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The effect of abundance and compartmentalization of antigenic epitopes expressed in Escherichia coli on
phagocytic processing was studied by expressing fusion proteins containing the epitope from positions 52 to 61 of
hen egg white lysozyme [HEL(52-61)], which binds the I-A* murine major histocompatibility complex class IT
(MHC-II) molecule or the epitope from positions 257 to 264 of chicken egg ovalbumin [OVA(257-264)], which
binds the K® murine MHC-I molecule. Epitopes expressed as fusion proteins in the outer membrane protein
LamB allowed exposure of the epitopes either at the bacterial surface, in the periplasmic space, or in the
cytoplasm. Regardless of epitope compartmentalization within the bacterium, MHC-II-restricted or MHC-I-
restricted presentation to T hybridoma cells occurred after macrophages phagocytosed bacteria producing the
HEL(52-61) epitope or the OVA(257-264) epitope, respectively. Increased epitope abundance within a given
microbial compartment resulted in increased processing and presentation to epitope-specific T hybridoma cells.
Minor differences in the efficiency of epitope processing between the constructs was observed, and the HEL or
OVA epitope exposed in the periplasmic space was processed most efficiently compared with the surface- or
cytoplasm-localized epitopes. These differences could be overcome by increasing the amount of epitope per
bacterium as little as two to five times. The minor differences in processing efficiency may be due to differing
protein contexts of the epitope as well as differing epitope compartmentalizations within the bacteria. Thus,
production of abundant epitope is the important parameter influencing processing of epitopes expressed in E. coli

to induce T-cell responses rather than targeting of an epitope to a specific bacterial compartment.

Recombinant vaccines provide a potentially powerful
means of immunizing with a genetically well-characterized
attenuated microbe that produces defined protein(s) or pep-
tide(s) in combinations that can result in immune responses
to provide safe and effective protection to one or several
pathogens simultaneously. For example, recombinant Esch-
erichia coli or Salmonella species have been used to express
several foreign proteins or epitopes derived from bacterial
(14, 16, 27, 34, 40, 44) viral (2, 12, 32, 33, 41, 47), or parasitic
(1) virulence-associated proteins. Recently, development of
recombinant E. coli expressing various human immunodefi-
ciency virus type 1 glycoproteins has been explored in the
development of a vaccine for this serious pathogen (9).

Reports on the immune response with recombinant E. coli
vaccines have provided data with respect to the humoral and
cellular responses to the expressed epitopes (9, 12, 32, 33,
41, 47). The responses are reportedly influenced by param-
eters of the host bacterium, including the location of the
epitope within the host bacterium, the route of immuniza-
tion, and the level of epitope expression (32, 33, 41, 47).
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Recombinant vaccine strains are often constructed such that
the epitope of interest is expressed on the surface of the
microbe, a location which may provide a highly accessible
epitope to the immune system (2, 8, 9, 12, 32, 40, 47).
However, surface expression of epitopes is not required to
achieve an epitope-specific immune response (1, 33, 41), and
the question of epitope compartmentalization in the vaccine
strain has not been systematically addressed to establish
whether epitopes expressed on the bacterial surface provide
any advantage for an epitope-specific inmune response.

Recently, we described an in vitro murine model system to
study the processing of antigenic epitopes expressed in
bacteria for subsequent presentation to T cells via either
major histocompatibility complex class II (MHC-II) or
MHC-I molecules (42, 43). This system utilizes sequences
from hen egg white lysozyme that contain the I-A*-restricted
epitope from positions 52 to 61 [HEL(52-61)] (39) to examine
phagocytic processing of antigenic epitopes for MHC-II
presentation to T cells. We have also recently described a
novel phagocytic processing pathway for presentation via
MHC-I molecules (42) which we have studied using the
epitope from positions 257 to 264 from chicken egg ovalbu-
min [OVA(257-264)] that binds H-2K" (19). Our approach
has been to express these defined T-cell epitopes as fusion
proteins in E. coli and expose these bacteria to phagocytic
antigen-processing cells that process and present the
epitopes to T hybridoma cells specific for the peptide-MHC
complex (42, 43).

Here, we use this model system to analyze the effect of
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TABLE 1. Plasmids used in this study

Plasmid Description (reference) Protein encoded lofal:l;tzc;lt)i‘:m

pTrc99A Cloning vector (3) None

pUHEZ21-2 Expression vector (31) None

pLamBSmal53 pTrc99A containing LamB with a Smal site that restricts between residues 153 and LamB
154

pLamBHEL153  pUHE21-2 containing LamB with the HEL(45-62) epitope inserted between residues LamBHEL153  Surface
153 and 154

pLamBOVA153  pUHEZ21-2 containing LamB with the OVA(256-265) epitope inserted between LamBOVAI153 Surface
residues 153 and 154

pLamBSmal83 pTrc99A containing LamB with a Smal site that restricts between residues 183 and LamB
184

pLamBHEL183  pUHEZ21-2 containing LamB with the HEL(45-62) epitope inserted between residues LamBHEL183 Periplasm
183 and 184

