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It was shown recently that Mycobacterium tuberculosis expresses five proteins that are homologous to Rpf
(resuscitation promoting factor), which is secreted by growing cells of Micrococcus luteus. Rpf is required to
resuscitate the growth of dormant Micrococcus luteus organisms, and its homologues may be involved in
mycobacterial reactivation. Mycobacterial Rpf-like products are secreted proteins, which makes them candi-
dates for recognition by the host immune system and anti-Rpf immune responses potentially protective against
reactivated tuberculosis. Here we report that the Rpf protein itself and four out of five of its mycobacterial
homologues, which were administered as subunit vaccines to C57BL/6 mice, are highly immunogenic. Rpf-like
proteins elicit immunoglobulin G1 (IgG1) and IgG2a responses and T-cell proliferation and stimulate pro-
duction of gamma interferon, interleukin-10 (IL-10), and IL-12 but not IL-4 or IL-5. Both humoral and T-cell
responses against these antigens show a high degree of cross-reactivity. Vaccination of mice with Rpf-like
proteins results in a significant level of protection against a subsequent high-dose challenge with virulent M.
tuberculosis H37Rv, both in terms of survival times and mycobacterial multiplication in lungs and spleens.

Tuberculosis (TB) remains one of the most important causes
of morbidity and mortality worldwide (8, 10, 38, 39), and this
situation dictates an urgent need for improved measures for
controlling TB. The increasing numbers of multidrug-resistant
TB cases (6, 37) suggest that the development of innovative
vaccine strategies is, perhaps, a method of choice for control-
ling the spread of TB. Mycobacterium bovis BCG (attenuated
M. bovis strain) represents the only vaccine available against
TB as yet, although its efficacy in well-controlled clinical trials
appears to be highly varied (9, 13, 14). Importantly, it is very
likely that BCG vaccination does not protect against adult
pulmonary TB in areas where TB is endemic (9, 19), i.e., the
vaccine’s effect is negligible exactly where it is most needed. An
elegant, recent study of mice provided a rationale for the low
efficacy of BCG in the regions where there is a high level of
exposure to saprophytic mycobacteria (7). A varied BCG per-
formance, as well as the obvious problem of using a live BCG
vaccine in populations experiencing a substantial increase in
the spread of human immunodeficiency virus (15, 33), validates
the development of anti-TB vaccines whose efficacy is not
dependent upon the persistence of live mycobacteria in the
host.

Among several strategies to replace BCG with novel TB
vaccine candidates, e.g., vaccination with a subunit protein,
naked DNA, and improved whole bacterial vaccines (for a
review, see reference 20), vaccination with a subunit protein is
the approach best characterized for animal models (12, 17, 29).
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The choice of antigens to be included in an experimental sub-
unit vaccine largely relies on the fact that live, as opposed to
killed, BCG vaccine displays a high level of protection in ani-
mal models. The hypothesis that the response to antigens se-
creted from live mycobacteria is essential for host protection
has been put forward, and several lines of evidence support an
important role for these substances in eliciting a protective
response against a subsequent TB challenge (2, 3, 17, 31). An
important feature of immune responses against extracellular
mycobacterial antigens is their early onset in the course of
infection and their ability to rapidly stabilize mycobacterial
loads in the parenchymal organs of infected animals at levels
that are significantly lower than those in nonvaccinated con-
trols (4, 35).

