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DNA obtained from a human sputum isolate of Mycobacterium tuberculosis, NTI-64719, which showed
extensive dissemination in the guinea pig model resulting in a high score for virulence was used to construct
an expression library in the lambda ZAP vector. The size of DNA inserts in the library ranged from 1 to 3 kb,
and recombinants represented 60% of the total plaques obtained. When probed with pooled serum from
chronically infected tuberculosis patients, the library yielded 176 recombinants with a range of signal inten-
sities. Among these, 93 recombinants were classified into 12 groups on the basis of DNA hybridization
experiments. The polypeptides synthesized by the recombinants were predominantly LacZ fusion proteins.
Serum obtained from patients who were clinically diagnosed to be in the early phase of M. tuberculosis infection
was used to probe the 176 recombinants obtained. Interestingly, some recombinants that gave very strong
signals in the original screen did not react with early-phase serum; conversely, others whose signals were
extremely weak in the original screen gave very intense signals with serum from recently infected patients. This
indicates the differential nature of either the expression of these antigens or the immune response elicited by

them as a function of disease progression.

There has been, for the past several years, an ongoing search
to identify Mycobacterium tuberculosis antigens capable of con-
ferring protective immunity against tuberculosis as well as an-
tigens with potential for use as specific diagnostic reagents.
These efforts have received a boost owing to the resurgence of
tuberculosis over the last 5 to 10 years. The application of
hybridoma and recombinant DNA technologies to the study of
M. tuberculosis resulted in major advances in the identification
and characterization of several M. tuberculosis antigens and
their genes (11, 32). Most of these studies used recombinant
expression libraries of M. tuberculosis genomic DNA as a
source of M. tuberculosis genes (39) and monoclonal or poly-
clonal antibodies (6, 7, 12, 38) as reagents to identify recom-
binants expressing immunodominant mycobacterial antigens.
One may question the relevance of studying B-cell-reactive
antigens from a pathogen such as M. tuberculosis, resistance to
which is predominantly mediated by T cells. However, several
of these antigens were subsequently shown to elicit T-cell re-
sponses in tuberculosis patients and/or Mycobacterium bovis
BCG-vaccinated healthy individuals (9, 20, 23, 37). Neverthe-
less, no single antigen has shown promise for use as a candi-
date vaccine, although hsp65 has been reported to contribute
towards protective immunity against tuberculosis in the mouse
model (33).

During the course of an active infection, M. tuberculosis
modulates the immune response of the host. This is evident
from reports documenting loss of skin test reactivity in ad-
vanced stages of disease with a concomitant rise in antibody
titers (2, 30). This immunologic deficit reverts to normal with
clinical improvement on chemotherapy, suggesting that the
high load of bacterial antigens was mediating suppression of
T-cell function. Moreover, the ability of M. tuberculosis to alter
those functions of a macrophage that play a key role in eliciting
a protective immune response has also been elegantly docu-
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mented (26, 34, 36). The identity of M. tuberculosis antigens
responsible for modulating host immune responses is, how-
ever, not known.

Since the landmark observations of Mackaness (18) it has
been recognized that lymphoid cells are required for protec-
tion against M. tuberculosis. Nevertheless, human T-cell lines
reactive to M. tuberculosis sonicates respond weakly to live
bacteria (27). In the mouse model, only live M. tuberculosis, but
not dead organisms, could protect against a challenge dose of
virulent M. tuberculosis and could adoptively transfer protec-
tion through T cells (24). However, delayed-type hypersensi-
tivity responses were shown to be efficiently induced by killed
bacilli. These observations have led to the commonly held
belief that live mycobacteria elaborate certain specific anti-
gens, missing in killed preparations, that play an important role
in eliciting protective immunity. Most of the currently well-
characterized antigens of M. tuberculosis were identified with
antibodies raised against antigen preparations obtained from
killed organisms. The paradoxical immune-suppressing phe-
nomenon observed during active M. tuberculosis infection as
opposed to the immunogenicity and adjuvanticity of killed
preparations suggests that the antigens which suppress host
immune responses are also produced only by actively growing
M. tuberculosis. One may reasonably surmise that an extremely
successful pathogen such as M. tuberculosis would turn on the
expression of a battery of genes that would be advantageous
for surviving within the host, against the onslaught of a com-
plex immune system. In fact, host-specific gene expression has
been demonstrated in other pathogenic bacteria, such as Sal-
monella typhimurium (19) and Borrelia burgdorferi (4). Presum-
ably, the activation of such differentially expressed genes is
brought about in response to environmental cues unique to the
host environment.

The clinical picture in tuberculosis infections is indicative of
selective suppression of cell-mediated immune responses of
the host with simultaneous enhancement of antibody titers.
The inability of antibodies to confer protection against tuber-
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culosis notwithstanding, they may recognize B-cell epitopes in
the antigens relevant for protection and for altering host im-
mune response, thus serving as valuable reagents. We therefore
screened a genomic DNA expression library of M. tuberculosis
with pooled serum obtained from patients with full-blown tuber-
culosis in an attempt to identify the above-mentioned categories
of antigens. The library was constructed with DNA from a
highly virulent field isolate of M. tuberculosis obtained from the
sputum of an infected patient. We describe in this report iden-
tification of several M. tuberculosis proteins reactive to sera
from tuberculosis patients. Among these we have found pro-
teins that show differential reactivity to pooled serum obtained
from recently infected as opposed to chronically diseased tu-
berculosis patients. This is suggestive of alterations either in
the expression of these proteins or in the host immune re-
sponse to these proteins as the disease progresses from the
establishment to the maintenance phase.

