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The outer membrane proteins (OMPs) of bacterial pathogens are essential for their growth and survival and
especially for attachment and invasion of host cells. Since the outer membrane is the interface between the
bacterium and the host cell, outer membranes and individual OMPs are targeted for development of vaccines
against many bacterial diseases. Whole outer membrane fractions often protect against disease, and this
protection cannot be fully reproduced by using individual OMPs. Exactly how the interactions among indi-
vidual OMPs influence immunity is not well understood. We hypothesized that one OMP rich in T-cell epitopes
can act as a carrier for an associated OMP which is poor in T-cell epitopes to generate T-dependent antibody
responses, similar to the hapten-carrier effect. Major surface protein 1la (MSP1la) and MSP1bl occur as
naturally complexed OMPs in the Anaplasma marginale outer membrane. Previous studies demonstrated that
immunization with the native MSP1 heteromer induced strong immunoglobulin G (IgG) responses to both
proteins, but only MSP1a stimulated strong CD4™ T-cell responses. Therefore, to test our hypothesis, con-
structs of CD4™ T-cell epitopes from MSP1a linked to MSP1b1 were compared with individually administered
MSP1a and MSP1b1 for induction of MSP1b-specific IgG. By linking the T-cell epitopes from MSP1a to
MSP1b1, significantly higher IgG titers against MSP1bl were induced. Understanding how the naturally
occurring intermolecular interactions between OMPs influence the immune response may lead to more

effective vaccine design.

Outer membrane proteins (OMPs) mediate interactions be-
tween microbial pathogens and their hosts. Within the bacte-
rial outer membrane, proteins exist in homomeric or hetero-
meric complexes that are dependent on covalent as well as
noncovalent interactions. These complexes are essential struc-
tural components and also mediate central events in bacterial
physiology and pathogenesis. For example, the extensive disul-
fide cross-linking of chlamydial major outer membrane pro-
teins (MOMPs) (15, 22, 40) provides structural stability in the
absence of peptidoglycan (14), and disulfide interactions
among MOMPs regulate porin function (3). The Escherichia
coli outer membrane contains a complex consisting of a large
B-barrel protein, Imp, and a small lipoprotein, RlpB, and both
proteins are required for lipopolysaccharide assembly (39).
Furthermore, protein complexes within the membrane, includ-
ing sophisticated macromolecular structures, such as secretion
systems and pili, are essential for attachment, invasion, and
survival within host cells (33).

How OMP interactions affect induction of immunity is
poorly understood. Numerous vaccine studies have been di-
rected at individual OMPs, but these OMPs had limited suc-
cess compared to immunization using whole bacteria or intact
outer membranes. For example, immunization with outer
membranes from Chlamydia trachomatis, Francisella tularensis,
Haemophilus influenzae, and Anaplasma marginale protects
against bacterial challenge, whereas immunization with MOMPs
from these bacteria does not protect against bacterial chal-
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lenge (1, 8, 10-12, 16, 26, 29, 36). The immunologic importance
of OMP complexes is demonstrated by the induction of pro-
tection against Leptospira by immunization using OmpL1 and
LipL41 expressed simultaneously in the context of the E. coli
membrane. In contrast, immunization with either protein
alone in the membrane context or as part of a mixture of
non-membrane-associated proteins is not protective (13). Un-
derstanding the basis for differences in the immunogenicity
and efficacy of complexed OMPs and individual OMPs would
enhance design and development of vaccines for multiple bac-
terial pathogens.

We have hypothesized that bacterial OMPs act as a carrier-
hapten pair, with one OMP containing essential T-cell epitopes
that induce CD4™ T-lymphocyte help for antibody production
against B-cell epitopes on a different but physically associated
OMP. B-lymphocyte somatic hypermutation and class switch-
ing, which are necessary for the induction of high-affinity im-
munoglobulin G (IgG), are driven by cognate and cytokine
help provided by CD4™" T cells. This help requires that the
peptide recognized by the CD4™ T cell is physically linked to
the antigen initially recognized by the B cell, which can then
present this CD4" T-cell epitope to the T cell via the major
histocompatibility complex (MHC) class II pathway following
internalization of the antigen bound to the B-cell receptor.
Thus, the B- and T-cell epitopes can be present in an individual
OMP or, alternatively, can be present on different OMPs that
are physically associated through covalent or noncovalent in-
teractions within the outer membrane and internalized by the
antigen-presenting B cell as a complex.