However, none of the TB vaccines studied so far was able to
effectively prevent the development of pulmonary TB in ani-
mals infected with Mycobacterium tuberculosis. Even if the
early mycobacterial multiplication was substantially inhibited
due to vaccination, later in the infection course, the mycobac-
teria recommenced their progressive growth in the lungs, lead-
ing to increasing tissue damage and death. Given that the
majority of TB cases in humans are thought to be cases of
reactivated disease (32), it was suggested (12) that a novel
subunit TB vaccine should include antigenic components, e.g.,
a-crystallin (36), that accumulate in latent (or dormant) my-
cobacteria during their long survival in the host. Theoretically,
an immune response against such dormant-state antigens
should protect against late-phase mycobacteria; however, there
is no convincing evidence that these substances leave the dor-
mant bacterial cells and become available for recognition by
the immune system while metabolically passive microorgan-
isms remain within macrophage phagosomes.
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Another option to induce a protective response against re-
activated disease is to use so-called therapeutic vaccines, i.e.,
vaccines that are administered long after the host has been
infected with mycobacteria and the early-phase response has
already led to a temporary balance between macro- and mi-
croorganism. In the study by Lowrie et al. using a murine
model (22), therapeutic vaccination with the DNA vaccine
encoding mycobacterial protein hsp65 (but not hsp70 or
ESAT6) provided some decrease in mycobacterial counts in
lungs and spleens. The degree of protection, however, did not
reach the levels that are readily obtained with many experi-
mental prophylaxis subunit vaccines. Even more importantly,
from the point of view of safety, the therapeutic vaccination
approach is difficult to approve in general terms. A well-known
Koch phenomenon, i.e., the exacerbation of a balanced-phase
TB infection following the administration of mycobacterial
substances into the host (see reference 18), was recently redis-
covered under well-controlled experimental conditions (25), a
result that emphasizes the need for caution in considering
postinfection TB vaccination. Thus, tactics relying on simulta-
neous inductions of protective responses against early-phase
and reemerging mycobacteria prior to exposure look more
attractive.

Recently, a protein termed Rpf (resuscitation promoting
factor) that is encoded by the rpf gene and secreted by growing
cells of Micrococcus luteus was discovered (26). It was shown
that picomolar concentrations of Rpf were required to resus-
citate the growth of dormant Micrococcus luteus organisms and
to promote the growth of these bacteria in minimal media from
an extremely small inoculum (26, 27). Importantly, genes ho-
mologous to rpf are widespread among bacteria with a high
G+C content, including mycobacteria (21); in particular, both
M. tuberculosis and M. bovis contain five rpf-like genes that
share a conserved segment which encodes an Rpf-like domain
~70 residues long (28). Given the biological activity of Rpf in
Micrococcus luteus, the presence of these genes in mycobacte-
ria suggests that one or more corresponding products may be
involved in mycobacterial reactivation. Although direct in vivo
evidence is lacking, some data supporting this hypothesis were
obtained in vitro with Mycobacterium smegmatis and M. bovis
BCG as model strains (28). Sequence analysis suggests that at
least some of these proteins are secreted by these strains and
that all five proteins probably have an extracytoplasmic func-
tion(s), making them potential targets for recognition by the
host immune system at the stage of reactivated disease.

It is attractive to speculate that a mixed-subunit vaccine
which is able to elicit the response against both an early se-
creted mycobacterial antigen(s) and a resuscitation promoting
factor(s) should help the host to combat early as well as reac-
tivated TB. However, apart from the ability of the prototype
Rpf protein to give rise to an antibody response in rabbits (28),
there is no information concerning the immunogenic, immu-
noreactive, and vaccine properties of the Rpf-like protein fam-
ily. In this study, we report for the first time on the immune
properties of the Rpf protein and all five of its mycobacterial
homologues, as well as on the vaccine properties of some
members of this family, as revealed in an experimental model
with mice.
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MATERIALS AND METHODS

Animals. C57BL/6JCit (B6) mice were bred under conventional conditions at
the animal facilities of the Central Institute for Tuberculosis (Moscow, Russia)
in accordance with guidelines from the Russian Ministry of Health (guideline
755; U.S. Office of Laboratory Animal Welfare assurance A5502-01). Water and
food were provided ad libitum. Female mice 8 to 10 weeks of age at the begin-
ning of the experiment were used.

Production of recombinant proteins. The polyhistidine-tagged constructs en-
coding Micrococcus luteus Rpf and M. tuberculosis strain H37Rv Rpf-like pro-
teins (a kind gift of M. Young and G. Mukamolova, University of Wales, Cardiff,
United Kingdom) were expressed in Escherichia coli HMS174 (DE3) using the
pET 19b vector. Proteins were purified essentially as described previously, with
the additional purification step being performed on a MonoQ column after
affinity chromatography on a Ni?* Sepharose 6B column (26, 28). Each final
product provided a single band upon sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. Purified proteins were dialyzed against phosphate-buffered sa-
line (PBS), sterilized by filtration, and stored at 4°C until used.

Immunization. Each mouse was immunized subcutaneously in the dorsum
with 10 pg of Rpf-like proteins in 0.1 ml of PBS mixed with 0.1 ml of incomplete
Freund’s adjuvant (IFA; Sigma, St.Louis, Mo.) three times at 2-week intervals.
Control mice were injected with PBS mixed with IFA.