MATERIALS AND METHODS

Mycobacterial strains. M. tuberculosis strains were isolated from sputum of
patients with pulmonary tuberculosis by culturing on Lowenstein-Jensen egg-
based solid medium (16). Isolate NTI-64719 used for the experiments reported
here was identified to be M. tuberculosis at the National Tuberculosis Institute,
Bangalore, India, on the basis of the following criteria set out in the Centers for
Disease Control manual (15): (i) rough, corded, and nonpigmented colonies; (ii)
growth at 37°C but not at 25 or 45°C; (iii) low growth rate; (iv) negative for
arylsulfatase and catalase activities; (v) lack of growth on MacConkey agar; (vi)
highly positive for niacin production and nitrate reduction; and (vii) resistance to
thiophen-2-carboxylic acid hydrazide. In addition, the identity of the isolate was
confirmed by the following tests developed at the National Tuberculosis Institute
in Bangalore (22): (i) inability to grow in the presence of para-nitrobenzoic acid
and thiosemicarbazone and (ii) lack of growth in synthetic N medium. Individual
colonies obtained were suspended in gel saline (0.5% gelatin, 0.9% sodium
chloride) at a concentration of ~108 cells per ml and stored frozen at —70°C in
aliquots.

Determination of virulence. The virulence of each isolate was tested in the
guinea pig animal model. Bacilli (107 in 0.5 ml of gel saline) from each isolate
were injected intramuscularly into the thigh muscle of duplicate guinea pigs.
Animals were sacrificed on 42nd day, and the extent of dissemination of the
bacilli in the spleen, liver, and lung was used as a measure of virulence (21).

Construction of a genomic expression library of M. tuberculosis. Aliquots (20
ml) of Lowenstein-Jensen medium were dispensed into milk dilution bottles and
solidified in the horizontal position. M. tuberculosis NTI-64719 was seeded on the
surface of the solid medium and grown for 1 week. Then 2 ml of 2.0 M glycine
was added to each bottle, and growth was continued for 5 days. Bacilli were
harvested by scraping the surface cultures gently and washing the surface with
lysis buffer (25 mM Tris [pH 8.0], 10 mM EDTA, 50 mM glucose). Washed bacilli
were resuspended in lysis buffer (2 ml/g [wet weight]); lysozyme and Tween 80
were added at final concentrations of 5 mg/ml and 0.2%, respectively; and the
mixture was incubated in a shaker at 37°C for 14 h. Sodium dodecyl sulfate (SDS)
was then added to a concentration of 1%, and the suspension was held at 50°C
for 15 min, at which time lysis resulting in an increase in viscosity was observed.
The sample was diluted to 5 ml with lysis buffer and extracted with phenol twice
followed by chloroform. DNA was precipitated from 0.1 M sodium acetate, pH
5.0, with 0.6 volume of isopropanol.

DNA was randomly sheared by sonication in a Heat Systems-Ultrasonics, Inc.,
model W-380 sonifier with a microtip. Fragments ranging in size from 1 to 3 kb
were recovered from low-melting-point agarose gels following electrophoresis.
The ends of the fragments were made blunt with a combination of Klenow
enzyme and T4 DNA polymerase and methylated with EcoRI methylase. EcoRI
linkers were added, and the fragments were ligated to lambda ZAP II arms
(Stratagene, La Jolla, Calif.) and packaged in vitro with Gigapack extracts ac-
cording to the manufacturer’s instructions. A test sample of the library was
plated on Escherichia coli XLI-Blue in the presence of 10 mM isopropyl-p-p-
thiogalactopyranoside (IPTG) and 25 pl of 40-mg/ml 5-bromo-4-chloro-3-in-
dolyl-B-p-thiogalactoside (X-Gal). The library was amplified on lawns of E. coli
XLI-Blue, and the lysates obtained, which had a titer of 10'° PFU/ml, were
stored in aliquots at —70°C.

Tuberculosis patient serum. Patients were divided into two categories: one
group consisted of chronically infected individuals, suffering from disease for
more than a year and with bacilli in their sputum; the second group consisted of
individuals reporting symptoms of tuberculosis for the first time and who were
clinically judged to be in very early stages of disease. Pooled serum was absorbed
serially against whole E. coli XLI-Blue cells, XLI-Blue sonicates, and a lambda
ZAP-blue-plaque lysate of XLI-Blue cells. Serum samples were stored in the
presence of 0.05% sodium azide.

Screening of the lambda ZAP::M. tuberculosis library. Immunological screen-
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ing of the library was carried out using a pool of 13 serum samples from
chronically infected patients at a dilution of 1:50. The library was plated at a
density of 2 X 10* plaques in 150-mm-diameter petri dishes. Plaques were
transferred to 10 mM IPTG-impregnated nitrocellulose membranes, blocked,
treated with serum in blocking buffer overnight at 4°C, and washed and incubated
with protein A-horseradish peroxidase (Amersham) at a dilution of 1:3,000 for
1.5 h. Plaques were visualized with diaminobenzidine hydrochloride as a sub-
strate. Rescreening of the positive plaques using serum from recently infected
patients used a pool of 18 serum samples at a dilution of 1:50.

