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Sequencing of the entire genome of Mycobacterium tuberculosis identified a novel multigene family composed
of two closely related subfamilies designated PE and PE_PGRS. The major difference between these two
families is the presence of a domain containing numerous Gly-Ala repeats extending to the C terminus of the
PE_PGRS genes. We have used a representative PE_PGRS gene from M. tuberculosis, Rv1818c (1818PE_PGRS),
and its amino-terminal PE region (1818PE), to investigate the immunological response to these proteins during
experimental tuberculosis and following immunization with DNA constructs. During infection of mice with
M. tuberculosis, a significant humoral immune response was observed against recombinant 1818PE_PGRS but not
toward the 1818PE protein. Similarly, immunization with a 1818PE_PGRS DNA construct induced antibodies
directed against 1818PE_PGRS but not against 1818PE proteins, and no humoral response was induced by 1818PE

DNA. These results suggest that certain PE_PGRS genes are expressed during infection of the host with
M. tuberculosis and that an antibody response is directed solely against the Gly-Ala-rich PGRS domain.
Conversely, splenocytes from 1818PE-vaccinated mice but not mice immunized with 1818PE_PGRS secreted
gamma interferon following in vitro restimulation and demonstrated protection in the mouse tuberculosis
challenge model. These results suggest that the PE vaccine can elicit an effective cellular immune response and
that immune recognition of the PE antigen is influenced by the Gly-Ala-rich PGRS domain.

The elucidation of the complete genome sequence of Myco-
bacterium tuberculosis (5) has provided critical information
crucial to an understanding of the biology of M. tuberculosis
and the pathogenesis of tuberculosis. The use of genomics,
together with the newly developed microarray technology,
should accelerate our understanding of the regulation of gene
expression in M. tuberculosis and help identify new targets for
prophylactic and therapeutic treatments (3). Genomic analysis
has already provided a more comprehensive understanding of
the metabolic pathways of these bacilli and, as a result a new
approach to drug development has been postulated and is
under investigation (2). One of the major challenges, however,
will be to analyze the properties of proteins expressed by genes
that are unique to the M. tuberculosis genome.

One interesting outcome of the M. tuberculosis genome se-
quencing was the discovery of the multigene family designated
PE. These genes account for about 5% of the whole M. tuber-
culosis genome and consist of 38 homologous PE genes and 61
homologous PE_PGRS genes scattered throughout the ge-
nome (5, 27). The high degree of homology of the PE domain
located at the N terminus of PE_PGRS genes with the 38 PE
genes indicates that these genes are closely related. To date,
homology with nonmycobacterial genes is restricted to similar-
ities with glycine-rich proteins, including the EBNA-1 antigen
of Epstein-Barr virus (EBV) (16, 17). Recent evidence sug-
gests that the expression of two PE_PGRS genes by M. mari-
num is associated with replication in macrophages and persis-

tence in infected frogs (24). Therefore, it is tempting to
postulate that members of the PE multigene family play an
important role in the virulence of tuberculosis and related
diseases. It has also been suggested that multiple PE_PGRS
genes could function as a source of antigenic variability for
M. tuberculosis in order to evade the host immune response (4,
5). In addition, similarities between the PGRS region of the
mycobacterial genes and the EBNA-1 antigen of EBV, sug-
gests that the PE_PGRS proteins could have a role in inhibi-
tion of antigen presentation as postulated for EBNA-1 (16,
17).

We have recently found that a PE_PGRS protein with a
sequence identical to the protein encoded by the M. tubercu-
losis gene Rv1818c is located on the surface of M. bovis BCG
(M. J. Brennan, G. Delogu, Y. Chen, S. Bardarov, M. Alavi,
and W. R. Jacobs, unpublished results). This protein is typical
of members of the PE_PGRS family in that it is composed of
41% glycine and 20% alanine, the gene encodes a protein with
499 amino acids (the median size of the proteins encoded by
the PE_PGRS family is approximately 550 amino acids), and
its amino-terminal PE region shows a very high homology with
members of the PE family (5). In the studies described here,
the PE_PGRS gene Rv1818c was used as a prototype to con-
struct recombinant PE and PE_PGRS proteins and their re-
spective DNA vaccine vectors to compare the antigenic prop-
erties of a PE and a PE_PGRS protein.