pLamBOVAI183  pUHEZ21-2 containing the OVA(256-265) epitope inserted between residues 183 and LamBOVAI183 Periplasm
184

pMalEHEL pUHE21-2 containing LamB residues 143 to 165 [inclusive of the HEL(45-62) epitope = MalEHEL Cytoplasm
between residues 153 and 154] fused to the carboxy terminus of mature MalE

pMalEOVA pUHEZ21-2 containing LamB residues 143 to 165 [inclusive of the OVA(256-265) MalEOVA Cytoplasm
epitope between residues 153 and 154] fused to the carboxy terminus of mature
MalE

pJLP-1E pUCI18 containing HEL(45-61) fused to the carboxy terminus of the Crl protein (43) Crl-HEL Cytoplasm

pCrl-OVA pUCI18 containing OVA(257-277) fused to the carboxy terminus of the Crl protein (42) Crl-OVA Cytoplasm

epitope abundance and compartmentalization within the
microbe on phagocytic antigen processing by constructing
several inducible fusion proteins that specifically express the
epitopes in a defined bacterial compartment (exposed on the
bacterial surface, facing the periplasmic space, or in the
cytoplasm). The data show that for both MHC-I and MHC-II
presentation, differences in the bacterial compartmentaliza-
tion of an epitope led to only minor differences in the
efficiency of processing. Epitope abundance, regardless of
compartmentalization within the bacteria, strongly corre-
lated with the level of presentation. These results suggest
that the important parameter for epitope expression in
recombinant vaccine strains to induce T-cell responses is
abundance rather than localization in a specific bacterial
compartment.

MATERIALS AND METHODS

Periplasm- and surface-localized epitopes: LamB fusion
proteins. Fusion proteins between the E. coli LamB protein
and the HEL(45-62) or OVA(256-265) epitopes were con-
structed by polymerase chain reaction (PCR) amplification
of the entire lamB gene from the chromosome of E. coli
YMEL (45) with oligonucleotide primers designed from the
published lamB sequence (13). The PCR strategy created an
EcoRI site 54 bp 5’ to the LamB ATG, a BamHI site 189 bp
3’ to the LamB stop codon, and either a Smal site that
restricts between codons 153 and 154 or a Smal site that
restricts between codons 183 and 184 (the native Smal site
that restricts within codon 183 was destroyed in this pro-
cess). In a two-step ligation procedure, the entire coding
region of lamB (1,585 bp) was inserted into the EcoRI and
BamHI sites of pTrc99A (3). This created two plasmids,
pLamBSmal53 and pLamBSmal83, that contained a single
Smal restriction site in lamB after the codon for residue 153
or after residue 183, respectively (Table 1).

DNA encoding the HEL(45-62) epitope was obtained by
PCR amplification of the cloned chicken egg white lysozyme
gene (28). The PCR strategy used oligonucleotide primers
designed from the published HEL sequence (28) to amplify a

77-bp fragment of HEL DNA containing the (45-62) epitope
and incorporated a Nrul site that restricts between codons
44 and 45 of mature HEL and a Ball site that restricts
between codons 62 and 63 of mature HEL. This strategy
created no amino acid substitutions within the (45-62)
epitope. After restriction endonuclease digestion with Nrul
and Ball, this DNA fragment was ligated into Smal-digested
pLamBSmal53 or pLamBSmal83. Transformants were
screened for the kel insert in the proper orientation by PCR,
and a single unaltered in-frame insertion of the epitope in
each fusion protein was confirmed by DNA sequence anal-
ysis (Fig. 1). The DNA encoding these two fusion proteins
was cloned into the EcoRI-BamHI sites of pUHE21-2 (31),
which was modified by insertion of the lacI? gene (6). These
plasmids, pLamBHEL153 and pLamBHEL183, produced
surface- or periplasm-exposed epitope, respectively (Table 1).
DNA encoding the OVA(256-265) epitope was con-
structed by synthesizing complementary overlapping 30-mer
oligonucleotides that exactly corresponded to the nucleotide
sequence of ovalbumin residues 256 to 265 (35). The oligo-
nucleotides were 5’ phosphorylated with T4 polynucleotide
kinase and were annealed by heating to 72°C and slowly
cooling to room temperature. The phosphorylated, annealed
oligonucleotide pair was then ligated into Smal-digested
pLamBSmal53 and pLamBSmal83 DNAs. Transformants
were screened for the ova insert by PCR, and nucleotide
sequence analysis confirmed a single unaltered in-frame
insertion of the OVA(256-265) epitope in each fusion protein
(Fig. 1). The DNAs encoding LamBOVA153 and LamB
OVAIB3 fusion proteins were subsequently cloned into the
EcoRI-BamHI sites of the expression vector pUHE21-2.
The resultant plasmids, pLamBOVA153 and pLamBOVA
183, produced surface- or periplasm-exposed epitopes, re-
spectively (Table 1). All four fusion proteins were expressed
from their respective plasmids in the lamB deletion strain E.
coli RAM191 (37) upon induction with isopropyl-B-D-thioga-
lactopyranoside (IPTG) as described below.
Cytoplasm-localized epitopes: MalE fusion proteins. Solu-
ble cytoplasmic HEL and OVA fusion proteins were made
by fusing the portion of LamB that already contained the
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FIG. 1. Junction regions of HEL and OVA fusion proteins. The regions between the vertical bars represent the HEL or the OVA epitope
in the fusion proteins. The amino acids listed within the shaded bars are residues from LamB, in which the ellipses indicate that the LamB
residues before and after the epitope insertion remain unchanged from those of native LamB. For the MalE fusion proteins, the residues to
the left of the dashed vertical bars indicate the carboxy-terminal three residues of mature MalE. The stop codon after residue 369 of MalE
was destroyed during cloning to allow insertion of the residues from LamBHEL153 or LamBOVAL153 and translational read-through. The
PCR cloning strategy used to construct the MalE fusion proteins also inserted a stop codon after amino acid 165 of LamBHEL153 or
LamBOVALS3, as indicated, to terminate translation. For the Crl-HEL and Crl-OVA fusion proteins, the carboxyl-terminal residues from the
Cirl protein are indicated to the left of the vertical bar in the boxes with slashes. Translational stops are indicated. Asterisks indicate amino

