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Nontypeable Haemophilus influenzae (NTHi) has emerged as a dominant
mucosal pathogen causing acute otitis media (AOM) in children, acute
sinusitis in children and adults, and acute exacerbations of chronic bron-
chitis in adults. Consequently, there is an urgent need to develop a vaccine
to protect against NTHi infection. A multi-component vaccine will be
desirable to avoid emergence of strains expressing modified proteins allow-
ing vaccine escape. Protein D (PD), outer membrane protein (OMP) 26,
and Protein 6 (P6) are leading protein vaccine candidates against NTHi. In
pre-clinical research using mouse models, we found that recombinantly
expressed PD, OMP26, and P6 induce robust antibody responses after vac-
cination as individual vaccines, but when PD and OMP26 were combined
into a single vaccine formulation, PD antibody levels were significantly
lower. We postulated that PD and OMP26 physiochemically interacted to
mask PD antigenic epitopes resulting in the observed effect on antibody
response. However, column chromatography and mass spectrometry analy-
sis did not support our hypothesis. We postulated that the effect might be
in vivo through the mechanism of protein vaccine immunologic antigenic
competition. We found when PD and OMP26 were injected into the same
leg or separate legs of mice, so that antigens were immunologically pro-
cessed at the same or different regional lymph nodes, respectively, antibody
levels to PD were significantly lower with same leg vaccination. Different
leg vaccination produced PD antibody levels quantitatively similar to vacci-
nation with PD alone. We conclude that mixing PD and OMP26 into a
single vaccine formulation requires further formulation studies.

Nontypeable

Haemophilus influenzae

(NTHi) has NTHi also causes acute sinusitis and conjunctivitis in

become the most common cause of acute otitis media
(AOM) in children in the US, persistent AOM, and
recurrent AOM [1-5]. Treatment of AOM in children
has an annual cost of over $6 billion in the US [6,7].

Abbreviations

children and adults and acute exacerbations of chronic
obstructive pulmonary disease (COPD) in adults [8—
11]. COPD is the third leading cause of death in the
US, affecting at least 24 million people, and US

alum, aluminum hydroxide; AOM, acute otitis media; COPD, chronic obstructive pulmonary disease; E. coli, Escherichia coli; ELISA,
enzyme-linked immunosorbent assay; His-tag, Histidine tag; HRP, horseradish peroxidase; i.m., intramuscular; i.p., intraperitoneal, MS, mass
spectrometry; NTHi, nontypeable Haemophilus influenzae; OMP, outer membrane protein; PBS, phosphate-buffered saline; PCV,
pneumococcal conjugate vaccine; SEC, size exclusion chromatography; TBS, tris-buffered saline; TMB, 3,3,5,5-Tetramethylbenzidine.
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Protein D antibody suppression in a vaccine

healthcare costs exceed $50 billion each year [12,13].
These statistics, combined with rising concern over
antibiotic-resistant superbugs, point to the critical need
for a vaccine to prevent NTHi infections [14,15]. Many
potential NTHi vaccine candidates are currently being
evaluated by different groups for their protection effi-
cacy in pre-clinical animal models. The most promising
candidates include Proteins D, E, and F, OMP26, P4,
P6, PilA, Hap, HMW, and ZnuA [16-19]. Among
these candidates, our group has focused on Protein D
(PD), OMP26, and P6 [18,20-24], and in this study,
we focus on PD and OMP26 as a vaccine mixture.

Protein D is a highly conserved 42-kDa outer
membrane IgD-binding lipoprotein found in all
H. influenzae strains [18,19,25]. PD exhibits glyc-
erophosphodiesterase activity, causing the release of
glycerophosphorylcholine from host epithelial cells,
and is therefore thought to be a virulence factor
[18,21]. PD from NTHi was included in an investiga-
tional vaccine (PCV-11) as a carrier protein, and
results from one study demonstrated that the vaccine
reduced AOM caused by NTHi by about 35% [26,27].
Subsequent studies using the current PHiD-CV vaccine
(i.e., PCV-10, not approved in the US), which contains
PD conjugated to 8 of the 10 polysaccharides, showed
15-25% vaccine efficacy against NTHi-caused AOM
[19,25,28]. In addition, animals immunized with PD
showed significant protection against NTHi-caused
AOM and clearance in middle ears and lungs, corrob-
orating the hypothesis that PD is immunogenic and
capable of producing protective antibodies [18].

