Volume 60, Number 3
Printed in the U.S.A.

INTERNATIONAL JOURNAL OF LEPROSY^

Serological Response to Purified Mycobacterial
Phosphatidylinositol Mannoside in Healthy
Controls and in Patients with Tuberculosis and Leprosy'
Raymond J. Mullins, Jean-Jacques Fournie, Bernadette Moloney,
Karl Baumgart, Phillip Jones, Phillip Brown,
and Antony Basten 2
The identification, characterization, and
purification of protein and nonprotein antigens from Mycobacterium leprae have been
facilitated by the development of monoclonal antibody technology and the availability
of armadillo-derived Al. leprae antigen for
biochemical analysis. Three mycobacterial
glycolipid antigens have been isolated and
fully characterized, including phosphorylated lipoarabinomannan (LAM) ( 1 3- 17 the
Al. /eprae-specific phenolic glycolipid-I
(PGL-I) ( 16 ), and a monoclonal antibodydefined crossreactive dimannosylated phosphatidylinositide (L4-PIM) ( 12 ). Immunoassays based on the crossreactive glycolipid
LAM have been used with some success in
the serodiagnosis of leprosy 30F0 showing
some increase in sensitivity when combined
with measurement of IgM antibodies to
PGL-I, but with a parallel loss of specificity,
being detected in patients with active tuberculosis as well ( 27 ). PGL-I and its synthetic
analog disaccharide octyl-bovine serum albumin (dBSA) currently form the basis of
standard tests for the measurement of Al.
/eprae-specific antibodies ( 7 ). While this is
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the most specific assay available for confirmation of infection in patients with clinical
disease, it lacks both the sensitivity for patients with tuberculoid disease and the specificity when used as an epidemiological tool
in endemic areas in the sense that it does
not distinguish clearly between exposure to
Al. leprae and clinical disease ( 2 ' ").
The crossreactive glycolipid L4-PIM has
been shown to elicit an IgG response in some
patients with leprosy which, in preliminary
work, appeared to be correlated with the
IgM response to dBSA ( 12 ). The present study
was, therefore, designed to examine the diagnostic value of IgG PIM antibodies in patients with leprosy, tuberculosis, and in patients with Al. avium infection in the setting
of the acquired immune deficiency syndrome (AIDS). At the same time, the specificity of the assay was evaluated by measuring the response to L4-PIM in sera from
healthy subjects of various ages living in
urban Sydney, Australia, and from Kalo village, Papua New Guinea, where leprosy has
been endemic. The results indicate that, at
best, the L4-PIM assay may have a role as
an adjunct to PGL-I serology in the diagnosis ofclinical mycobacterial infection. The
finding, however, of anti-L4-PIM antibodies in some healthy subjects suggests the
possible value of this assay for determining
the prevalence of subclinical infection with
environmental mycobacteria at the population level.

MATERIALS AND METHODS
Monoclonal antibodies
The murine monoclonal antibodies
(MAb) L4 (IgG, ,) and L22 (IgG,) raised
against Al. leprae, recognize the mycobacterial crossreactive 4-6-kDa ( 5 ) and 65-kDa
;
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antigens ( 6 ), respectively. L4 and L22 hybridoma lines were grown in tissue culture
flasks in RPMI 1640 (Flow Laboratories,
McLean, Virignia, U.S.A.) containing 0.85
g/1 NaHCO,, 25 mM HEPES (BDH, Poole,
England), 2 mM L-glutamine (Flow), penicillin (50 mg/1; Glaxo), streptomycin (100
mg/1; Glaxo) and 10% fetal calf serum (FCS;
Flow). Culture supernatants were harvested
twice per week and stored at 4°C with 0.1%
sodium azide.
Antigens
Purified mycobacterial antigens. The

phosphatidylinositol mannoside (PIM) recognized by L4 was extracted from freezedried Al. tuberculosis and purified by high
pressure liquid chromatography to yield
highly purified L4-PIM as previously described ( 12 ). Disaccharide conjugated octylbovine serum albumin (dBSA), the synthetic analog of the Al. leprae-specific
antigen phenolic glycolipid-I, was kindly
provided by Dr. H. Engers through the
WHO/UNDP/World Bank Immunology of
Leprosy program. Purified LAM from Al.
tuberculosis was the generous gift of Dr. P.
Brennan, Colorado State University, Fort
Collins, Colorado, U.S.A. Purified soybean
phosphatidylinositol (PI) was purchased
from Sigma Chemical Company, St. Louis,
Missouri, U.S.A. Purified and semipurified
mycobacterial antigens were the kind gifts
of Drs. M. Riviere, M. Gilleron, A. Venisse
and A. Vercellone, the Centre National de
la Recherche Scientifique, Toulouse, France.
These consisted of the phenolic glycolipids
(PGL) PGL B-I and PGL K-I (from Al. boris
BCG and Al. kansasii, respectively); the glycopeptidolipid antigen of M. xenopi, GPL
X-I; a crude mixture of PIM, LAM (lipoarabinomannan) and AM (arabinomannan)
derived from Al. tuberculosis; a crude ethanol extract from M. boris BCG; a mixture
of BCG-derived arabinogalactan and peptidoglycan complex; purified BCG peptidoglycans and purified lipooligosaccharids
(LOS) from M. kansasii.
Bacterial sonicates. LOwenstein-Jensen
slope cultures of Al. simae, M. ,fortuitum,
M. scrolidaceum, M. phlei and Al. aviumintracellulare-scrofulaceum (MAIS) were
obtained from the Department of Microbiology, Royal Prince Alfred Hospital, Sydney, and the Tuberculosis Laboratory,