Five monoclonal antibodies (listed in Table 1) were obtained from the World
Health Organization (WHO)-World Bank repository. Monoclonal antibodies
2F8-3 and 2CI-5 (3) were kind gifts of Kris Huygen of the Institute Pasteur du
Brabant in Belgium, and A-30 (1) was a kind gift of Rama Mukherjee, National
Institute of Immunology, New Delhi, India. These monoclonal antibodies were
used to screen the recombinants obtained by screening with tuberculosis patient
sera.

DNA analysis. Individual plaques were picked from the top agar and sus-
pended in 1.0 ml of SM buffer (50 mM Tris [pH 7.5], 0.1 M sodium chloride,
0.2% magnesium sulfate, 2.5% gelatin) at 4°C overnight. Fifty microliters of the
eluted phage particles was used to infect 4-ml cultures of XLI-Blue. Lambda
DNA isolated from the lysates was digested with EcoRI to release the inserts.
DNA electrophoresed in 0.8% agarose gels was transferred to nylon membranes
and hybridized with total M. tuberculosis Hy,R, DNA labelled with 32P by nick
translation in a solution consisting of 6 X SSC (1X SSC s 0.15 M NaCl plus 0.015
M sodium citrate), 15X Denhardt’s solution, and 0.1% sodium lauryl sulfate for
14 h at 65°C. The membranes were washed thrice with 0.3 SSC containing 0.1%
SDS at 65°C for 30 min, dried, and exposed to Kodak X-Omat X-ray film. In
other experiments, insert DNA fragments were purified from low-melting-point
agarose gels and labelled with 32P by nick translation. Recombinant plaques were
patched on a lawn of E. coli XLI-Blue cells and incubated at 37°C for 6 to 8 h.
Plaques were transferred to nylon membranes (NEN-DuPont), cross-linked by
UV irradiation, and hybridized to labelled insert DNA fragments for 14 h.
Membranes were washed thrice in 0.3X SSC at 65°C and once in 0.1X SSC at
65°C and exposed to Kodak X-Omat X-ray film.

All recombinant DNA techniques and screening of the lambda ZAP library
were carried out according to the methods of Sambrook et al. (28). Restriction
and modification enzymes were from Boehringer Mannheim GmbH.

Protein analysis. The inserts were recovered as single-stranded filamentous
phage by excision using Exassist helper phage according to the manufacturer’s
instructions (Stratagene) and introduced into E. coli SOLR. Cultures were grown
to an A4 of 0.4 and induced for 3 h with 10 mM IPTG. Cells were harvested and
lysed with 10 mM sodium phosphate buffer (pH 8.0) containing 6 M urea, 0.1%
sodium lauryl sulfate, and 0.1% B-mercaptoethanol. Proteins were analyzed on
SDS-10% polyacrylamide gels by the Laemmli discontinuous buffer system (17).
Gels were stained with 0.25% Coomassie brilliant blue R250 in 40:10:50 meth-
anol-acetic acid-water. For Western blot (immunoblot) analysis, proteins elec-
trophoresed on SDS-polyacrylamide gels were transferred to nitrocellulose
membranes with a Novablot semidry transfer unit (Pharmacia LKB) at 100 mA
for 1 h. Membranes were blocked in phosphate-buffered saline (PBS) containing
0.25% gelatin and 0.25% bovine serum albumin for 2 h. Pooled patient serum
was then used at a dilution of 1:200 in blocking buffer overnight at 4°C. Mem-
branes were washed in PBS containing 0.02% Tween 20, treated with a 1:3,000
dilution of protein A-horseradish peroxidase conjugate (Amersham) for 1 h,
washed, and developed with diaminobenzidine hydrochloride.

RESULTS

Construction of the lambda ZAP II::M. tuberculosis library.
A mixture of DNA fragments with completely random end
points was generated from the genomic DNA of M. tuberculosis
NTI-64719 by sonication. Sonicated DNA ends were repaired
with a combination of Klenow fragment of E. coli DNA poly-
merase and T4 DNA polymerase, because of the ill-defined
nature of ends generated by this physical shearing procedure.
After fractionating on 0.8% agarose gels, fragments ranging in
size from 1 to 3 kb were recovered and used to construct the
library. This size range was deemed optimal to ensure that all
open reading frames will be obtained as LacZ fusion proteins.
Larger sizes were avoided because of the potential to lose
genes that are not fused to the lacZ open reading frame and
whose expression in the recombinant may depend on a subset
of mycobacterial promoters incapable of functioning in E. coli.
Ligation of lambda ZAP II arms to mycobacterial DNA frag-
ments was carried out at a vector/insert ratio of 10:1. We
obtained 10° plaques per wg of vector DNA, of which less than
2% were blue when plated on X-Gal and IPTG. Analysis of 12
random white plaques from the library revealed the presence
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FIG. 1. Southern blot analysis of recombinants from the lambda ZAP II::M.
tuberculosis library. DNA obtained from 12 white plaques was digested with
EcoRI, Southern blotted, and probed with labelled M. tuberculosis Hs,R,
genomic DNA. Lanes 13 and 14 contain 2 pg each of BamHI-digested genomic
DNA from M. tuberculosis NTI1-64719 and E. coli DH10B, respectively. Sizes are
given on the left in kilobase pairs.

of inserts in 7, ranging in size from 600 bp to 2.0 kb. All inserts
hybridized specifically to labelled total genomic DNA from M.
tuberculosis H3,R, (Fig. 1). The specificity of the probe is
evident from hybridization to total genomic DNA only from M.
tuberculosis (lane 13) but not from E. coli (lane 14). The signal
in lane 13 had a restricted and high size range, since the
BamHI digestion of the M. tuberculosis DNA had not pro-
ceeded to completion; the signal, however, accurately reflected
the ethidium staining pattern of the sample. In addition, it is to
be noted that the genomic DNA samples shown in lanes 13 and
14 were electrophoresed on a separate agarose gel; conse-
quently, the size markers shown on the left of Fig. 1 apply only
to lanes 1 to 12.

