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Abstract

Pleural tuberculosis constitutes a human model of local pro-
tective immunity to mycobacterial infection as the disease is
usually self-limited and recurrent pleurisy is rare. To identify
potentially protective antigens of Mycobacterium tuberculosis,
37 human pleural fluid B cell clones were established using
EBVand their supernatants assayed by ELISA and Western
blot for antibody reactivity with M. tuberculosis sonicate and
culture filtrate. One antibody identified 29,000, 31,000, and
33,000 bands in culture filtrate, and 31,000, 33,000, and
47,000 bands in sonicate; its species reactivity by ELISA was
limited to M. tuberculosis. Eight antibodies identified a 31,000
band in culture filtrate and a 68,000 band in M. tuberculosis
sonicate, suggesting recognition of a secreted antigen. The
species crossreactivity of these eight antibodies extended to M.
avium. Six antibodies identified multiple bands and had
crossreactivity that included M. avium and M. kansasii. There
was no reactivity with recombinant M. tuberculosis 65,000
antigen. Tuberculous pleurisy may prove useful in the identifi-
cation of potentially protective mycobacterial antigens, partic-
ularly those secreted during active infection, and thus accessi-
ble to the human immune response.

Introduction

Tuberculosis remains the most commoncause of death from
an identifiable infectious agent worldwide; this partly is a re-
flection of the inadequate protection afforded by the only
available vaccine, BCG(1-3). A problem also exists in the
diagnosis of infection with Myobacterium tuberculosis by skin
testing, as the only available tuberculin purified protein deriva-
tive is insufficiently sensitive and specific (4, 5). These diffi-
culties may reflect downmodulation of the host immune re-
sponse by mycobacterial constituents; for example, both ara-
binogalactan and purified protein derivative can induce
suppression by monocytes of cellular immune responses in
vitro (6, 7). Such suppression may explain both the cutaneous
skin test anergy exhibited by some patients with active tuber-
culosis, and the relative lack of efficacy of a whole mycobacte-
rial vaccine. Purified mycobacterial antigens, therefore, could
be of particular value for use as skin test reagents and vaccines.
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Specific antimycobacterial MAbs are essential tools in the
identification of species-restricted antigens. A workshop spon-
sored by the World Health Organization summarized the
characteristics of 31 such antibodies, all of murine origin (8).
The proteins they recognized ranged in mol wt from 12,000 to
80,000. The genes for several of these proteins have been
cloned in Escherichia coli, and study of their potential value as
vaccines is underway.

The use of immunized animals in the identification of po-
tential protective vaccines is, however, not without disadvan-
tages. Heating of mycobacteria before immunization causes
considerable loss of antigenic reactivity by denaturation (9),
and secreted antigens are inadequately represented in prepara-
tions of whole or disrupted organisms. Although immuniza-
tion with heat-killed mycobacteria generated T lymphocytes
capable of transferring delayed type hypersensitivity, inocula-
tion with viable organisms is required to transfer protective
immunity (10). Furthermore, no animal model exists that rep-
licates the pattern of initial resolution and late reactivation
that is characteristic of human infection. Finally, wide inter-
species variation exists in susceptibility to mycobacterial in-
fection; this may reflect differing immunologic repertoires.
Fundamental questions can therefore be raised about the use
of murine antibodies to identify antigens of significance in
human disease.

As an alternative to animal models, we chose human tu-
berculous pleural fluid as a source of lymphocytes for the es-
tablishment of clones of EBV-transformed B cells. These
MAbs display three distinct patterns on Western blotting and
appear to identify proteins not previously recognized by mu-
rine antibodies.

Methods

Antigens. Mycobacterial strains were obtained from the Trudeau My-
cobacterial Culture Collection (TMCC), Saranac Lake, NY. M. tuber-
culosis (TMCC 102, strain H37Rv), M. kansasii (TMCC 1201, P-i
[Forbes] strain), M. gordonae (TMCC 1324, P- 15 strain), M. scrofula-
ceum (TMCC 1316, Gause strain, serotype 43), and M. avium-intra-
cellulare (TMCC 1464, serotype 5) were grown in Proskauer-Beck
medium. Mycobacteria were obtained by centrifugation and washed
once in water; M. tuberculosis organisms were irradiated 4 X 106 rad.
Sonication was performed using a 150-W ultrasound probe for 30 min
with the sample chilled on ice. Culture filtrates were dialyzed against
water using a Spectrapor 2 membrane (Spectrum Medical, Los An-
geles, CA), filtered through a 0.45-,um filter, and lyophilized. Protein
concentrations of the antigens were determined spectrophotometri-
cally using protein assay (Bio-Rad Laboratories, Richmond, CA).