Queensland Department of Health, Brisbane, Australia. M. boris (bacillus Calmette-Gue.rin, BCG strain) was purchased
from the Commonwealth Serum Laboratories, Melbourne, Australia. Armadilloderived lyophilized M. leprae bacilli (batch
CD 86) were kindly provided by Dr. R. J.
W. Rees through the WHO/UNDP/World
Bank Immunology of Leprosy program.
Agar cultures of gram-positive organisms
(Staphylococcus aureus, beta hemolytic
Streptococcus Groups A and B), gram-negative organisms (Proteus IIaeniophilus influen:ae, Pseudomonas aeruginosa and Escherichia coli) and fungi
(Aspergillus fionigatis, Candida albicans,
Nocardia asteroides and Streptonzives griseus) and cutaneous Corynebacteria were
supplied by the Department of Microbiology, Royal Prince Alfred Hospital, Sydney.
Bacilli were suspended in phosphate buffered saline, 0.15 M, pH 7.2 (PBS), and sonicated on ice for 15 min. Sonicates were then
sterilized by passage through a 0.22-pm filter (Millipore, Bedford, Massachusetts,
U.S.A.), and their protein concentrations
determined with Folin's reagent before storage at —70°C.
Mantoux testing

Mantoux tests were read 48 hr after the
intradermal injection of 10 IU of Al. tuberculosis-derived PPD (CSL), and interpreted
according to the guidelines issued by the
National Tuberculosis Advisory Council,
Canberra, Australia: Induration < 5 mm,
negative; 5-9 mm, weak positive; 10-14
mm, intermediate positive; > 15 mm, strong
positive.
Human sera

Sera were obtained from a variety of
sources including: a) 87 Mantoux-negative,
healthy medical and nursing students of
various ethnic backgrounds from the University of Sydney before BCG vaccination.
b) 46 members of the same group 8 weeks
after BCG vaccination, at which time Mantoux conversion had occurred. c) 24 students from the same peer group with weakto-intermediate Mantoux reactions in the
absence of BCG vaccination (range 3-12
mm induration). d) 90 inpatients without
mycobacterial disease aged 2 to 16 years
from the Royal Alexandra Hospital for
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Children, Sydney. e) 200 healthy blood donors of unknown Mantoux status who denied known mycobacterial exposure or BCG
vaccination (Red Cross Blood Transfusion
Service, Sydney). 1) 400 healthy subjects
from Kalo village, Papua New Guinea,
where the majority of the population has
been vaccinated with BCG and where leprosy was endemic ( 2 ). g) 24 subjects with
treated and untreated pulmonary tuberculosis from the Department of Respiratory
Medicine, Royal Prince Alfred Hospital, and
from Port Moresby General Hospital, Port
Moresby, Papua New Guinea. h) 87 patients
with untreated leprosy from the Hansen's
Disease Clinic at Prince Henry Hospital
(Sydney, Australia), from the Boroko Hospital (Port Moresby, Papua New Guinea),
and from Anandaban Leprosy Mission
Hospital (Kathmandu, Nepal). The leprosy
patients from whom the samples were derived had been classified according to the
Ridley and Jopling scale ( 34 ) by experienced
clinicians using clinical and skin-smear evidence. i) 48 close family and school contacts of patients with leprosy who were part
of an aboriginal cohort being studied from
Thursday Island, Australia. j) 11 patients
with documented M. avium bacteremia in
the setting of the acquired immunodeficiency syndrome (AIDS) were obtained from
the Department of Clinical Immunology,
Royal Prince Alfred Hospital, Sydney.
A serum pool from 22 newly diagnosed
and untreated Nepalese lepromatous patients, designated LSP5, was used as a positive control for all serological assays. Other
leprosy and tuberculosis patients were classified arbitrarily as either treated or untreated on the basis of a duration of treatment
of less than or greater than 3 months, respectively.
Enzyme-linked immunosorbent assays
Antibodies to L4-PIM. Flat-bottom,
polystyrene, 96-well microtiter plates (Linbro; Flow) were coated with 50 of 2.5 kig/
ml of purified L4-PIM in ethanol. The plates
were dried under a stream of warm air and
then blocked overnight at 4°C with 3% bovine serum albumin (BSA) in PBS. Subsequently they were washed once with PBS
and incubated with 50 pi per well of serum
diluted 1 in 100 in 10% normal goat serum
(NGS) in PBS. After 1 hr at 37°C, the plates