Screening of the lambda ZAP II::M. tuberculosis library with
tuberculosis patient serum. Plaques (4 X 10°) were screened
with pooled serum from chronically infected tuberculosis
patients. A total of 176 recombinants gave positive signals.
The plaques were subjected to two rounds of purification.
Figure 2 shows 50 representative plaques patched on a lawn
of E. coli XLI-Blue and probed with the pooled patient se-
rum initially used to screen the library. As can be seen, the
recombinants exhibited a wide range of signal intensities, rang-
ing from very strong to barely above the background level
obtained with blue plaques (arrows). We found the detection
method using protein A conjugated to horseradish peroxi-
dase superior to that using goat anti-human immunoglobu-
lin conjugate because of better specificity and sensitivity.
Twelve randomly selected plaques out of the 176 signals
were picked and analyzed for the presence of insert DNA. As
can be seen in Fig. 3A, all 12 carried inserts ranging in
size from 1 to 3 kb that hybridized to M. tuberculosis genomic
DNA (Fig. 3B). The strong signal intensity in clone 85 is likely
due to multiple copies of this fragment in the M. tuberculosis
genome.

In order to identify recombinants that carried the same or
overlapping segments of DNA, we purified insert DNA from
12 clones and hybridized the labelled insert DNA to all 176
recombinant plaques. A total of 93 recombinants fell into the
12 groups represented by these 12 inserts. One of these insert
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DNA segments was represented only once in the panel of 176
serum-reactive clones (clone 73), while two others (clones 61
and 88) were represented 14 and 17 times, respectively. The
majority of inserts were represented by two to four recombi-
nants from among the 176 serum-reactive clones. This number
is to be expected in view of the number of plaques originally
screened, which was 10-fold in excess of the number required
to represent the complete genome.

We screened all 176 recombinants with seven monoclonal
antibodies that recognize well-characterized antigens of M.
tuberculosis (Table 1). Only two of these, TB68 and TBC-1,
reactive to a 16-kDa protein and the 38-kDa antigen 5 of M.
tuberculosis, respectively, reacted with 2 clones each of the 176
(Fig. 4). Surprisingly, the 65-kDa heat shock protein and the
19-kDa antigen of M. tuberculosis, which have been reported
earlier to elicit humoral immune responses in tuberculosis
patients (13, 35), were not represented in the panel of 176
recombinants that we had obtained. It is likely that antibodies
recognizing the highly conserved heat shock proteins were
removed from the serum during preabsorption with E. coli
lysates.

Analysis of recombinant proteins. In order to study the
proteins encoded by these recombinants in detail, we recov-
ered the insert DNA as pBluescript plasmids by excision from
the lambda ZAP genome using Exassist helper phage. Coin-
fection of E. coli XLI-Blue cells with the lambda recombinant
and helper phage causes excision and release of the phagemid
carrying the recombinant DNA as filamentous phage. Reinfec-
tion of E. coli SOLR cells with the filamentous phage resulted
in their propagation as plasmids. Induction of such cultures
with IPTG gave levels of recombinant proteins far in excess of
that obtained during growth of the lambda recombinants. Fig-
ure 5A shows a Coomassie-stained SDS-polyacrylamide gel of
10 recombinants in SOLR, induced with IPTG for 3 h. The
presence of multimers of recombinant proteins in several lanes
is due to the absence of sulthydryl reagents in the SDS-poly-
acrylamide gel electrophoresis (PAGE) sample buffer. Figure
5B shows a Western blot analysis of the same recombinants
using pooled patient sera. We observed that SDS denaturation
weakens the reactivity of some recombinant proteins to patient
serum while the reactivity of other recombinants is enhanced
by the same treatment. For example, recombinant 61 in Fig. 5B
reacts very weakly with pooled serum from tuberculosis pa-
tients on Western blots, in contrast to a strong reactivity of
plaque lifts. Reactivity of one of the recombinant proteins

el

FIG. 2. Analysis of lambda ZAP II:M. tuberculosis recombinants using
pooled tuberculosis patient serum. Fifty representative recombinants identified
in the original screen were plaque purified and patched on a lawn of E. coli
XLI-Blue. Plaques were transferred to a nitrocellulose membrane and probed
with pooled tuberculosis patient serum as described in Materials and Methods.
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FIG. 3. Southern analysis of patient serum-reactive lambda ZAP IL::M. tuberculosis recombinants. Twelve recombinants that gave positive signals when screened
with patient serum were analyzed as described in the legend to Fig. 1. (A) Ethidium bromide-stained agarose gel of electrophoresed recombinant DNAs. Sizes are on
the right in kilobase pairs. (B) Southern analysis of gel shown in panel A hybridized to total M. tuberculosis DNA.