We determined the potential importance of immunologi-
cally linked recognition between OMPs using A. marginale
major surface protein 1 (MSP1) as a model. In the St. Maries
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strain of A. marginale, native MSP1 occurs in the outer mem-
brane as a heteromeric complex of covalently and nonco-
valently associated MSP1la and MSP1b1 (19, 38). Immuniza-
tion or infection results in development of antibody to both
proteins; however, CD4" T-cell epitope mapping studies iden-
tified epitopes predominantly on MSP1a (6), raising the pos-
sibility that the B lymphocytes producing antibody to MSP1b1
receive CD4 " T-cell help via linked recognition. Here we re-
port testing the hypothesis that constructs of CD4" T-cell
epitopes from MSP1a linked to MSP1b1 induce stronger an-
tibody responses against MSP1b1 than an equimolar amount
of the two recombinant proteins induces.

MATERIALS AND METHODS

Isolation of 4. marginale cells and native MSP1 complex. Blood collected from
an animal infected with the St. Maries strain of A. marginale was washed three
times in phosphate-buffered saline (PBS), removing the buffy coat each time, and
frozen at —80°C. Infected erythrocytes were washed repeatedly with PBS (pH
7.2), centrifuged at 30,000 X g for 20 min at 4°C to remove hemoglobin, resus-
pended in PBS containing 1X Complete mini protease inhibitors (Roche, Indi-
anapolis, IN), and stored at —80°C until they were used. A. marginale cells were
isolated as previously described (28), with minor modifications. Erythrocyte
membranes were disrupted by sonication at an output control setting of 4 and a
100% duty cycle with a Sonifier 350 cell disruptor (VWR Scientific Inc., West
Chester, PA), releasing A. marginale cells. After sonication, centrifugation was
performed at 30,000 X g for 20 min at 4°C, and the pelleted 4. marginale cells
were resuspended in PBS with 1X Complete mini protease inhibitors. The
protein concentration was determined using a Quick Start Bradford protein
assay (Bio-Rad, Hercules, CA). The MSP1 complex was isolated essentially as
described previously (27, 28, 38), with some modifications. Sepharose beads were
coupled to MSP1a-specific monoclonal antibody (MAb) Ana22B1 (20) through
cyanogen bromide chemistry (Sigma, St. Louis, MO). MAb-coupled Sepharose
beads were washed three times with TEN (0.02 M Tris HCI, 0.005 M EDTA, 0.1
M NaCl, 0.015 M NaN3; pH 7.6) containing 1% Nonidet P40 (NP-40). A.
marginale cells were solubilized in TEN containing 1% NP-40 by sonicating them
twice for 30 s at an output control setting of 10 with a 100% duty cycle and were
incubated overnight at 4°C with the MAb Ana22B1-coupled Sepharose beads
with continuous rotation. The beads were washed at least three times with
TEN-1% NP-40 by mixing and centrifugation at 1,000 X g for 5 min at 4°C.
Elution was performed in the same way by washing the preparation five times
with 1 ml of 3 M potassium thiocyanate (KSCN) in TEN (pH 8.8). The eluted
fractions were pooled, dialyzed against PBS, and concentrated using an Amicon
Ultra 15 spin column (Millipore, Billerica, MA) with a 10,000-Da cutoff.

To determine the purity of the isolated MSP1 complex, sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE) using a 4 to 20% gradient
mini gel (Bio-Rad) was performed. The gel was either transferred to nitrocellu-
lose for immunoblotting or stained with Coomassie brilliant blue, and excised
bands were subjected to liquid chromatography followed by tandem mass spec-
trometry (LC-MS/MS). Nitrocellulose membranes were blocked overnight in
I-Block (Applied Biosystems, Foster City, CA) with 0.5% Tween 20 and incubated
for 2 h with MSP1la-specific MAb Ana22B1, MSP1b-specific MAb AmR38A6,
MSP2-specific MAb 115/362.17.19, MSP3-specific MAb 115/152.20.19, or MSP5-
specific MAb AnaF16C1 (20, 34, 38). Most MAbs were used at a concentration of
2 pg/ml; the only exception was MAb AmR38A6, which was used at a concen-
tration of 10 pg/ml. Chemiluminescent detection was performed with the West-
ern-Star immunodetection system (Applied Biosystems).

Detection of the MSP1 complex by LC-MS/MS. Coomassie blue-stained gel
slices were processed as described previously (35), with minor modifications.
Individual gel slices were reduced, alkylated, and digested with trypsin as de-
scribed previously (18, 19). Peptides were extracted from the gel pieces and
submitted to the Proteomics Core Laboratory, Center for Integrated Biotech-
nology (Washington State University, Pullman, WA), for LC-MS/MS analysis.
LC-MS/MS was performed using conditions described previously (19).
MASCOT software (www.matrixscience.com) was used for database searches of
peptide mass fingerprints against the A. marginale strain St. Maries genome
sequence.