were washed twice with PBS containing
0.05% Tween-20 (PBST) and three times
with PBS. Fifty of 1/1000 alkaline phosphatase conjugated goat anti-human immunoglobulin (IgG or IgM; Sigma) in 1%
NGS/PBS were added to each well and incubated at 37°C for 1 hr. Finally, the plates
were washed consecutively with PBS
(twice), and once each with distilled water
and nitrophenyl phosphate (NPP) buffer
(NaHCO, 34.8 mM, Na,CO 3 15 mM, MgC1,
0.1 mM, pH 9.6) before the addition ofp-nitrophenyl phosphate disodium (NPP) 1 mg/
ml in NPP buffer. The absorbance was read
at 1 hr with a Titertek Multiscan ELISA
plate photometer (Flow). The background
was calculated from triplicate PIM-containing wells incubated with 10% NGS without
human serum and subtracted from the absorbance of triplicate test wells. The response of L4-PIM was expressed as a percentage of the absorbance of the LSP5
positive control on the same plate. The
specificity of antibody binding to L4-PIM
was examined by comparison of serum
binding to phosphatidylinositol (PI), an
analogous glycolipid to L4-PIM but lacking
the specific terminal mannose residues recognized by the monoclonal antibody L4 ( 12 ).
Antibodies to other mycobacterial antigens. All mycobacterial antigens (except for

LAM and dBSA) were dissolved initially in
hot ethanol at 45°C, then diluted further in
ethanol before coating of polystyrene microtiter plates as described above. On the
basis of preliminary assays, antigens were
applied at optimal concentrations of either
10 µg/ml (PGL B-I, BCG peptidoglycans,
crude LAM/AM/PIM mixture, ethanol extract of BCG) or 2.5 µg/ml (the remaining
antigens). In each assay the serological responses to purified L4-PIM and PI (negative
control) were retested simultaneously on the
same plate.
Antibodies to LAM and L4-PIM were also
measured on the same plate. Following application of L4-PIM and PI in ethanol and
drying in warm air, either 50 ill per well of
2 µg/ml LAM in carbonate buffer (pH 9.6)
or carbonate buffer alone was applied to
separate wells and incubated for 16 hr at
4°C. The plates were then washed three times
in PBS and blocked for 2 hr with 3% filtered
BSA in PBS at 37°C, followed by the application of serum diluted 1/100 in 10%
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NGS to wells coated with L4-PIM or LAM,
and to negative control wells coated with PI
or bicarbonate buffer alone. The assay was
completed as described above. Antibodies
to the synthetic disaccharide conjugate of
bovine serum albumin of PGL-I from Al.
leprae (dBSA) were assayed as previously
described ( 4 ").
Detection of L4-PIM in bacterial sonicates. Triplicate wells of polystyrene, 96-

well, flat-bottom microtiter plates (Linbro,
Flow) were coated overnight at 4°C with 50
pl of mycobacterial, bacterial, or fungal sonicates at a protein concentration of 50 pg/
ml. The next morning the plates were washed
once with PBS, then blocked with 3% BSA
in PBS for 2 hr at 37°C. After a further wash
with PBS, test wells were coated with 50 pl
of neat L4 culture supernatant for 1 hr at
37°C, washed three times with PBS, and the
binding of L4 was detected by incubating
with alkaline phosphatase conjugated sheep
anti-mouse IgG (Sigma) for 1 hr at 37°C.
The monoclonal antibody L22, which recognizes the ubiquitous mycobacterial 65kDa protein antigen ( 6 ) was used as a positive control for binding of mycobacterial
sonicates to ELISA plates.
Because comparable monoclonal antibodies were not available for the nonmycobacterial sonicates, binding was demonstrated using the biotinylated lectins
concanavalin A (ConA) and wheat germ agglutinin (WGA; E-Y Laboratories, San Mateo, California, U.S.A.). ELISA plates were
coated with 50 pl of bacterial sonicates at a
protein concentration of 50 pg/ml, blocked
as described above, and then incubated for
1 hr at 37°C with 50 pl per well of either
ConA 1 pg/ml in Tris (hydroxymethyl amino methane; Sigma) buffered saline (TBS,
0.005 M, with 1 mM CaCI„ 15 mM NaCI,
pH 7), or 2 pg/ml of WGA in PBS plus 1
mM CaC1,. Plates were washed three times
with PBS, incubated for a further hour at
37°C with alkaline phosphatase conjugated
Streptavidin (Sigma) in 0.1% BSA in PBS,
and the color reaction developed in the standard way.
SDS-PAGE fractionation and
immunoblotting with human sera

