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Abstract
Helicobacter pylori neutrophil-activating protein (NAP) is a toll-like receptor 2 (TLR2) agonist
and potent immunomodulator inducing Th1-type immune response. Here we present data about
characterization of the humoral immune response against NAP-tagged antigens, encoded by
attenuated measles virus (MV) vector platform, in MV infection susceptible type I interferon
receptor knockout and human CD46 transgenic (Ifnarko-CD46Ge) mice. Immunogenicity of MV
expressing a full-length human immunoglobulin lambda light chain (MV-lambda) was compared
to that of MV expressing lambda-NAP chimeric protein (MV-lambda-NAP). MV-lambda-NAP
immunized Ifnarko-CD46Ge mice developed significantly higher (6–20-fold) anti-lambda ELISA
titers as compared to the MV-lambda-immunized control animal group, indicating that covalently-
linked NAP co-expression significantly enhanced lambda immunogenicity. In contrast, ELISA
titers against MV antigens were not significantly different between the animals vaccinated with
MV-lambda or MV-lambda-NAP. NAP-tagged antigen expression did not affect development of
protective anti-measles immunity. Both MV-lambda and MV-lambda-NAP-immunized groups
showed strong virus neutralization serum titers in plaque reduction microneutralization test. These
results demonstrated that MV-encoded lambda-NAP is highly immunogenic as compared to the
unmodified full-length lambda chain. Boost of immune response to poor immunogens using live
vectors expressing NAP-tagged chimeric antigens is an attractive approach with potential
application in immunoprophylaxis of infectious diseases and cancer immunotherapy.
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1. Introduction
Induction of strong and long-lasting protective immunity is the ultimate goal of vaccine
development. Immunogenicity is a key characteristic of vaccine preparations related to
ability of their components to elicit immune response in vaccinees. Immunogenicity could
be influenced by multiple factors however, including the antigen nature (protein or
polysaccharide), form (purified antigen or crude preparations) and route of administration.
Many pathogens evolve to evade or confuse the immune system by expression of
superantigens or masking the protective epitopes. For example, immunodominant epitopes
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of the human immunodeficiency virus envelope protein are located in the hypervariable
regions [1, 2]. Common protective hemagglutinin epitopes of influenza A viruses can
remain unrecognized by immune system, because the humoral response is directed against
serotype specific immunodominant epitopes [3–5]. These findings indicate the need for
advances in vaccine development based on synthetic antigens or engineering of chimeric
molecules carrying the epitopes with desired specificity. Purified antigens are usually weak
immunogens, which require formulation with adjuvants in order to stimulate efficiently the
immune response [6, 7]. Because of self-tolerance, tumor associated antigens (TAA) can
escape host immune surveillance. Successful anti-cancer immunization could be achieved by
co-administration of TAA with strong immunoadjuvants or co-expression with Th1
cytokines by viral or bacterial vector systems [8–11]. Genetically engineered antigens can be
covalently linked to T-cell epitopes that can boost immunity to poorly immunogenic
antigens [12]. Anti-idiotypic vaccination against lymphomas follows a similar approach
using a chemical conjugation of unique surface lymphoma immunoglobulin determinants to
keyhole limpet hemocyanin as carrier protein [13].

Bacterial cells and bacterial cell wall components are potent immunostimulators and are
used as components of formulated vaccines or as live vectors. Helicobacter pylori
neutrophil-activating protein (NAP) is a key virulence factor and one of the protective
antigens against Helicobacter infection [14]. NAP is a small dodecameric structure forming
protein composed of 144 amino acid residues [15]. It is a homolog of Enterobacteriaceae
bacterioferritins with iron-binding and DNA protective function. NAP acts as a toll-like
receptor (TLR) 2 ligand and potent Th1 response immunomodulator by induction of
interleukin-12 (IL-12) and IL-23 expression [16]. NAP can reverse Th2 polarization of the
immune response and reduced IgE serum level and eosinophilia in models of allergic
diseases [17, 18]. Local treatment with purified NAP induced T-cell infiltration, reduced
vascularization and inhibited bladder cancer growth in mice [19]. It has been established that
immunostimulatory properties of NAP are mediated by the C-terminus of molecule and do
not require dodecamer formation [20].