Antibody response. Immune and control mice were bled on day 21 after the
last immunization to obtain sera. Antibody responses were measured in an
enzyme-linked immunosorbent assay (ELISA) using microtiter plates (Costar-
Corning, Badhoevedorp, The Netherlands) coated with purified recombinant
Rpf-like proteins. Plates were coated overnight with a 10-pg/ml concentration of
either antigen in 0.1 M carbonate buffer (pH 9.6). Plates were blocked with 1%
bovine serum albumin in 0.05 M Tris-HCl-buffered saline, washed, and incubated
for 2 h at 37°C, with serum samples diluted to appropriate concentrations in the
blocking solution. After the plates were washed, they were incubated for 2 h at
37°C with alkaline phosphatase-conjugated rat anti-mouse immunoglobulin G1
(IgG1) or IgG2a monoclonal antibodies (Pharmingen, San Diego, Calif.) and
then with p-nitrophenylphosphate substrate. The absorbance was measured at
405 nm.

Proliferative response of T cells. The proliferative response of the T cells was
assessed exactly as described previously (23, 24). Briefly, 2 X 10° cells from
auxiliary and inguinal lymph nodes were cultured for 72 h (for the last 18 h, in
the presence of 0.5 pCi of [*H]thymidine per ml) in a well of a 96-well flat-
bottom plate (Costar) at 37°C and 5% CO, in the presence of 10 pg of individual
Rpf-like antigens per ml. All cultures were performed in triplicate, and wells not
stimulated with antigen served as controls. Uptake of the label was measured in
a liquid scintillation counter (Wallac, Turku, Finland) after the contents of the
wells were harvested with a semiautomatic cell harvester (Scatron, Oslo, Nor-
way) on fiberglass filters. Results were determined with the following equation:
Acpm = (cpmu, — CPMeopy) * the standard deviation (SD), where Acpm is the
change in counts per minute, cpmy, is that measured in antigen-stimulated wells,
and cpm,,,,, is that measured in control wells. Preliminary titration experiments
(results not shown) demonstrated that with the exception of nonimmunogenic
RpfC (see below), all Rpf-like proteins showed a Acpm of >3,000 when the
proteins were added to immune lymph node cells at concentrations of 0.5 to 1.0
wg/ml. For individual proteins, a threshold concentration that stimulated a max-
imum specific response was between 3 and 10 pg/ml. The maximum antigen-
specific proliferation plateaued at concentrations up to 30 pg/ml. Since the
concentration of 10 wg/ml was a minimal one that provided a maximum response
to all Rpf-like proteins, it was used throughout the experiments.

Cytokine production. Cytokine production was assessed exactly as previously
described (23). A total of 2 X10° cells/well were cultured in 24-well plates
(Costar) in the presence or absence of 10 pg of individual Rpf proteins per ml.
After 48 h, supernatants were harvested and stored at —30°C until used. ELISAs
were used to detect interleukin-4 (IL-4), IL-5, IL-10, IL-12, and gamma inter-
feron (IFN-y) in 48-h culture supernatants. The following capture and biotinyl-
ated detection monoclonal antibodies to mouse cytokines were purchased from
Pharmingen: for IFN-y clones, R4-6A2 and XMG1.2; for IL-4 clones, 11B11 and
BVD6-24G2; for IL-5 clones, TRFKS and TRFK4; for IL-10, clones JES5-2A5
and JESS5-16E3; and for IL-12 clones, C 17.8 and C 15.6. ELISAs were per-
formed by following the manufacturer’s instructions. Standard curves were gen-
erated with known concentrations of recombinant IL-4 (rIL-4), rIL-5, and rIL-12
(all from Pharmingen), rIL-10 (Sigma), and recombinant IFN-y (Genzyme, Bos-
ton, Mass.).