(clone 113) to patient serum was lost on Western blotting of
the SDS-polyacrylamide gel-SDS electrophoresed protein.
Some recombinant proteins were judged to be products of
transcripts arising from mycobacterial promoters by virtue of
being independent of IPTG for expression.

Screening recombinant plaques with serum from patients
with early-phase tuberculosis. The T-cell response to M. tu-
berculosis infection in mice has been reported to undergo a
shift from Th1 to Th2 effector populations, as judged by their
cytokine profiles in response to antigens of M. tuberculosis (25).
In leprosy, where the shift from tuberculoid to lepromatous
form as a measure of disease progression is clinically distin-
guishable, Th1 effector T cells have been reported to give way
to Th2 T cells (14). However, in tuberculosis the clinical pic-
ture does not permit easy distinction of early from well-estab-
lished phases of infection. We were therefore curious to find

TABLE 1. Monoclonal antibodies used to screen serum-reactive
recombinants from the lambda ZAP::M. tuberculosis library

Centers for Disease M. tuberculosis

Mongclonal Control-WHO antigen recog- Immunoglobulin Reference

antibody reference no. nized (kDa) subclass

TB68 IT 20 16 G1 WHO
TB78 IT 13 65 (hsp65) Gl1 WHO
TB23" IT 19 19 - WHO
TB71 IT 23 38 (Antigen 5) G2b WHO
TBC-1 IT 34 38 (Antigen 5) M WHO
2F8-3¢ — 44 G2a 3
2C1-5¢ — 44 G2a 3

A30 — 30 G1 1

“ Cross-reactive with other mycobacteria.
» _ none.

out if serum obtained from patients in early stages of tubercu-
losis would recognize all 176 recombinants identified by using
serum from chronically infected patients. A screen of the 176
recombinants using pooled early-phase tuberculosis patient se-
rum revealed interesting differences in the reactivity of anti-
gens specified by some of these recombinants to the two serum
pools. Panels A and C in Fig. 6 show reactivity of the recom-
binants to early-phase serum, while panels B and D show
reactivity of the same recombinants to late-phase serum. Ar-
rows point to some recombinants showing differential reactiv-
ity to the two serum pools. Panel B contains three recombi-
nants with very strong reactivity to late-phase serum which do
not react with early-phase serum. On the other hand, arrows in
panels A and C point to a few recombinants whose reactivity to
early-phase serum was much stronger than signals obtained
with late-phase serum.

One of these differentially reacting recombinants (clone 75)
that gave a very strong signal only with late-phase serum was
analyzed further. Recombinant protein expressed from excised
pBluescript plasmids were electrophoresed on SDS-polyacryl-
amide gels and immunoblotted onto the two serum pools. Lane
3 in Fig. 7A shows the recombinant protein expressed in clone
75, while lane 2 shows an equally abundant recombinant pro-
tein from clone 73 that showed no differential reactivity when
plaques were screened. While the recombinant protein from
clone 73 showed reactivity to pools of both early- and late-
phase sera (lanes 1 in panels B and C, respectively), recombi-
nant protein from clone 75 reacted only with a pool of late-
phase sera (lanes 2, panels B and C). To rule out the possibility
that this difference is due to variations in reactivities of indi-
vidual serum samples, the recombinant proteins from clones 73
and 75 were analyzed by Western blotting to each of the 18
early-phase serum samples that was used to make the pool.
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FIG. 4. Analysis of human serum-reactive recombinants with monoclonal antibodies. Recombinant plaques patched on lawns of E. coli XLI-Blue were transferred
to nitrocellulose membranes and probed with individual monoclonal antibodies listed in Table 1. (A) Filter probed with TBC-1; (B) filter probed with TB68. See Table
1 for antigen specificities of the monoclonal antibodies. Arrows indicate reactive recombinants.

SM 2 61 65 124 129 113 92 1 SOLR
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FIG. 5. Western blot analysis of recombinant clones. Inserts from 10 indi-
vidual recombinants recovered as pBluescript plasmids were introduced into E.
coli SOLR. IPTG (10 mM)-induced cell lysates were electrophoresed by SDS—
10% PAGE, transferred to nitrocellulose membranes, and probed with pooled
late-phase tuberculosis patient serum. Sizes are given on the left in kilodaltons.

None of the serum samples reacted with recombinant 75, while
all reacted with recombinant 73, albeit with various intensities
(data not shown). These findings demonstrate alterations in
the host immune response to M. tuberculosis antigens during
the course of an active infection, perhaps reflecting differences
in expression patterns of these antigens.