The potent immunostimulatory effect and the short length of the protein make NAP an
attractive transgene insert capable to boost immunogenicity of virus vector vaccines.
Recently, we generate recombinant measles virus (MV) expressing secretory NAP forms
based on the Edmonston vaccine strain platform [21] and developed immunoassays for
detection of the NAP transgene [22]. Immunization of measles infection permissive
interferon receptor type I knockout and human CD46 transgenic (Ifnarko-CD46Ge) mice
with these vectors triggered strong antibody and cell-mediated anti-NAP immunity.
Biological activity of MV-encoded NAP was confirmed both in vitro and in vivo. Treatment
with MV strains expressing secretory NAP induced local inflammatory cytokine release and
significantly improved survival in mouse models of metastatic breast cancer [23].

Here, using human lambda immunoglobulin as an antigen model we demonstrate that MV-
encoded NAP-tagged chimeric antigen can induce significantly stronger immune response
than the control strain expressing lambda chain alone following single immunization of MV
susceptible Ifnarko-CD46Ge transgenic mice.

2. Materials and methods
2.1. Cell lines, MV strains and MV propagation

African green monkey Vero cells (ATCC) were maintained in DMEM culture medium
supplemented with 10% fetal bovine serum (FBS) (Invitrogen). Generation and
characterization of MV-lambda and MV-lambda-NAP has been described recently [21, 24].
MV-lambda expresses a full-length human immunoglobulin lambda light chain transgene
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introduced upstream of nucleoprotein (N protein) gene in the genome of MV Edmonston
vaccine strain. In MV-lambda-NAP a major part of the variable lambda-immunoglobulin
domain was substituted by NAP of H. pylori strain 26695 (Fig. 1). The lambda-NAP
transgene expressed the constant lambda domain and the immunoglobulin leader sequence
that allowed extracellular secretion of the chimeric protein. Both viruses were grown and
titrated on Vero cells as previously described [21, 24]. Virus titer was determined by both
plaque-forming units (PFU/ml) and tissue culture infectious doses 50% (TCID50) [21].
Purified viral stock from MV strain expressing sodium iodide symporter (MV-NIS) [25] was
used as antigen in antigen-mediated ELISA. MV-NIS growth and purification procedure
were performed as previously described [26].

2.2. Animal experiments
Since rodents are naturally resistant to measles (innate immunity and absence of viral
receptors), Ifnarko-CD46 transgenic mice [27] are suitable small animal model for studying
pathogenesis and immune response mechanisms against MV infection [28–30]. Mice were
maintained in the animal facilities of Mayo Clinic, Rochester MN. The study was reviewed
and approved by Mayo Foundation Institutional Animal Care and Use Committee.

2.3. Immunization and immune response in MV susceptible mice
Female 6–8-week old Ifnarko-CD46Ge mice (9–10 mice per group) were immunized with 2
× 105 PFU of MV-lambda or MV-lambda-NAP by an intraperitoneal (i.p.) route. Mice were
bled before MV injection and on day 18 and 32 of the study. Serum samples were heat
inactivated at 56 °C for 30 min and tested for response against human lambda
immunoglobulin antigen, MV neutralization titer and total anti-MV ELISA titer. The
experiment was repeated twice with Ifnarko-CD46Ge mice of different age: 10–12-week
and 16-week-old (n = 9–10). Sera were collected four weeks and six months post-
immunization.