OMP26 is a 26-kDa protein that is highly conserved
and present in all known H. influenzae strains [27].
The function of the protein is currently unknown, but
OMP26 shows structural similarities to Skp bacterial
proteins, which are molecular chaperones, helping to
maintain the solubility and proper fold of outer mem-
brane proteins (OMPs). Rats immunized with OMP26
produced significant titers of IgG, IgA, and IgM to
OMP26 in sera and showed significant bacterial lung
clearance (compared to sham mice) when challenged
with NTHi [27]. Pre-challenge immunization of chin-
chillas with OMP26 caused rapid clearance of NTHi
from the nasopharynx and reduced bacterial loads in
the middle ear, and OMP26 antibodies have been
detected in the sera of children colonized with NTHi
in their nasopharynx [24,29]. These studies and others
have placed OMP26 as a leading vaccine candidate for
NTHi.

Formulation of multi-component protein vaccines is
commonly pursued to reduce the risk of vaccine-
induced immune pressure, leading to selection of bac-
terial escape mutants. For example, surveillance after
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the pneumococcal polysaccharide PD-conjugate vac-
cine (PHiD-CV) was introduced, that included PD in
the vaccine, found that between 5% and 8% of the
H. influenzae isolates in the nasopharynx or middle ear
lacked the protein D gene [30,31]. Having several anti-
genic components in a vaccine improves strain cover-
age and reduces risk of emergence of strains escaping
vaccine protection. In addition, a multi-subunit vac-
cine elicits a cumulative immunogenic response to the
antigens that enhances overall protection.

However, multi-component protein vaccine formula-
tions can be complicated by physiochemical interac-
tions or antigenic competition, resulting in masking of
key antigenic epitopes and consequent reduced
immune responses to one or both ingredient proteins.
In the course of our pre-clinical studies with PD,
OMP26, and P6 as vaccine candidates, we found that
compositions of PD mixed with OMP26 resulted in
reduced PD antibody responses, whereas compositions
of PD with P6 did not. Here, we describe experiments
evaluating physiochemical interactions and antigen
competition mechanisms that might explain the
observed reduced immune response to PD when mixed
with OMP26.

Materials and methods

Recombinant expression and purification of
Protein D, OMP26, and P6

PHiD-CV includes PD in its non-lipidated form. Therefore,
the protein D gene with the N-terminal signal sequence
removed was purchased from GenScript and subcloned into
a pET2la vector to generate non-lipidated PD for our
experiments. The omp26 gene was also purchased from
GenScript and subcloned into a pET21a vector. His-tagged
versions (N-terminal 6xHistidine tags) of both genes were
also purchased from GenScript. All recombinant versions
of PD and OMP26 were expressed in Escherichia coli
(E. coli)y BL-21* cells, induced with IPTG, and purified on
Talon Cobalt resin (Clontech) using the proteins’ N-
terminal His-tags. The NTHi p6 gene in the pET28-a
(Kanamycin resistant) vector was a generous gift from Dr.
John Orban (University of Maryland Biotechnology Insti-
tute). P6 protein in non-lipidated form with the 19 residue
N-terminal signal sequence removed and including a His-
tag at the N terminus was also expressed in E. coli and
purified on Talon resin.

