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Mycobacterium avium causes disseminated disease in humans with AIDS, paratuberculosis in ruminants,
lymphadenopathy in swine, and tuberculosis in birds. We constructed DNA vaccines expressing mycobacterial
antigens as fusion proteins with enhanced green fluorescent protein (EGFP). Plasmids p65K-EGFP, p85A-
EGFP, and p85B-EGFP expressed the M. avium 65-kDa antigen, the Mycobacterium bovis BCG 85A antigen, and
the M. avium 85B antigen, respectively, as EGFP fusion proteins. We visualized protein expression directly in
cultured murine fibroblasts and intact muscle. p65K-EGFP expressed fusion protein in a diffuse cytoplasmic
pattern, and p85A-EGFP and p85B-EGFP produced a speckled pattern. We vaccinated C57BL/6 mice with
three doses of plasmid DNA and then challenged them intraperitoneally with M. avium. Negative controls
received saline, and positive controls received one dose of BCG vaccine. Mice in all groups developed dissem-
inated infection with a high burden of organisms. Compared to negative controls, mice vaccinated with
p85A-EGFP had an eightfold reduction in spleen M. avium CFU at 4 weeks after infection and a fourfold
reduction at 8 weeks, reductions similar to those generated by BCG vaccine. Mice vaccinated with p65K-EGFP
had a fourfold CFU reduction at 4 weeks and no effect at 8 weeks. This is the first report of DNA vaccines
expressing foreign antigens as fusion proteins with EGFP and the first report of successful DNA vaccination
against M. avium.

Mycobacterium avium is the most common bacterial infec-
tion in patients with AIDS in the United States, leading to
substantial morbidity and mortality (6, 21, 24). M. avium is
difficult to treat because it is naturally resistant to many anti-
biotics. It also causes paratuberculosis in ruminants, dissemi-
nated lymphadenopathy in swine, and tuberculosis in birds,
resulting in significant economic losses. M. avium is closely
related to other slowly growing mycobacterial pathogens, in-
cluding Mycobacterium tuberculosis (the cause of human tuber-
culosis) and Mycobacterium leprae (the cause of leprosy). The
development of effective vaccines against mycobacteria is an
important public health goal. An effective M. avium vaccine
would be useful in high-risk human and animal populations
and might serve as a model for tuberculosis and leprosy vac-
cines.

DNA vaccination uses plasmids to express antigenic proteins
in host cells. DNA vaccines produce both humoral and cell-
mediated immune responses and have led to protective immu-
nity in a wide variety of animal models of infectious diseases
(10). DNA vaccines yield partial protection in murine models
of M. tuberculosis infection (23, 39, 43).

We developed DNA vaccines and tested them in an estab-
lished murine model of M. avium infection. We generated
DNA vaccines which expressed mycobacterial antigens as fu-
sion proteins with enhanced green fluorescent protein
(EGFP). EGFP is a mutant form of the jellyfish GFP; it pro-

duces more intense fluorescence than the native protein (8).
Expression of mycobacterial antigens as EGFP fusion proteins
allowed us to monitor the amounts and localization of the
expressed proteins in mammalian cells. We developed DNA
vaccines expressing the M. avium 65-kDa antigen, the Myco-
bacterium bovis 85A antigen, and the M. avium 85B antigen as
EGFP fusion proteins. Each of these antigens is secreted by
pathogenic mycobacteria and generates cellular and humoral
immune responses in natural infections. This report describes
the development of these DNA vaccines, their expression in
mammalian cells, and their protective efficacy in an animal
model of M. avium infection.

MATERIALS AND METHODS

Plasmids used for DNA vaccination. The plasmids used in this study are
described in Table 1. pEGFP-N1 (pEGFP) (Clontech Laboratories, Inc., Palo
Alto, Calif.) is a mammalian expression vector which contains a cytomegalovirus
promoter active in mammalian cells, a multiple cloning site, the EGFP gene,
RNA-stabilizing sequences, an Escherichia coli origin of replication, and antibi-
otic selection markers. Douglas B. Lowrie (National Institute for Medical Re-
search, London, United Kingdom) kindly provided pCMV4.65 and pCMV7.36,
which are optimized versions of the plasmids described by Tascon et al. (39).