acid changes introduced by cloning.

HEL or OVA epitope inserted between residues 153 and 154
with the carboxy terminus of the mature E. coli malE gene as
follows. PCR was used to amplify DNA encoding LamB
amino acids 143 to 165 from either pLamBHEL153 or
pLamBOVAI153, constructs which already contained the
HEL(45-62) or the OVA(256-265) epitope, respectively.
This PCR strategy used oligonucleotide primers within
LamB to create a Sall site 5’ of the epitope and a HindIII site
and a translational stop codon 3’ of the epitope. This 131-bp
fragment was then digested with Sal/l and HindIII and was
cloned into the corresponding sites of pUHE21-2. Next,
DNA encoding malE (17) lacking the signal sequence was
PCR amplified from E. coli MC4100 (7) with oligonucleotide
primers that created a BamHI site 5’ of the first codon for the
mature protein and a Sall site at the end of the gene. This
strategy destroyed the native stop codon of MalE to allow
translational read-through of the LamBHEL153- and the
LamBOVA153-coding sequences. After restriction endonu-
clease digestion, the BamHI-Sall fragment encoding mature
MalE was ligated into pUHE21-2 containing the 131-bp
lamBHEL(45-62) or lamBOVA(256-265) Sall-HindIII frag-
ment. Thus, trihybrid proteins of MalE-LamB-HEL153
(named MalEHEL) or MalE-LamB-OVA153 (named MalE
OVA) (Table 1) that lacked the MalE signal sequence and
were consequently localized in the bacterial cytoplasm were
constructed (4).

Growth and induction of E. coli expressing the fusion pro-
teins. E. coli RAM191 containing vector alone (pUHE21-2)
or DNA encoding the LamB fusion proteins was grown
overnight at 37°C in Luria broth (46) containing 100 pg of
carbenicillin per ml. These were subcultured in the same
medium to an optical density at 600 nm (ODgq) of 0.1 and

were grown to an OD, of ~0.8, at which point the cultures
were induced with various concentrations of IPTG (0.05 to
1.2 mM) for 45 min. The ODgys of the cultures were
determined, and the cells were centrifuged (2,000 X g for 5
min) and resuspended to 10° cells per ml in phosphate-
buffered saline (PBS; pH 7.4) containing 0.04% glucose and
10 mM MgSO,. An aliquot of cells was used in the antigen-
processing assay for either MHC-I- or MHC-II- restricted
antigen presentation (see below), and another aliquot was
used to quantitate the HEL or OVA epitope by enzyme-
linked immunosorbent assay (ELISA) as described below.
Growth of E. coli HB101 constitutively expressing the
Crl-HEL or Crl-OVA fusion protein was on Luria agar plates
supplemented with 100 p.g of carbenicillin per ml. Cells were
removed from the plates by washing with PBS (pH 7.4)
containing 0.04% glucose and 10 mM MgSO,.