Cobalt affinity purification

Escherichia coli cells expressing either the His-tagged pro-
teins or the non-tagged proteins were lysed using sonica-
tion, and cell lysates were incubated (for 1 h at room
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temperature or overnight at 4 °C) with the Talon Cobalt
beads individually or in combination. The Talon resin was
washed with Equilibration/Wash buffer, as recommended
by the manufacturer. The proteins were eluted in 150 mm
imidazole (Elution buffer, recommended by the manufac-
turer). The eluted fractions that contained protein were
combined, boiled in 2x SDS/PAGE sample buffer (2x
recipe: 0.12 m Tris/HCI pH 6.8, 4% SDS, 20% glycerol,
0.01% bromophenol blue), and then separated on a 10 or
12% SDS/PAGE gel (standard recipe) and stained with
Coomassie blue. For immunoblots, proteins were trans-
ferred to a nitrocellulose membrane (Pierce) and blocked
with 5% milk in Tris-buffered saline (TBS). The membrane
was incubated with a 1 : 1 combination of OMP26 antisera
(collected from mice immunized with OMP26 with alu-
minum hydroxide adjuvant) and PD antisera (collected
from mice immunized with PD with aluminum hydroxide
adjuvant), each diluted 1 : 1000 in 1% milk and TBS, fol-
lowed by incubation with horseradish peroxidase (HRP)-
conjugated goat anti-mouse IgG (Bethyl Laboratories,
Montgomery, TX, USA) at a 1 : 12 000 dilution in 1%
milk and TBST (TBS with 0.05% Tween-20). The mem-
branes were washed with TBS or TBST between antibody
incubations. Blots were detected on a Bio-Rad ChemiDoc
Imaging System (Bio-Rad Laboratories, Hercules, CA,
USA) using the LumiGLO Reserve HRP chemiluminescent
substrate kit (KPL, Gaithersburg, MD, USA) according to
the manufacturer’s instructions.

Protein formulations

Protein antigens were expressed in E. coli and purified, as
described above. For multi-subunit vaccines, protein anti-
gens were combined into a single formulation and mixed
well, and aliquots were stored at —80 °C. For each vaccine
dose, an aliquot was thawed on ice before use. Aluminum
hydroxide was added to each formulation just prior to vac-
cination and gently mixed. All vaccine formulations were
kept on ice until ready for injection. To determine changes
to antigen solubility in the multi-subunit formulation, we
prepared three solutions, all with aluminum hydroxide
adjuvant and at the same concentrations as in the vaccine
formulations: OMP26 and PD, PD alone, and OMP26
alone. We separately prepared 4 M ammonium phosphate
in 10 mm Tris pH 7.0 buffer and then titrated the ammo-
nium phosphate into each of the three samples in 5 pL ali-
quots (15-min incubations).

Vaccination of mice

Six- to eight-week-old C57BL/6J mice (both sexes) were
vaccinated intramuscularly (IM) with 50 pL (25 pL per
hind leg) of recombinant purified PD (10 ug per vaccine
dose), OMP26 (10 pg per vaccine dose), or P6 (10 pg per
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vaccine dose) as individual antigens. Combinations of the
proteins were also used as vaccines at 10 pg of each protein
per vaccine dose. All vaccine formulations were prepared
with the addition of 25 pg aluminum hydroxide (alum) per
vaccine dose as adjuvant. Control mice were vaccinated
with 25 pg aluminum hydroxide per dose. In some experi-
ments, mice were injected by the intraperitoneal (i.p.) route,
and in other experiments, mice were vaccinated with differ-
ent doses of proteins, 1 or 5 ug instead of 10 pg.

Mice were given the first vaccine dose and then a second
dose 7 days later, followed by a third vaccination 14 days
after the second dose. Blood was collected from the mice
2 weeks after the second dose of vaccine and/or 2 weeks
after the third dose of vaccine, and serum was isolated by
centrifuging the blood at 2000 g for 20 min at room tem-
perature. Serum was used to measure antibody levels to the
vaccine antigens.

All mouse experiments were conducted in the Rochester
General Hospital Research Institute animal laboratory (reg-
istered with and inspected by the USDA) in compliance
with regulations and were approved by Institutional Ani-
mal Care and Use Committee of Rochester Regional
Health (IACUC protocol number: 2017-001).

Antibody levels

Protein-specific antibody levels were determined by enzyme-
linked immunosorbent assay (ELISA) using purified recom-
binant proteins diluted to 1 pg-mL~' in bicarbonate coating
buffer (0.05 M Carbonate-Bicarbonate, pH 9.6) added
(100 pL per well) to a medium-binding 96-well plate (Grei-
ner Bio-One, Frickenhausen, Germany). Plates were incu-
bated overnight at 4 °C. The wells were washed three times
(200 puL per well) with wash buffer (PBS/0.1% Tween 20)
and then incubated with blocking buffer (200 pL per well)
(3% non-fat milk in wash buffer) for 1 h at 37 °C. The wells
were washed three times (200 puL per well) with wash buffer
and then incubated with sera samples (twofold serially
diluted in blocking buffer) for 1 h at room temperature. Ini-
tial sera samples were diluted 1 : 100 in blocking buffer.
After three additional washes, wells were incubated with
goat anti-mouse antibody conjugated to HRP, diluted
1 : 5000 in blocking buffer (100 pL per well) for 1 h at room
temperature. After three additional washes, HRP substrate
(TMB Peroxidase Substrate from KPL) was incubated in
each well (100 uL per well) for approximately 15 min. The
reaction was stopped using 100 pL per well of 0.1 M phos-
phoric acid, and the plates were analyzed at 450 nm using a
Spectra Max plate reader (Molecular Devices, San Jose, CA,
USA) and the Softmax endpoint dilution protocol. The
results are reported as endpoint concentrations (defined as
the reciprocal of the highest dilution that gave 2 times the
absorbance of background or negative control) calculated on
the Softmax software using linear regression.
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Statistical analysis