Construction of plasmids expressing mycobacterial antigen-EGFP fusion pro-
teins. We inserted mycobacterial genes into pEGFP to generate genes expressing
fusion proteins with EGFP at the carboxy terminus. We amplified each bacterial
gene in its entirety by PCR with primers which modified both ends of the gene.
Each forward primer inserted a specific restriction site and replaced the bacterial
start codon with a Kozak consensus sequence (GCCACCATGG; positions 26
through 14) to enhance mammalian expression (27). Each reverse primer re-
moved the stop codon and added a second restriction site. Each PCR product
was then digested with two restriction enzymes and ligated into the multiple
cloning site of pEGFP in frame with the EGFP gene. Each construct was
designed to express a fusion protein comprising the complete mycobacterial
antigen, a short amino acid spacer, and the complete EGFP. In some cases the
second amino acid of the mycobacterial antigen was intentionally changed by the
substitution of the Kozak consensus sequence G at nucleotide position 4.
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p65K-EGFP. Fouad A. K. El-Zaatari (Baylor College of Medicine, Houston,
Tex.) kindly provided pMptb20, which contains the 65-kDa antigen gene from M.
avium subsp. paratuberculosis ATCC 43015 (11). We amplified the mycobacterial
gene from plasmid DNA by PCR. The forward primer introduced an EcoRI site
and the Kozak consensus sequence (59 CGGAATTCGC CACCATGGTG CTA
GGTCGGG ACGGTGAGG 39; the EcoRI site is underlined, and the Kozak
consensus sequence is in italics). The reverse primer removed the stop codon and
introduced a BamHI site (59 CGGGATCCCA GAAGTCCATGCCGCCCA
TGC 39; the BamHI site is underlined). The PCR product was digested and
ligated into the EcoRI and BamHI sites of pEGFP. The resultant plasmid,
p65K-EGFP, was predicted to express a fusion protein comprising the complete
65-kDa antigen, a 6-amino-acid spacer, and the complete EGFP.

p85A-EGFP. The National Institutes of Health AIDS Research and Reference
Reagent Program, Rockville, Md., kindly provided paAg1, which contains the
antigen 85A gene from M. bovis BCG (9). We amplified this gene by using the
primers 59 TGAGCGAGCT CGCCACCATG GAGCTTGTTG ACAGGGT
TCG TG 39 and 59 ACGCGGATCC GCGCCCTGGG GCGCGGGCCC
GGTG 39 and subcloned the PCR product into the SacI and BamHI sites of
pEGFP.

p85B-EGFP. Naoya Ohara (Nagasaki University, Nagasaki, Japan) kindly pro-
vided pAASp56, which contains the antigen 85B gene from M. avium ATCC
15769 (31). We amplified this gene by using the primers 59 TCCGCTCGAG
CCACCATGGCAGATCTGAGC GAGAAGGTCC 39 and 59 CGGAATTCCG
CCGCCGCCCG GGGACG 39 and subcloned the PCR product into the XhoI
and EcoRI sites of pEGFP.

pSodA-EGFP. Vincent Escuyer (Institut National de la Santé et de la Recher-
che Médicale, Paris, France) kindly provided pSOD2, which contains the sodA
gene from M. avium TMC 724 (13). We amplified this gene by using the primers
59 GTCCGCTCGAGCCACCATGG CTGAATACAC CCTGCCCGAC 39 and
59 ACCGGAATTCTGCCGAAGAT CAGGCCTTGG 39 and subcloned the
PCR product into the XhoI and EcoRI sites of pEGFP.

Plasmid preparation and verification. Plasmids were transformed by heat
shock into competent E. coli INVaF9 cells (Invitrogen Corp., Carlsbad, Calif.).
Plasmid DNA was prepared by using the EndoFree Plasmid Maxi Kit (Qiagen,
Inc., Valencia, Calif.) and diluted in phosphate-buffered saline (PBS) to a final
concentration of 1 mg/ml for vaccination. Each mycobacterial antigen-EGFP
plasmid construct was verified by restriction digestion and by sequencing the
complete insert DNA at the Duke University Sequencing Facility.

Cell culture and transfection. Murine 3T3 fibroblasts (2 3 105/well) were
grown in 35-mm-diameter tissue culture plates in Dulbecco’s medium (Life
Technologies, Gaithersburg, Md.) with 10% fetal bovine serum (HyClone Lab-
oratories, Inc., Logan, Utah), penicillin (100 U/ml), and streptomycin (100 mg/
ml). Cells in each well were transfected by using 2 mg of plasmid DNA and 5 mg
of Lipofectin Reagent (Life Technologies) in 0.1 ml of Opti-MEM Reduced
Serum Medium (Life Technologies) with a 12-h incubation at 37°C. Transfected
cells were washed and incubated in complete Dulbecco’s medium for 48 h prior
to analysis. Cells expressing fluorescent proteins were visualized by inverted
fluorescence microscopy.

Colocalization experiments. Murine 3T3 fibroblasts expressing fluorescent
fusion proteins were fixed with paraformaldehyde, washed with PBS, and stained
for 1 h at 37°C with 49,6-diamidino-2-phenylindole (DAPI) or tetramethyl rho-
damine isothiocyanate (TRITC)-labelled wheat germ agglutinin (both from
Sigma Chemical Co., St. Louis, Mo.). Transferrin was labelled by indirect im-
munofluorescence with goat antitransferrin serum as the primary antibody and
phycoerythrin-conjugated rabbit anti-goat immunoglobulin G as the secondary
antibody (both from Sigma). TRAPa was labelled by using rabbit anti-TRAPa
(previously designated SSRa [29]) as the primary antibody and phycoerythrin-
conjugated goat anti-rabbit immunoglobulin G as the secondary antibody (Sig-
ma). Cells were visualized by fluorescence microscopy.