MATERIALS AND METHODS

Microorganisms. M. tuberculosis Erdman (TMC#107), M. tuberculosis strains
H37Rv and H37Ra, and M. bovis BCG Pasteur (TMC#1011) were obtained
from the Trudeau Mycobacterial Culture Collection, Saranac Lake, N.Y. Esch-
erichia coli JM109 and Top 10 strains (Invitrogen, San Diego, Calif.) were used
for cloning. For expression of histidine-tagged antigens, the E. coli BL21(DE3)
pLysS strain (Invitrogen) was used for transformation with pET15b expression
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constructs. L-929 cells were a gift from Catherine Bosio, Center for Biologics
Evaluation and Research, Food and Drug Administration (CBER, FDA).

Animals. Specific-pathogen-free C57BL/6 female mice were obtained from
Jackson Laboratories (Bar Harbor, Mame). The mice were 10 weeks of age at
the time of aerogenic challenge and 8 weeks of age when immunizations were
initiated. Mice were maintained under barrier conditions and fed commercial
mouse chow and water ad libitum.

Molecular methods and recombinant protein purification. The gene encoding
Rv1818c was amplified using three different “forward” primers, each bearing a
different restriction enzyme adapter (HindIII, XbaI, and NdeI as indicated with
an X), in order to clone the fragment into different plasmids (primer 59-AC
XXXXXXATGTCATTTGTGGTCACGATC-39). The oligonucleotide 59-TAG
CGAGGATCCCTACGGTAACCCGTTCATCCC-39, bearing the BamHI site
and the stop codon, was used as the “reverse primer.” The amino-terminal
fragment containing the PE region of the protein was amplified using the forward
primers used for Rv1818c, while 59-ACGGATCCCTAGTTGCCGATCAAGAT
TCCGCCGTC-39 (ending at position 423 in the nucleotide sequence) was used
as the reverse primer. The genes were amplified from M. tuberculosis H37Rv
DNA and cloned into pCRBlunt (Invitrogen, San Diego, Calif.). For DNA
vaccine constructs, Rv1818c and its PE fragment were cloned into the vector
pJW4303 (8) using HindIII and BamHI sites. The genes were also cloned into the
pET15b expression vector (Novagen Inc., Madison, Wis.) fused to a histidine tag.
Histidine-tagged proteins were expressed in E. coli and purified by nickel chro-
matography using the X-Press system (Invitrogen), as previously described (7).
The histidine-tagged 1818PE_PGRS protein was purified under denaturating con-
ditions, while 1818PE was purified using native conditions. Final preparations
were dialyzed against 0.01 M Tris-buffered saline at pH 8.

Immunization with DNA vaccines and tuberculosis challenge studies. Endo-
toxin-free plasmid DNA was prepared and purified using the Qiagen EndoFree
Plasmid Maxi Kit (Qiagen, Chatsworth, Calif.) as previously described (8, 18).
Groups of C57BL/6 mice were vaccinated intramuscularly in both hind limbs on
days 1, 21, and 42 using 100 mg of plasmid DNA in a total volume of 0.1 ml. For
challenge studies, mice were infected aerogenically with approximately 500 CFU
of M. tuberculosis Erdman per mouse 5 weeks after the final immunization, using
a Middlebrook chamber (GlasCol, Terre Haute, Ind.). The number of CFU per
mouse organ were determined as described earlier (6). As controls for the
efficacy studies, mice were vaccinated subcutaneously with 5 3 105 CFU BCG
Pasteur on day 1. The lungs and spleens were aseptically removed at days 28, 63,
and 112 days following challenge and homogenized separately in 5 ml of sterile
0.05% Tween 80-saline (PBST). The homogenates were diluted 10-fold in PBST,
and 50-ml aliquots were plated on Middlebrook 7H11 agar (Difco, Detroit,
Mich.) containing oleic acid-albumin-dextrose-catalase (OADC) enrichment me-
dium (Becton Dickinson, Cockeysville, Md.), as well as 2 mg of thiophenecar-
boxylic acid hydrazide (Sigma) per ml for mice immunized with BCG (6). For
histopathology, lung tissues were perfused immediately after sacrifice with 10%
phosphate-buffered formalin. The fixed tissues were then embedded in paraffin,
sectioned, and stained with hematoxylin and eosin or, for acid-fast bacilli, by
using the Kinyoun method (Histopath of America, Millersville, Md.). Unpaired,
two tailed, t test statistical analysis was performed to compare the CFU deter-
minations among the groups of mice vaccinated with DNA or BCG.