Infection with M. tuberculosis. Six weeks following the third immunization with
Rpf-like proteins, B6 mice were challenged intravenously with 10° CFU of M.
tuberculosis H37Rv Pasteur (originally a kind gift of G. Marchale, Institute
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TABLE 1. Levels in sera of antibodies to the proteins of the
Rpf family”

IgG subclass®
1eG1 (1/500)

Immunization protein
IgG2a (1/100)

Rpf 1.326 * 0.03 0.527 = 0.058
RpfA (Rv0867c) 1.260 + 0.031 0.282 + 0.041
RpfB (RV1009) 1.493 + 0.024 0.278 = 0.063
RpfC (Rv1884c) 0.146 + 0.022 0.045 + 0.006
RpfD (Rv2389c) 1.414 + 0.024 0.167 = 0.068
RpfE (Rv2450c) 1.194 + 0.173 0.408 + 0.08

“ Mice were immunized three times at 2-week intervals with 10 pg of either
Rpf or an Rpf-like protein in IFA and bled at day 21 following the last immu-
nization; serum antibody levels were assessed by ELISA, as described in Mate-
rials and Methods.

b Sera from five animals in each group were evaluated individually at the
dilutions indicated. Results are mean optical densities = SDs for the group from
one out of two similar experiments.

Pasteur). Nonimmunized mice served as controls. The method for establishing
and storing clump-free mid-log-phase mycobacterial suspensions for challenge
experiments was described previously in detail (24). Mortality in infected mice
was monitored daily, and results are expressed as mortality curves and mean
survival times following challenge. To determine the CFU levels in infected
organs, serial dilutions of 0.1-ml samples of homogenized lungs and spleens in
sterile saline were plated on Dubos agar medium (Difco, Detroit, Mich.) 3 weeks
following infection. Colonies were counted on days 18 to 20 of incubation at
37°C.

Statistical analysis. The statistical significance of the differences was estimated
by Student’s ¢ test. The differences were considered statistically significant at P
values of <0.05.

RESULTS AND DISCUSSION

To assess the capacity of Rpf itself and Rpf-like mycobac-
terial proteins to elicit humoral and cellular immune re-
sponses, groups of B6 mice were immunized with a purified,
full-length polyhistidine-tagged version of either protein. We
estimated specific IgG1 and IgG2a levels in serum, as well as
the intensity of antigen-specific-T-cell proliferation and the
production of key cytokines in vitro.

Antibody response. Table 1 shows levels in serum of specific
antibodies to all six members of the Rpf protein family under
study. For convenience, trivial synonyms of the nomenclature
designations of mycobacterial Rpf-like products are used here-
inafter as they appeared in a previous publication (28). All
proteins except RpfC elicited a high level of IgG1 (results are
depicted for 1:500 serum dilutions; 1:100 dilutions provided
optical densities corresponding to the saturation plateau of the
titration curve) and an appreciable level of IgG2a response.
RpfC protein was poorly immunogenic.

Given that all the proteins carry a highly conservative Rpf
domain structure, sharing ~65% of the amino acid sequence
within the family (28), it was of interest whether there is an
immune cross-reactivity between individual members of the
family. To address this issue, the levels of cross-reactive anti-
bodies were estimated in the sera of mice immunized with a
particular Rpf-like protein, by means of an ELISA in which
different members of the family served as the covering antigen.
All members of the family, except the poorly immunogenic
RpfC protein, demonstrated a significant degree of IgG1 and
IgG2a cross-reactivity, with antibody cross-binding varying
from 30 to 80% of that with an immunizing antigen.
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FIG. 1. Proliferative response of lymph node cells to Rpf-like pro-
teins. Mice were immunized with individual proteins of the Rpf family
as described in Materials and Methods (A) or left unimmunized (B).
Two weeks after the last immunization, cells were isolated from aux-
iliary and inguinal lymph nodes of three mice in each group, mixed,
and stimulated in vitro with 10 pg of an individual antigen (Ag)
(shaded bars) per ml or left unstimulated (open bars). All cultures
were performed in triplicate. Cultures were pulsed with [*H]thymidine
(0.5 wCi/ml) for the last 18 of 72 h of incubation. Results of one out of
two similar experiments are expressed as mean counts per minute *
SDs from triplicate cultures.