Vaccination. We vaccinated 4- to 6-week-old female C57BL/6 mice (National
Cancer Institute, Frederick, Md.) in groups of 10. Mice were anesthetized with

inhaled halothane and injected with 50 mg of plasmid DNA in 50 ml of PBS in
each tibialis anterior muscle (100 mg DNA/mouse) by using an insulin syringe
with a 28-gauge needle. Mice were vaccinated at week 0, week 3, and week 6 with
plasmid DNA. Negative control mice were injected with PBS only. Positive
control mice were injected intradermally once at week 0 with 50 ml of Tice BCG
vaccine (Organon Teknika Corp., Durham, N.C.), containing 0.5 3 106 to 4 3
106 CFU of live mycobacteria. BCG vaccine is a live attenuated strain of M. bovis
and is used in humans to prevent tuberculosis. Previous studies have demon-
strated that BCG vaccine protects against M. avium in animal models (22, 33).

Mycobacterial infection. Kevin A. Nash and Clark B. Inderlied (Children’s
Hospital, Los Angeles, Calif.) kindly provided a spleen homogenate from a
mouse infected with M. avium MAC 101. This serovar 1 strain was originally
isolated from the blood of a human with AIDS and is widely used in mouse
models (16). To maintain virulence, only transparent colonies from primary
cultures of murine spleen tissue were used (16). Mycobacteria were grown from
spleen homogenates for 10 days at 37°C on Middlebrook 7H11 agar with OADC
(oleic acid-albumin-dextrose-catalase) (Difco, Detroit, Mich.) supplementation.
Transparent colonies were selected, suspended in PBS, pooled, and stored in
aliquots at 270°C at a concentration of 5 3 108 CFU/ml. Three weeks after the
final injection of plasmid DNA (week 9), mice were anesthetized with inhaled
methoxyflurane and injected intraperitoneally with 5 3 106 CFU of M. avium
MAC 101. Vaccination groups of 10 were divided in half; these groups of 5 mice
were sacrificed 4 and 8 weeks after infection (weeks 13 and 17).

Quantitative cultures of spleen. Mice were anesthetized with methoxyflurane
and euthanized by cervical dislocation. Spleens were removed by aseptic dissec-
tion, weighed, homogenized, and serially diluted in Middlebrook 7H9 broth
(Difco). Aliquots of the suspension were plated onto Middlebrook 7H11 agar
with OADC supplementation. Colonies counts were expressed as log10 CFU per
spleen. The logarithmic transformation was used because the CFU counts were
not normally distributed. The spleen weight and log10 CFU in each experimental
group were compared to those in the negative control group by using a two-tailed
t test. A P value of ,0.05 was considered statistically significant.

RT-PCR of cytokine mRNA. We amplified mRNAs for b-actin, gamma inter-
feron (IFN-g), and interleukin-4 (IL-4) from spleen tissues by using reverse
transcriptase PCR (RT-PCR). Spleen samples were frozen in liquid nitrogen at
the time of euthanasia. Spleen RNA was purified according to the manufactur-
er’s protocol by using Trizol reagent (Life Technologies). cDNA was synthesized
in a 20-ml volume containing 1 mg of total RNA, 5 mM random hexamers, 0.5
mM (each) four deoxynucleoside triphosphates, 20 U of RNase inhibitor (Pro-
mega, Madison, Wis.), 50 mM Tris-HCl, 75 mM KCl, 3 mM MgCl2, 10 mM
dithiothreitol, and 100 U of Moloney murine leukemia virus RT (Life Technol-
ogies). This mixture was incubated for 1 h at 37°C. PCR was conducted in a 50-ml
volume containing 1 ml of cDNA, 5 ml of GeneAmp 103 PCR Buffer II (Perkin-
Elmer Cetus, Emeryville, Calif.), 1.5 mM MgCl2, 100 nM each primer, 200 mM
(each) four deoxynucleoside triphosphates, and 1.25 U of AmpliTaq Gold DNA
polymerase (Perkin-Elmer Cetus). An initial denaturation of 12 min at 95°C was
followed by 30 cycles of denaturation at 94°C for 30 s, annealing at 50°C for 1
min, and extension at 72°C for 2 min, followed by a final extension at 72°C for 10
min. Primers were previously published (35). IFN-g and IL-4 were amplified by
using undiluted cDNA, and b-actin was amplified by using a 1:100 dilution.
These cDNA quantities were selected empirically such that PCR amplification
did not reach a plateau in 30 cycles. Each PCR product was subjected to
electrophoresis in 3% agarose, stained with ethidium bromide, and visualized by
UV transillumination. The intensity of each fluorescent band was compared to
those of DNA standards by using the EDAS 120 digital imaging system (Kodak,
Rochester, N.Y.).