Determination of the humoral immune response to mycobacterial antigens.
At various time points following aerogenic challenge with M. tuberculosis or after
immunization with DNA vaccines, sera from infected mice were analyzed by
enzyme-linked immunosorbent assay (ELISA). Immunlon-1 plates (Dynatech,
Chantilly, Va.) were coated overnight at 4°C with 0.1 ml of purified recombinant
antigen (5 mg/ml) in Coating Solution (KPL, Gaithersburg, Md.) and then
blocked with bovine serum albumin (BSA) (Sigma Inc., St. Louis, Mo.). Sera
from each infected mouse were applied in 0.1-ml volume at a 1:100 dilution in
saline or, for the DNA vaccinated groups, serum samples from mice of the same
group were pooled and applied in 0.1 ml of serial twofold dilutions, starting at a
1:25 dilution. Anti-mouse immunoglobulin G (IgG) whole-molecule alkaline
phosphatase conjugate (Sigma) was used as the second antibody to measure total
immunoglobulin IgG response. For color development, the pNPP phosphatase
system was used according to the directions supplied by the manufacture (KPL,
Gaithersburg, Md.) and the optical density at 405 nm (OD405) was read on a
Microplate ELISA reader (BioTech Instruments). The endpoint was defined as
the highest dilution of serum that gave a OD405 value greater than 0.050 and that
was two-fold greater than that of the matched dilution of normal mouse sera.

For immunoblots, 4 to 20% gradient sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) was performed as described by Laemmli (15),
and proteins were transferred to nitrocellulose membranes as described by Har-
low and Lane (12). The nitrocellulose blots were incubated with pooled mouse
sera at a dilution of 1:500, and reactive bands were visualized using alkaline

phosphatase-conjugated anti-mouse whole-molecule IgG (Sigma) and the NPP/
BCIP System (Life Technology, Gaithersburg, Md.).

Cytokine assay. At 30 days after the third immunization with DNA, spleno-
cytes were obtained from vaccinated and control mice and restimulated in vitro
with primed mouse bone marrow macrophages (BMMf). Murine BMMf were
established as previously described (25) by flushing the femurs of C57BL6/J mice
and then culturing the cells in Dulbecco Modified Eagle Medium media con-
taining 10% fetal calf serum (Hy-Clone, Logan, Utah), 2 mM glutamine, 10 mM
HEPES, 0.1 mM nonessential amino acids, 50 mg of gentamicin per ml, and 10%
L-929 conditioned medium. BMMf were infected with M. tuberculosis (Erdman
strain) at a multiplicity of infection (MOI) of 5:1 or primed with 1 mg of purified
protein derivative (PPD) per ml (28) 24 h prior to the incubation with spleno-
cytes. Supernatants were collected 72 h later, and the amount of gamma inter-
feron (IFN-g) secreted was analyzed by a cytokine-specific ELISA using immu-
noglobulin specific for IFN-g (Pharmingen, San Diego, Calif.) (8, 25).

RESULTS

A humoral immune response to a PE_PGRS protein is ob-
served during experimental tuberculosis. Since little is known
about the expression and antigenic properties of proteins en-
coded by the PE and PE_PGRS genes of M. tuberculosis, the
immune response to a representative PE_PGRS protein en-
coded by the M. tuberculosis gene Rv1818c was investigated.
The M. tuberculosis gene Rv1818c was cloned, and a recom-
binant PE_PGRS protein was constructed and designated
1818PE_PGRS (Fig. 1). To compare the immunogenicity of a
protein encoded by a PE gene (5), the PE domain of the
Rv1818c gene was also cloned and designated 1818PE. Histi-
dine-tagged recombinant proteins were purified from E. coli
lysates using nickel-affinity chromatography and migrated in
SDS-PAGE at the predicted molecular mass of approximately
43 kDa for 1818PE_PGRS and as a diffuse 17-kDa band for
1818PE (Fig. 2A). The purified recombinant proteins were used
to monitor the production of a humoral immune response
directed against the PE or PE_PGRS proteins following an
aerosol infection of mice with the virulent Erdman strain of