Mycobacterial sonicates were separated
by discontinuous gel electrophoresis (") us-

ing separating and stacking gels of 12% and
4%, respectively, of 0.75-mm thickness.
Twenty pg of protein from mycobacterial
sonicates of M. bovis BCG, leprae„11.
serolitlaceum and M. phlei were loaded per
gel track and electrophoresis was carried out
as previously described ( 4 ).
Mycobacterial antigens were transferred
from the SDS-PAGE gel to nitrocellulose
(Bio-Rad) by electroblotting in 10% methanol, 12 mM Tris, 86 mM glycinc, pH 8.3
( 46 ). Nitrocellulose strips containing antigen
were blocked in 0.22 pm filtered 3% BSA/
PBS overnight at 4°C. After washing three
times in Tris-buffered saline with Tween
(TBST) the strips were incubated at 4°C with
pools of 0.22 pm filtered human serum diluted 1/100 in 2.5% NGS in TBST for a
further 24 hr. The strips were then washed
three times in TBST and incubated for 2 hr
with biotinylated goat anti-human antibody
(Amersham, England) diluted 1/400 in
TBST. After a further three washes in TBST,
the strips were incubated for 2 hr with
horseradish peroxidase conjugated Streptavidin (Amersham) 1/400 in TBST, washed
three times in Tris-buffered saline and the
color reaction developed with a freshly made
solution of 4-chloro-napthol (4CN; Sigma).
Statistical analysis

Statistical analysis of serological data was
performed with "Statview" for the Macintosh computer using the Mann-Whitney U
test for comparisons between clinical groups
of nonparametric data with normal approximation for large values of "U," and regression analysis for comparison of paired
data. Data were interpreted as having statistical significance with p < 0.05.
RESULTS
Serological assay for anti-L4-PIM antibodies. Preliminary assays of sera from

healthy controls and patient groups failed
to demonstrate the presence of an IgM response to L4-PIM. Thus the binding of IgM
to L4-PIM in serum samples from 13 patients with untreated tuberculosis, 20 patients with untreated lepromatous leprosy
and 20 patients with treated lepromatous
and tuberculoid leprosy was no greater than
that observed in the control subjects (12
Mantoux-negative healthy medical stu-
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dents) and not significantly different from
binding to the negative control antigen,
phosphatidylinositol (PI; data not shown).
By contrast, a significant IgG response to
L4-PIM was observed in some patient
groups. Optimum differentiation between
sera from patients and healthy Mantouxnegative controls was obtained by diluting
the samples 1/100 in NGS without the
addition of Tween. When sera from 87
Mantoux-negative healthy students were
studied, the distribution of antibodies to
L4-PIM detected by this method was skewed
to the left with an arithmetic mean, median,
and mode of 8.6%, 3.9% and 0%, respectively, of the LSP5 lepromatous serum pool.
That this was not due to nonspecific binding
of serum to L4-PIM was confirmed by the
absence of binding to either PI (negative
control antigen) or ethanol alone (data not
shown). Furthermore, the background IgG
response to L4-PIM was unaffected by vaccination with M. boils BCG, as shown by
the fact that the values for serum samples
taken before and 8 weeks after vaccination
from 46 medical students were correlated (r
= 0.9, p = 0.0001) and remained unchanged, being 13.7 ± 13.7% and 11.4 ±
12.2% of LSP5, respectively. An IgM response to BCG vaccination was not observed.
IgG anti-L4-PIM responses in patient
groups and healthy controls. Since IgG an-

tibodies to L4-PIM were not normally distributed in the Mantoux-negative controls
(no history of mycobacterial disease), the
95% level of the empirical distribution of
optical density readings from these subjects
(39.3% of the LSP5 pool) was used to define
a positive serological response. The distribution of antibodies to L4-PIM in all patient groups was statistically different from
the healthy control population (Mann Whitney U test, p < 0.05). For example, the
majority of patients with borderline lepromatous (BL, 21/32; 65.6%) and lepromatous leprosy (LL, 37/44; 84.1%) were positive for antibodies to L4-PIM. The assay,
however, lacked both sensitivity and specificity with positive responses obtained in
less than a quarter of the patients with untreated tuberculoid (TT, 3/18 positive;
16.7%) or borderline tuberculoid leprosy
(BT, 5/31 positive; 16.1%), while 26.7% (4/
15 positive) of the patients with untreated