Plasmid construction and expression of recombinant proteins. A strategy of
overlapping PCR combined with restriction enzyme cloning was utilized to gen-
erate a construct containing two MSP1a repeats, designated J and B (30) (Fig.
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FIG. 1. Constructs used for immunization. Recombinant proteins
contained epitopes used for purification at the N terminus (six-His tag)
and the C terminus (FLAG tag) of the recombinant proteins. The R
region is the repeat region of MSP1a; the F1, F2, and F3 regions are
the areas in MSP1a used to map T-cell epitopes, which localize to F2
and F3 (6). (A) Recombinant T-cell epitope protein containing the
F2-F3 region of MSPla. (B) Recombinant full-length MSP1b1.
(C) Recombinant linked protein containing the F2-F3 region of
MSP1a linked to full-length MSP1bl. (D) Native MSP1 (nMSP1)
consisting of naturally complexed full-length MSP1a and full-length
MSPI1b1. Open boxes indicate MSP1a sequences, black boxes indicate
MSPI1b1 sequences, and gray boxes indicate His and FLAG epitopes.

1A, region R), and the previously identified CD4™ T-cell epitopes from MSP1la
(6) (regions F2 and F3) (Fig. 1A). Through a series of PCRs using overlapping
primers and St. Maries strain genomic DNA, the R region was attached to
regions F2 and F3; the primers used were JB-F2 (GCTGATAGCTCGTCAGC
GGGTG), F2-JB-R (AATCTTCAAACCTTGTAGCCCTCCTAATTGAGAC
GATGTA), F2-F (GGGCTACAAGGTTTGAAGATTGGCGA), and b-F3R
(TGCTTGTCGTCTTCTGTCATCTGTGTAGTAGTGTCCGAAG). The result-
ing construct was amplified with the same forward primer (JB-F2) and a reverse
primer that included a FLAG tag (indicated by bold type) at the 3" end, primer
F2F3FlagR (CTACTATTTGTCGTCGTCGTCTTTATAGTCCTGTGTAGTAG
TGTCCGAAG), and it was cloned into the pTrcHis TOPO vector (Invitrogen)
for expression and purification (Fig. 1A). This construct encodes what is referred
to as the T-cell epitope protein. Recombinant MSP1b1 (Fig. 1B) containing a
six-His tag at the N-terminal end and a FLAG tag (DYKDDDDK) (21) at the
C-terminal end was expressed as described previously (19). The T-cell epitope
protein and MSP1b1 are referred to below as the unlinked proteins.

The T-cell epitope construct (Fig. 1A) was amplified with primers that added
BamHI sites to both ends of the R-F2-F3 construct (primers BHI-JBF2 [GCG
CGGATCCGATGATAGCTCGTTAGCGGGTGGTT] and BHIF3R [GCGC
GGATCCCTGTGTAGTAGTGTCCGAAGGCTTCG]), which allowed cloning
into the BamHI site upstream from MSP1bl in the pTrcHis TOPO vector,
generating the linked construct (Fig. 1C) which encoded the F2 and F3 T-cell
epitopes linked to MSP1b1 and was expressed as a single protein.

All three recombinant proteins were cloned into pTrcHis TOPO, expressed in
E. coli, and purified, first by using ProBond nickel resin (Invitrogen) and then by
using anti-FLAG immunoaffinity chromatography (Sigma-Aldrich, St. Louis,
MO). Protein concentrations were determined using the Quick Start Bradford
protein assay (Bio-Rad). The purity of recombinant proteins was determined by
SDS-PAGE and Coomassie blue staining, and the product that was the correct
size was visualized after immunoblotting using a horseradish peroxidase-labeled
FLAG-specific MAb (Sigma-Aldrich) or negative control MAb Tryp-1E1 specific
for Trypanosoma brucei. Chemiluminescent detection was performed with the
Western-Star immunodetection system (Applied Biosystems).