FIG. 1. Schematic showing the domains of the Rv1818c gene from
M. tuberculosis H37Rv used to clone the intact gene, 1818PE_PGRS,
and its N-terminal PE region, 1818PE, in expression plasmids. In the
sequence of Rv1818c, the amino acids found in the 1818PE construct
are shown in italics, while the signature PE sequence and the 26
-GGAGG- repeats found in the PGRS domain are underlined.
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M. tuberculosis in order to determine if these proteins are
expressed during infection. We observed a robust humoral
immune response to purified recombinant 1818PE_PGRS by
ELISA, using the sera pooled from five challenged mice, which
continued over an eight-month period (Fig. 3). The antibody
response elicited against the 1818PE_PGRS protein was similar
to that observed using the well-characterized mycobacterial
antigen Ag85b (29). In contrast, no humoral immune response
was observed to purified recombinant 1818PE, which lacks the
Gly-Ala-rich PGRS domain. In agreement with the ELISA
results, the pooled sera obtained from the mice following
M. tuberculosis challenge specifically recognized 1818PE_PGRS

but not 1818PE protein in Western blots containing the purified
recombinant antigens separated by SDS-PAGE (Fig. 2B).
These results provide evidence that M. tuberculosis expresses at
least some PE_PGRS proteins during infection of challenged
animals and, since there was no response to the PE domain,
that the Gly-Ala-rich PGRS domain likely represents the ma-
jor target of the host humoral response to PE_PGRS proteins.

Immune responses induced by PE and PE_PGRS DNA
vaccines. In order to investigate the immunological re-
sponse elicited by specific PE and PE_PGRS immunogens,
mice were immunized with DNA vaccine constructs encod-
ing the 1818PE_PGRS and 1818PE proteins using an immuniza-
tion schedule that has proven successful for investigating oth-
er DNA vaccines for tuberculosis (8, 18). In Western blots,
pooled sera from five mice immunized with 1818PE_PGRS DNA
reacted strongly with purified recombinant 1818PE_PGRS but
not with purified 1818PE (Fig. 2C). This sera also recognized a
number of bands in immunoblots containing cell extracts of
M. tuberculosis, suggesting that M. tuberculosis may express
certain PE-PGRS genes in culture (data not shown). In con-
trast, no reaction with either 1818PE_PGRS or 1818PE was ob-
served when pooled sera from mice immunized with 1818PE

DNA was used in immunoblotting (data not shown). In addi-
tion, as shown by ELISA (Fig. 4A), individual sera from mice
vaccinated with 1818PE_PGRS DNA elicited a hardy humoral

immune response against the 1818PE_PGRS protein but not
the 1818PE protein. Conversely, mice immunized with 1818PE

DNA did not produce a detectable humoral immune response
to either 1818PE protein or 1818PE_PGRS protein. This is sim-
ilar to what was observed in the infection studies (Fig. 3) and
indicates that only the 1818PE_PGRS immunogen elicits a hu-
moral response and that it is directed toward the PGRS do-
main which contains the Gly-Ala repeats.

The cellular immune response generated by the DNA vac-
cines was evaluated in ex vivo studies, where splenocytes from
the vaccinated mice were tested for their ability to secrete
IFN-g following in vitro restimulation (21, 22). In order to
mimic the response to in vivo infection, bone marrow-derived
macrophages were infected with live M. tuberculosis (25) and,
for comparison, also primed with PPD (28). As shown in Fig.
4B, only splenocytes from 1818PE-vaccinated mice secreted
IFN-g following in vitro restimulation, while no IFN-g re-
sponse could be detected in cells from the 1818PE_PGRS group.
These results suggest that mice immunized with 1818PE may
develop a cellular immune response in the absence of a specific
humoral response.

Efficacy of PE and PE_PGRS DNA vaccines in the mouse
aerosol challenge model for tuberculosis. Noting the differ-
ence in the immunological response of the host to the PE and
PE_PGRS immunogens, we investigated whether 1818PE_PGRS

and 1818PE DNA constructs can protect mice against an aero-
genic challenge with virulent M. tuberculosis. Mice were vacci-
nated with three doses of 100 mg of DNA per mouse as pre-
viously described (8). Thirty days after the third vaccination,
mice were challenged aerogenically with the virulent Erdman
strain of M. tuberculosis (6). The ability of a vaccine to induce
a protective immune response was measured by the reduction
in bacterial colonization of the lungs and spleens at different
time points following challenge and compared with protection
afforded by BCG. The numbers of viable counts in the lungs, as
well as in the spleens, in mice immunized with 1818PE_PGRS, at