2.4. Antigen-mediated enzyme-linked immunosorbent assay (ELISA)
For human lambda chain specific antibody response tests, ELISA 96-well plates (Nunc)
were coated overnight with 0.3 µg/well of human IgG lambda (Bethyl Laboratories) in
carbonate-bicarbonate buffer (CBB), pH 9.6. Plates were blocked with 1% bovine serum
albumin (BSA) for 1 h. Serum dilutions (2-fold or 4-fold) were added and incubated for 1 h
at room temperature. Then plates were washed in phosphate-buffered saline (PBS) with
0.05% Tween 20 (PBS/T) and incubated with the secondary anti-mouse polyvalent
immunoglobulin (G, A, M) horseradish peroxidase (HRP) conjugated antibody (Sigma) or
secondary HRP-conjugated (human protein pre-absorbed) goat anti-mouse IgG antibody
(Santa Cruz Biotechnology). Secondary antibodies were diluted 1:2000–4000 in 1% BSA in
PBS/T. After 1-h incubation plates were washed 5 times in PBS/T and reaction was
developed using a TMB substrate (Bethyl Laboratories).

The titer of the different IgG isotypes against human lambda chain was determined using
isotype specific anti-mouse IgG1, IgG2a, IgG2b and IgG3 HRP-conjugated secondary
antibodies (Santa Cruz Biotechnology).

To determine the serum titer against whole MV antigen ELISA plates were coated with 2 ×
104 TCID50 per well of heat-inactivated (60 °C/1 h) MV-NIS resuspended in CBB. After
overnight incubation plates were blocked in 1% BSA and assay followed the steps described
above.
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Serum endpoint titers were determined as the highest dilution with readings (absorbance
>0.100 or >4 × SD) above that of the control samples. Sera collected on day 0 before
immunization or from age-matched non-immunized animals were used as controls.

2.5. Serum antibody avidity test
Avidity of serum antibodies against human lambda immunoglobulin was determined in
antigen-mediated ELISA using 6 M urea in PBS as dissociating agent [31, 32]. ELISA
plates were coated with 0.3 µg/well of human IgG lambda in CBB. Serum samples collected
6 months after immunization of the mice were diluted and incubated with the antigen as
described for antigen-mediated ELISA. Then plates were washed once with PBS/T and
incubated for 5 min with 6 M urea in PBS or PBS alone (for control wells). HRP-conjugated
anti-mouse IgG (Santa Cruz Biotechnology) was used as a secondary antibody and reaction
development followed the steps described above.

2.6. Capture ELISA for measurement of lambda chain transgene expression
Vero cell monolayers were inoculated either with MV-lambda-NAP or MV-lambda at
multiplicity of infection (MOI) of 1.0 in Opti-MEM medium (Invitrogen). After 4-h
incubation inoculum was replaced with fresh DMEM supplemented with 2% FBS.
Supernatants were collected at 24, 48, and 72 h and frozen at −20 °C. Lambda or chimeric
lambda-NAP was quantified by human lambda immunoglobulin chain-specific ELISA
(Bethyl Laboratories).

2.7. Virus neutralization (VN) test
MV plaque reduction neutralization antibody titer 50% (PNT50) of mice immunized with
MV-lambda-NAP or MV-lambda control strain was measured by plaque-reduction
microneutralization assay as previously described [33].

2.8. Statistical analysis
Results were analyzed using GraphPad Prism software (Graph-Pad Software, San Diego
CA).

3. Results
3.1. Expression of lambda chain transgene by MV-lambda-NAP and MV-lambda infected
cells

Supernatants from infected Vero cells were collected at 24-h, 48-h and 72-h time points.
Since lambda-specific determinants are located in the constant lambda domain, both lambda
and lambda-NAP transgene expression could be measured by lambda chain-specific ELISA
(a schematic representation of the MV constructs used in the study is shown in Fig. 1).
Transgene protein accumulation in the supernatants reached the maximum accumulation at
72 h post-infection with MV strains (Fig. 2). Concentration was calculated as lambda protein
expression per 106 infected Vero cells. Data analysis showed that native lambda chain
expression was >5-fold higher than chimeric lambda-NAP produced by MV-lambda-NAP-
infected cells: 16.78 vs. 3.26 µg/106 cells.