Full-length MSP1b1 was also cloned into the pBad TOPO vector (Invitrogen)
and expressed in E. coli. This protein has a V5 epitope instead of the FLAG
epitope and was used in proliferation assays to avoid stimulation due to the
FLAG epitope. The MSP1b1-V5 recombinant protein was treated like the
MSP1b1-FLAG recombinant protein except that it was purified with a V5-
specific MAD instead of a FLAG-specific MAb. A. marginale OMP10 was ex-
pressed and purified (23) using the same system and was used as a negative
control.
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FIG. 2. Isolation and detection of native MSP1 complex. (A) Purified native MSP1 complex separated on a 4 to 20% gradient SDS-PAGE gel
and stained with Coomassie blue. Lane M, molecular size markers (molecular masses [in kDa] are indicated on the left); lane 1, 23 pg purified
native MSP1 complex. (B) Detection of native MSP1 complex with MSP-specific MAbs. Lanes 1, 4, 7, 10, and 13, 0.1 pg of native MSP1 complex;
lanes 2, 5, 8, 11, and 14, 10 pg of purified A. marginale strain St. Maries outer membranes; lanes 3, 6, 9, 12, and 15, 0.5 g of uninfected erythrocyte
membranes. The sizes (in kDa) of molecular size markers are indicated on the left. The blot was probed with MAb Ana22B1 specific for MSP1a
(lanes 1 to 3), MAb AmR38A6 specific for MSP1b (lanes 4 to 6), MAb 115/362.17.19 specific for MSP2 (lanes 7 to 9), MAb 115/152.20.19 specific
for MSP3 (lanes 10 to 12), and MAb AnaF16C1 specific for MSP5 (lanes 13 to 15).

Animals and immunization. Twelve 6-month-old Holstein calves that were
seronegative for A. marginale were used in this study. The bovine lymphocyte
antigen-DRB3 alleles of the calves were determined by the PCR-restriction
fragment length polymorphism method (37) and sequencing of exon 2 of the
DRB3 gene (24, 31). The animals were divided into three groups, and each group
consisted of four animals with one of the following DRB3 alleles: DRB3*1501/
*1202, DRB3*1501/*14011, DRB3*1501/*0101, or DRB3*1501/*1501. The three
groups were immunized four times subcutaneously at 3-week intervals. Each
animal received 175 pmol of protein in complete Freund’s adjuvant for the first
immunization, followed by three immunizations of 175 pmol of protein each in
incomplete Freund’s adjuvant. Group 1 received 30 wg of native MSP1 complex
as a control to detect IgG and CD4 T-cell responses. To ensure that all animals
received the same number of epitopes, the amount of protein given to each
animal was adjusted to 175 pmol (corresponding to 30 wg of native MSP1
complex). Thus, the amounts of all recombinant proteins were adjusted to 175
pmol, which meant that group 2 received 23 pg of the linked protein (130 kDa)
and group 3 received 8 pg of the T-cell epitope protein (45 kDa) plus 17.5 pg of
MSP1bl (100 kDa). For groups 1 and 2, the antigen was divided into two
aliquots. One aliquot was administered in the left shoulder, and one aliquot was
administered in the right shoulder. Group 3 received one antigen in the left
shoulder and the other antigen in the right shoulder. Peripheral blood mononu-
clear cells (PBMC) and sera were collected at 3-week intervals and stored in
liquid nitrogen (PBMC) or at —20°C (sera).

Lymphocyte proliferation assays. Proliferation assays were carried out in
round-bottom 96-well plates (Costar) for 6 days, essentially as described previ-
ously (7-9). PBMC (2 x 10° cells) were cultured in triplicate wells with antigen
and complete RPMI 1640 medium in a 100-pl (total volume) mixture. The
antigens consisted of the A. marginale St. Maries strain bacteria, a panel of
overlapping peptides (30 amino acids each, overlapping by 10 amino acids)
spanning the F2-F3 region of MSPla (6), as well as recombinant MSP1b1.
Membranes isolated from uninfected red blood cells, an unrelated peptide from
Babesia bovis rhoptry-associated protein 1 (RAP-1) (25), and recombinant A.
marginale OMP10 (23) were used as negative controls. Antigens were used at
concentrations of 0.1 and 1 pg/ml. In a second assay, 0.01, 0.1, and 1 pg/ml of
MSP1b1 expressed with a V5 epitope or OMP10 expressed in the same vector
were tested with PBMC. PBMC were radiolabeled for the last 18 h of culture
with 0.25 wCi [*H]thymidine (Dupont, New England Nuclear, Boston, MA) and
harvested onto glass filters. Radionucleotide incorporation was measured with a
Beta-plate 1205 liquid scintillation counter (Wallac, Gaithersburg, MD). The
results were expressed as the stimulation index,, which was calculated by dividing
the mean counts per minute (cpm) of PBMC cultured with antigen by the mean
cpm of PBMC cultured with medium alone. A statistical analysis was performed
by analysis of variance (ANOVA) using SAS, version 9.1 (SAS Institute Inc.,
Cary, NC), and a P value of <0.05 was considered statistically significant.