tuberculosis had a positive antibody titer
(Fig. 1).
In view of the lack of specificity of L4PIM antibodies for M. leprae infection and
the presence of L4-PIM in MAIS (Fig. 2),
the value of the assay for detecting the latter
infection in patients with AIDS was examined. No patient (out of a total of 11)
with proven M. avium bacteremia had a
detectable response, presumably on the basis of the well-documented inability of this
group of patients to mount antigen-specific
B-cell responses ( 3 ).
The IgG anti-L4-PIM and the IgM antidBSA responses were correlated in untreated leprosy patients. Thus, both assays identified a similar proportion of untreated cases
with sensitivities for detection of TT, BT,
BL and LL leprosy of 17%, 16%, 66% and
84%, respectively, in the case of L4-PIM
and 9%, 14%, 94% and 85%, respectively,
in the case of dBSA. Secondly, when parallel
assays were performed on sera from 18 untreated leprosy patients (12 LL/BL and 6
TT/BT) and 46 treated patients (21 LL/BL
and 25 TT/BT), IgM antibodies to dBSA
and IgG antibodies to L4-PIM were found
to be correlated (r = 0.74 and 0.88, respectively; p = 0.0001 in both cases; data not
shown). Thirdly, IgG antibody levels to L4PIM decreased with treatment in some leprosy patients in parallel with IgM levels to
dBSA (data not shown), suggesting that either or both assays might be useful in monitoring patients undergoing treatment for
leprosy. On the other hand, there was no
correlation between the two assays in household or school contacts of leprosy patients
(r = 0.20; p > 0.16) despite the occurrence
of high IgM dBSA antibodies in some of
them.
Specificity of IgG anti-L4-PIM antibodies. As mentioned previously, most healthy

control subjects did not make a significant
antibody response to L4-PIM when the cut
off was set at 39.5% of the LSP5 positive
control serum pool. Indeed, only 2.3% (2/
87) were positive by this criterion. The cutoff level for a positive response to L4-PIM,
however, was arbitrary, and it was unclear
whether L4-PIM antibody levels above the
upper limit of normal in controls represented a continuous spectrum of nonspeci tic
binding to the antigen (unlikely in view of
the absence of any significant binding of sera
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FIG. 1. Serological response to L4-PIM. IgG antibodies to L4-PIM were measured by ELISA and expressed
as a percentage of the absorbance of a lepromatous serum pool, LSP5. Assays were performed in 87 Mantouxnegative controls (C) and in subjects with untreated tuberculoid (TT; 18), borderline tuberculoid (BT; 31),
borderline lepromatous (BL; 32), and lepromatous leprosy (LL; 44) as well as in patients with treated tuberculosis
(TTB; 9), untreated tuberculosis (UTB; 15), and AIDS patients with Al. arium bacteremia (MAIS; 11). The
horizontal line represents an upper limit of normal of 39.3% of the LSP5 scrum pool calculated from the 95%
level of the empirical distribution of Mantoux-negative control subjects.

to PI) or a bimodal distribution with clinical
significance. If the latter were correct, the
presence of high levels of antibodies to
L4-PIM might indicate prior exposure to
L4-PIM contained in environmental mycobacteria, or to an identical or crossreactive
antigen in other common microorganisms.
To examine this possibility, four experiments were performed. In the first, L4 MAb
was used to detect the presence of L4-PIM
in various gram-positive, gram-negative,
and fungal organisms as well as several species of mycobacteria. As shown in Figure 2,
L4 reacted with all species of mycobacteria
but to none of the other microorganisms
tested, even though the latter had clearly
bound to the plate as shown by the capacity
of biotinylated lectins to react with ELISA
plates coated with these organisms (data not
shown).

Secondly, pools of four individual sera
were prepared from healthy students with
"high" (mean: 33.0% of LSP5) compared to
"low" (13.0% of LSP5) levels of anti-L4PIM antibodies and from two similar groups
of patients with tuberculosis (75.6% versus
6.6% of LSP5). When these serum pools
were immunoblotted with sonicates of M.
leprae, Al. bovis BCG, M. scrofitlaceunt and
M. phlei, pools with "high" but not "low"
levels of antibodies to L4-PIM (by ELISA)
were shown to react with all four species of
mycobacteria tested (Fig. 3), particularly in
the low molecular weight region (known to
contain immunoreactive PIMs recognized
by the MAb L4 ( 4 ' ' 2 ). This result suggested
that the presence of such antibodies in otherwise healthy subjects was likely to reflect
exposure to environmental mycobacteria.
Thirdly, the serological response to L4-

-^

60, 3^Mullins, et al.: Phosphatidylinositol Mannoside Serology ^359
2

111
E

0

.0

03

7

....^

0

j I I I I^—^t

a)^ct)^C s^0
a)

0 —

.

o

cr)

a)

.-^

2

0.^0.^.0
O.^*-

-^V^■■
7^.0^
O.^00^C^as
c9^U
^'Cu^0^0

^.....
2
^`^cm^Z
^"0
o
In^
2

—

<^CIO^W^(i)

(7) in

(7.as^0
)

an

FIG. 2. Detection of L4-PIM in bacterial sonicates. The presence of L4-PIM in various bacterial species was
determined by the finding of L4 monoclonal antibody to wells coated with 50 pg/ml of bacterial sonicates in a
direct ELISA.

