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We examined the immune responses of patients with active pulmonary tuberculosis (TB) and their healthy
household contacts to short-term culture filtrate (ST-CF) of Mycobacterium tuberculosis or molecular mass
fractions derived from it. Our goal was to identify fractions strongly recognized by donors and differences
among the donor groups of possible relevance for vaccine development. The study population consisted of 65
human immunodeficiency virus-negative donors from the Hossana Regional Hospital, Hossana, Ethiopia.
Peripheral blood leukocytes from the donors were stimulated with different antigens and immune responses
were determined. Household contacts produced significantly higher levels of gamma interferon (IFN-y) than
the TB patients in response to antigens present in ST-CF and the 10 narrow-molecular-mass fractions. A
similar difference in leukocyte proliferative responses to the antigens between the two groups was also found.
In general, while all fractions stimulated immune responses, the highest activity was seen with the low-
molecular-mass fractions, which include well-defined TB antigens such as ESAT-6. Leukocytes from contacts
of TB patients with severe disease produced higher levels of antigen-specific IFN-y than those from contacts
of patients with minimal disease. Both groups of contacts exhibited higher cell-mediated responses than the
patients themselves. The enhanced immune response of healthy contacts, especially those of patients with
severe disease, to secreted mycobacterial antigens is suggestive of an early stage of infection by M. tuberculosis,
which could in time result in overt disease or containment of the infection. This possibility is currently being

investigated by follow-up studies of the household contacts.

The global burden of disease due to tuberculosis (TB) which
is caused by Mycobacterium tuberculosis cannot be overempha-
sized. Today, we are witnessing a reemergence of TB driven by
its association with human immunodeficiency virus (HIV) and
AIDS (30), the increase of multidrug-resistant strains of
M. tuberculosis (31), and the deterioration of socioeconomic
conditions, especially in developing countries. A recent World
Health Organization report estimates that about 4 million peo-
ple will die of TB annually by the year 2005 (7). The wide-
spread use of the Mycobacterium bovis BCG (BCG) vaccine
was for many years believed to be the key to the worldwide
control of TB, but its efficacy has been questioned after recent
trials conducted in developing countries (14). There is there-
fore an urgent need, particularly in developing countries, for a
vaccine with high efficacy to combat the TB epidemic. In recent
years, research has focused on antigens released by live M.
tuberculosis in culture medium, as these antigens are believed
to be at least partially responsible for the efficacy of live vac-
cines (2, 21). Pools of such extracellular antigens have been
tested for their vaccine potential in several laboratories and
have been demonstrated to induce substantial levels of protec-
tion in animal models (1, 23, 26, 29). However, the composition
of culture filtrates varies depending on cultivation time, tem-
perature, shaking of the cultures, etc. (4), and for vaccine
development, it is therefore important to identify defined pro-
tective antigens which can be produced in a standardized and
reproducible manner.
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In this study, a novel approach was used, whereby short-term
culture filtrate (ST-CF) was separated into nonoverlapping
narrow-molecular-mass fractions, and immune responses to
these fractions in individuals with different levels of exposure
to TB were characterized. The individuals are from Ethiopia,
which has a high incidence of the disease (estimated at 100,000
cases annually in a population of approximately 60 million; the
incidence is essentially identical in the area where this study
was conducted). Since the induction of gamma interferon
(IFN-v) has been shown to be critical for protection against
tuberculosis (18, 22) and both animal models (3, 17, 27, 33) and
a previous patient study from Denmark (9) have shown that
cells from infected individuals respond strongly to the low-
molecular-mass fraction of ST-CF by the production of IFN-y,
proliferative and IFN-y responses were studied in patients with
minimal and severe TB as well as their healthy household
contacts. The study has revealed a highly heterogeneous pat-
tern of antigen recognition in all groups, with a slight trend
towards stronger responses to the low-molecular-mass frac-
tions of ST-CF, in agreement with previous reports (9). In
particular, we have observed that leukocytes from healthy
household contacts are more reactive to secreted mycobacte-
rial antigens than those from patients. This is especially true of
the contacts of patients with symptoms of severe TB, who
might be expected to have the highest levels of exposure. While
these data, taken together, suggest that many contacts may
have active but subclinical infections, a cross-sectional study
such as this cannot definitively resolve this issue. However, this
study has identified important distinct donor groups which are
currently the subject of follow-up studies.
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MATERIALS AND METHODS

