percent of these patients had antibodies that recognise
non-bilayer phospholipid arrangements (100% using
ELISA) because this could indicate that anti-cardiolipin
antibodies are formed at later stages of the pathology.

The positive correlation that is observed between the
antibodies that recognise non-bilayer phospholipid ar-
rangements and the anti-cardiolipin antibodies further
suggests that both types of antibodies are produced in LL
patients through a common mechanism, as demonstrated
in the experimental mouse model of lupus (Baeza et al.
2004, Wong-Baeza et al. 2012). In this murine model, the
liposomes with non-bilayer phospholipid arrangements
induce the production of antibodies that specifically bind
these arrangements in mice; these antibodies induce cel-
lular damage, which exposes several autoantigens such as
cardiolipin, histones, nuclear proteins and DNA, thereby
inducing the production of autoantibodies. Interestingly,
in this murine model, the antibodies that bind non-bilayer
phospholipid arrangements appear four weeks before the
anti-cardiolipin, anti-histone and lupus anticoagulant an-
tibodies, which demonstrate, at least in this pathology, a
positive correlation between the antibodies that recognise
non-bilayer phospholipid arrangements and the anti-cardi-
olipin, anti-histones and lupus anticoagulant antibodies.

Our finding that MAs induce the formation of non-
bilayer lipid arrangements, which are recognised by
antibodies present in the sera of the LL patients, sug-
gests that in these patients the antibodies may trigger the
events described in the murine model of lupus and con-
tribute to the pathology of leprosy. The antibodies that
bind to these arrangements may represent a previously
unrecognised pathogenic mechanism during LL. In ad-
dition, we found that the titres of the antibodies that bind
non-bilayer phospholipid arrangements containing MAs
and those that bind cardiolipin were highest amongst the
LL patients that had a bacterial index range close to 4+
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Renal lesions have been reported in 72% of a cohort
of Brazilian leprosy patients, including patients with er-
ythema nodosum leprosy and LL. These patients present
with amyloidosis, glomerulonephritis, nephrosclerosis
and other renal lesions; glomerular lesions can be caused
by immune complexes and they mainly occur during the
reactional states of erythema nodosum leprosy (Nakaya-
ma et al. 2001, Prabhu et al. 2009). This information is
relevant to our experimental murine model of lupus in
which we have described kidney abnormalities consist-
ing of diffuse cellular proliferation in the glomeruli and
immune complex deposits along the basal membranes of
the glomerular capillaries and in the mesangial matrix
(Baeza et al. 2004, Wong-Baeza et al. 2012). The anti-
bodies against non-bilayer lipid arrangements detected
in LL patients may be involved in the development of the
kidney lesions in leprosy.

We reported high titres of antibodies against non-
bilayer phospholipid arrangements in our experimental
murine model that resembles human lupus as well as in
35 patients who meet four or more of the American Rheu-
matism Association criteria for systemic lupus erythema-
tosus; in both cases, these antibodies were strongly corre-
lated with the development of disease (Baeza et al. 2004,
2011, Wong-Baeza et al. 2012). In addition, 38 patients
with hypertensive pregnancy disorders (preeclampsia or
eclampsia) were positive for these antibodies, although
their serum titres were lower than those of the lupus
patients. The patients with preeclampsia/eclampsia had
increased non-bilayer phospholipid arrangements in the
syncytiotrophoblast, extravillous cytotrophoblast, syn-
cytial knots and the amnion epithelial cell membranes of
the placenta. The authors of this study concluded that the
non-bilayer phospholipid arrangements and their anti-
bodies were one of the pathogenic factors associated with
these pregnancy pathologies (Campos et al. 2006). The
titres of the antibodies that bind non-bilayer phospholipid
arrangements were lowest in the LL patients compared
with those in the lupus patients and the preeclampsia/
eclampsia patients. However, these antibodies may have
pathogenic activities similar to those described in the
skin and subcutaneous tissue and in the glomeruli of our
experimental murine model of human lupus.

Further studies are required to confirm the presence
of non-bilayer lipid arrangements containing M As in tis-
sue samples from LL patients. Further assessment of the
presence of antibodies that recognise non-bilayer lipid
arrangements and of anti-cardiolipin antibodies at dif-
ferent time points during the disease is also necessary.
The study of PB leprosy patients, both tuberculoid and
BT, as well as patients with other infectious diseases,
such as tuberculosis, is important. Patients with PB
leprosy and latent tuberculosis may have low titres of
antibodies against non-bilayer lipid arrangements con-
taining MAs because both diseases are characterised by
the presence of few mycobacteria, which are mostly in-
cluded in granulomas.

The efficient diagnosis of leprosy is the subject of
ongoing research. The use of anti-PGL-1 antibodies has
been proposed as an adjunct early leprosy diagnostic
marker for household contacts of patients with leprosy

(Bazan-Furine et al. 2011). The histopathological exami-
nation of nerve samples, in conjunction with clinical,
epidemiological and laboratory data, has also been in-
vestigated for use in the diagnosis of pure neural leprosy
(Antunes et al. 2012). Because antibodies that bind non-
bilayer lipid arrangements may have pathogenic activity
in the development of skin and renal lesions, they may be
a useful tool for the early diagnosis of LL.
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Detection of non-bilayer lipid arrangements on liposomes by flow cytometry. Liposomes made of phosphatidylcholine (PC)/phosphatidic acid
(PA) (2:1 molar ratio) or PC/PA/mycolic acid (MA) (2:0.5:0.5) were incubated at 37°C for 30 min with 5 mM MnCI2 or with 3 mM CaCl2.
Changes in bilayer complexity [side scatter (SSC)] and liposomal aggregation [forward scatter (FSC)] were evaluated. Bilayer complexity is
represented in histograms (red lines represent liposomes alone, blue lines represent liposomes with Mn2* or Ca2"); bilayer complexity and ag-
gregation of liposomes alone or with Mn2" or Ca2" are represented in density plots.
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Sera of lepromatous leprosy (LL) patients bind specifically to non-bilayer lipid arrangements. Eight sera of LL patients were assayed by flow
cytometry using Mn2+-treated phosphatidylcholine (PC)/phosphatidic acid (PA)/mycolic acid (MA) liposomes as antigens. The eight sera were
previously immune adsorbed using cardiolipin-coated ELISA plates (Baeza et al. 2004). Mn2+-treated liposomes incubated with fluorescein
isothiocyanate (FITC)-labelled goat anti-human polyvalent antibody or with the monoclonal antibody (H-308) that binds non-bilayer phos-
pholipid arrangements were used as the negative and positive control, respectively. Immune adsorption assays were made as was previously
described. Sera samples at 1:50 dilution in 8% foetal bovine serum in TS buffer were added to cardiolipin-coated ELISA plates. After 1 h in-
cubation at 37°C, sera were removed and incubated again in new cardiolipin-coated ELISA plates, a procedure repeated three times to achieve
complete anti-cardiolipin antibodies adsorption.