Cell culture. Pleural fluid mononuclear cells were obtained by den-
sity sedimentation of tuberculous pleural fluid over Ficoll-Hypaque.
EBV was obtained as the supernatant of B95-8, a marmoset EBV-
transfbrmed B lymphoblastoid cell line. Pleural fluid mononuclear
cells were cultured at a density of 106/ml in complete medium (RPMI
1640; Whittaker M. A. Bioproducts, Walkersville, MD) with 2 mM
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L-glutamine, 100 ,ug/ml gentamicin, 15 mMHepes (Whittaker M. A.
Bioproducts), and 0.1 g/ml heat-inactivated FCS (10%; Hyclone,
Logan, UT) with 30% B95-8 supernatant and 0.08 gg/ml cyclosporine
A (Sandoz, E. Hanover, NJ) in 2-ml wells. Medium was replaced
weekly and assayed by ELISA for antibody to M. tuberculosis culture
filtrate. After - 3 wk of culture, clusters of transformed cells, repre-
senting expansion of single clones, were transferred by pipette to indi-
vidual microtiter wells. Complete medium without cyclosporine was
then replaced as needed.

ELISA. Polyvinylchloride wells were sensitized with filtrates of M.
tuberculosis, M. kansasii, M. gordonae, M. scrofulaceum, or M.
avium-intracellulare (10 ,g/ml), or immunoaffinity-purified M. tuber-
culosis arabinogalactan, arabinomannan, or antigen 5 (2 yg/ml). After
overnight incubation, nonspecific adsorption of protein was blocked
with 0.5% BSA (Sigma Chemical Co., St. Louis, MO) in PBSfor I h at
370C. Plates were washed and 0.05 ml of experimental or control
supernatant was added. After 6 h plates were washed and 0.05 ml of
goat anti-human polyvalent Ig alkaline phosphatase conjugate (Sigma
Chemical Co.) diluted 1:500 in 1% BSA/PBS was added. After 3 h
plates were washed and 0.05 ml of disodium p-nitrophenyl phosphate
(1 mg/ml) in 0.05 Msodium carbonate buffer, pH 9.8, with 0.02%
MgCI2 was added. ODat 405 nm was determined with an automated
reader. In some experiments monospecific anti-human IgG, IgA, and
IgM (diluted 1:1,000) were used in place of the polyvalent conjugate.

Radial immunodiffusion. Ig concentration of cell supernatants was
estimated using standard techniques (1 1). 50 ,l of 50-fold concentrated
samples was added to wells in agarose containing monospecific anti-
serum for low levels of IgG or IgM (Kallestad Laboratories, Inc., Kala-
mazoo, MI). Ring diameter was measured after 48 h incubation at
room temperature. Results were compared with those of known stan-
dards.

Preparation of recombinant M. tuberculosis 65,000 protein.
Lambda gtl 1 clone SKI 16 (in E. coli Y1089), encoding M. tubercu-
losis 65,000 protein, was a gift of T. Shinnick (Centers for Disease
Control, Atlanta, GA). E. coli lysogens were grown in LB medium at
30°C until the OD6wwas 1.0 and then warmed to 42°C for 20 min.
After additional culture at 37°C the cells were sedimented, resus-
pended in 100 mMsodium borate, pH 8.3, and 500 mMNaCl, and
lysed by repeated freezing and thawing, addition of lysozyme, and brief
sonication.