Donors. A total of 65 donors were recruited from Hossana Regional Hospital,
Hossana, Ethiopia. A chest X ray and the clinical status of each patient were
evaluated. The severity of the disease was graded according to the criteria of the
National Tuberculosis and Respiratory Disease Association (6). Briefly, patients
classified as having severe TB had lesions visible on chest X ray that involved
more than one segment of the lung. These patients typically presented with a
history of up to 6 months of cough, fever, and cachexia. Patients classified as
having minimal TB had only one lesion on X ray that did not involve more than
one segment, and they usually had milder symptoms for a shorter period of time
than patients with severe disease. Sputum samples were collected from all do-
nors, and bacterial counts were determined by the direct examination of smears
by Ziehl-Neelsen staining. Patients were scored thus. (i) Patients with no bacteria
in 300 fields were considered negative (these patients were excluded from the
study, since they could not be unequivocally defined as TB positive). (ii) Patients
with one to two bacteria in 300 fields were scored +/— (these patients were
retested, and sputum was cultured for bacterial growth to confirm their TB-
positive status). (iii) Patients with one to two bacteria in 100 fields were scored
+. (iv) Patients with one to two bacteria in 10 fields were scored + +. (v) Patients
with one to two bacteria in one field were scored +++. (vi) Patients with 10 or
more bacteria in one field were scored +++ +. Patients with severe disease had
a higher proportion (P < 0.05) classified as ++ or higher than patients with
minmal disease. Infection was confirmed by a positive sputum culture for up to
eight weeks in Lowenstein-Jensen medium after decontamination with sodium
dodecyl sulfate and neutralization with bromocresol solution. Mantoux tests
were not performed, due to the poor specificity of the test in this population and
the unwillingness of most donors to remain at the clinic for several days for the
test to be read.

Based on the above clinical and radiological presentations, the donors were
divided into groups of 30 index cases, made up of 8 patients with minimal TB and
22 patients with severe TB. Each TB patient was matched with a healthy adult
household contact (wherever possible, the person in closest contact with the
index case, usually the spouse). Contacts were also categorized as minimal (n =
9) or severe (n = 22), based on the severity of the disease in their index cases.
Active TB was excluded in all contacts by radiological and clinical examinations,
and contacts were excluded if they had a previous history of TB infection.
Although no reliable BCG vaccination data is available, vaccination levels are
known to be low in the area where the study was conducted. Identification of
BCG-vaccinated individuals by the presence of a vaccination scar has proven to
be problematic, given the nature of the study population. A total of 13 of the TB
patients were female and 17 were male, while 16 contacts were female and 19
were male. Samples were obtained from the patients prior to treatment. Only
consenting donors were included in the study population and the study protocol
was approved by the Armauer Hansen Research Institute-All Africa Leprosy
Rehabilitation and Training Centre Institutional Research Committee, Addis
Ababa, Ethiopia. Although the incidence of HIV is low in the study area (less
than 5%), all blood samples were subjected to HIV screening and HIV-positive
individuals were excluded from the study.

Leukocyte preparation. Venous blood was drawn into syringes and dispensed
into 50-ml centrifuge tubes (Falcon, Lincoln Park, N.J.) containing EDTA.
Leukocytes were enriched from the blood samples within 24 h by centrifugation
over Ficoll-Hypaque (Pharmacia Biotech), as previously described (10). Cell
viability was determined by trypan blue staining before suspension in a freezing
mixture containing 10% dimethyl sulfoxide in heat-inactivated fetal calf serum (Sig-
ma) and freezing in liquid nitrogen. Frozen leukocytes were used for all assays.
Internal controls to ensure the viability of leukocytes after thawing were included
in all assays.