Immunoblotting to determine serum titer. To determine IgG titers to MSP1a
and MSP1b, immunoblotting was performed. Sonicated pellets of A. marginale-
infected erythrocytes stored in proteinase inhibitor buffer at —80°C were thawed
and mixed with SDS-PAGE sample buffer. A total of 2 X 10° infected erythro-
cytes were separated using a preparative well 10% Criterion gel (Bio-Rad) and
were transferred to nitrocellulose. The nitrocellulose membrane was incubated
overnight in I-block (Applied Biosystems), cut into individual strips, and incu-

bated with bovine serum for 2 h at room temperature. Sera from the immunized
animals were tested using threefold dilutions from 1:100, to 1:300,000. Horse-
radish peroxidase-labeled goat anti-bovine IgG (1:4,000; Serotec, Raleigh, NC)
was used as the secondary antibody, and blots were incubated for 1 h at room
temperature. Blots were washed with I-block and developed using the ECL
Western blotting detection system (Amersham Biosciences, Piscataway, NJ).
Bands for MSP1a and MSP1b were observed, and the endpoint titer was ex-
pressed as the reciprocal of the highest dilution at which a band was visible. This
experiment was repeated with frozen and thawed sera diluted 1:5,000, 1:10,000,
1:15,000, 1:20,000, 1:30,000, 1:40,000, 1:50,000, and 1:60,000 (for the native
MSP1 and unlinked protein groups) or diluted 1:20,000, 1:40,000, 1:60,000,
1:80,000, 1:100,000, and 1:120,000 (for the linked construct group). Preimmune
sera and uninfected red blood cell membranes were used as negative controls. To
test for normality of the serum titration data, the Shapiro-Wilk test and the
modified Levene equal variance test were performed, which indicated that the
data were approximately normal for both experiments. A nonparametric Wil-
coxon ranked sum test comparing groups immunized with linked and unlinked
recombinant proteins was performed with the antibody titer data. A P value of
<0.05 was considered significant.

RESULTS

Isolation of native MSP1 complex, expression of recombi-
nant proteins, and animal immunization. To determine if link-
ing the MSP1a T-cell epitopes to MSP1b1 enhanced the im-
mune response to MSP1b1, animals were immunized with the
linked recombinant protein, unlinked recombinant proteins, or
the native MSP1 complex. Schematic diagrams of the proteins
used for immunization are shown in Fig. 1. The T-cell epitopes
present on MSP1a were identified in a previous study after the
hydrophilic domain of MSP1a was expressed as three regions
designated F1, F2, and F3 (Fig. 1D) (6). By using a panel of
overlapping peptides, the F2-F3 region was identified as a
domain with multiple, strong CD4" T-cell epitopes (6), and
therefore the F2-F3 region was used for preparation of our
constructs.

The first group of animals was immunized with the native
MSP1 complex. This complex contained full-length MSP1la
(Fig. 1D), including the F2-F3 T-cell epitopes, and full-length
MSP1b1 (Fig. 1D). The complex was isolated by immunoaffin-
ity chromatography with an MSPla-specific MAb, MAb
Ana22B1, which recognized the repeat region (region R) (2).
Coomassie blue staining of the native MSP1 complex sepa-
rated by SDS-PAGE revealed two distinct bands at 75 and 100
kDa (Fig. 2A). We have previously demonstrated the presence
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FIG. 3. Purification and detection of recombinant proteins.
(A) One microgram of purified recombinant protein per lane sepa-
rated on a 4 to 20% gradient SDS-PAGE gel and stained with Coo-
massie blue. Lane M, molecular size markers (molecular masses [in
kDa] are indicated on the left); lane 1, recombinant T-cell epitopes;
lane 2, recombinant MSP1bl; lane 3, recombinant linked protein.
Asterisks indicate the position of the full-length protein. (B) Detection
of recombinant proteins. Lanes 1 and 4, recombinant T-cell epitopes;
lanes 2 and 5, recombinant MSP1b1; lanes 3 and 6, recombinant linked
protein. Lanes 1 to 3 were incubated with a FLAG-specific MAb, and
lanes 4 to 6 were incubated with an unrelated MAb specific for T.
brucei.