FIG. 2. Immunodetection of PE_PGRS protein using sera from
infected mice and mice immunized with the 1818PE_PGRS DNA vac-
cine. Purified recombinant 1818PE_PGRS (lanes 1) and 1818PE (lanes 2)
proteins were separated by 4 to 20% gradient SDS-PAGE and trans-
ferred to nitrocellulose. A gel was stained with Coomassie brilliant
blue (A), or similar nitrocellulose blots were probed using pooled sera
from M. tuberculosis-infected mice (B) or mice immunized with the
1818PE_PGRS DNA vaccine (C). Arrows show the position of the 14.3-
and 46-kDa molecular mass standards.

FIG. 3. Humoral immune response to 1818PE_PGRS and 1818PE

proteins following infection of mice with M. tuberculosis. Mice (C57BL/
6) were challenged aerogenically with 500 CFU of the virulent Erdman
strain of M. tuberculosis, and sera were collected at different time
points from five mice. The humoral response to 1818PE_PGRS (F)
1818PE (E), the mycobacterial antigen Ag85B (■), and the control
protein BSA (p) was evaluated by ELISA. Plates were coated with
purified histidine-tagged recombinant proteins, incubated with each
sera at a dilution of 1:100, and detected using anti-mouse IgG whole-
molecule alkaline phosphatase conjugate as previously described. Da-
tum points are the averaged readings (with the indicated standard
deviations) from the individual sera from five infected mice.
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28 days after challenge, were not significantly different from
those found in mice vaccinated with the DNA vector only (Fig.
5a). However, mice immunized with 1818PE DNA showed a
statistically significant reduction in CFU in the lungs (0.61-log
reduction) and in the spleens (0.77-log reduction) compared to
immunization with the vector only. Vaccination with 1818PE

DNA was not as efficacious as BCG vaccine, which resulted in
a 1.04-log reduction in the lung and 1.37-log reduction in the
spleen compared to immunization with the vector. However,

FIG. 4. Immunity to tuberculosis induced by DNA vaccines con-
structed from 1818PE_PGRS and 1818PE. Mice were immunized with
endotoxin-free plasmid DNA purified as previously indicated (8).
Groups of C57BL/6 mice were immunized intramuscularly in the hind
limbs on days 1, 21, and 42 using 100 mg of plasmid DNA in a total
volume of 0.1 ml. (A) The humoral response induced in mice vacci-
nated with vector only (solid bars), 1818PE_PGRS (hatched bars), or
1818PE (open bars) was analyzed by ELISA using sera from mice (five
mice each) collected 30 days following the third DNA vaccination.
Plates were coated with purified histidine-tagged recombinant proteins
r1818PE_PGRS or r1818PE as indicated, and results are expressed as the
IgG log10 endpoint titer. The dispersion around the mean value for the
five mice, for each response was not significant. (B) Comparison of the
IFN-g response generated by immunization of mice with 1818cPE and
1818cPE_PGRS DNA vaccines and assessed by cytokine ELISA, follow-
ing in vitro restimulation of splenocytes with activated macrophages.
Murine BMMf were infected with M. tuberculosis (solid bars) at an
MOI of 5:1 or were primed with 1 mg of PPD (open bars) per ml 24 h
prior to incubation with splenocytes obtained from vaccinated mice 30
days after the final immunization. Supernatants were collected 72 h
later, and the amount of IFN-g was measured using a cytokine-specific
ELISA. The data represent the pooled response from five mice and
show the standard deviation from the mean.

FIG. 5. Efficacy of DNA vaccines encoding 1818PE_PGRS and 1818PE

compared with vector only and BCG vaccine. (a) Thirty days following
the third vaccination with DNA, C57BL/6 mice were aerogenically
challenged with approximately 500 CFU of Erdman M. tuberculosis per
mouse, and the numbers of viable bacilli in the lung (open bars) and in
the spleen (solid bars) were determined at 28 days as described earlier
(6). At least five mice per group were used, and the results from one
of two experiments in which similar results were obtained are shown.
The asterisks indicate groups of vaccinated mice that were significantly
reduced in bacterial counts compared to the vector control using the t
test (P , 0.05). (b) Histopathological examination of lung tissue from
mice 112 days after challenge with M. tuberculosis, stained with hema-
toxylin and eosin. Lungs from mice vaccinated with 1818PE_PGRS prior
to challenge contain a number of extensively consolidated granulomas
(arrowheads) (A), while mice vaccinated with 1818PE exhibit a less
severe pathology characterized by interstitial pneumonia (arrow) and
mild alveolitis (B). Magnification, 3400.
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the 1818cPE vaccine was as effective as some of the most
promising DNA vaccine candidates, which commonly provide
about 50% of the protective activity afforded by BCG (8, 13,
18, 26).