Quantitation of the HEL or OVA epitope in induced cul-
tures. An aliquot of cells at 10° cells per ml was centrifuged,
resuspended in 10 mM Tris (pH 7.6), and lysed by sonication
on ice four times for 20 s each (at setting 45 on a Biosonic
Sonicator; Bronwell Scientific, Rochester, N.Y.). Unbroken
cells were removed by centrifugation, and the total protein
contents of the cleared sonicates were determined by the
bicinchoninic acid protein determination system (Sigma, St.
Louis, Mo.). All samples were standardized to the same total
protein concentration and were serially diluted in PBS (pH
7.4), and 100-pl aliquots were seeded in triplicate in 96-well
microtiter plates (Nunc Immunosorp). ELISAs were carried
out as previously described (43). The primary antiserum
used to detect HEL(45-62) was raised in rabbits against
synthetic HEL(34-61) peptide conjugated to ovalbumin. The
primary antiserum used to detect OVA(256-265) was raised
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against native ovalbumin in C57BL/6 mice. Prior to use in
ELISA, each primary antiserum was first adsorbed with an
acetone powder (25) made from RAM191/pUHE21-2. Sec-
ondary antiserum (1:1,000) was either anti-rabbit immuno-
globulin G or anti-mouse immunoglobulin G peroxidase
conjugate (Sigma). The quantities of the HEL and the OVA
epitopes in the induced samples were determined from a
standard curve prepared by diluting pure native chicken egg
white lysozyme [for HEL(45-62) determinations] or chicken
egg ovalbumin [for OVA(256-265) determinations] in RAM191/
pUHE21-2-cleared sonicate at the same total protein con-
centrations as those for all other sonicates. The background
reactivity of RAM191/pUHE21-2 was subtracted from all
test samples prior to quantitation of epitope in the lysates.

SDS-PAGE and Western blot (immunoblot) analysis. So-
dium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE; 30) and Western blot analysis (25) were per-
formed as described elsewhere.

Maltoporin function determination, bacteriophage assays,
and whole-cell ELISAs. Maltoporin function of E. coli
RAM191 containing pUHE21-2, pLamBHEL153, pLamB
HEL183, pLamBOVA153, or pPLamBOVA183, as well as of
MC4100 (the wild-type lamB strain from which RAM191 was
derived), was determined as previously described (37).
Briefly, with M63 minimal medium containing 50 pg of
carbenicillin (Sigma) per ml, 0.05 mM IPTG, and a single
maltodextrin (1 mM) as the sole carbon source, cultures
were grown at 37°C with shaking. Periodically, aliquots were
removed, and the ODgy, was determined. The carbon
sources tested were glucose, maltose, maltotriose, maltotet-
raose, maltopentaose, and maltohexaose (Sigma).

Bacteriophage assays were carried out on E. coli RAM191
containing pUHE21-2, pLamBHEL153, pLamBHEI 183,
pLamBOVA153, or pLamBOVA183, as well as on MC4100.
Cultures were grown overnight in Luria broth supplemented
with 10 mM MgSO, and 0.2% maltose. An aliquot of these
cultures was mixed with H soft agar containing either 0,
0.01, 0.1, or 1 mM IPTG, and the mixtures were plated on H
plates (36). Sensitivity to wild-type bacteriophage lambda
was assessed qualitatively by determining plaque formation
within 12 h of plating the samples.

Whole-cell ELISAs were carried out as previously de-
scribed (11). Briefly, bacterial strains were grown and in-
duced for fusion protein expression as described above, and
3 X 10° bacteria per well were coated in 96-well microtiter
plates (Nunc Immunosorp). After incubation at room tem-
perature for 2.5 h, the wells were washed with PBS (pH 7.4)
and were blocked overnight at 4°C with 3% bovine serum
albumin in PBS (fraction V; Sigma). The wells were incu-
bated with anti-HEL serum and, after being washed with
PBS, were incubated with anti-rabbit immunoglobulin G
peroxidase conjugate secondary antiserum. Reactivity with
the HEL antiserum was quantitated by reading the OD,s,
after incubation of the plates with the chromogenic substrate
0.04% O-phenylenediamine dihydrochloride (diluted in 0.1
M sodium phosphate, 0.05 M citric acid, and 0.04% hydro-
gen peroxide [pH 5.0]).

Antigen-processing assay. Phagocytic processing of mi-
crobes expressing a HEL or an OVA fusion protein for
MHC-II- or MHC-I-restricted antigen presentation, respec-
tively, was quantitated as previously described (42, 43).
Briefly, peritoneal macrophages were elicited in either CBA/
J (H-2%) or C57BL/6 (H-2°) mice (Jackson Laboratory, Bar
Harbor, Maine) by intraperitoneal injection with Listeria
monocytogenes (24) and were collected 7 to 14 days later. E.
coli induced for fusion protein expression was added to 2 x
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10° adherent macrophages in antibiotic-free medium, and
after gentle centrifugation (1,000 x g for 5 min), the cultures
were incubated at 37°C for 2 h. After washing, the cells were
fixed in 1% paraformaldehyde for 15 min and were exten-
sively washed. A total of 10° 3A9 T hybridoma cells (39) or
CD8OVA T hybridoma cells (42) specific for the HEL(52-61)
or the OVA(257-264) epitopes, respectively, was then added
for a 24-h incubation. These hybridoma cells secrete in-
terleukin-2 upon specific recognition of the appropriate
MHC-peptide complex. Interleukin-2 production by the T
hybridoma cells was quantitated with interleukin-2-depen-
dent CTLL cells.