Animal care. All animal protocols were approved by the Institutional Animal
Care and Use Committees of both the Durham Veterans Affairs Medical Center
and Duke University. The method of euthanasia followed the recommendations
of the American Veterinary Medical Association. Death was not an experimental
end point.

TABLE 1. Characteristics of plasmids used for DNA vaccinationa

Plasmid
name

Accession
no. Expressed protein Synonyms for mycobacterial Ag Sequence

of insert
Protein expression in

murine fibroblasts

pEGFP-N1 U55762 EGFP None No insert Nucleus and cytoplasm,
uniform

p65K-EGFP U15989 M. avium 65-kDa Ag–EGFP WHO 2, CIE Ag 82, Hsp65, GroEL Correct Cytoplasm, uniform
p85A-EGFP X53034 M. bovis BCG Ag 85A-EGFP WHO 10(a), MPB44, P32, 32-kDa

Ag, FbpA
Correct Cytoplasm, speckled

p85B-EGFP X63437 M. avium Ag 85B-EGFP WHO 10(b), a-Ag, FbpB Correct Cytoplasm, speckled
pSodA-EGFP U11550 M. avium SodA-EGFP WHO 4, CIE Ag 62, superoxide

dismutase
Frameshift No expression

pCMV4.65 X65546 M. leprae 65-kDa Ag WHO 2, CIE Ag 82, Hsp65, GroEL ND ND
pCMV7.36 U15183 M. leprae 36-kDa Ag WHO 8, proline-rich antigen ND ND

a Abbreviations: Ag, antigen; ND, not done.
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RESULTS

We constructed plasmids to express mycobacterial antigens
as EGFP fusion proteins. We confirmed the expression of the
fusion proteins in vitro in murine fibroblasts and in vivo in
murine skeletal muscle. We then tested the plasmid DNA
vaccines in a murine model of M. avium infection. After com-
pleting the vaccination series, mice were injected intraperito-
neally with live M. avium bacteria. Protective immunity was
determined by spleen weight and spleen CFU at 4 and 8 weeks
after infection.

Plasmid sequencing. Plasmid constructs were verified by
restriction enzyme digestion and sequencing of the insert (Ta-
ble 1). Three plasmid constructs had the predicted insert se-
quences (p65K-EGFP, p85A-EGFP, and p85B-EGFP). How-
ever, plasmid pSodA-EGFP had a frameshift error at the site
of the forward PCR primer. It was predicted to express a
39-amino-acid polypeptide with only the initial five amino ac-
ids corresponding to the M. avium SodA protein. This con-
struct was used in expression and vaccination studies as a
negative control plasmid.

Protein expression in murine fibroblasts. We transfected
murine 3T3 fibroblasts with pEGFP and each of the four my-
cobacterial antigen-EGFP constructs. Fluorescent protein was
visualized after transfection with pEGFP, p65K-EGFP, p85A-
EGFP, and p85B-EGFP but not after transfection with the
pSodA-EGFP plasmid containing the frameshift mutation.
Fluorescence indicates the production of full-length mycobac-
terial antigen-EGFP fusion proteins, since the EGFP compo-
nent is at the carboxy terminus. Three distinct patterns were
observed (Fig. 1). EGFP was uniformly distributed in the nu-

cleus and cytoplasm. The 65K-EGFP protein was uniformly
distributed in the cytoplasm, with little or no nuclear expres-
sion. The 85A-EGFP and the 85B-EGFP fusion proteins were
distributed in a speckled cytoplasmic pattern. These patterns
of cellular localization were reproducible in at least three in-
dependent transfections for each plasmid. The mycobacterial
antigen-EGFP fusion proteins were visible in a smaller pro-
portion of cells and fluoresced with a reduced intensity com-
pared to EGFP. This may be due to decreased transfection
efficiency (larger plasmid), decreased translation efficiency
(larger coding sequence or mycobacterial coding preferences),
decreased fluorescence of the fusion proteins, or some combi-
nation of these factors.

We performed colocalization experiments in fibroblasts ex-
pressing 85A-EGFP and 85B-EGFP by using DAPI (nucleus
and mitochondria), TRITC-labelled wheat germ agglutinin
(Golgi apparatus), and antibodies directed against the endo-
somal marker transferrin and the resident endoplasmic retic-
ulum membrane protein TRAPa. However, the fluorescent
fusion proteins did not localize to any of these compartments
(not shown).