The statistical tests were performed using PRIsM software
(Graph Pad, La Jolla, CA, USA). Differences between
groups were analyzed by unpaired parametric -test for
antibody levels after converting the levels to log base 10
scale. All bars represent mean values and errors bars repre-
sent the standard error of the mean (SEM) values. For the
purpose of statistical analysis, undetectable antibody levels
in samples were arbitrarily assigned a value equivalent to
one-half the lower limit of detection. P values of P < 0.05,
P <0.01, P<0.001, P<0.0001 were considered signifi-
cantly different (¥, **, *** *¥¥* regpectively).

Mass spectrometry experiments

Prior to the native mass spectrometry (MS) experiments,
the His-tagged proteins (both PD and OMP26) were buffer
exchanged into 200 mm ammonium acetate, pH 6.8 using
size exclusion micro Bio-spin P-6 columns (Bio-Rad). Both
proteins were diluted to a final concentration of 5 pum,
as estimated using Thermo NanoDrop 2000c with a
theoretical mass (calculated wusing ProtParam ExPasy
tool) of 40 018.60 Da and an extinction coefficient of
61 310 M cm™' (PD) or 20 569.18 Da and an extinction
coefficient of 4470 m~'-cm™! (OMP26) [32].

Nano-electrospray ionization (nanoESI) mass spectra of
PD alone, OMP26 alone, or a 1 : 1 mixture of PD and
OMP26 were acquired on a Waters Synapt G2 ion mobility
mass spectrometer. Emitter tips were pulled in house with a
Flaming Brown P97 tip puller. Mass spectrometer tune set-
tings were set as followed: source temperature, 20 °C; sam-
pling cone: 20 V; capillary voltage: 0.7-0.8 kV; trap
collision energy: 4 V; trap wave velocity: 250 m-s~!; trap
wave height: 3.5 V; IM wave velocity: 375 m-s~!: IM wave
height: 25 V; transfer wave velocity: 100 m-s™'; transfer
wave height 2 V; backing pressure: 5 mBar. The traveling
wave ion mobility cell was filled with helium gas. Data
were processed and analyzed using MassLynx and Drift-
scope (Waters Corp, Milford, MA, USA).

Size exclusion chromatography experiments

For PD alone and OMP26 alone, 750 pL of each protein,
prepared as described above, was combined with 750 puL of
phosphate-buffered saline (PBS) and briefly mixed by inver-
sion. For the PD-OMP26 mixture, 750 pL of each protein
was mixed and incubated together at 4 °C for 1 h. All pro-
teins were separated on a GE Life Sciences (GE Health-
care, Chicago, 1L, USA) HiLoad 16/600 Superdex 200 pg
size exclusion column using the following standard proce-
dure. 1.5 mL of sample was loaded onto the 1 mL injection
loop and passed over to the column that was pre-
equilibrated with PBS. PBS was used during the separation
at a flow rate of 0.5 mL-min~". Fractions corresponding to
peaks were selected for SDS/PAGE analysis.