PIM was compared with that to other purified and semipurified mycobacterial antigens to determine whether antibodies to
these antigens were present in subjects with
high anti-L4-PIM antibodies. While there
was a strong correlation between the IgG
response to L4-PIM and that to a crude PIMcontaining extract from M. tuberculosis (r =
0.82), no such relationship was found with
the other mycobacterial antigens tested such
as LAM or the species-specific phenolic glycolipids (r < 0.25 in all cases).
Finally, IgG anti-L4-PIM antibodies were
measured in a subset of 26 nonBCG-vaccinated healthy medical and nursing students without known mycobacterial exposure, but with weak-to-intermediate
Mantoux reactions ranging from 3 mm to
12 mm in diameter. The rationale for this
experiment was the observation that such
weak reactions may reflect exposure to environmental mycobacteria ( 33 . 41 ). While no

correlation was found between the diameter
or area of the Mantoux reaction and the
magnitude of the serological response to L4PIM (r = 0.11), higher antibody levels to
L4-PIM were detected in the Mantoux-positive subgroup compared to their Mantouxnegative peers (arithmetic mean and median of 11.4% and 10.0% of LSP5 versus
8.6% and 3.9% of LSP5, respectively; p =
0.04; Mann Whitney U test). In other words,
a relationship may exist between natural
mycobacterial exposure as assessed by delayed hypersensitivity testing with PPD and
the serological response to L4-PIM, even
though no increase in antibody level was
noted after BCG vaccination (see above).
Epidemiology of antibody responses to LA-

PIM. The presence of antibodies to L4PIM in healthy subjects and the apparent
restriction of this antigen to mycobacteria
implied that such responses probably reflected asymptomatic infection with envi-
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FIG. 3. Immunoblots of mycobacterial sonicates. Mycobacterial sonicates of (0.1/. bovis BCG, (ii) .1/. /eprae,
(iii) scrqfidacczon, and (iv) 3/. ph/ei were immunoblotted with serum pools diluted 1/100 from: (A) lepromatous leprosy patients (LSP5), Nlantoux-negative students with either relatively high (13; 33% of LSP5) or low
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Fig. 3. Continued.
(C; 13% of LSP5) levels of antibodies to L4-PIM, and tuberculosis patients with either relatively high (D; 75.6%
of LSP5) or low (E; 6.6% of LSP5) antibody levels to L4-PIM; ► = position of the low molecular band containing
L4-PIM.

ronmental mycobacteria. Since such exposure was likely to increase with age, IgG
anti-L4-PIM antibodies were measured in
the sera collected from subjects of various
ages in Sydney, Australia, and the results
compared with those of sera collected from
Kalo village, Papua New Guinea, where exposure to environmental mycobacteria
might be expected to be greater.
Interestingly, an age-related increase in
the mean, median, and scatter of the serological response to L4-PIM was observed in
subjects from Sydney as well as from Kalo
(Fig. 4). This finding reflected a true increase
in specific antibodies to L4-PIM and was
not due to an increase in nonspecific binding
to L4-PIM with age when binding to L4PIM and PI were compared (data not
shown). These findings once again created
the problem of determining a negative
"control" population from which to discriminate negative from positive responses.
Since estimates of antibodies to L4-PIM in
cord sera would reflect only maternal IgG,
and levels in sera from very young subjects