Western blot. H37Rv filtrate or sonicate, or E. coli lysate was mixed
with an equal volume of reducing sample buffer (25% 0.5 MTris-HCI,
pH 6.8, 4%SDS, 20% glycerol, 10% 2-mercaptoethanol) and heated at
100°C for 2 min. 50 ug protein was loaded in each lane of a 10%
SDS-polyacrylamide gel (Bio-Rad Laboratories). After electrophoresis
proteins were transferred to 0.2-Mm nitrocellulose paper (Bio-Rad Lab-
oratories). Protein staining of transfers was performed using Aurodye
(Janssen Life Sciences Products, Piscataway, NJ). Nonspecific binding
was blocked by incubation with RPMI/FCS 20% for 2 h at 370C.
MAbs were diluted fivefold in RPMI/FCS 10% and allowed to react
overnight at 4°C. After extensive washing blots were incubated for 6 h
with alkaline-phosphatase-conjugated anti-human 1g, anti-human
IgG, or anti-human IgM (Sigma Chemical Co.) diluted 1:1,000 in 1%
BSA/PBS. Alkaline phosphatase activity was detected using nitroblue
tetrazolium and 5-bromo-4-chloro-3-indoyl phosphate in 100 mM
Tris, pH 9.5, 100 mMNaCl, and 5 mMMgCI2.

Results

Establishment of EB V-transformed B cell clones. Pleural fluid
mononuclear cells were initially placed in three 2-ml wells of a
24-well tissue culture plate (Costar, Cambridge, MA) at a den-
sity of 2 X 106/well. Supernatant was tested weekly by ELISA
for the presence of antibody to M. tuberculosis culture filtrate.
As shown in Table I, ELISA ODrose during the second week
of culture and was strongly positive by week 4. At that time
individual clusters of cells, each representing expansion of a

Table I. ELISA of Supernatants of EBV-transformed Pleural
Fluid Mononuclear Cells before Cloning

OD

Well Week I Week 2 Week 3 Week4

1 0.472 1.741 >2.000
2 0.084 0.554 1.734 >2.000
3 0.035 1.069 >2.000 >2.000

Plates were sensitized with M. tuberculosis culture filtrate.

single clone, were transferred by micropipette to individual
microtiter wells. In this manner, 37 clones of transformed
pleural fluid B cells were successfully propagated. Superna-
tants of these clones were then tested by ELISA for reactivity
with M. tuberculosis culture filtrate. The frequency distribu-
tion of the ODs of the clonal supernatants was bimodal. 18
supernatants yielded ODs on ELISA of 0.050 or less (mean
0.01 1). The remaining 19 clones (ranging in ODfrom 0.130 to
> 2.000) were selected for further evaluation.

Species distribution. The species crossreactivity of each
MAbwas tested by ELISA using culture filtrates of M. avium,
M. kansasii, M. gordonae, and M. scrofulaceum, as well as two
affinity-purified M. tuberculosis polysaccharides, arabinoga-
lactan and arabinomannan. The results of this experiment are
shown in Table II. When diluted fivefold, the reactivity of
antibodies 1-6, although of low intensity, was largely limited
to M. tuberculosis. Those in the middle group reacted well
with both M. tuberculosis and M. avium. Species reactivity of
antibodies 15-19 was less restricted, and included M. kansasii.
There was little reactivity with M. gordonae or M. scrofula-
ceum, or with the two polysaccharide antigens.

Table IL Characterization of MAbs

MAb Ig Bands TUB AVI KAN GOR SCR AG AM PBS*

PBS 0.002 -0.009 0.103 -0.044 -0.062 0.004 -0.008 -0.009
1 G - 0.011 0.000 -0.019 -0.078 -0.005 -0.004 -0.005 -0.021
2 G - 0.014 -0.008 -0.022 -0.081 0.011 -0.009 0.011 -0.024
3 M A 0.035 0.016 -0.007 -0.069 -0.007 0.004 -0.007 0.105
4 G - 0.049 0.006 -0.008 -0.087 -0.004 -0.006 -0.004 0.003
5 M B 0.075 0.034 -0.006 -0.061 0.027 0.003 0.027 0.096
6 G - 0.127 0.072 -0.009 -0.074 -0.004 -0.003 -0.004 0.099
7 M B 0.371 0.161 0.030 -0.020 0.027 0.012 0.027 0.004
8 M B 0.385 0.144 0.097 -0.016 0.025 0.019 0.025 -0.013
9 M C 0.397 0.158 0.017 0.075 0.026 0.021 0.026 0.005