The reduction in bacterial load in the lung tissues of
1818PE-vaccinated mice was also observed at 63 and 112 days
(data not shown). At 112 days, the histopathological analysis of
sections of lung tissue from mice vaccinated with the vector
only or with 1818PE_PGRS demonstrated that these mice devel-
oped an extensive granulomatous pneumonia involving about
50 to 60% of the lung (Fig. 5b, panel A). The lung tissues were
infiltrated with large numbers of epithelioid cells and histio-
cytes, resulting in a severe loss of alveolar space. Conversely,
1818PE-vaccinated mice were more like the BCG-immunized
mice and exhibited significantly fewer areas of cellular infiltra-
tion (20 to 30%), with centrally located lymphocytes and
smaller numbers of macrophages, with most of the alveolar
spaces still intact or showing signs of mild alveolitis (Fig. 5b,
panel B). Analysis of the AFB staining of these lung sections
indicated that mice belonging to the 1818PE_PGRS group had
significantly more bacilli in the lung tissue compared to the
1818PE group, in agreement with the colonization data (data
not shown). These results indicate that mice vaccinated with
the PE DNA vaccine develop an immune response that con-
trols the bacterial growth and limits the tissue damage associ-
ated with M. tuberculosis infection.

DISCUSSION

In this study, we have focused on the immunological char-
acterization of the PE_PGRS gene Rv1818c found in the ge-
nome of the M. tuberculosis strain H37Rv, as a representative
member of the PE multigene family. The Rv1818c gene is
typical of the PE_PGRS family in a number of ways. It is highly
homologous with many of the average size PE_PGRS genes;
as an example, Rv1818c shows about 60% identity with the
PE_PGRS gene Rv1756c (1). Also, like many other PE_PGRS
genes, Rv1818c encodes for a protein with a very high content
of glycine and alanine (41% Gly and 20% Ala) found mostly as
multiple (polymorphic) Gly-Ala-rich repeats (i.e., the PGRS
domain) which extend to the C terminus (5). In addition, the
N-terminal PE region of Rv1818c shows a very high degree of
homology with those genes in the PE family, which encode only
a PE polypeptide (5). For this reason, we used the PE se-
quence of Rv1818c to construct a recombinant PE protein
(1818PE) and a PE DNA vaccine for comparison with the
full-length PE_PGRS immunogen (1818PE_PGRS).

An important finding of this investigation is the observation
that one or more of the PE_PGRS genes present in M. tuber-
culosis are expressed during infection of mice with the virulent
Erdman strain of M. tuberculosis. In our studies, we found
antibodies in sera shortly after aerosol infection of mice with
M. tuberculosis that recognized recombinant 1818PE_PGRS by
immunoblotting and ELISA. IgG reactive with 1818PE_PGRS

was present in sera up through 8 months (the end of the test
period). This result is similar to the immune response that we
(see Fig. 3) and others have found using the protein of the
Ag85 complex, Ag85b (29). Preliminary isotyping studies sug-
gest that the majority of reactive IgG was of the IgG2a isotype,
with no significant IgG1 response. There was no significant

antibody response to the 1818PE protein as assayed by either
Western blotting or ELISA. Although these studies do not
prove that the Rv1818c gene itself is expressed in vivo, they
indicate that certain PE_PGRS genes expressing the immuno-
genic PGRS domain are produced during M. tuberculosis in-
fection and support two recent investigations. One study, car-
ried out with M. marinum, demonstrated that two PE_PGRS
genes are expressed within macrophages and in infected frog
tissues (24). Also, a report by Espitia et al. has indicated that
the fibronectin-binding PE_PGRS protein encoded by Rv1759c
is expressed during tuberculosis infection (11). Moreover, in
recent studies using transposon mutagenesis, we have evidence
that the BCG homologue of Rv1818c is expressed and that the
protein is localized to the cell surface (Brennan et al., unpub-
lished).