could be potentially confounded by the immaturity of their immune system (` 2 ), an
arbitrary cut off for a positive result was
calculated based on the 95% level of the
empirical distribution of antibodies to L4PIM in subjects from Sydney aged 11 to 20
years (Fig. 4A). Using this cut-off level
(19.5% of the LSP5 serum pool), the percentage of subjects with positive serological
responses to L4-PIM in Sydney rose from
zero (aged 0 to 10 years) to a maximum of
26% (aged 41 to 50 years).
A similar increase in the IgG response to
L4-PIM with advancing age was observed
in subjects from Kalo, a coastal village in
Papua New Guinea with an 8.8% prevalence of clinical leprosy ( 2 ). In this group,
however, antibody levels were generally
higher for any given age group than those
from their Sydney counterparts, particularly
in villagers aged 11 to 20 years (Fig. 4B),
although the differences were not statistically significant. The latter result is consistent with previous findings of a peak incidence of positive IgM responses to dBSA in
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clinically healthy subjects from the same age
group, which was concluded to be due to
subclinical infection with M. leprae (Baumgart, personal communication). If the same
cut-off level of 19.5% LSP5 serum pool was
used, positive responses rose from 7.2% in
subjects younger than 10 years to a maximum of 33.3% in those aged 51 to 60 years.
Serological responses to L4-PIM, however,
were not simply indicative of transmission
of M. leprae. Not only were IgG antibodies
to L4-PIM and IgM antibodies to dBSA not
correlated in these villagers (r = 0.06), but
the same age-related change in L4-PIM antibodies persisted, even when subjects with
positive responses to dBSA were removed
from analysis (data not shown). Thus, the
responses to L4-PIM in this village (as in
Sydney) most likely reflected exposure to
environmental mycobacteria other than M.

leprae.
DISCUSSION
The PIM family of glycolipids constitutes
a heterogeneous group of molecules composed mainly of mono- and dimannosides
thought to play a structural role in the cell
membrane ( 3 ). Although primarily restricted to mycobacteria, they have also been
identified in a range of actinomycetes and
corynebacteria ( 19 ' 26 ). There is a substantial
body of literature indicating that crude PIM
extracts can elicit an antibody response in
both experimental animals ( 21.45 ) and man.
Thus, antibodies have been detected in patients with newly diagnosed tuberculosis,
lepromatous leprosy, and atypical mycobacterial infection with frequencies of up
to 80%, 92% and 39%, respectively, as well
as in up to 13% of healthy individuals
(10, 21, 34-36. 44)
In the current study, antibodies to highly
purified L4-PIM were measured in sera from
Mantoux-positive and -negative healthy
subjects resident in Australia and Papua
New Guinea, and from patients with a variety of mycobacterial infections. The large
overlap in antibody levels between patients
and controls necessitated the creation of an
arbitrary cut-off level for the assay. When
this was set at 39.5% of LSP5, the majority
of patients with untreated lepromatous and
borderline lepromatous leprosy as well as
some patients with untreated tuberculosis
.

had a positive response (Fig. 1). Patients
with untreated leprosy had high levels of
IgG (but not IgM) antibodies to L4-PIM,
which were correlated with IgM antibodies
to dBSA and decreased with duration of
successful treatment. While this predominance of IgG antibodies to mycobacterial
sonicates is well described (I. 14 ) , the absence
of a detectable IgM response to L4-PIM in
untreated leprosy and tuberculosis is surprising when one consideres that the other
two major mycobacterial glycolipid antigens—LAM and PGL-I —elicit antibodies
of both IgM and IgG class (24,50,.
S0 ). The possibility of a transient IgM response following infection as opposed to clinical disease,
however, cannot be excluded ( 14 ), although
we were unable to demonstrate such an effect following BCG vaccination.
The assay clearly lacked specificity for a
particular mycobacterial infection and, in
addition, proved to be relatively insensitive, in that positive responses were obtained in only a minority of patients with
paucibacillary leprosy or untreated tuberculosis. It was thus of no greater value than
the dBSA assay for diagnosing patients with
tuberculoid (BT, TT) disease (8 27 ' 29 ). On
the other hand, significant levels of IgG antiL4-PIM antibodies were detected in a proportion of healthy contacts of leprosy cases,
including some who were negative for the
dBSA antibody assay (data not shown). One
possible conclusion from these results is that
a combination of the two assays may be of
more value than the dBSA assay alone for
detecting subclinical infection in populations exposed to M. leprae. The situation,
however, is complicated by the wide-spread
distribution of L4-PIM in environmental
mycobacteria other than pathogenic species, as well as the presence of antibodies to
L4-PIM in a significant proportion of the
population at large which increases with age,
even in areas where leprosy is not endemic
(Fig. 4a).
The presence of anti-L4-PIM antibodies
in a small but significant proportion of
healthy subjects is intriguing. Nonspecific
binding of serum to L4-PIM can be excluded on two counts: first, the sera did not react
with PI, the equivalent of L4-PIM without
the mannose residues carrying the B-cell epitope for L4 ( 12 ). Secondly, the specific reac-
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tivity of positive sera was confirmed on immunoblotting (Fig. 3) as well as by ELISA.
On the other hand, the increase in anti-L4PIM reactivity with age (Fig. 4) raises the
possibility that these antibodies might be
directed to crossreactive epitopes or to L4PIM itself present in other environmental
bacteria to which the healthy subjects had
been exposed. The demonstration of binding to a range of mycobacteria but not to
other common microorganisms (Fig. 2)
makes this phenomenon likely to be due to
infection with environmental mycobacteria
expressing L4-PIM per se. Indeed, precedents for such a conclusion already exist in
the literature.
For example, a small percentage of healthy
subjects have been reported to produce antibodies to other crossreactive antigens such
as LAM ( 27 ). Furthermore, environmental
mycobacteria have been frequently isolated
in both rural and urban settings ( 4 '), including M. xenopi and Al. kansasii from tap
water ( 28 ) and Al. avium-intracellulare-scrofulaceum complex from house dust and soil
(`9.37,
38 ). Not only has isolation of these organisms been associated with outbreaks of
infection (20, 24 ,j but they may be the agbnts
responsible for the "low PPD reactivity"
observed on skin testing of healthy populations (33,42,43‘.j This conclusion is supported by: a) work demonstrating a correlation between microorganisms identifiable
in the local environment and delayed hypersensitivity skin testing to the identical
microorganism in the local population ( 41 );
b) recent studies in South Australia indicating similar geographical variations in human PPD reactivity of healthy populations,
from a low of 1.1% (urban) or 3.2% (rural)
of 14-year-old school-aged children rising
to 6.7% and 12.5% positive, respectively, if
tested with Al. avium preparations (Robinson, personal communication); c) the
finding reported here of higher anti-L4-PIM
antibody levels in subjects with low/intermediate Mantoux reactions than in subjects
with negative tests.
On the other hand, three observations argue against the conclusion that the presence
of anti-L4-PIM antibodies is indicative of
exposure to "environmental" mycobacteria. The first is the absence of a detectable
antibody response to L4-PIM in patients
with advanced HIV infection infected with