Antigen preparation. ST-CF and the derived molecular mass fractions were
produced as previously described (4). Briefly, M. tuberculosis H37Rv (8 X 10°
CFU/ml) was grown in Sauton’s medium without Tween 80 on an orbital shaker
for 7 days. The culture supernatants were sterile filtered and concentrated with
a YM3 membrane (Amicon, Danvers, Mass.). Multiple fractions, designated 1 to
10 in order of increasing molecular mass, were prepared from ST-CF with a
whole-gel eluter as previously described (5). Protein concentration was deter-
mined by the Micro BCA assay (Pierce, Oud-Beijerland, The Netherlands) and
each fraction was used in assays at a concentration of 1 wg/ml. Purified protein
derivative (PPD RT23; Statens Seruminstitut, Copenhagen, Denmark) and phy-
tohemagglutinin (Phaseolus vulgaris; Murex, Norcross, United Kingdom) was
used at concentrations of 20 and 10 pg/ml, respectively.

Leukocyte cultures. Frozen cell samples were thawed in a water bath at 37°C
and washed three times in RPMI-1640 medium containing 10% fetal calf serum
by centrifugation. Cell clumps were disrupted by incubation with 10 pg of
RNase-free DNase per ml (Boehringer, Mannheim, Germany), and the cells
were again washed, counted, and adjusted to the required density in complete
medium (RPMI-1640 supplemented with 5% heat-inactivated pooled human AB
serum [Blood Bank, Rigshopitallet, Copenhagen, Denmark], 1% L-glutamine,
and 1% penicillin-streptomycin). Triplicate wells of 96-well round-bottomed (for
antigen) or flat-bottomed (for mitogen) microtiter plates (Linbro), containing
1.5 X 10° cells per well, were stimulated with either antigen or mitogen in a final
volume of 200 ul. Cell density and the concentrations of the mitogen and
antigens used had been titrated in preliminary experiments and found to be
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optimum (data not shown). The plates were incubated at 37°C in a humidified
atmosphere of 5% CO,. In experiments designed to study IFN-vy release, 100 pl
of the supernatants from the cell cultures was harvested at day 2 (for phytohe-
magglutinin) or day 5 (for antigen) after stimulation and replaced with an equal
volume of fresh complete medium. The supernatants were stored at —80°C until
assayed. For proliferation assays, leukocytes were cultured with mitogen or antigen
for 3 and 6 days, respectively, before pulsing with 1 pCi of [methyl-3H]thymidine
(Amersham) for 18 to 20 h. The cells were thereafter harvested with a Skatron
cell harvester (Lierbyen, Norway) onto filter mats, dried, and immersed in scin-
tillation fluid {PPO [2,5-diphenyloxazole], POPOP [1,4-bis(5-phenyloxazolyl-
)benzene], and toluene}, before reading the incorporation of the radionuclide
into the DNA on a beta liquid scintillation counter (1216 Rackbeta 11).

Enzyme-linked immunosorbent assay for IFN-y. A double-sandwich enzyme-
linked immunosorbent assay was used to quantify the levels of IFN-vy in culture
supernatants in duplicate wells, with a commercial kit for the IFN-y assay, in
accordance with the manufacturer’s instructions (Mabtech, AB, Nacka, Sweden).
Concentrations of IFN-y in the samples were calculated with the standard curve
generated from recombinant IFN-y (Life Technologies), and results are ex-
pressed in picograms per milliliter. The difference between the duplicate wells
was consistently less than 10% of the mean.

Statistics. The data obtained were analyzed with the Mann-Whitney rank-sum
test and a one-way analysis of variance of repeated measures.