of only MSP1b1 (there is a second transcribed gene, mspIB2)
in the MSP1 complex (19). The 75-kDa band was identified by
LC-MS/MS as MSP1a with a MASCOT score of 1706, and the
100-kDa band was identified as MSP1b1l with a MASCOT
score of 1622. To further rule out the presence of other surface
proteins in the purified MSP1 complex, MAbs against three of
the major surface proteins of A. marginale were used to deter-
mine if any of these proteins were coprecipitated with the
native MSP1 complex. Only MSP1a and MSP1b were detected
in the native MSP1 complex by immunoblotting with the panel
of MAbs (Fig. 2B, lanes 1 and 4). MSP2, MSP3, and MSP5
were detected in the outer membrane fraction (Fig. 2B, lanes
8, 11, and 14) but not in the purified MSP1 complex (Fig. 2B,
lanes 7, 10, and 13). Since MSP2 is very abundant and sero-
logically immunodominant and MSP3 and MSP5 are also se-
rologically immunodominant in the outer membrane (18), this
result indicates that there was very little contamination with
other OMPs.

The amount of protein given to each animal was adjusted on
a molar basis. To standardize the molar amount for each pro-
tein, we assumed that MSPla and MSP1bl are present in
equimolar amounts, because the actual molar amounts of
MSPla and MSP1bl in the heteromeric complex have not
been determined (19). Taking into account the amounts of
MSP1a (75 kDa) and MSP1b1 (100 kDa) in 30 pg of native
MSP1 complex, there should have been 200 pmol of MSP1la
and 150 pmol of MSP1bl or an average of 175 pmol per
protein. We then adjusted the amounts of all recombinant
proteins so that each animal was immunized with 175 pmol
of protein.

The second group of animals was immunized with 23 g of
linked protein (Fig. 1C), corresponding to 175 pmol of protein.
The linked protein contained the CD4" T-cell epitopes from
MSP1a (F2-F3) linked to MSP1b1. After purification and sep-
aration by SDS-PAGE, a major 130-kDa band was present
(Fig. 3A, lane 3). The linked recombinant protein reacted with
a MAD specific for the FLAG epitope (Fig. 3B, lane 3) but not
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with an unrelated MAb against T. brucei (Fig. 3B, lane 6). The
smaller bands observed were due to degradation of the larger
protein, as indicated by their reactivity with the anti-FLAG
MAD.

The third group of animals was immunized with the un-
linked proteins and received 8 g of the MSP1a T-cell epitope
protein (Fig. 1A), as well as 17.5 pg of MSP1b1 (Fig. 1B). After
purification, separation by SDS-PAGE, and Coomassie blue
staining, a 45-kDa band was present for the MSPla T-cell
epitope protein (Fig. 3A, lane 1) and a 100-kDa band was
present for MSP1b (Fig. 3A, lane 2). Both the MSP1la T-cell
epitope protein and MSP1b1 reacted in a Western blot with a
MAD specific for the FLAG epitope (Fig. 3B, lanes 1 and 2)
but not with the unrelated MADb against 7. brucei (Fig. 3B,
lanes 4 and 5). The larger proteins were more susceptible to
degradation, and smaller bands were also observed for
MSP1b1.

MSP1a-specific T-cell responses. To determine if the con-
structs effectively primed and induced memory T-cell re-
sponses, a panel of overlapping 30-amino-acid peptides span-
ning the F2-F3 region of MSP1a (6) was used in proliferation
assays. The T-cell epitopes present in MSPla have been
mapped previously (6). The F2-F3 region represents a domain
that is rich in T-cell epitopes and contains at least five epitopes
in the span of 215 amino acids (6). Three weeks after the first
immunization most animals responded to A. marginale (data
not shown). Negative control B. bovis RAP-1 peptide and
MSP1a peptide F2-5 did not elicit a response. T-cell responses
to peptide F2-5 have been associated with the bovine lympho-
cyte antigen DRB3*1101 allele (24), an allele not represented
in the vaccinated population. Therefore, both peptides served
as negative controls. Animal 4885 (in the linked group) con-
sistently exhibited high background proliferation, and we did
not observe significant proliferation against any of the pep-
tides. The remaining vaccinees all responded to peptide F3-3,
which is presented by the DRB3*1501-linked DQ gene prod-
ucts (24). There were no statistically significant differences in
proliferation against any of the peptides when all three groups
were compared using either concentration of antigen, as de-
termined by ANOVA. Table 1 shows data for 1 pg per ml of
peptide. Thus, any difference detected in the amount of anti-
body induced was not due to intrinsic differences in the MSP1a
T-cell response between groups.