10 M C 0.401 0.167 -0.013 -0.024 0.010 0.014 0.010 -0.023
11 M B 0.717 0.347 0.080 0.014 0.028 0.024 0.028 0.004
12 M B 0.785 0.453 0.008 -0.033 0.017 0.027 0.017 -0.013
13 M B 0.886 0.481 0.069 0.021 0.034 0.015 0.034 0.070
14 M B 1.132 0.626 0.057 -0.005 0.034 0.029 0.034 0.045
15 M C 0.262 0.124 0.161 0.026 0.099 0.085 0.099 -0.001
16 M C 0.548 0.331 0.130 0.136 0.078 0.171 0.078 0.003
17 M C 0.946 0.691 0.183 0.025 0.032 0.033 0.032 0.065
18 M C 1.022 0.575 0.169 0.067 0.058 0.056 0.058 -0.005
19 M C 1.043 0.674 0.300 0.092 0.088 0.053 0.088 0.129

* ELISA plates were sensitized with culture filtrate (10 yg/ml) of M. tubercu-
losis (TUB), M. avium-intracellulare (AVI), M. kansasii (KAN), M. gordonae
(GOR), or M. scrofulaceum (SCR), or affinity-purified M. tuberculosis arabino-
galactan (AG), or arabinomannan (AM) (2 gg/ml). ODs> 0.1 are underlined.
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Western blot analysis. Satisfactory Western blots of M. tu-
berculosis filtrate could be obtained with 15 of 19 antibodies
tested. Three patterns of reactivity were observed. The first,
pattern A, was found in antibody 3 alone. It identified bands at
29,000, 31,000, and 33,000 (Fig. 1). The 33,000 band was of
greatest intensity. A second pattern, B, found in antibodies 5,
7, 8, and 10-14, identified the 31,000 band. A representative
blot, of antibody 13, is shown. Finally, antibodies 9 and 15-19
identified multiple bands 80,000-130,000 in addition to those
recognized by the other antibodies.

Western blot analysis of M. tuberculosis sonicate differed
from that of filtrate. Antibody 3 identified a band at 47,000 as
well as those at 31,000 and 33,000; the 29,000 band was not
present. Antibodies 13 and 19 identified only a 68,000 band;
the dark staining at the end of these two lanes occurs at the dye
front. The Western blot findings are summarized in Table III.

Western blotting with recombinant antigens. To determine
the relationship of the 68,000 band to that of cloned 65,000
protein, E. coli lysates were prepared with native lambda gtl 1
phage and clone SKI 16, encoding M. tuberculosis 65,000 an-
tigen. A murine MAbagainst the 65,000 protein, WTB78-A1,
served as a positive control, identifying only a single band at
the appropriate molecular weight in the recombinant lysate.
None of the human MAbs tested (3, 5, 6, 10, 13, 15, and 18)
reacted with recombinant 65,000 protein. There was consider-
able crossreactivity with beta galactosidase and other E. coli
proteins, however, a finding that has been noted by other in-
vestigators (12).

Ig type. To determine the Ig type, Western blot analysis
was repeated with each of the MAbsusing specific anti-human
IgG or IgM conjugates. Two antibodies (1 and 6) reacted only
with anti-IgG (not shown). No reactivity was present with anti-
bodies 2 and 4. The other MAbs were identified only with
anti-IgM conjugate.

To clarify the status of antibodies 2 and 4, ELISA was
performed using anti-human IgG, IgM, and IgA conjugates
(Table IV). In these experiments wells were sensitized with
affinity-purified M. tuberculosis antigen 5. Antibodies 2 and 4
were reactive only with the anti-IgG conjugate (OD > 0.300).
Antibodies 7 and 8 reacted only with IgM. None were reactive
with anti-IgA.

Ig concentration. Radial immunodiffusion using anti-IgG
or IgM was performed on 50-fold concentrates of five MAbs.
Ig concentrations ranged from 3 to 7.5 ,ug/ml (Table V).
ELISA ODs from Table II are shown for comparison. Differ-

filtrate sonicate
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Figure 1. Western blot
analysis of M. tubercu-
losis culture filtrate and

4 _
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sonicate using MAbs 3,
13, and 19.