3.2. Immunization with MV-lambda-NAP induced strong anti-lambda humoral immune
response

Serum samples of 6–8-week-old Ifnarko-CD46Ge mice (9–10 per group) were collected on
day 18 and 32 post-immunization (single i.p. injection of 2 × 105 PFU) with MV-lambda-
NAP or MV-lambda. Polyvalent anti-mouse IgG, IgA and IgM secondary antibody allowed
detection of the different immunoglobulin classes in antigen-mediated ELISA. Although a
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live replicating vector used for immunization, anti-lambda response in MV-lambda
vaccinated group was weak (up to 1:6400), indicating that human lambda chain is a weak
immunogen for the mice. In contrast, the day 18 anti-lambda immunoglobulin specific
serum titers were 1:25,600 in 9 of 10 MV-lambda-NAP immunized mice (1:12,800 in one
mouse), significantly higher than the MV-lambda injected group (titers 1:400–1:6400 (n =
9)) (Fig. 3A). On day 32 the total antibody titers (lambda-specific IgG, IgA, IgM) were
1:6400–1:102,400 for MV-lambda-NAP immunized group vs. 1:200–1:6400 for the MV-
lambda-treated mice (Fig. 3B and Table 1). The higher titer observed in some animals on
day 18 compared to day 32 could be attributed to the presence of higher specific IgM levels
at this earlier time point in development of primary antibody response. IgG1, IgG2a and
IgG2b were the pre-dominant immunoglobulin isotypes of the antibodies against lambda
antigen on day 32 (Fig. 3C). Significantly higher IgG2a/IgG1 ratio for MV-lambda-NAP
immunized group could indicate Th1 switch of the immune response to NAP-tagged antigen
(Fig. 3D).

Immunization experiments were repeated twice with mice of different age – 16-week-old
and 10–12-week-old. The average serum titers of MV-lambda-NAP immune mice 4 weeks
post-vaccination were more than 6-fold higher as compared those of MV-lambda-injected
control mice (Fig. 4A, B and Table 1). In contrast to the immunization experiment with
younger (6–8-week-old) animals, there was no significant difference in lambda-specific
IgG2a/IgG1 ratio between the groups (not shown). Six months post-immunization anti-
lambda humoral response was detected in all 10 mice in MV-lambda-NAP group. In
contrast, low anti-lambda titers were detected in 7 of 10 animals in MV-lambda control
group (Fig. 4C). Avidity test confirm the strong antigen-binding of serum anti-lambda
antibodies in the presence of 6M urea as dissociating agent (Fig. 4D). There was no
significant difference of antibody avidity between the two groups.

These data demonstrated that covalent linkage to NAP enhanced immunogenicity of other
protein antigens and MV-expressed chimeric lambda-NAP induced stronger response than
the native lambda chain encoded by MV-lambda control strain.

3.3. Both MV-lambda-NAP and MV-lambda induced strong protective immunity against
measles

MV microneutralization test results confirmed that both recombinant MV strains stimulated
high titers of virus-neutralizing antibodies in Ifnarko-CD46Ge mice at day 32 after
vaccination. The mean VN titer (in PNT50) for MV-lambda-immunized mice was 1:3883
(median titer – 1:3922; titer range between the individual animals – 1:722–1:8604) and
1:6648 (median titer – 1:4652; range – 1:1246–1:14,378) for MV-lambda-NAP group.
Although the average titer in MV-lambda-NAP-injected mice was higher, there was no
statistically significant difference (p = 0.214) between the groups (Fig. 5A). Serum antibody
response in all animals was highly protective – above the titer level of 1:120 PNT50
considered protective against measles infection in humans [34, 35].

Ifnarko-CD46Ge mice developed strong antibody response against the total MV antigens
(plates coated with whole MV particles) as shown in antigen-mediated ELISA (Fig. 5B and
C). The post-vaccination titers in all animals were 1:102,400 or higher (up to 1:409,600) at
day 28–32 with no differences between the groups. Serum samples collected at 6 months
maintained a strong ELISA reactivity indicating that the vaccination with both strains
promoted long-lasting anti-measles immunity (Fig. 5D). In contrast to anti-lambda response,
there was no IgG2a biased response against MV antigens in 6–8-week old mice immunized
with MV-lambda-NAP strain (not shown). These data indicated that replication competent
MV vector encoding chimeric lambda-NAP selectively boosted the anti-lambda response
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and that NAP expression did not impact negatively the development of protective immunity
against MV.