MSP1b-specific B-cell responses. Antibody titers were mea-
sured to determine if linking the T-cell epitopes from MSP1a
to MSP1b1 would induce a greater MSP1b-specific antibody
response using sera diluted 1:100 to 1:300,000. We used a
nonparametric ranked sum test to analyze significance because
titer data are not continuous. Following the full set of immu-
nizations, the group immunized with the linked construct had
significantly greater MSP1b1-specific antibody responses (P =
0.031) than the group that received the unlinked constructs
(data not shown). We then repeated this experiment using a
narrower range of dilutions (Fig. 4). The same result was
obtained; the titers in the group that received the linked con-
struct were significantly higher than those in the group that
received the unlinked construct (P = 0.031). Both assays re-
vealed considerable variation between animals, which is often
the case with outbred individuals.
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TABLE 1. CD4" T-cell epitopes recognized by immunized animals as determined by proliferation assays
Stimulation index”
Protein Animal RAP-1
b F2-1¢ F2-2 F2-3 F2-4 F2-5 F3-1 F3-2 F3-3 F3-4 F3-5 F3-6
peptide
Native MSP1 4841 1 1 13 7 1 1 1 4 9 1 1 2
4862 1 1 25 2 11 2 2 1 22 1 2 1
4882 1 1 73 2 15 1 1 8 11 1 1 1
4906 1 1 14 3 4 1 2 1 17 1 1 1
Linked 4859 1 2 6 1 4 2 3 1 15 8 1 1
4904 4 1 27 11 9 2 34 1 116 1 17 2
4885 1 1 1 1 1 1 1 1 1 1 1 1
4919 1 1 1 4 1 2 1 26 1 1 1
Unlinked 4911 1 36 33 10 33 2 3 19 65 35 1 4
4916 4 17 61 34 43 3 38 6 63 9 37 2
4914 1 2 8 2 6 2 8 1 5 6 1 1
4932 1 4 8 1 4 1 1 1 14 1 1 1

“ PBMC were obtained 3 weeks after the fourth immunization and used in a 6-day proliferation assay with 1 pg/ml of the indicated peptides. Stimulation indices were
calculated by dividing the mean cpm of PBMC cultured with antigen by the mean cpm of PBMC cultured with medium. The data were analyzed by ANOVA using SAS,

version 9.1. Significant responses are indicated by bold type.
® RAP-1 peptide is a negative control peptide derived from B. bovis RAP-1.

€ F2-1 to F2-5 and F3-1 to F3-6 are peptides in the F2-F3 region of A. marginale MSP1a (6).

MSP1bl-specific T-cell responses. To confirm that the
higher antibody titer could be attributed to the linkage of the
MSP1a T-cell epitopes to MSP1b1 rather than to differences in
the T-cell response to MSP1bl among groups, PBMC were
tested by performing proliferation assays with recombinant
MSP1bl. MSP1b1 was expressed with a V5 epitope instead of
the FLAG epitope to eliminate potential T-cell responses spe-
cific for the FLAG epitope. OMP10, which was expressed from
the same vector, was used as a negative control. We deter-
mined the ratio of stimulation with recombinant MSP1b1 to
stimulation with recombinant OMP10 to obtain a stimulation
index to control for any background proliferation from con-
taminating E. coli products. There were no statistically signif-
icant differences in proliferation against MSP1bl when all
three groups were compared, at either concentration of anti-
gen. The results for 1 wg/ml of antigen are shown in Fig. 5.
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FIG. 4. MSP1b-specific IgG responses in immunized animals.
Western blotting was performed to determine the serum titers specific
for MSP1b1. Frozen and thawed sera were diluted 1:5,000 to 1:80,000.
The IgG titers are expressed as the reciprocal of the lowest dilution at
which a band was observed for MSP1b at 100 kDa. Each dot on the
graph represents the serum titer for an individual, and the horizontal
lines indicate the mean group titers. Significantly higher titers of
MSP1b1-specific IgG were obtained for the group immunized with the
linked construct than for the group immunized with the unlinked
construct, as determined by the Wilcoxon ranked sum test (P = 0.031).
nMSP1, native MSP1.

Animal 4919 had the highest T-cell response to MSP1bl, al-
though the response did not correlate with the highest anti-
body titers against MSP1b, which were the titers for animals
4859 and 4904.