RESULTS

Characterization of HEL and OVA fusion proteins. One
aim of our study was to examine the effect of localization of
an epitope within a bacterium on phagocytic antigen pro-
cessing. Previous reports describe the use of the E. coli outer
membrane protein LamB as a protein suited for expression
of foreign epitopes in specific compartments of the microbe
(8, 10, 11, 38). For example, insertion of foreign epitopes
after residue 153 of LamB exposes that epitope on the
surface of E. coli and insertion of an epitope after amino acid
183 results in epitopes which face the periplasmic space (8,
10, 11, 38). Thus, the HEL(45-62) and the OVA(256-265)
epitopes were inserted into LamB after amino acids 153 and
183 to create fusion proteins expressing each epitope on the
bacterial surface or facing the periplasm, respectively (Fig.
1; Table 1).

To confirm the function and localization of the LamB
fusion proteins, three characteristics were examined. First,
growth of E. coli RAM191 expressing a LamB fusion protein
was examined in minimal medium containing a single high-
molecular-weight maltodextrin as the sole carbon source,
conditions in which LamB must exhibit maltoporin function
for growth of the bacteria (37). Under these conditions, the
doubling times of RAM191/pLamBHEIL 153, RAM191/pLam
BHEL183, RAM191/pLamBOVA153, RAM191/pLamBOVA
183, and MC4100 (the wild-type lamB parent strain) were all
<4 h on maltotetraose, maltopentaose, or maltohexaose.
The vector control (RAM191/pUHE21-2) had a doubling
time of >43.5 h under these conditions. This demonstrates
the outer membrane localization of the fusion proteins and
their competence for maltoporin transport. In addition, since
the LamB protein is the receptor for bacteriophage lambda
(13), the lamB deletion strain E. coli RAM191 expressing a
plasmid-encoded LamB fusion protein was tested for its
sensitivity to bacteriophage lambda in a plate plaque assay
with lambda with a wild-type host range. Whereas RAM191
expressing LamBHEL 153 or LamBOVA153 was not sensi-
tive to this bacteriophage, RAM191 expressing LamB-
HEL183 or LamBOVA183 was sensitive to this phage. This
is consistent with previous reports in which LamB fused
with an epitope after position 183 was sensitive to bacterio-
phage lambda, whereas LamB fused with an epitope after
position 153 resulted in LamB fusions with altered lambda
sensitivities (10, 11), presumably because of disruption of
the surface epitope required for lambda binding. Finally,
whole-cell ELISA analysis of RAM191/pLamBHEL153 re-
vealed that the ELISA reactivity (using anti-HEL serum as
the primary antiserum) was 15 times above the reactivity of
RAM191/pUHE21-2, indicating that the HEL epitope in this
construct is exposed on the bacterial surface. The reactivity
of RAM191/pLamBHEL 183 was essentially the same as the
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FIG. 2. Western blot of LamBHEL and MalEHEL fusion pro-
teins. Cleared bacterial lysates from induced cultures of E. coli
containing the indicated plasmids were separated by SDS-10% PAGE
and were processed for Western blotting to detect the HEL epitope.
The migration of molecular mass markers in kilodaltons is indicated.
Lanes: 1, E. coli RAM191/pUHE21-2 (vector control); 2, E. coli
RAMI191/pLamBHEL153; 3, E. coli RAM191/pLamBHEL183; 4, E.
coli RAM191/pMalEHEL.. The fusion proteins are indicated with
either an arrow (MalEHEL), a closed circle (LamBHEL183), or an
open circle (LamBHEL153).

reactivity of the vector control (RAM191/pUHEZ21-2), indi-
cating that the HEL epitope in LamBHEL183 is not surface
exposed. Similar results were obtained for RAM191 express-
ing the OVA fusion proteins (42). Taken together, these data
support the previously proposed model for the topology of
LamB such that epitopes fused after LamB residue 153 are
on the exterior surface of E. coli, and fusions after LamB
residue 183 face the periplasmic space (11). Furthermore,
these fusions do not severely alter the structure or the
function of LamB.

HEL and OVA fusion proteins that remain in the cyto-
plasm of E. coli were initially generated by PCR to delete the
lamB signal sequence in pLamBHEL153 or pPLamBOVA153
to prevent secretion of these LamB fusions into the periplas-
mic space (18). ELISA analysis showed that after induction
for fusion protein expression, only a minor fraction of the
epitope was present in the soluble fraction of bacterial
sonicates; Western blot analysis on boiled cell pellets ob-
tained after centrifugation of sonicated samples confirmed
that the majority of induced protein remained in the cell
pellets (data not shown). This suggested that the LamB
fusion proteins lacking the signal sequence accumulated in
an insoluble form in the bacterial cytoplasm. Therefore, to
make soluble cytoplasmic HEL and OVA fusion proteins, an
alternate strategy was used to fuse a portion of LamB that
already contained either the HEL(45-62) or the OVA(256—
265) epitope to the carboxy terminus of the mature E. coli
MalE protein (Fig. 1). Although MalE is a periplasmic
component of the maltose transport system of E. coli (17),
deletion of its signal sequence localizes the mature MalE
protein in the bacterial cytoplasm in a soluble form (4) (Fig.
2). Fusion proteins with molecular masses of approximately
46,000 and 41,000 Da, the predicted sizes for the LamBHEL
and MalEHEL fusion proteins, respectively, were present in
Western blot analysis of cleared sonicates of induced bacte-
rial cultures (Fig. 2). Identical results were obtained for the
LamBOVA and MalEOVA fusion proteins (data not shown).