Table III. Patterns of Western Blot Analysis of M. tuberculosis
Filtrate and Sonicate

Pattern Antibody Filtrate Sonicate

A 3 29,000, 31,000, 33,000 31,000, 33,000, 47,000
B 5,7,8, 31,000 68,000

10-14
C 9, 15-19 31,000, 68,000 68,000

and multiple bands 80,000-130,000

ences in ODcorrelated with Ig isotype, with greater values for
IgM than IgG. There was no correlation between antibody
level and reactivity by ELISA within Ig isotypes.

Stability. To examine the stability of antibody production
over time, supernatants of seven antibodies were collected in
250-ml pools during a 2-mo period. Results of ELISA against
M. tuberculosis culture filtrate of these samples are shown in
Table VI. Four MAbs(7, 9, 13, and 17) exhibited no reduction
in ELISA reactivity during this period. ELISA reactivity of
antibody 8 was reduced by 50%. Reactivity of antibodies 1 and
5 declined substantially.

Discussion

Several observations suggest that pleural tuberculosis consti-
tutes a human model of local protective immunity to myco-
bacterial infection. First, pleural tuberculosis is usually a self-
limited illness. While distant reactivation is common, recur-
rent pleurisy is rare; even recurrent parenchymal pulmonary
disease is as likely to be contralateral or bilateral as ipsilateral
(13). Failure to prevent distant relapse is not associated with an
inadequate local immune response. Although diminished
blastogenesis is present in blood mononuclear cells in up to
30%of patients with tuberculous pleurisy (often in association
with skin test anergy) (14), pleural mononuclear cell responses
are preserved. This cell population contains increased num-
bers of M. tuberculosis-reactive CD4+T lymphocytes as com-
pared with blood (15-18), and increased numbers of the
helper-inducer (CD4+ CD45+) T cell subset (19). Pleural fluid
cells do not contain the adherent suppressor cells found among
circulating cells that may be responsible for systemic immune
unresponsiveness (20). These findings suggest that local pro-
tective mechanisms are effective in containing the pleural in-
fection despite the inadequacy of the systemic responses, and

Table IV. ELISA of Four MAbs Using Specific Anti-IgG, -IgM,
or -IgA Alkaline Phosphatase Conjugates

Antibody IgG IgM IgA

2 0.36 0.01 0.01
4 0.34 0.02 0.00
7 0.02 0.35 0.02
8 0.01 0.31 0.00

Plates were sensitized with M. tuberculosis antigen 5. ODs> 0.1 are
underlined.
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Table V. Ig Concentrations of Five MAbsAs Determined
by Radial Immunodiffusion

Ig

Clone Type Concentration ELISA OD*

Mg/mi

1 IgG 3.9 0.011
2 IgG 7.5 0.014
4 IgG 5.0 0.049
7 IgM 3.0 0.371
8 IgM 6.5 0.385

* ELISA reactivity with M. tuberculosis culture filtrate (from Table II).

that the antigens identified by this local response might prove
to be important in the development of protective vaccines.

We found the B cell population of human tuberculous
pleural fluid to contain a high proportion of antigen reactive
cells, as 60% of the transformed B cell clones secreted Ig reac-
tive with culture filtrate of M. tuberculosis. This frequency is
increased compared with that of 15% reported by Atlaw et al.
in a study of M. leprae reactive B cells in the peripheral blood
of patients with lepromatous leprosy (21). Antibody produc-
tion of pleural fluid B cells after EBV transformation was of
sufficiently high titer and stability to permit its use in ELISA
and Western blotting.

Despite similarities in relative molecular weight, the
68,000-band identified by many of the human MAbs in M.
tuberculosis sonicate does not appear to be the same protein as
that cloned and sequenced by Young et al. (22) and Shinnick
(23). Their 65,000 protein has significant homology to a struc-
tural cell wall component of M. keprae and to heat shock pro-
teins of many other bacteria (24-27). While the 65,000 protein
appears to dominate both humoral and cellular immune re-
sponses in animals immunized with heat-killed mycobacteria
(28), this does not appear to be true for human subjects, partic-
ularly with regard to cellular responses. Although antibodies or
T cells recognizing M. tuberculosis 65,000 antigen can be de-
tected in the blood of patients with leprosy or tuberculosis
(29-31), none of 13 M. leprae-reactive human T cell clones,
and only 2 of 22 M. tuberculosis-reactive human T cell clones
identified recombinant 65,000 antigen of their respective spe-