DISCUSSION

A hapten is a small organic molecule or peptide devoid of
T-cell epitopes that is not capable of inducing an antibody
response by itself but must be coupled to a larger carrier
protein to induce such a response. In contrast, OMPs, which
are larger, are more likely to have T-cell epitopes. However,
the T-cell epitopes on an individual OMP may not be sufficient
to induce a strong T-cell response or cannot be efficiently
presented by a given MHC class II haplotype. We hypothesized
that one bacterial OMP known to contain multiple T-cell
epitopes can act as a carrier for another OMP which is a weak
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FIG. 5. Proliferative responses of PBMC to recombinant MSP1b1.
PBMC obtained 3 weeks after the fourth immunization were cultured
for 6 days in triplicate with 0.01, 0.1, and 1 pg/ml recombinant MSP1b1
or recombinant OMP10 expressed from the same vector. To control
for any proliferation due to contaminating E. coli products, the stim-
ulation index was determined by dividing the mean cpm induced by
MSPI1b1 by the mean cpm induced by OMP10. The data for 1 pg/ml
antigen are shown, and statistically significant differences were not
detected between groups, as determined by ANOVA (P = 0.25).
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T-cell antigen. The results presented here show that linkage of
the MSPla T-cell epitope protein, which is rich in T-cell
epitopes, to MSP1b1 does have a significant immunologic ef-
fect and leads to higher levels of production of antibody
against MSP1b1. By providing MSP1a-specific T-cell help to B
cells, the IgG response to MSP1bl was significantly higher
despite the lack of an intrinsic difference in MSPla T-cell
immunogenicity. In addition, the two unlinked proteins were
administered at separate sites to ensure that the MSP1a T-cell
epitopes and MSP1b1 would not be taken up by the same
antigen-presenting cells and mimic linked recognition. We can
thus accept the hypothesis since a higher IgG response to
MSP1b1, which cannot be explained by differences in the T-cell
response to MSP1b1, was induced after linkage of the MSP1a
T-cell epitopes to MSP1b1.

The MSP1b-specific antibody response induced by the
linked construct was also greater than the MSP1b-specific re-
sponse induced by the native MSP1 complex. For the recom-
binant proteins, the concentration of immunogen was adjusted
to obtain similar molar ratios based on the assumption that
MSP1la and MSP1b1 are present at equimolar concentrations
in the native MSP1. However, this assumption is unlikely to be
correct. The immunoblot of native MSP1 incubated with a
MAD specific for MSP1a or MSP1b in Fig. 2 and our previous
results obtained using LC-MS/MS to analyze the composition
of the MSP1 complex (19) suggest that MSP1a is much more
abundant than MSP1b1 in the native complex. Furthermore, in
the immunoprecipitated native MSP1 complex both covalently
linked MSP1a and MSP1b1, as well as unlinked MSP1a, could
be present, which would influence the molar ratio of the
epitopes. In other studies, the molar ratio of a peptide and its
carrier affected the resulting antibody affinity and titer, so that
antibody titers increased with increased conjugation (32).
Thus, the greater MSP1b-specific antibody titers in the group
immunized with the linked construct was likely due a higher
MSP1bl-to-MSP1a ratio than that in the native MSP1 com-
plex.

The hapten-carrier effect has been used successfully in vac-
cine development, but the vaccines often target polysaccha-
rides or small peptides. For example, the flagellin protein of
Salmonella can be used as a carrier protein linked to multiple
copies of any foreign epitope. However, this approach was
used for presentation of small peptides (4, 5). Here we present
data that support our hypothesis that one bacterial OMP can
act as a carrier for a different OMP by providing multiple
T-cell epitopes and expanding the repertoire of T-cell epitope
presentation on the MHC class II molecules.

The bacterial outer membrane is essential for host cell in-
vasion and survival and is also the main target of the host
immune response. The major surface proteins of A. marginale
associate through covalent as well as noncovalent interactions.
For example, MSP2 and MSP5 can occur as monomers or
disulfide-linked multimers, while MSP1, MSP2, MSP3, and
MSP4 are nearest neighbors (38). Recently, our laboratory
identified type IV secretion system (TFSS) proteins as immu-
nogenic proteins in animals immunized with A. marginale outer
membranes (17). Since CD4" T cells responding to conjugal
transfer protein (CTP) could not be detected even though
CTP-specific IgG was present, we hypothesized that, similar to
our findings with MSP1a and MSP1b1, CTP is associated with
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a component of the TFSS or another membrane protein and
that CD4" T-cell help can be provided by this second carrier
protein.

To fully understand the protective nature of A. marginale
outer membranes, it is important to determine the complexity
of interactions among membrane proteins and how the com-
plexes influence immunity. By linking membrane proteins that
naturally associate in the bacterial membrane, such as the
MSPs from A. marginale or the proteins that form the TFSS
complex, or by altering the molar ratio of proteins and thereby
increasing the overall immunogenicity of the vaccine antigen, it
may be possible to better reproduce the protection induced by
whole-outer-membrane immunization.
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