Expression of HEL and OVA fusion proteins. Late-logarith-
mic-phase cultures of E. coli harboring the LamB fusion
protein plasmids were induced for fusion protein expression
by the addition of IPTG. With this inducible system, various
levels of expression could be obtained which allowed the

INFECT. IMMUN.

effect of increased epitope expression on antigen processing
to be examined. In addition, by induction of the fusion
proteins localized in the various bacterial compartments to
the same level of expression, the effect of compartmental-
ization of an epitope within the bacterium on antigen pro-
cessing could be examined.

Quantitative ELISA with either anti-HEL or anti-OVA
serum allowed the levels of expression of all fusion proteins
to be monitored in cleared bacterial sonicates. Increased
amounts of IPTG added to a bacterial culture resulted in a
concomitant increase in fusion protein detected in cleared
bacterial sonicates (see relative amounts in Fig. 3 to 7). With
a given level of inducer, the fusion proteins were expressed
at approximately the same level. Induction of the membrane-
competent fusion proteins (LamBHEL153, LamBHEL183,
LamBOVA153, and LamBOVA183) resulted in a somewhat
reduced bacterial growth rate that corresponded with in-
creased IPTG addition (data not shown). Such growth alter-
ation is predicted according to previous reports in which
overexpression of LamB becomes toxic to cells when ex-
pressed at very high levels (11). Under the induction condi-
tions described, a number of expression levels was achieved
without reaching toxicity for the cells. The constitutively
expressed fusion proteins Crl-HEL (43) and Crl-OVA (42)
were present in amounts approximately 10- to 100-fold
greater than those of the LamB or MalE proteins induced as
described here. This is a likely result on the basis of the high
copy number of the pUCI18 vector of the Crl fusion proteins
and the constitutive expression from the native cr! promoter
(42, 43).

Processing of E. coli expressing HEL fusion proteins. Mac-
rophage processing of the HEL epitope present in the outer
membrane of E. coli exposed either at the cell surface
(LamBHEL153) or in the periplasmic space (LamBHEIL 183)
resulted in significant presentation to HEL(52-61)-specific T
hybridoma cells (Fig. 3 and 4). Likewise, soluble cytoplas-
mic HEL epitope in the MalEHEL fusion protein was
processed for presentation to epitope-specific T hybridoma
cells (Fig. 5).

The effect of various amounts of HEL epitope on process-
ing for MHC-II presentation was examined by inducing E.
coli to express a single HEL fusion protein at various levels.
Analysis within the linear range of the antigen-processing
assay revealed that increased abundance of the HEL
epitope, regardless of the bacterial compartment within
which the epitope was contained, resulted in increased
MHC-II-associated presentation (Fig. 3, surface HEL; Fig.
4, periplasmic HEL; Fig. 5, cytoplasmic HEL). To ensure
that this presentation resulted from phagocytic processing of
intact microbes rather than proteins released from lysed
bacteria, inhibition studies with cytochalasin D were per-
formed. Treatment of macrophages with cytochalasin D,
which interferes with actin polymerization and consequently
inhibits the phagocytic capability of macrophages, com-
pletely abolished presentation of surface-exposed HEL
epitope (Fig. 3). Identical inhibition results were obtained
when the HEL epitope was expressed in other bacterial
compartments (data not shown).

To examine the effect of compartmentalization of the HEL
epitope in bacteria on processing for MHC-II presentation,
E. coli strains expressing the same epitope in different
bacterial compartments (surface, periplasm, or cytoplasm)
were induced to produce similar quantities of epitope. Under
these conditions, minor differences in processing efficiency
were detected, and processing of HEL (45-62) exposed in the
periplasmic space by LamBHEIL 183 was the most efficient
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FIG. 3. Processing of E. coli cells expressing surface-localized
HEL epitope for presentation via MHC-II. (A) Response of 3A9 T
hybridoma cells to E. coli RAM191/pLamBHEL153 induced to
achieve various expression levels of LamBHEL153 fusion protein.
The relative abundance of HEL epitope expressed by bacteria
induced in this experiment as quantitated by ELISA is indicated in
parentheses. (B) Cytochalasin D (CCD) inhibits processing of sur-
face-localized HEL epitope. E. coli RAM191/pLamBHEL153 (cells
induced to relative expression levels of 3.4 and 7.1 times) were
incubated with macrophages with (+) or without addition of cyto-
chalasin D at 10 pg/ml beginning 10 min prior to the addition of
bacteria. The data are from the experiment shown in panel A.

compared with the surface exposed or cytoplasmic epitopes
(Fig. 5). Processing of HEL(45-62) from the cytoplasmically
expressed MalEHEL fusion protein was the least efficient,
whereas processing efficiency of the surface localized
epitope in LamBHEL153 fell between the periplasmic and
the cytoplasmic fusion proteins (Fig. 5). These minor differ-
ences in processing efficiency, which may result from differ-
ences either in local protein context or bacterial compart-
mentalization of the epitope, can be overcome by increasing
the amount of epitope per bacterium two to four times (Fig.
5).