Expression in mouse muscle. We injected skeletal muscle to
confirm in vivo protein expression from the mycobacterial an-
tigen-EGFP constructs. We injected 50 mg of pEGFP, p65K-
EGFP, and p85B-EGFP into the tibialis anterior muscles of
C57BL/6 mice. Four days later, the mice were euthanized, and
frozen muscle sections were examined by fluorescence micros-
copy (Fig. 2). All three plasmids expressed fluorescent protein
throughout the length of individual muscle cells. Both EGFP
and 65K-EGFP were distributed in a uniform pattern, but

FIG. 1. Expression and localization of EGFP and mycobacterial antigen-EGFP fusion proteins in vitro. Murine 3T3 fibroblasts were transiently transfected with
pEGFP, p65K-EGFP, p85A-EGFP, or p85B-EGFP and visualized 3 days later by fluorescence microscopy. Two photographs are shown for each plasmid. EGFP
produced a homogenous pattern in the nucleus and cytoplasm. The 65K-EGFP fusion protein produced a homogenous cytoplasmic pattern with little or no protein
in the nucleus. The 85A-EGFP (not shown) and 85B-EGFP fusion proteins produced speckled cytoplasmic patterns.
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85B-EGFP had a speckled localization, similar to that seen in
cultured fibroblasts. Green fluorescence was not observed in
muscle fibers injected with PBS.

Protection against experimental M. avium infection. Mice
were vaccinated with plasmid DNA at weeks 0, 3, and 6, chal-
lenged by intraperitoneal M. avium injection at week 9, and
euthanized at week 13 or 17. Injection of PBS alone served as
a negative control. A single intradermal injection of BCG
vaccine at week 0 served as a positive control. Two indepen-
dent experiments (experiments 1 and 2) were conducted with
the same methods but different DNA vaccines. Mice in all
groups developed disseminated M. avium infection with high
bacterial loads in the spleen. All mice developed splenomegaly.
A typical spleen weight in uninfected mice of this age is 0.1 g.
All mice survived the infection, gained weight, and displayed
normal activity.

Vaccination experiment 1. Experiment 1 included two DNA
vaccines (p65K-EGFP and pCMV4.65), each of which ex-
pressed a mycobacterial 65-kDa antigen (Fig. 3). Vaccination
with either BCG or p65K-EGFP yielded a significant reduction
in the degree of splenomegaly at 4 weeks after infection com-
pared to the saline control group (Fig. 3A), but there was no
difference among the four groups at 8 weeks. Similarly, vacci-
nation with either BCG or p65K-EGFP yielded a reduction in
M. avium CFU in the spleen 4 weeks after challenge (Fig. 3B)
but had no effect at 8 weeks. p65K-EGFP generated a 0.6-log-
unit (fourfold) reduction in CFU at 4 weeks, which was less
than that produced by BCG. Mice vaccinated with pCMV4.65
did not differ from negative controls in spleen weight or M.
avium CFU at either 4 or 8 weeks after infection.

Vaccination experiment 2. Experiment 2 included four DNA
vaccines (p85A-EGFP, p85B-EGFP, pSodA-EGFP, and
pCMV7.36) (Table 1). The results are shown in Fig. 4. Com-
pared to negative controls, vaccination with either BCG or
p85A-EGFP yielded a significant reduction in the degree of

splenomegaly at 4 weeks after infection, but there was no
significant effect at 8 weeks (Fig. 4A). Vaccination with either
BCG or p85A-EGFP yielded a reduction in spleen CFU at
both 4 and 8 weeks after challenge (Fig. 4B). p85A-EGFP
generated a 0.9-log-unit (eightfold) reduction in CFU at 4
weeks and a 0.6-log-unit (fourfold) reduction at 8 weeks, both
of which were similar to the reduction generated by BCG.
Mice vaccinated with p85B-EGFP, pSodA-EGFP, or
pCMV7.36 did not differ from negative controls in spleen
weight or CFU at either 4 or 8 weeks after infection.

Reproducibility. The vaccine model used in these experi-
ments has been used successfully by other researchers. The
reproducibility of the vaccine model was demonstrated by the
saline and BCG groups, for which the procedure was repeated
in the two experiments (Fig. 3 and 4). When the results of
experiment 1 and experiment 2 were compared, there were no
significant differences in either spleen weight or spleen CFU in
either the saline or BCG groups at either 4 or 8 weeks after
infection (P . 0.05 for each of the eight comparisons).

Side effects. Some mice vaccinated with intradermal BCG
vaccine developed local ulcers as described for humans receiv-
ing this vaccine (5). Mice receiving saline or plasmid DNA
vaccines had no local signs and had normal gait.