DISCUSSION

Our studies were carried out with an expression library con-
structed using genomic DNA from a virulent human isolate of
M. tuberculosis. Organisms obtained from the sputum and
tested for virulence in the guinea pig model were expanded
only once on Lowenstein-Jensen solid medium before DNA
was isolated for construction of the library. We avoided strains
such as H;,R, as a source of DNA since the presence of
virulence-associated gene products may be called into question
in such laboratory-adapted strains. The library was found to

FIG. 6. Screening lambda ZAP I1::M. tuberculosis recombinants with pooled
early-phase tuberculosis serum. Recombinants obtained in the original screen
were probed with 1:50-diluted pooled serum from patients in early and late
stages of M. tuberculosis infection as described in Materials and Methods. (A and

C) filters treated with early-phase sera; (B and D) filters treated with late-phase
sera. Arrows indicate differentially reactive recombinants.
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FIG. 7. Analysis of E. coli SOLR lysates of differentially reacting recombi-
nants. (A) Coomassie-stained SDS-10% PAGE. Lanes: 1, control; 2, recombi-
nant 73; 3, recombinant 75. (B and C) Western blot analysis using early- and
late-phase pooled sera, respectively. Lanes: 1, recombinant 73; 2, recombinant
75; 3, control E. coli SOLR. Sizes are indicated on the left in kilodaltons. Arrows
indicate the recombinant protein bands.

have a high proportion, namely, 60%, of recombinants. The
size range of insert DNA of 1 to 3 kb selected for construction
of the library appears to have been vindicated, judging from
the large number of recombinants, namely, 176, identified in
our screen.

We have identified several genes whose polypeptide prod-
ucts are reactive to serum from tuberculosis patients. We
found that none of the patient serum-reactive clones corre-
sponds to the immunodominant antigens such as hsp65 and
19-kDa antigen (9, 35). We could, however, identify among our
recombinants clones expressing hspl0, the 16-kDa antigen,
and antigen 5 (6). These observations are somewhat similar to
those of Sathish et al. (29), who found that clones in a Myco-
bacterium leprae expression library identified on the basis of
reactivity to leprosy patient sera did not correspond to the
major heat shock or stress proteins of M. leprae. The failure to
identify clones expressing the well-known heat shock proteins
such as hsp65 could be due to the extensive preclearing of the
patient serum with E. coli proteins which may have depleted all
antibodies reactive to these highly conserved proteins. How-
ever, hspl0 of M. tuberculosis obviously displays unique
epitopes reactive to antibodies in patient serum that are not
present in the E. coli homolog. It is to be borne in mind that
nonpolypeptide antigenic determinants cannot be identified by
these approaches based on expression of mycobacterial genes
in an E. coli background. For example, mycobacterial cell wall-
derived lipids and carbohydrates have been shown to be very
potent modifiers of the functions of different subsets of im-
mune cells (5, 8, 10, 31, 40).

Our observations indicate that a set of antigens, in addition
to the ones identified so far, are immunodominant in the host
during an active infection. Preliminary nucleotide sequence
analysis of some of the recombinants that we obtained revealed
that they represent heretofore unreported genes of M. tuber-
culosis. Some of these antigens may be elaborated only by live,
actively replicating M. tuberculosis. Previous observations (24,
27) strongly suggest that the T cells responding to this category
of antigens are the major mediators of protective immunity.
Nevertheless, the B-cell responses to these antigens can serve
as a handle in establishing their identity in recombinant sys-
tems such as a genomic expression library where every poten-
tial open reading frame can be surveyed. However, the immu-
nological relevance of antigens identified in our screen needs
to be confirmed on the basis of the pattern of reactivity to T
cells obtained from susceptible patients and resistant individ-
uals. Indeed, one of the novel antigens that we identified stim-
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ulates lymphoproliferative responses in healthy contacts of tu-
berculosis patients.

The use of patient serum to recognize recombinant proteins
bound to nitrocellulose permits identification of epitopes that
would be seen on native proteins of M. tuberculosis. In fact, the
recombinant protein synthesized by clone 113 has no reactivity
to patient serum on denaturation by SDS and heat. All recom-
binant phages that we surveyed from among the 176 clones
synthesized one and sometimes two recombinant proteins.

The identification of recombinant proteins with differential
reactivity to serum from early and late phases of tuberculosis
infection throws open the exciting possibility of studying tu-
berculosis antigens that modulate the host immune system.
That such a phenomenon does take place has been consistently
suggested by the observations on the clinical manifestations of
tuberculosis (2, 30) as well as by the demonstration in the
mouse model (25) of the presence of two distinct waves of T
cells with different antigen reactivities and cytokine profiles. It
is to be noted that antigens which may be strongly recognized
in the early phase of infection but with no reactivity to serum
from chronically infected patients would have been missed in
our study. The number of such antigens is not likely to be high,
since the early phase of tuberculosis infection is dominated by
T-cell responses with low antibody levels. Such antigens can,
however, be identified by screening the lambda ZAP library
with early-phase serum. One may speculate that the tubercle
bacillus would target the cells specifying innate immunity in the
host during the early establishment phase of infection and cells
and mediators specifying acquired immunity during the later
maintenance phase of infection. This would logically be
achieved through differential gene expression, and the immune
cells of the host are bound to be valuable reagents in the search
for such genes.

ACKNOWLEDGMENTS

Our thanks are due to the following staff of National Tuberculosis
Institute, Bangalore, India: Sujatha Chandrasekharan for help with
growth of virulent M. tuberculosis, for valuable discussions related to
the clinical manifestations of the disease, and for making available
serum samples from patients; Vijay Challu for help with the virulence
testing in guinea pigs and several exciting discussions; and M. M.
Chauhan for constant help in using the bacteriology facilities. We
acknowledge the excellent technical assistance of Violet Prema Ku-
mari.

This work was supported by grants from the Department of Bio-
technology, Government of India. A.R.R. is the recipient of a senior
research fellowship from the Council for Scientific and Industrial Re-
search.