Processing of E. coli expressing OVA fusion proteins. We
previously demonstrated a novel phagocytic pathway
whereby epitopes expressed in bacteria are processed and
presented by MHC-I molecules (42). Here, we examined the
effect of epitope abundance and compartmentalization
within the microbe on this processing pathway. Within the
linear portion of the assay system, increased amounts of
OVA fusion protein resulted in increased antigen presenta-
tion to CDS8OVA T hybridoma cells regardless of the com-
partmentalization of the epitope within E. coli (Fig. 6 and 7).
However, with similar levels of OVA(256-265) expression,
the epitope facing the periplasmic space in LamBOVA183
was processed more efficiently than the surface-exposed
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FIG. 4. Processing of E. coli cells expressing HEL epitope facing
the periplasmic space for presentation via MHC-II. (A) Response of
3A9 T hybridoma cells to E. coli RAM191/pLamBHEL183 induced
to achieve various levels of expression of LamBHEL183 fusion
protein. The relative levels of HEL epitope expressed by bacteria
induced in this experiment as quantitated by ELISA are indicated in
parentheses. (B) Response to 10° E. coli RAM191/pLamBHEL183
expressed as a function of the relative LamBHEL183 expression
level. Error bars represent + 1 standard deviation for triplicate
samples.

epitope in LamBHEL153 (Fig. 7A). In addition, the cyto-
plasmic fusion protein (MalEOVA) was processed more
efficiently than the fusion protein containing surface-ex-
posed epitope (Fig. 7B). Thus, the order of efficiency for
MHC-I presentation of fusion proteins containing OVA(256—
265) appears to be the same as that observed for MHC-II
presentation of fusions containing HEI (45-62).

DISCUSSION

Construction and characterization of recombinant bacte-
rial strains expressing foreign epitopes from virulence-asso-
ciated proteins of many microbial pathogens have been
pursued as a means of producing safe and efficacious vac-
cines. Many recombinant strains have been specifically
designed to express surface-exposed epitopes with the idea
that such an epitope would be readily accessible to the
immune system. However, it is unclear whether any immu-
nologic advantage is provided by expressing a foreign
epitope at the surface of a recombinant bacterial strain
compared with expression in a compartment within the
bacterium. In addition, expressing epitopes as fusions to
membrane proteins may result in toxicity to the host bacte-
rium and compromise its growth. Thus, even though some
expression systems such as LamB offer the option of ex-
pressing foreign epitopes on the bacterial surface, the toxic
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FIG. 5. Processing of E. coli cells expressing the HEL epitope in
various bacterial compartments for presentation via MHC-II. The
3A9 response to E. coli RAM191 expressing fusion proteins with the
HEL epitope exposed either on the surface (LamBHEL153), facing
the periplasmic space (LamBHEL183), or in the cytoplasm (MalE-
HEL) is shown. The relative levels of HEL epitope expressed by
bacteria induced in this experiment as quantitated by ELISA are
indicated in parentheses.

effect of protein overexpression limits the usefulness of such
systems for high-level production of an epitope within a
microbe for potential vaccine use. In addition, cloning
foreign epitopes into surface appendages that protrude out
from bacteria such as pili (26, 48) or flagella (29, 40) may
result in hybrid proteins that are incapable of polymerizing
into a functional organelle on the exterior of the bacteria or
that have altered structures when the epitope is inserted (26,
48, 49). These factors may compromise the usefulness of
surface-exposed expression systems as host proteins for
foreign epitopes.

The level of expression of a given epitope, regardless of
the bacterial compartmentalization of the epitope, strongly
correlated with the efficiency of processing for both MHC-I
and MHC-II presentation to T cells. Interestingly, expres-
sion of either the HEL or the OVA epitope in the cytoplasm
of E. coli cells as an insoluble fusion protein (in LamB
lacking the signal sequence) resulted in very inefficient
phagocytic processing (data not shown). The decrease in
processing of these epitopes from E. coli correlated with a
reduction in soluble epitope present in cleared bacterial
sonicates detected by ELISA, and Western blot analysis of
boiled whole cells revealed that the majority of the epitope
expressed in these fusion proteins remained in an insoluble
form in the cell pellet, probably in inclusion bodies. This
suggests that epitope present as an insoluble cytoplasmic
fusion protein is not efficiently processed for MHC-I or
MHC-II presentation to T cells (5, 20). It may be that the
appropriate peptides are not efficiently generated in the
correct phagolysosomal compartment in this case.