T-cell proliferation. The capacity of mycobacterial products
to induce a high level of antibody response in mice does not
always correlate with their immunogenicity for T cells. For
example, a 19-kDa mycobacterial antigen administered in IFA
is a good inducer of IgG antibodies as opposed to T-cell pro-
liferation (our unpublished observations). Bearing in mind fu-
ture vaccination studies, we considered it important to dem-
onstrate that Rpf-like proteins are able to induce a T-cell
response following their administration in vivo, since this re-
sponse is pivotal in providing TB protection (12, 34). The
proliferative response of lymph node T cells was measured
following immunization of the mice with individual Rpf-like
proteins and a secondary stimulation of a mixture of cells from
auxiliary and inguinal lymph nodes in vitro with corresponding
antigens. As shown in Fig. 1A, five out of six Rpf-like proteins
were able to stimulate significant levels of specific T-cell pro-
liferation. In addition, four members of the family—Rpf,
RpfA, RpfD, and RpfE—revealed the properties of weak mi-
togens, able to excite in vitro a moderate increase in [*H]thi-
midine uptake by lymph node cells from nonimmune control
mice (6,000 to 8,000 cpm in the presence of Rpf-like proteins
compared to 1,200 to 1,300 cpm in medium alone) (Fig. 1B). It
is unlikely that the mitogenic effect was due to the stimulation
of B cells by contaminating lippopolysaccharides since (i)
highly purified (>98% purity) lymph node T cells from these
mice mixed with irradiated antigen-presenting cells from intact
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FIG. 2. Cross-reactivity of T cells immune to individual Rpf-like proteins. Lymph node cells were obtained from immune mice, and their
capacity to proliferate in vitro in response to the immunizing as well as to relative Rpf-like proteins was assessed as described in Materials and
Methods. Results of two similar experiments are summarized and expressed as percentages of the antigen (Ag)-specific (Acpm = cpm, - CPMyp,)

reactivity. Asterisk, not determined.

mice readily demonstrated a mitogenic effect and (ii) the sera
of mice immunized with any Rpf-like protein contained no
lippopolysaccharide-specific antibodies (data not shown). In
addition, the RpfB product elicited a high level of specific
response (Fig. 1) but was not mitogenic (=2,000 cpm in RpfB-
stimulated cultures containing nonimmune lymphocytes). As
in the case of the antibody response, the RpfC protein was
practically nonimmunogenic and nonreactive.

Like Rpf-specific serum antibodies, T cells immune to par-
ticular members of the Rpf family showed significant levels of
cross-reactivity. The level of T-cell proliferation in response to
cross-reactive Rpf, RpfA, RpfD, and RpfE products varied
between 50 and 100% of that of the immunizing protein (Fig.
2). One notable difference between humoral and T-cell respon-
siveness concerned the RpfB antigen: while cross-reactivity
with RpfB of antibodies developed against other members of
the family exceeded 50% of the specific response (data not
shown), corresponding T cells were only weakly cross-reactive

=S

1 1IL-10

with RpfB (Fig. 2). Thus, in terms of T-cell response, RpfB
showed the highest degree of immunological specificity; being
highly immunogenic, this product was neither cross-reactive
nor mitogenic.

Cytokine production. We also assessed the capacity of lymph
node cells to produce the key type 1 and type 2 cytokines
following immunization of the mice with four different Rpf-like
proteins and the subsequent culturing of cells in the presence
or absence of corresponding antigens. As shown in Fig. 3A, all
Rpf-like proteins tested elicited antigen-specific IFN-y produc-
tion, with mycobacterial RpfA, RpfB, and RpfD proteins stim-
ulating higher levels of response than that of the micrococcal
Rpf protein. In contrast, Rpf-stimulated cells produced a large
amount of IL-10 in the antigen-specific manner, whereas my-
cobacterial Rpf-like products stimulated only low to moderate
IL-10 production (Fig. 3B). One may conclude that there is a
kind of bias towards a type 1 or type 2 response following
immunization with, respectively, mycobacterial or micrococcal

- -

Rpf RpfA RpfB RpfD no Rpf RpfA RpfB RpfD no Rpf RpfA RpfB RpfD  no

Ag used for immunization

FIG. 3. Cytokine production by lymph node cells from mice immunized with individual Rpf-like proteins. The mixture of cells from three mice
was either additionally stimulated in vitro with a corresponding antigen (Ag) (shaded bars) or left unstimulated (open bars), and the amounts of
IFN-vy (A), IL-10 (B), and IL-12 (C) in supernatants were assessed by ELISA as described in Materials and Methods. The amounts of IL-4 and
IL-5 were always below the sensitivities of the corresponding assay. Results (in picograms per milliliter) are expressed as the means of results from

three similar experiments = standard errors of the means.
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Rpf-like products. However, since the differences in IFN-y and
IL-10 production were purely quantitative and since neither
antigen tested induced measurable production of IL-4 and
IL-5 (data not shown), this bias is only mildly pronounced and
incomplete. This result is not unexpected, since the response to
mycobacterial antigens, being biased towards type 1 in general
and in B6 mice in particular (5, 11), usually includes certain
features of type 2 reactivity, e.g., IgG1 and/or IL-10 production
(1, 16, 24).