REFERENCES

1. Arya, A., H. V. Batra, P. Sahai, and R. Mukherjee. 1994. Production and
characterization of new murine monoclonal antibodies reactive to Mycobac-
terium tuberculosis. Hybridoma 13:21-29.

2. Bhatnagar, R., A. N. Malaviya, S. Narayanan, P. Rajgopalan, R. Kumar, and
0. P. Bharadwaj. 1977. Spectrum of immune response abnormalities in
different clinical forms of tuberculosis. Am. Rev. Respir. Dis. 115:207-212.

3. Braibant, M., L. De Wit, P. Peirs, M. Kalai, J. Ooms, A. Drowart, K. Huygen,
and J. Content. 1994. Structure of the Mycobacterium tuberculosis antigen 88,
a protein related to the Escherichia coli PstA periplasmic phosphate per-
mease subunit. Infect. Immun. 62:849-854.

4. Champion, C. L, D. R. Blanco, J. T. Skare, D. A. Haake, M. Giladi, D. Foley,
J. N. Miller, and M. A. Lovett. 1994. A 9.0-kilobase-pair circular plasmid of
Borrelia burgdorferi encodes an exported protein: evidence for expression
only during infection. Infect. Immun. 62:2653-2661.

5. Chan, J., X. Fan, S. W. Hunter, P. J. Brennan, and B. R. Bloom. 1991.
Lipoarabinomannan, a possible virulence factor involved in persistence of
Mycobacterium tuberculosis within macrophages. Infect. Immun. 59:1755—
1761.

6. Coates, A. R. M., J. Hewitt, B. W. Allen, J. Ivanyi, and D. A. Mitchison. 1981.
Antigenic diversity of Mycobacterium tuberculosis and Mycobacterium bovis
detected by means of monoclonal antibodies. Lancet ii:167-169.



VoL. 64, 1996

7.

10.

11.

12.

13.

14.
15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

Engers, H., V. Houba, J. Bennedsen, T. Buchanan, S. Chaparas, G. Kadival,
O. Closs, J. Daniel, J. Van Embden, T. Godal, S. Mustafa, J. Ivanyi, D.
Young, S. Kaufmann, A. Khomenko, A. Kolk, M. Kubin, J. Louis, P. Minden,
T. Shinnick, L. Trnka, and R. Young. 1986. Results of a World Health
Organization workshop to characterize antigens recognized by mycobacte-
rium-specific monoclonal antibodies. Infect. Immun. 51:718-720.

. Fournie, J.-J., E. Adams, R. J. Mullins, and A. Basten. 1989. Inhibition of

human lymphoproliferative responses by mycobacterial phenolic glycolipids.
Infect. Immun. 57:3653-3659.

. Garbe, T., D. Harris, M. Vordermeier, R. Lathigra, J. Ivanyi, and D. Young.

1993. Expression of the Mycobacterium tuberculosis 19-kilodalton antigen in
Mpycobacterium smegmatis: immunological analysis and evidence of glycosy-
lation. Infect. Immun. 61:260-267.

Goren, M. B., P. D. Hart, M. R. Young, and J. A. Armstrong. 1976. Preven-
tion of phagosome-lysozyme fusion in cultured macrophages by sulfatides of
Mycobacterium tuberculosis. Proc. Natl. Acad. Sci. USA 73:2510-2514.
Husson, R. N., and R. A. Young. 1987. Genes for the major protein antigens
of Mycobacterium tuberculosis: the etiologic agents of tuberculosis and lep-
rosy share an immunodominant antigen. Proc. Natl. Acad. Sci. USA 84:
1679-1683.

Ivanyi, J., J. A. Morris, and M. Keen. 1985. Studies with monoclonal anti-
bodies to mycobacteria, p. 59-90. In A. J. L. Macario and E. C. Macario,
(ed.), Monoclonal antibodies against bacteria, vol. 1. Academic Press, Inc.,
New York.

Jackett, P. S., G. H. Bothamley, H. V. Bathra, A. Mistry, D. B. Young, and
J. Ivanyi. 1988. Specificity of antibodies to immunodominant mycobacterial
antigens in pulmonary tuberculosis. J. Clin. Microbiol. 26:2313-2318.
Jopling, W. H. 1984. Handbook of leprosy. William Heineman Medical
Books, Ltd., London.

Kent, P. T., and G. P. Kubica. 1985. Public health mycobacteriology: a guide
for the level III laboratory. Centers for Disease Control, Atlanta.

Kubica, G. P. 1984. Clinical Microbiology, p. 133-175. In G. P. Kubica and
L. G. Wayne (ed.), The mycobacteria. A sourcebook. Part A. Marcel Dekker
Inc., New York.

Laemmli, U. K. 1970. Cleavage of structural proteins during the assembly of
the head of bacteriophage T4. Nature (London) 227:680-685.

Mackaness, G. B. 1968. The immunology of antituberculous immunity. Am.
Rev. Respir. Dis. 97:337-344.

Mahan, M. J., J. M. Slauch, and J. J. Mekalanos. 1993. Selection of bacterial
virulence genes that are specifically induced in host tissues. Science 259:686—
688.