Cytokine mRNAs in spleens after M. avium infection. As an
indicator of local Th1/Th2 responses to infection, we amplified
cytokine mRNAs from spleen tissue after infection by RT-
PCR with primers directed at IL-4, IFN-g, and b-actin (con-
trol). We determined the quantity of each PCR product by
using a digital imaging system. IL-4 PCR products were absent
or faint at all time points (data not shown). IFN-g PCR prod-
ucts increased at 4 weeks after infection and declined toward
baseline levels at 8 weeks after infection. However, the quan-
tities of IFN-g RT-PCR products in vaccinated mice did not
differ from those in the mock-vaccinated controls at either 4 or
8 weeks after infection. This assay had a power of over 80% to

FIG. 2. Expression and localization of EGFP and 85B-EGFP fusion protein in vivo. Tibialis anterior muscles of C57BL/6 mice were injected with pEGFP,
p65K-EGFP, or p85B-EGFP. Four days later, the mice were euthanized, and frozen sections of the muscle were visualized by fluorescence microscopy. EGFP and
65K-EGFP (not shown) produced homogenous fluorescence, but 85B-EGFP produced a speckled pattern. The clear areas inside the muscle cells are frozen-section
artifacts.
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detect threefold differences in the amounts of RT-PCR prod-
ucts between groups (alpha 5 0.05) (data not shown). Data
from vaccination experiment 1 are displayed in Fig. 5. Vacci-
nation experiment 2 yielded similar results.

DISCUSSION

Expression of mycobacterial antigens as EGFP fusion pro-
teins. The visualization of EGFP provides rapid confirmation
of foreign protein expression in mammalian cells in vitro and in
vivo (3). Western blot analysis can also be used for this pur-
pose, but it requires the availability of specific antibodies (23,
39, 43). EGFP fusion proteins can be used to confirm expres-
sion of antigens for which specific antibodies are not available.
In contrast to many expression markers, EGFP does not re-
quire the addition of substrate. EGFP expression in tissue can
be quantitated with a fluorometer. Quantitative expression
analysis will be important when DNA vaccines are combined
with adjuvants, because some adjuvants reduce protein expres-
sion by DNA vaccines (40).

Our work is the first report on the use of antigen-EGFP
fusion proteins in a DNA vaccine. The EGFP component of
these proteins could diminish immune responses by competing
with the intended antigen, or it could enhance immune re-

sponses by acting as a carrier for a poor immunogen. Neither
of these effects appeared to dominate in our experiments, since
the levels of protective immunity that we observed are similar
to those in previous reports of mycobacterial DNA vaccina-
tion. However, we did not directly compare immune responses
to the same DNA vaccine with and without the EGFP com-
ponent.

FIG. 3. Spleen weights (A) and spleen CFU (B) after M. avium infection in
vaccination experiment 1. C57BL/6 mice were vaccinated with three intramus-
cular injections of saline, p65K-EGFP, or pCMV4.65 or with one intradermal
injection of BCG vaccine and then challenged with intraperitoneal M. avium, as
described in Materials and Methods. All groups contained five mice, and all data
represent means 6 standard errors. Each experimental group was compared to
the saline group by using a two-tailed t test. NS, not significant.

FIG. 4. Spleen weights (A) and spleen CFU (B) after M. avium infection in
vaccination experiment 2. C57BL/6 mice were vaccinated with three intramus-
cular injections of saline, p85A-EGFP, p85B-EGFP, pSodA-EGFP, or
pCMV7.36 or with one intradermal injection of BCG vaccine and then chal-
lenged with intraperitoneal M. avium, as described in Materials and Methods. All
groups contained five mice, and all data represent means 6 standard errors.
Each experimental group was compared to the saline group by using a two-tailed
t test. NS, not significant.

FIG. 5. Spleen IFN-g mRNA after M. avium infection as determined by
RT-PCR. Total RNA was extracted from spleen tissue at 4 and 8 weeks after
infection. Murine IFN-g mRNA was amplified by RT-PCR. PCR products were
subjected to electrophoresis on a 3% agarose gel and stained with ethidium
bromide. Each lane shows the 243-bp IFN-g PCR product from a single mouse.
PCR products from mice vaccinated with pCMV4.65 (lanes 1 to 3), p65K-EGFP
(lanes 4 to 6), BCG (lanes 7 to 9), and saline (lanes 10-12) are shown. IFN-g
mRNA was increased at 4 weeks in all groups and declined toward baseline levels
at 8 weeks. There were no significant differences among the groups.
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Cellular localization of mycobacterial antigen-EGFP fusion
proteins. We observed two patterns of localization of myco-
bacterial antigen-EGFP fusion proteins. The 65K-EGFP pro-
tein was distributed uniformly in the cytoplasm, but the 85A-
EGFP and 85B-EGFP proteins had a speckled pattern. These
patterns were similar in cultured fibroblasts and intact murine
muscles. These antigens may contain signal sequences recog-
nized by mammalian cells, although we were unable to identify
a specific cellular compartment. Alternatively, the speckled
pattern of 85A-EGFP and 85B-EGFP may simply represent
intracellular aggregation due to poor solubility of the fusion
proteins. Mycobacterial pathogens replicate in vivo inside host
macrophages and secrete large amounts of these antigens. In-
tracellular localization of these antigens in host macrophages
may modulate the host immune response in natural infection.