M. avium. This observation, however, can
be readily explained by the well-known inability of patients with AIDS to mount antigen-specific B-cell responses despite elevation in overall immunoglobulin levels
(1.48.49 ,j . Secondly, there was no correlation
between the levels of antibodies against L4PIM and those to other mycobacterial antigens such as LAM. While more difficult
to explain, this finding may simply reflect
the greater immunogenicity of L4-PIM.
Thirdly, BCG vaccination failed to increase
the levels of anti-L4-PIM antibodies despite
previous reports to the contrary ( 15, 1%. 23.47).
In practice, antigen presented intracutaneously is well known to be less efficient than
natural exposure by the mucosal routes in
eliciting an antibody rather than a T-cell
response. On balance, therefore, it is reasonable to conclude that the measurement
of antibodies to a ubiquitous antigen like
L4-PIM, although of little additional value
to the dBSA assay in the diagnosis of leprosy, may provide a useful epidemiological
tool for studying the prevalence of subclinical infection with environmental mycobacteria or related organisms.

,

SUMMARY
The serological response to a monoclonal
antibody-defined phosphatidylinositol
mannoside (L4-PIM) present in all mycobacteria was examined in patients with various mycobacterial diseases and healthy
subjects from different populations. IgG but
not IgM antibodies were detected in most
patients with untreated lepromatous (84%)
or borderline lepromatous (65%) leprosy,
but in only a minority of those with disease
at the tuberculoid end of the leprosy spectrum (< 17% positive). The response to L4PIM was correlated with the IgM response
to disaccharide octyl-bovine serum albumin (dBSA), and decreased with successful
treatment. On the other hand, the test
proved to be of little value in the diagnosis
of untreated tuberculosis (4/15 positive) or
atypical mycobacterial infection in patients
with AIDS (0/11 positive). IgG antibodies
to L4-PIM were also found in a significant
proportion of healthy individuals, irrespective of their Mantoux status. These antibodies were shown to be specific for L4-PIM
on immunoblotting, and their incidence increased with age in random donors from
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both urban Australia and rural Papua New
Guinea. Despite the limited value of the
assay in diagnosis of any particular mycobacterial disease, the presence of antibodies
to L4-PIM appears to be a sensitive indicator of subclinical infection with environmental mycobacteria in subjects with an intact immune system.
RESUMEN
Empleando un fosfatidil inositol manOsido (L4-PIN1)
presente en todas las micobacterias, se examinO Ia reac-

sante, quelle que soil leur refictivite vis-a-vis du test
de Mantoux. On a montre par immunoblotting que ces
anticorps etaient speciliques pour le L4-PIN1, et leur
incidence augmentait avec rage parmi des donncurs
tires au sort en provenance de zones urbaines d'Australie et de zones rurales de Papouasie Nouvelle Guinée. En &pit de Ia valour limitee du test pour le diagnostic (rune quelconque maladie mycobacterienne
specifique, la presence d'anticorps vis-a-vis du L4-PIM
semble etre un indicateur sensible d'une infection subclinique avec des mycobactêries environnementales
chez des individus ayant un systeme immunitaire intact.
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