Mustafa, A. S., K. E. A. Lundin, and F. Oftung. 1993. Human T cells
recognize mycobacterial heat shock proteins in the context of multiple
HLA-DR molecules: studies with healthy subjects vaccinated with Mycobac-
terium bovis BCG and Mycobacterium leprae. Infect. Immun. 61:5294-5301.
Naganathan, N., B. Mahadeyv, V. K. Challu, R. Rajalakshmi, B. Jones, and
D. W. Smith. 1986. Virulence of tubercle bacilli isolated from patients with
tuberculosis in Bangalore, India. Tubercle 67:262-267.

National Tuberculosis Institute. 1983. Manual for establishment and func-
tioning of a tuberculosis culture laboratory, p. 36-49. National Tuberculosis
Institute, Bangalore, India.

Oftung, F., A. S. Mustafa, R. Husson, R. A. Young, and T. Godal. 1987.
Human T cell clones recognize two abundant Mycobacterium tuberculosis
protein antigens expressed in Escherichia coli. J. Immunol. 138:927-931.
Orme, I. M. 1988. Induction of nonspecific acquired resistance and delayed-

Editor: R. E. McCallum

IMMUNOREACTIVE ANTIGENS OF MYCOBACTERIUM TUBERCULOSIS

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

3771

type hypersensitivity, but not specific acquired resistance, in mice inoculated
with killed mycobacterial vaccines. Infect. Immun. 56:3310-3312.

Orme, 1. M., A. D. Roberts, J. P. Griffin, and J. S. Abrams. 1993. Cytokine
secretion by CD4 T lymphocytes acquired in response to Mycobacterium
tuberculosis infection. J. Immunol. 151:518-525.

Pancholi, P., A. Mirza, N. Bhardwaj, and R. M. Steinman. 1993. Sequestra-
tion from immune CD4™" T cells of mycobacteria growing in human macro-
phages. Science 260:984-986.

Rook, G. A. W., J. Steele, S. Barnass, J. Mace, and J. L. Stanford. 1986.
Responsiveness to live M. tuberculosis, and common antigens, of sonicate
stimulated T cell lines from normal donors. Clin. Exp. Immunol. 63:105-110.
Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular cloning: a
laboratory manual, 2nd ed. Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, N.Y.

Sathish, M., R. E. Esser, J. E. R. Thole, and J. E. Clark-Curtiss. 1990.
Identification and characterization of antigenic determinants of Mycobacte-
rium leprae that react with antibodies in sera of leprosy patients. Infect.
Immun. 58:1327-1336.

Schachter, E. N. 1972. Tuberculin negative tuberculosis. Am. Rev. Respir.
Dis. 106:587-593.

Schuller-Levis, G. B., W. R. Levis, M. Ammazzalorso, A. Nosrati, and E.
Park. 1994. Mycobacterial lipoarabinomannan induces nitric oxide and tu-
mor necrosis factor alpha production in a macrophage cell line: down reg-
ulation by taurine chloramine. Infect. Immun. 62:4671-4674.

Shinnick, T. M., C. Krat, and S. Schadow. 1987. Isolation and restriction site
maps of the genes encoding five Mycobacterium tuberculosis proteins. Infect.
Immun. 55:1718-1721.

Silva, C. L., and D. B. Lowrie. 1994. A single mycobacterial protein (hsp 65)
expressed by a transgenic antigen-presenting cell vaccinates mice against
tuberculosis. Immunology 82:244-248.

Sturgill-Koszycki, S., P. H. Schlesinger, P. Chakraborty, P. L. Haddix, H. L.
Collins, A. K. Fok, R. D. Allen, S. L. Gluck, J. Heuser, and D. G. Russell.
1994. Lack of acidification in mycobacterium phagosomes produced by ex-
clusion of the vesicular proton-ATPase. Science 263:678-681.

Thole, J. E. R., H. G. Dauwerse, P. K. Das, D. G. Groothuis, L. M. Schouls,
and J. D. A. VanEmbden. 1985. Cloning of Mycobacterium bovis BCG DNA
and expression of antigens in Escherichia coli. Infect. Immun. 50:800-806.
Xu, S., A. Cooper, S. Sturgill-Koszycki, T. Van Heyningen, D. Chatterjee, I.
Orme, P. Allen, and D. G. Russell. 1994. Intracellular trafficking in Myco-
bacterium tuberculosis and Mycobacterium avium-infected macrophages.
J. Immunol. 153:2568-2578.

Young, D., L. Kent, A. Rees, J. Lamb, and J. Ivanyi. 1986. Immunological
activity of a 38-kilodalton protein purified from Mycobacterium tuberculosis.
Infect. Immun. 54:177-183.

Young, D. B., L. Kent, and R. A. Young. 1987. Screening of a recombinant
mycobacterial DNA library with polyclonal antiserum and molecular weight
analysis of expressed antigens. Infect. Immun. 55:1421-1425.

Young, R. A,, B. R. Bloom, C. M. Grosskinsky, J. Ivanyi, D. Thomas, and
R. W. Davis. 1985. Dissection of Mycobacterium tuberculosis antigens using
recombinant DNA. Proc. Natl. Acad. Sci. USA 82:2583-2587.

Zhang, Y., M. Broser, and W. N. Rom. 1994. Activation of the interleukin 6
gene by Mycobacterium tuberculosis or lipopolysaccharide is mediated by
nuclear factors NF-IL6 and NF-KB. Proc. Natl. Acad. Sci. USA 91:2225-
2229.