The intracellular localization of antigens expressed by DNA
vaccines may influence the nature and intensity of the immune
responses generated. However, Huygen et al. (23) found sim-
ilar immune responses with DNA vaccines which expressed a
secreted and a nonsecreted form of antigen 85A. We observed
a modest level of protective immunity with both 65K-EGFP
(uniform pattern) and 85A-EGFP (speckled pattern). Our ex-
periments do not directly address the role of intracellular lo-
calization in protective immunity. The EGFP marker will be
useful in future experiments on the intracellular localization of
antigens expressed by DNA vaccines.

Protection from M. avium challenge. Two plasmid DNA
vaccines (p85A-EGFP and p65K-EGFP) generated protective
immunity in this animal model of M. avium infection, as dem-
onstrated by reduced spleen weight and reduced spleen CFU
(up to a 0.9-log-unit CFU reduction). Several studies have
reported similar CFU reductions with DNA vaccines in myco-
bacterial infection models. Tascon et al. (39) used DNA vac-
cines expressing the 65-kDa antigen and the 36-kDa antigen
and found about a 1.0-log-unit CFU reduction in inbred mice
and up to a 2-log-unit CFU reduction in crossbred or outbred
mice after intraperitoneal M. tuberculosis challenge. Huygen et
al. (23) used DNA vaccines expressing antigen 85A to generate
a 0.7- to 1.0-log-unit CFU reduction after aerosol challenge
with M. tuberculosis. Zhu et al. (43) used a DNA vaccine
expressing the 38-kDa antigen to produce a 0.5-log-unit CFU
reduction in spleen after intraperitoneal challenge with M.
tuberculosis. Erb et al. (12) demonstrated no protection from
intranasal BCG challenge with DNA vaccines expressing the
19-kDa antigen and the AhpC protein.

Protection across mycobacterial species. Antigens from dif-
ferent mycobacteria often have substantial sequence similarity,
and monoclonal antibodies directed at these antigens often
react with multiple mycobacterial species (42). DNA vaccines
expressing these antigens sometimes provide cross-species pro-
tection. The DNA vaccine with the highest level of protection
against M. avium in our study (p85A-EGFP) actually expressed
the M. bovis BCG 85A antigen, which has 79% amino acid
identity with its M. avium homologue (32). It is also paradox-
ical that p85A-EGFP was protective, while p85B-EGFP was
not, since M. avium strains express antigen 85A at lower levels
than antigen 85B (32). Tascon et al. used a DNA vaccine
expressing the M. leprae 65-kDa antigen (pCMV3.65) to pro-
tect against M. tuberculosis challenge (39). We used a modified
version of this DNA vaccine (pCMV4.65) but achieved no
protection against M. avium. The M. leprae and M. avium
65-kDa antigens have 87% amino acid identity. We did observe
modest protection with p65K-EGFP, which expresses the M.
avium 65-kDa antigen. However, p65K-EGFP also differs from
pCMV4.65 in the plasmid backbone and the presence of the
EGFP marker.

There is no obvious way to predict which DNA vaccines will
protect across mycobacterial species. However, the demonstra-
tion of cross-species protection in some cases supports the
expectation that DNA vaccines should protect against multiple
strains of a single mycobacterial species. Although M. avium
strains can be distinguished serologically based on surface gly-
copeptidolipids, protein antigens from diverse strains have
highly conserved sequences. For example, Swanson et al. (38)
sequenced a 360-bp portion of the 65-kDa antigen gene in 16
M. avium strains belonging to 11 serovars and found identical
amino acid sequences in all 16 strains. M. avium subsp. para-
tuberculosis also has an identical amino acid sequence in this
segment of the 65-kDa antigen (11). Similarly, M. tuberculosis
strains from diverse geographic locations have highly con-
served amino acid sequences (37).

Limitations of protective immunity results. Our results
should be interpreted with several limitations in mind. First,
the reductions in spleen weight and CFU which we observed
were highly statistically significant, but they represent only
modest levels of protection. Second, we do not know the du-
ration of protective immunity, since all mice were challenged 3
weeks after the vaccination series. Most studies of DNA vac-
cines against mycobacteria have also used short intervals (1 to
4 weeks) between the completion of the vaccination series and
the challenge (12, 28, 39, 43). However, Huygen et al. (23)
demonstrated similar levels of protective immunity when mice
were challenged at either 4 weeks or 10 weeks after completion
of the vaccination series. Third, the level of protective immu-
nity in our experiments decreased between 4 and 8 weeks after
challenge for both BCG and DNA vaccines. Similar results
were obtained with a mouse model of aerosol infection with M.
tuberculosis (36). BCG-vaccinated mice had lower numbers of
CFU from 3 to 7 weeks after infection, but there was no
difference from 8 to 15 weeks. Fourth, each of the protective
DNA vaccines was tested only once in a single animal model.
Further experiments are needed to determine the reproduc-
ibility and generalizability of our results.