4. Discussion
Whole bacterial cells and bacterial cell wall components, including lipopolysaccharide of
Gram-negative bacteria, muramyldipeptide, flagellins etc., are potent immunoadjuvants
stimulating antigen-presenting cells through TLR signaling and inflammatory cytokine
release [36]. Combined with purified antigens they are capable to boost vaccine
immunogenicity and development of strong adaptive immunity. NAP immunomodulatory
activity has been explored since NAP was identified as a major inflammation-triggering
factor in the course of H. pylori infection [16].

Purified NAP has been used as a Th1 response-triggering component of experimental
vaccines and immunomodulatory preparations. We chose to test an alternative approach: to
express covalently-linked NAP-tagged antigens by a live vaccine vector platform. Live viral
vectors represent efficient stimulators of immune response. Immune response however, is
mainly directed against immunodominant epitopes of the vector and control of viral vector
infection. Attenuated MV Edmonston strains proved to be an excellent vaccine platform for
expression of foreign antigens of other pathogens [21, 37–40]. MV is an enveloped virus
with negative-strand RNA genome that belongs to Paramyxoviridae family. Measles is the
most contagious known human infectious disease. Immunoprophylaxis with the live
attenuated MV vaccine has an excellent safety record and reduced significantly measles
morbidity and mortality worldwide [41]. Cloning and rescue of MV from cDNA allowed
engineering of recombinant MV derivative strains encoding foreign genes. Insertion of
foreign genes in the MV genome is genetically stable and expression of additional proteins
does not impact negatively viral replication [24, 25, 42]. Recently, we demonstrated that
NAP cloned upstream of the first gene in MV genome is expressed at high level in
biologically active form without interference with the development of protective anti-
measles immunity [21].

Here, we used a human lambda immunoglobulin chain as a weak protein immunogen
prototype and compared its immunogenicity to a modified NAP-tagged lambda using
vectored MV vaccine strain for delivery. Ifnarko-CD46Ge mice are considered a relevant
small animal model to study MV pathogenesis [27]. Knockout of interferon response and
expression of one of the MV vaccine strain human receptors – CD46 made mouse cells
permissive for infection and MV replication. Since macrophages are the primary target of
MV infection in Ifnarko-CD46Ge mice [29, 30], i.p. injection was chosen as the route of
vaccine administration. Both strains used in the study (MV-lambda-NAP and MV-lambda)
encoded the lambda chain leader peptide and infected cells expressed secretory lambda-NAP
or native lambda protein [21]. Immunization with MV-lambda strain encoding a native
lambda immunoglobulin sequence did not induce lambda-specific antibody titers in ELISA
higher than 1:6400 in any of the individual animals (see Table 1). In contrast, MV-lambda-
NAP-immunized mice developed a 6–20-fold higher mean titer against lambda antigen. In
addition, MV-lambda-NAP induced a long-term anti-lambda response as compared to the
MV-lambda strain. Since MV-lambda-infected cells expressed significantly higher lambda
antigen levels, the stronger immune response in MV-lambda-NAP immune group could not
be attributed to a larger amount of antigen production. ELISA and VN test against MV
confirmed that there is no difference between the two strains in the development of anti-
measles immunity. VN serum titers were significantly higher than the protective for human
levels of >1:120 PNT50 [33] in both animal groups. MV-specific antibody titers in ELISA
were high and long lasting, indicating that the NAP-tagged antigen expression did not affect
negatively anti-MV immunity. MV neutralizing antibodies represent fraction of the total
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antibody response directed against protective epitopes on MV H and F surface glycoproteins
[43]. These results demonstrated that NAP is a potent immunostimulator when it is
expressed covalently attached to the foreign protein and that MV expressing NAP-tagged
antigens is an excellent vector platform for induction of primary immune response to weak
immunogens. If it is necessary to boost secondary response it could be achieved by injection
of purified formulated NAP-tagged antigens or delivered by different NAP-tagged antigen-
encoding vectors. MV-expressed lambda and lambda-NAP were detected in biological fluids
following infection of human xenograft tumors in mice [24, 30]. Secretory antigens released
by MV infected cells could reach lymphoid tissue and activate B-cells and other immune
cells at distant than vector infection focus sites. We hypothesized that NAP as a TLR2
agonist could boost immunity to NAP-tagged antigens by direct stimulation of antigen-
presenting cells and inflammatory cytokine production. It is possible that simultaneous
cross-linking of both TLR2 and B-cell receptor by chimeric protein can have a direct
activation effect on B cells and subsequent antibody production. We observed a Th1 type
biased IgG2a production in the immunization experiment with the younger (6–8-week-old)
Ifnarko-CD46Ge mice but not in the older animal groups. However, further studies are
required in order to determine the precise mechanisms of the enhanced immunogenicity of
vector-encoded NAP-tagged antigens.