Lymph node cells from mice immunized with any of the four
antigens produced more IL-12 than their counterparts from
control intact mice, but its synthesis did not depend upon
secondary antigen stimulation in vitro, with the only exception
being the RpfD product (Fig. 3C). This antigen seems to be the
best inducer of a type 1 cytokine response, eliciting IFN-y and
IL-12 production in an antigen-specific manner and no IL-10
response.

TB protection studies. The experiments described above
demonstrate that Rpf-like proteins are immunogenic and are
able to elicit specific IFN-y synthesis and to increase constitu-
tive IL-12 production by lymph node cells, i.e., to stimulate the
type of response that is generally considered protective against
mycobacteria (see references 30 and 34 for reviews). In order
to assess the vaccine properties of these proteins, groups of
mice were vaccinated with Rpf and RpfE proteins in IFA (see
Materials and Methods), challenged with a high dose of viru-
lent M. tuberculosis H37Rv, and compared with nonvaccinated
control animals with respect to mycobacterial loads in organs
and postinfection survival times. In addition to a typical my-
cobacterial Rpf-like product, RpfE, we decided to include Rpf
from Micrococcus luteus in protection studies because it was of
interest to find out whether the response against a nonmyco-
bacterial Rpf protein is sufficient to protect mice against a
mycobacterial challenge, i.e., whether the response against a
conservative Rpf domain which is shared by all members of the
family is protective.

As shown in Fig. 4, vaccination with either antigen resulted
in a significant degree of protection against a TB challenge. In
control animals mycobacterial numbers were 2 logs higher in
the lungs (Fig. 4A) and 1 log higher in the spleens (Fig. 3B)
than the levels in vaccinated mice. Moreover, the survival times
of animals vaccinated with either antigen were significantly
prolonged (P < 0.01, Student’s ¢ test) compared to that of the
control group (Fig. 4C). Taken together, the differences be-
tween the results for vaccinated and control mice with respect
to mycobacterial multiplication in organs and survival times
indicate that the levels of protection achieved by immunization
with Rpf-like proteins are comparable to those provided in this
challenge model by short-term culture filtrate components,
e.g., Ag85B and ESAT-6 (29; our unpublished observations),
or by vaccination with a low dose (10° CFU) of live BCG but
are lower than the level achieved by vaccination with 10* to 10°
CFU of BCG (40). One preliminary experiment (data not
shown) performed with outbred guinea pigs also indicates the
protective capacity of vaccination with Rpf-like proteins
against a TB challenge.

In conclusion, the immunogenicity and protective capacity of
the members of the Rpf-like protein family demonstrated
herein, along with their possible involvement in support of
mycobacterial growth under restrictive conditions (28), suggest
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FIG. 4. Vaccination efficacy of Rpf-like proteins. Mycobacterial
multiplication in lungs (A) and spleens (B) at week 3 postinfection,
and survival rates (C) were estimated for groups of B6 mice vaccinated
with Rpf (group 1), RpfE (group 2), or PBS (group 3, control) in IFA
and challenged intravenously with 10° M. tuberculosis H37Rv CFU (see
Materials and Methods). (C) For the mortality experiment whose
results are shown, mean survival times * standard errors of the means
were 643 * 6.9 (10 mice), 52.2 = 6.3 (11 mice), and 24.7 = 1.0 (7
repetitions) for groups 1, 2, and 3, respectively. In each experiment, 5
mice per group were used to assess mean numbers of CFU = SDs in
organs, and 7 to 12 mice per group were used to assess mortality.
Results of one out of two similar experiments are depicted; the pro-
tective effect of the Rpf protein in terms of mortality was estimated
with consistent results in three independent experiments.

that these products should be included in combined-subunit
TB vaccines. Arming the host immune system with the capacity
to respond to both early-phase proteins, such as short-term
culture filtrate proteins, and late-phase proteins, such as Rpf-
like proteins and sigma factors (39), the addition of extracyto-
plasmic mycobacterial antigens may significantly improve the
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performance of a subunit vaccine, a possibility which is pres-
ently under study in our laboratories.
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