To investigate the role of 1818PE_PGRS and 1818PE as effec-
tive immunogens, DNA constructs expressing the native forms
of the PE_PGRS and PE proteins were evaluated for their
ability to induce an immune response in mice as well as an
effective immunity against M. tuberculosis challenge. In agree-
ment with the M. tuberculosis infection studies, we observed
that the 1818PE_PGRS DNA vaccine construct elicited a sig-
nificant antibody response against recombinant 1818PE_PGRS

protein but did not recognize the purified recombinant 1818PE

protein. Also, no humoral immune response against either
1818PE_PGRS or 1818PE proteins was observed following vac-
cination with the 1818PE DNA construct. These results confirm
that the major antibody response is directed toward epitopes
located in the PGRS domain of the 1818PE_PGRS protein which
contains the Gly-Ala repeats. It should be noted that the Gly-
Ala-rich region of the Epstein-Barr virus protein EBNA1, a
protein which shows significant homology with the PE_PGRS
proteins (5), is the major target of the humoral immune re-
sponse in the human host (9).

In contrast to the antibody response induced by 1818PE_PGRS,
when splenocytes from mice immunized with the two DNA
vaccines were tested for their ability to secrete IFN-g, follow-
ing in vitro restimulation with M. tuberculosis-infected BMMf,
only splenocytes from 1818PE-vaccinated mice secreted signif-
icant amounts of IFN-g. This suggests that, like certain pro-
tective mycobacterial antigens such as Mtb39A (10). ESAT6
(20), and MPT64 (19), 1818PE elicits mainly a Th1-type im-
mune response (21, 23). Moreover, we found that immuniza-
tion with the 1818PE DNA vaccine resulted in significant pro-
tection in the mouse aerosol tuberculosis challenge model as
shown by the reduction in bacterial colonization in the lungs as
well as in the spleen. Reduced bacterial loads were evident
in 1818PE-vaccinated mice up to 120 days following challenge,
and histopathological examination of infected mouse lungs
demonstrated that the 1818PE-vaccinated mice developed less
tissue pathology compared to the controls. The ability of
1818PE-vaccinated mice to control infection with M. tuberculo-
sis was similar to that observed for other tuberculosis DNA
vaccines (10, 13, 14, 18, 26), although it was not equivalent to
the BCG vaccine.

Our results indicate that a PE DNA vaccine, but not a
PE_PGRS DNA construct, elicits a cellular immune response
and induces an effective immunity against tuberculosis. This
suggests that the presence of the Gly-Ala-rich PGRS region in
the PE_PGRS construct influences the presentation of the PE
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region of the host’s immune system and may prevent the de-
velopment of an effective cellular immune response. It is in-
teresting that the domain of the homologous EBNA-1 of EBV,
which also contains repetitive Gly-Ala sequences, has been
shown to inhibit EBNA-1 antigen processing and presentation
through the major histocompatibility complex class I (MHC-I)
pathway by interfering with proteosome-dependent antigen
processing (16, 17). This raises the possibility that the Gly-Ala-
rich PGRS domain, by a similar mechanism of immune inter-
ference, inhibits antigen presentation of the PE polypeptide
through the MHC-I pathway. In fact, preliminary results from
our laboratory indicate that 1818PE_PGRS is relatively resistant
to proteasome-dependent intracellular degradation compared
with other mycobacterial antigens, including 1818PE (G. De-
logu and M. J. Brennan, unpublished results).

The presence of the numerous highly conserved family of PE
and PE_PGRS genes found in the M. tuberculosis genome
implies that these genes have been maintained under evolu-
tionary pressure by the organism for some purpose. The reason
for their existence remains an intriguing subject for scientific
investigation. Our studies suggest that it will be important to
determine if the PGRS domain containing the multiple Gly-
Ala-rich repeats regulates the function and immunogenicity of
the linked PE region. Also, it will be important to determine if
M. tuberculosis expresses genes that encode only for PE
polypeptides and to investigate the function and immunoge-
nicity of these proteins. Our results suggest that the PE family
of proteins may also be of interest for more practical applica-
tions, as immunological markers of infection or for the devel-
opment of vaccines against tuberculosis.
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