In conclusion, NAP-tagged antigens expressed by replication competent MV vector could
boost strong immunity by their engineered intrinsic immunoadjuvant activity. These data are
a proof of concept that covalent attachment of NAP could enhance immunogenicity of poor
immunogens as a novel approach in vaccine development and immunotherapy.
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Fig. 1.
Schematic representation of the recombinant MV strains used in the study. The lambda or
lambda-NAP were cloned as an additional transcription unit upstream of N protein gene in
MV Edmonston vaccine strain genome. MV-lambda expressed a full-length human
immunoglobulin lambda light chain. MV-lambda-NAP encoded a chimeric construct with
H. pylori NAP replacing a major portion of the variable lambda domain. The lambda-NAP
insert expressed the lambda immunoglobulin leader peptide and the constant lambda chain
domain.
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Fig. 2.
Expression of lambda chain or lambda-NAP transgene by MV-lambda or MV-lambda-NAP
infected cells. Vero cells were inoculated at MOI = 1.0 with ether MV-lambda or MV-
lambda-NAP. Concentration of human lambda antigen in the supernatants was measured at
24, 48 and 72 h and transgene expression per 106 infected cells was calculated.
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Fig. 3.
Serum antibody reactivity against human lambda immunoglobulin at day 18 (A) or day 32
(B) following immunization of 6–8-week-old Ifnarko-CD46Ge mice with MV-lambda or
MV-lambda-NAP. The results are from representative antigen-mediated ELISA using 4-fold
dilutions of sera from MV-lambda or MV-lambda-NAP immunized animals. IgG isotype
lambda-specific reactivity of the serum samples from the same animal groups (n = 9–10)
diluted 1:1000 (C). The IgG2a/IgG1 ratio for MV-lambda and MV-lambda-NAP-immunized
groups (D). Pre-immune sera collected before immunization were used as controls.
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Fig. 4.
Antibody titers against lambda chain 4 weeks post-immunization of 16-week-old (A) or 10–
12-week-old (B) Ifnarko-CD46Ge mice. Single i.p. injection of 2–2.5 × 105 TCID50 of MV-
lambda or MV-lambda-NAP were used for immunization. All mice (representative ELISA
for the experiment with 10–12-week-old mice) injected with MVlambda-NAP had a
detectable antibody response to lambda immunoglobulin at 6 months post-vaccination (C).
At 6 months the antibody affinity against lambda antigen was similar for both animal groups
(D). Serum samples from the 10 mice vaccinated with MV-lambda-NAP were diluted
1:100–400. The positive in ELISA sera from the MV-lambda group (7 of 10 mice) were
tested in dilution 1:100.
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Fig. 5.
There was no significant difference in VN titers (A) and total anti-MV ELISA titers (B) at
day 32 between MV-lambda and MV-lambda-NAP-immunized 6–8-week-old Ifnarko-
CD46Ge mice. Serum antibodies from 10 to 12-week-old mice (10 per group) showed
strong reactivity against MV antigens in ELISA 4-weeks (C) or 6 months (D) post-
immunization with MV-lambda or MV-lambda-NAP.
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