Subsets of T-cell responses. Two subsets of CD41 T cells
(Th1 and Th2) are identified by their patterns of cytokine
production. A variety of lines of evidence support the protec-
tive role of a Th1 response in mycobacterial infection. Mice
lacking the IFN-g gene and humans with mutations in the
IFN-g receptor are highly susceptible to mycobacterial infec-
tion (7, 30). Exogenous administration of Th1 cytokines in
humans and mice enhances resistance to mycobacterial infec-
tion (20, 26, 30). Th1 cytokine production at the site of infec-
tion is associated with control of mycobacterial infection.
Yamamura et al. (41) demonstrated that leprosy patients with
low M. leprae burdens express Th1 cytokines in their skin
lesions, whereas patients with high M. leprae burdens express
Th2 cytokines.

Splenocytes cultured after mycobacterial DNA vaccination
have normal basal IFN-g production (23) and produce high
levels of IFN-g after stimulation with specific antigens (23, 28,
39, 43). We did not repeat these analyses but instead measured
spleen cytokine production after M. avium challenge as a mea-
sure of T-cell responses at a site of infection. Based on the
quantity of RT-PCR products, IFN-g mRNA increased 4
weeks after infection and decreased toward the baseline at 8
weeks. However, the groups receiving DNA vaccines, BCG, or
saline had no differences in IFN-g production at either 4 or 8
weeks after challenge. Our results are consistent with previous
studies using these methods (2, 15). Appelberg et al. (2) used
RT-PCR to measure IFN-g mRNA after intravenous M. avium
challenge in BCG-vaccinated and unvaccinated mice. At base-
line, both groups of mice had similar levels of splenic IFN-g
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mRNA. At 2 and 14 days after M. avium challenge, these levels
rose sharply in the BCG-vaccinated mice but were unchanged
in the unvaccinated mice. At 28 and 60 days after challenge,
IFN-g levels were elevated to similar degrees in vaccinated and
unvaccinated mice. Protective immunity generated by BCG
was associated with enhanced IFN-g production at early time
points after infection (2). However, neither BCG nor the DNA
vaccines in our study led to a long-term change in IFN-g
production at the site of infection.

Specific versus nonspecific vaccine effects. The host re-
sponse to mycobacterial infections includes macrophages and
natural killer cells, components of the innate immune system
(1, 4, 14, 19). Bacterial DNA (including plasmid DNA) has
prominent immunostimulatory effects, including Th1 cytokine
secretion, macrophage activation, and enhancement of natural
killer cell activity (34). Further experiments are needed to
determine whether nonspecific immune stimulation contrib-
utes to the protection generated by DNA vaccines. These ex-
periments could include trials with a longer delay between
vaccination and challenge, cytokine measurement after vacci-
nation, and determination of macrophage and natural killer
cell activation after vaccination.

Relevance to human M. avium infections. The M. avium
complex is an important cause of disseminated disease in
AIDS patients. An effective DNA vaccine would provide a
clinical benefit for these patients. Although pulmonary disease
is caused by both M. avium and M. intracellulare, disseminated
disease in AIDS patients is nearly always caused by M. avium
(6, 21, 38). M. avium strains isolated from AIDS patients be-
long to several serovars based on surface glycopeptidolipids,
but they share highly conserved protein antigens (38).

The work should not be extrapolated to support a clinical
vaccine trial against M. avium infection. In our model, DNA
vaccines reduced spleen weight and CFU, but all mice devel-
oped chronic M. avium infections. We used an intraperitoneal
challenge, but natural M. avium infection is acquired by the
gastrointestinal or respiratory route. We used EGFP expres-
sion to monitor the expression of mycobacterial antigens. Until
more is known about immune responses to EGFP, it would not
be an appropriate vaccine component for a clinical trial. Fi-
nally, mycobacterial heat shock proteins have close human
homologues and may produce autoimmunity (17, 18, 25).

DNA vaccines produced modest levels of protective immu-
nity against M. avium challenge. Future studies are needed to
determine which immune responses correlate with vaccine-
mediated protective immunity and to enhance the modest lev-
els of protection observed. Promising approaches include the
use of DNA vaccine mixtures expressing multiple antigens and
the combination of DNA vaccines with immune adjuvants.
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