RESULTS

Immune responses of TB patients and healthy household
contacts to ST-CF antigens from M. tuberculosis. Previous
studies have indicated a difference in T-cell responses between
patients with minimal and severe TB in countries with a low
endemicity of the disease (9). We wished to extend this work by
analyzing immune responses in a country where TB is highly
endemic. Moreover, it is known that a proportion of the con-
tacts of TB patients will progress to having the disease, so we
therefore compared the immune responses of TB patients and
their healthy household contacts to ST-CF and PPD. Periph-
eral blood leukocytes (PBL) from patients and contacts were
thus cultured in vitro in the presence of optimum concen-
trations of the antigens and were examined for proliferation
and IFN-v secretion. Median proliferative responses to both
ST-CF and PPD were higher in the contacts than the patients,
although the difference was only significant for ST-CF (Fig.
1A) (P < 0.005). This difference was augmented when we
examined the levels of IFN-y produced after stimulation with
ST-CF and PPD, where the response was much higher in the
contacts than the patients (Fig. 1B) (P < 0.002 for both anti-
gens). No difference between ST-CF and PPD in their ability to
stimulate responses from any of the groups tested was found.

Immune responses of TB patients with severe or minimal
disease and their contacts to antigens from M. tuberculosis. To
further characterize responses, we divided patients on the basis
of severity of disease and contacts on the basis of disease in
their index cases, as outlined in Materials and Methods. In
vitro analysis of leukocyte responses from patients revealed no
significant differences in proliferation (Fig. 2A) or levels of
IFN-y produced (Fig. 2B) in response to either ST-CF or PPD
between groups with different radiological findings. Likewise,
in vitro proliferative responses to stimulation with ST-CF or
PPD in contacts of patients with minimal or severe disease
were not significantly different between the two groups (Fig.
2A). In contrast however, IFN-y responses were significantly
higher among the contacts of patients with severe TB, com-
pared to the contacts of patients with minimal TB (Fig. 2B)
(P < 0.05). Since patients with severe disease had, as a group,
the highest levels of bacteria in their sputa (data not shown),
these data are consistent with the likelihood that their contacts
have had a high level of exposure to M. tuberculosis. Although
there was no absolute correlation between an index case’s
sputum counts and a contact’s level of response, this may
reflect the cross-sectional nature of the study, since the length
of exposure in contacts varied dramatically.
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FIG. 1. Individual proliferative responses (A) and IFN-y levels (B) stimu-
lated by ST-CF or PPD in PBL of TB patients (n = 30) and healthy contacts (n =
35). Median values (solid bars) are indicated.

Recognition of narrow-molecular-mass fractions derived
from ST-CF. To better characterize the pattern of antigen
recognition to ST-CF in contacts and TB patients, responses to
individual antigenic fractions were assessed. Multiple fractions
of ST-CF were separated on the basis of molecular mass and
designated 1 to 10 in order of increasing size (5). These frac-
tions were then used to stimulate PBL from patients and con-
tacts. Results for the fractions are presented as bar graphs (Fig.
3) to simplify comparison between antigenic fractions and pa-
tient or contact groups. Values presented are medians, since
the data within groups did not approximate normal distribu-
tions, consistent with the hypothesis that both groups con-
tained antigen-responsive (potentially infected) and antigen-
unresponsive (perhaps uninfected) individuals. As described
above for the unfractionated antigen preparations, the IFN-y
response was higher in the group of contacts than in the group
of patients—an observation that held true for each of the 10
individual fractions (Fig. 3) (P < 0.05). As observed with the
unfractionated ST-CF, no significant difference in response
between patients classified as having severe or minimal disease
was seen (data not shown).