Table VI. Stability of Antibody Production over a 2-mo Period

OD

Clone

Volume 1 5 7 8 9 13 17*

ml

0-250 0.124 0.322 0.479 0.637 0.795 0.673 0.971
250-500 0.006 0.087 0.482 0.382 0.988 0.673 0.867
500-750 0.039

cies (32, 33). None of the human MAbsdescribed here recog-

nized the 65,000 antigen.
Antigens at 31,000 and 33,000 were prominent among the

bands identified by the human MAbs in M. tuberculosis cul-
ture filtrate by Western blot analysis. While the 33,000 band
was detected in both antigen preparations, antibodies reactive
with the 31,000 band in filtrate detected only a 68,000 band in
sonicate. It is possible that this is a secreted antigen, and that
the 68,000 band in sonicate represents its precursor. M. tuber-
culosis appears to have secreted antigens that are distinct from
structural cell wall or cytoplasmic proteins (34, 35). The best
studied of these is the 32,000 alpha antigen, the gene for which
recently was cloned (36). This antigen contains both
crossreacting and species-specific determinants (37, 38). The
gene for this antigen contains a signal peptide upstream of the
sequence for the mature protein that has typical characteristics
of a signal peptide. As alpha antigen is both secreted and heat
labile, it is not well represented in the killed mycobacteria
generally used for immunization in the production of MAbs.
The relationship of the 31,000 protein to alpha antigen is
under investigation. Secreted antigens of M. tuberculosis may
be of particular significance in the development of protective
immunity, as work by Orme suggests that murine T cells capa-
ble of transferring protection to mycobacterial challenge arise
only after inoculation with live organisms (10).

11 of the human MAbs recognized multiple bands on

Western blot analysis of M. tuberculosis culture filtrate. These
bands may represent products of partial hydrolysis of single
larger proteins, or may reflect the occurrence the same epitope
on multiple antigens. Alternatively, the antibodies may not be
monoclonal. However, as binding of anti-mycobacterial MAbs
to more than one antigen is not uncommon (8, 39), this is not
a strong argument against monoclonality.

Conventionally, monoclonality is established by sequential
limiting dilution cloning. While this technique is well estab-
lished for the development of T cell clones and hybridomas,
preliminary attempts in this laboratory at limiting dilution
cloning of transformed B cells were unsuccessful despite the
use of autologous irradiated feeder cells or fibroblast mono-

layers. The technique of direct transfer of clusters of cells
under microscopic visualization proved straightforward, al-
though entirely dependent on operator dexterity. Although no

clone secreted more than one Ig type, this is a rather crude
measure of monoclonality. This could be more conclusively
established either by studies of Ig gene rearrangement (40) or

by fusion with a myeloma cell line and subsequent limiting
dilution cloning (41).

4 of 19 clones (21%) were IgG secreting; the remainder
secreted IgM. This is comparable to published reports of EBV
transformation of peripheral blood B cells, in which IgM-se-
creting clones account for > 90% (42). None of the IgG anti-
bodies could be used satisfactorily for Western blotting.

Reactivity with mycobacterial arabinogalactan and ara-

binomannan has been described in - 15% of M. tuberculosis-
reactive murine MAbs, particularly those with broad patterns
of reactivity (39). As these polysaccharides are incapable of
eliciting a delayed type hypersensitivity response or stimulat-
ing T cell blastogenesis in man (43), they are not likely to be
useful either in the immunodiagnosis or prophylaxis of tuber-
culosis. None of the human MAbswere reactive with arabino-
galactan or arabinomannan.
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This is the first published report of human M. tubercu-
losis-reactive MAbs. There is considerable interest in identifi-
cation of potentially protective antigens of M. tuberculosis
given the increasing incidence of tuberculosis worldwide, and
the lack of evidence of protection afforded by immunization
with BCG. To date, the M. tuberculosis DNAlibrary devel-
oped by Young et al. has been screened only with murine
MAbs. The present human MAbs may prove of value in the
identification of recombinant mycobacterial antigens specifi-
cally recognized by the human immune response during the
course of natural infection. The antigens obtained in this
manner are of potential value for diagnosis of tuberculous
infection and as vaccines.
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