The in vitro antigen-processing system utilized here al-
lowed a systematic study of the effect of epitope compart-
mentalization within bacteria on epitope processing. Our
data show that the epitopes that are expressed in LamB such
that they face the periplasmic space were the most efficiently
processed and that expression of an epitope within different
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FIG. 6. Processing of E. coli cells expressing surface-localized
OVA epitope for presentation via MHC-I. (A) Response of
CD8OVA T hybridoma cells to E. coli RAM191/pLamBOVA153
induced to achieve various levels of LamBOVA153 fusion protein.
The relative levels of OVA epitope expressed by bacteria induced in
this experiment as quantitated by ELISA are indicated in parenthe-
ses. (B) The CD8OVA response to 3 X 10° E. coli RAM191/pLamB
OVALI1S53 cells expressed as a function of the relative LamBOVA153
expression level.

bacterial compartments had at most a minor effect on the
efficiency of processing for both MHC-I and MHC-II pre-
sentation to T hybridoma cells (Fig. 5 and 7). The minor
differences in the efficiency of epitope processing may be
due to the local protein context of the epitope as well as to
bacterial compartmentalization. The surface and cytoplas-
mic fusion proteins provide the most stringent basis for
comparison to assess the effect of epitope compartmental-
ization on processing efficiency, since the epitope localized
in these two fusion proteins is identical in the 11 and 12
amino acids flanking the amino and carboxyl ends of the
epitope, respectively (Fig. 1). Comparison of epitope pro-
cessing from these fusion proteins suggests that surface-
exposed epitope is slightly more efficiently processed for
presentation to T cells than cytoplasmic epitope, but this
difference can be overcome by expressing as little as two to
five times more epitope in the cytoplasm (Fig. 5 and 7).
Thus, the minor differences in processing efficiency among
the various constructs that we observed may relate to the
protein context of the epitope. In particular, localization to
the surface did not provide the most efficient epitope pro-
cessing.

Thus, it appears that there is no distinct advantage in any
particular bacterial compartment for epitope processing.
Minor differences in processing efficiency due to either
bacterial compartmentalization or the local protein context
of the epitope can be readily overcome by simply increasing
the relative amount of epitope per bacterium. Consistent
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FIG. 7. Processing of E. coli cells expressing the OVA epitope in
various bacterial compartments for presentation via MHC-1. (A)
Response of CDS8OVA T hybridoma cells to E. coli RAM191
expressing fusion proteins with the OVA epitope exposed either on
the surface (LamBOVAL153) or facing the periplasmic space (LamB
OVA183). (B) The CD8OVA response to E. coli RAM191 express-
ing either surface (LamBOVA153) or cytoplasmic (MalEOVA) OVA
epitope. The relative levels of OVA epitope expressed by bacteria
induced in this experiment as quantitated by ELISA are indicated in
parentheses.

with this notion is our observation that E. coli expressing the
constitutively expressed, highly abundant cytoplasmic
epitopes in the Crl-HEL and Crl-OVA fusion proteins gave
the most efficient processing for both the MHC-I and
MHC-II presentation pathways (Fig. 3 and 6). These fusion
proteins, which have between 10 and 100 times more epitope
than the LamB fusion proteins, illustrate the usefulness for
effective T-cell stimulation of a constitutive expression sys-
tem that produces abundant cytoplasmic epitope.

These data also have implications for the mechanisms of
antigen processing within macrophages. Both intracellular
and extracellular epitopes are efficiently processed, includ-
ing both soluble and membrane proteins. Thus, the antigen
processing compartment must contain extensive degradative
capacity, consistent with phagolysosomal properties. This is
in agreement with our prior data implicating macrophage
phagolysosomes and lysosomes in antigen processing for
MHC-II presentation (15, 21, 22, 43). MHC-II molecules
have recently been shown to be present in lysosomes that
fuse with phagosomes containing bacteria (23), and thus it is
likely that bacterial peptides produced by phagolysosomal
catabolism bind directly to MHC-II molecules and are then
expressed on the cell surface.

The mechanisms for phagocytic processing of bacterial
epitopes for MHC-I presentation remain less clear, since this
pathway has only recently been elucidated (42). However,
phagolysosomal catabolism appears necessary for this path-
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way as well. Peptides may then bind to MHC-I molecules
within an intracellular compartment (perhaps the phagoly-
sosome itself), or they may be released to bind to surface
MHC-I molecules (42).

In summary, the data presented here indicate that phago-
cytic processing of epitopes present in intact bacteria occurs
regardless of bacterial compartmentalization, with epitope
abundance being the most critical factor. The design of
recombinant bacterial vaccine strains to elicit T-cell re-
sponses should therefore utilize systems that allow abundant
epitope expression in any bacterial compartment. Expres-
sion of an epitope as a fusion protein within a bacterium may
allow abundant production without toxicity to the bacterium
itself, yielding very high levels of epitope expression to
maximize processing efficiency for presentation to T cells.
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