However, when the contact groups were compared on the
basis of the severity of the disease to which they had been
exposed, it was plain that there were significant differences in
the responses observed between the contacts of patients with
minimal or severe disease (Fig. 4). Both groups of donors
recognized each of the 10 ST-CF fractions by proliferation
(data not shown) and production of IFN-y, although the mag-
nitude of response varied. While it was clear that the contacts
of patients with severe disease made both stronger prolifera-
tive responses (data not shown) and higher levels of IFN-y in
response to rechallenge with all fractions of ST-CF than did
the contacts of patients with minimal disease (Fig. 4) (P <
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0.05), the high levels of IFN-y produced to each fraction by
both groups indicated a broad range of antigenic recognition
by most of these individuals. Although the difference was not
significant, the low-molecular-mass fraction (fraction 1) which
contains the strong, defined T-cell antigens ESAT-6 and
CFP-10 (8) consistently induced a slightly higher level of IFN-y
than other fractions in all groups tested.

DISCUSSION

Ideally, an improved vaccine against TB would limit (if not
actually prevent) infection, which implies that it should contain
antigens that are recognized during the early phases of infec-
tion. It has been suggested that secretory antigens are recog-
nized in the first phase of the immune response following
tuberculosis infection, prior to the presentation of antigens
from dead and degraded mycobacteria, thereby leading to an
early macrophage activation and intracellular killing of bacilli
(3, 25). We have therefore analyzed the immune responses to
ST-CF, a complex mixture of secreted proteins which induces
strong production of IFN-vy in different animal TB models and
in TB patients on in vitro challenge (1, 9, 23, 26, 29) and which
is therefore a potential source for the identification and puri-
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FIG. 2. Individual proliferative responses (A) and IFN-vy levels (B) stimu-
lated by ST-CF or PPD in PBL of TB patients and healthy contacts segregated
on the basis of disease. Patients with minimal TB, n = 8; patients with severe TB,
n = 22; contacts of patients with minimal TB, n = 9; contacts of patients with
severe TB, n = 26. Median values (solid bars) are indicated.
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FIG. 3. Median IFN-y levels in response to stimulation with 10 molecular
mass fractions derived from ST-CF in PBL of TB patients (open bars; n = 30) or
healthy contacts (solid bars; n = 35). The migration of molecular mass markers
has been indicated at the bottom of the figure.

fication of molecules for the development of a subunit vaccine
against TB.

Despite the limited information about surrogate markers of
protection in human tuberculosis, recent reports have sug-
gested that activation pathways leading to the generation of
IFN-y are critical for protection against tuberculosis (18, 22).
This is in agreement with the murine model of TB, where
protection also requires the induction of a Thl-like immune
response (3, 12, 16, 24). In the present study, levels of IFN-y
release discriminated between groups of donors with different
levels of exposure to disease, implying that multiple fractions
of ST-CF contain strongly recognized (and potentially protec-
tive) antigens. While in accordance with previous reports (3, 9,
17, 27, 33) we have observed a trend throughout this study
toward stronger recognition of the low-molecular-mass frac-
tions of ST-CF which contain proteins such as the strongly
recognized antigen ESAT-6 (3, 11, 25, 28); the frequent rec-
ognition of each individual fraction by all groups indicates
strong responses to multiple antigens present in ST-CF. Thus,
these data may not reflect the stronger immunogenicity of
individual antigens at the molar level.

Based on the levels of IFN-y produced, our results show
clearly that contacts of TB patients have a greatly enhanced
response to a number of antigens present in ST-CF. Both in
vitro leukocyte proliferation and IFN-y secretion were en-
hanced approximately twofold in household contacts, com-
pared to TB patients; this difference was most marked in those
individuals with the highest levels of exposure. The lower re-
sponse by TB patients is suggestive of a depressed immune
status, which may be due to factors such as the differential
distribution of antigen-reactive lymphocytes or overproduction
of cytokines such as transforming growth factor-g and inter-
leukin-10 (19), a hypothesis which is supported by the obser-
vation that mitogen responses were also lower in patients than
in contacts (data not shown). We are currently examining
blood and pleural fluids from patients and contacts to assess
the levels of these cytokines.

An interesting observation made in the course of these stud-
ies was that no significant differences in the response to crude
antigen preparations were seen when the patients were subdi-
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vided on the basis of their radiological findings. While this at
first appears to contradict previous results (9), it should be
remembered that both this and the previous study are cross-
sectional analyses and cannot therefore provide information
on the progress of the disease. In countries with low TB en-
demicity, TB is normally detected at a relatively early stage,
which is emphatically not the case in most countries with high
rates of TB transmission. In a Danish study, not all patients
had TB-positive sputum (9). In contrast, all patients in this
study (including those classified as having minimal disease on
the basis of chest X rays) were positive for TB by microscopy.
Moreover, all patients in the present study had a history of
illness extending from 2 to 8 months prior to presentation at
the hospital. Thus, even patients with minimal radiological
findings may have had relatively advanced disease compared to
those in the Danish study, a conclusion which is compatible
with the apparent depression of TB-specific immune responses
in many patients in this study and our inability to separate the
two patient groups on the basis of IFN-y production. These
data therefore suggest that categorization on the basis of ra-
diological criteria should be used with caution when comparing
countries with greatly differing levels of health care and further
that culture status may be a valuable addition to radiological
observations when assessing the condition of patients.

The finding that contacts of TB patients had a response to
the antigens in ST-CF implies that they are likely to be at an
early stage of infection, with exposure to secretory antigens
from M. tuberculosis. Moreover, when the contacts are subdi-
vided on the basis of the severity of disease in the index case,
it appears that the highly exposed contacts both mount the
most pronounced IFN-y response to M. tuberculosis antigens
and are more likely to score positively in immunological anal-
yses (Fig. 2 and 4). Preliminary and ongoing follow-up studies
have indicated that a number of these donors, classified as
contacts, were already in the early stages of the disease, as they
developed disease within a few months of the study described
here (data not shown). The high levels of IFN-y observed with
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FIG. 4. Median IFN-y levels in response to stimulation with 10 molecular
mass fractions derived from ST-CF in PBL of healthy contacts, divided on the
basis of patients’ severity of disease. Patients with minimal TB, n = 8; patients
with severe TB, n = 22; contacts of patients with minimal TB, n = 9; contacts of
patients with severe TB, n = 26. The migration of molecular mass markers has
been indicated at the bottom of the figure.
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in vitro restimulation of leukocytes from the contact group
(particularly among contacts of patients with severe disease)
are thus consistent with the hypothesis that these contacts in
fact have the disease in its earliest stages, which correlated with
the production of high levels of IFN-v, while those with more
advanced levels of disease (represented here by the patient group,
as discussed above) produced lower levels of IFN-y (9, 32).

As noted, IFN-y is known to be a powerful activator of mac-
rophages, thus enabling the cells to kill intracellular mycobac-
teria (15, 20, 22). For this reason, the presence of IFN-vy is
currently thought to correlate with protection against tubercu-
losis. But the presence of IFN-y per se does not seem to pro-
vide complete protection, as patients with advanced TB also
produced significant levels of IFN-vy in response to ST-CF an-
tigens. This supports the hypothesis that levels of IFN-y, in
balance with the upregulation of anti-inflammatory cytokines
and perhaps another unidentified factor(s), act in concert to
control the infection (13).

The spectrum of disease caused by M. tuberculosis in humans
offers a good opportunity for the identification of relevant
antigens involved in protection. The current method of disease
classification is adequate for the clinician involved in disease
management. However, for rational vaccine development,
more studies are required to elucidate the correlation between
the immune response and clinical symptoms. Using the present
cross-sectional study as groundwork, we have now commenced
a longitudinal study to follow the household contacts of severe
and minimal TB patients to see which of them will develop
clinical tuberculosis and which will contain the infection and to
correlate this with their immunological response profiles. While
other variables, such as HLA genotype and nutritional status, are
likely to play a role, we believe these studies will offer an indica-
tion of which immune parameters are associated with protection.
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