L. V. Michel et al.

Results

Antibody response in mice to individual vs multi-
component vaccines

Mice immunized with 10 pg PD (four mice) or 10 pg
each PD + P6 (five mice) yielded a robust PD anti-
body response after three doses of antigen (Fig. 1).
However, mice immunized with a divalent vaccine mix-
ture formulation containing 10 pg of PD and 10 pg of
OMP26 (eight mice) showed little/no antibody
response to PD (Fig. 1). Similarly, in a trivalent vac-
cine formulation containing 10 pg PD, 10 pg OMP26,
and 10 pg P6 (five mice), little/no measurable antibody
response to PD occurred (Fig. 1). An ELISA con-
firmed that the presence of OMP26 (1 : 1 mixture) did
not decrease the binding of PD to PD polyclonal
mouse antibodies in the presence or absence of alum
(data not shown). In addition, the presence of OMP26
in the vaccine formulation does not significantly
decrease the solubility of PD, as determined by an
ammonium phosphate titration (data not shown). Mice
immunized with single, divalent, and trivalent vaccines
showed measurable antibody responses to P6 and
OMP26, as expected (Fig. 1).

Cobalt affinity purification experiments: Non-
tagged proteins do not co-purify with His-tagged
proteins

We postulated that OMP26 (homolog to E. coli Skp, a
chaperone protein) directly or indirectly interfered with
PD antibody production by physically binding to PD
[33]. To test this hypothesis, we performed cobalt
affinity purification experiments.

In preliminary experiments, we found that His-
tagged PD and His-tagged OMP26 bound to Talon
cobalt beads, as expected. Non-His-tagged OMP26 did
not bind to Talon beads. Non-His-tagged PD inter-
acted non-specifically with Talon beads. Therefore,
experiments involving non-tagged PD were performed
in the presence of a low concentration of imidazole
(15 mm) to reduce non-specific binding of non-tagged
PD to the Talon beads.

When cell lysates from E. coli cultures expressing
His-tagged PD and non-tagged OMP26 were mixed
together (1 : 1), non-tagged OMP26 did not co-purify
with His-tagged PD (Fig. 2A). When cell lysates from
E. coli cultures expressing non-tagged PD and His-
tagged OMP26 were mixed together (1 : 1) in the pres-
ence of low levels of imidazole, non-tagged PD did not
co-purify with His-tagged OMP26 (Fig. 2B), consistent
with failure to detect a physiochemical interaction.
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Fig. 1. Antibody levels measured with ELISA. All vaccine formulations contain aluminum hydroxide (Alum). Results shown follow three
vaccinations to 6- to 8-week-old C57BL mice with dose 1 at day 0, dose 2 7 days later, and dose 3 14 days after dose 2. Serum was col-
lected 2 weeks after dose 3 and quantitated for antibody to Protein D (PD), P6, or OMP26. Plus sign (+) means the proteins were mixed in
equal proportions at 10 pg each. All vaccine groups contained four or five mice, except PD + OMP26 (eight mice). Endpoint levels of anti-
body in log base 10 are displayed on the vertical axis and vaccine formulations on the horizontal axis. Differences between groups were
determined by unpaired parametric t-test. Not all significantly different pairs were shown for better clarity of the figure. Mean and standard
error values are displayed. **P < 0.01; ***P < 0.001; ****P < 0.0001, ns, not significant.
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Fig. 2. Stained SDS/PAGE gels (A and B) and western blots (C and D) from cobalt affinity purification experiments. Talon beads were
incubated with cell lysates for 1 h at room temperature or overnight at 4 °C from E. coli cultures of A: (1) His-tagged OMP26, (2) Non-His-
tagged OMP26, (3) His-tagged PD, (4) His-tagged PD mixed 1 : 1 with non-His-tagged OMP26; B: (5) His-tagged PD, (6) Non-His-tagged PD,
(7) His-tagged OMP26, (8) His-tagged OMP26 mixed 1 : 1 with non-His-tagged PD. C: (1) a 1 : 1 mixture of His-tagged PD and non-His-
tagged OMP26, (2) His-tagged PD, (3) non-His-tagged OMP26, (4) His-tagged OMP26; D: (5) a 1 : 1 mixture of His-tagged OMP26 and non-
His-tagged PD, (6) His-tagged OMP26, (7) Non-His-tagged PD, or (8) His-tagged PD. Both blots were developed using a mixture of mouse
antisera to PD and OMP26. Molecular weights of ladder markers (L) are in kDa.

The same experiments were repeated, but samples
were run on SDS/PAGE gels and then immunoblotted
using PD and OMP26 mouse antisera (collected indi-
vidually and combined for the western blot). As seen
in Fig. 2, non-His-tagged OMP26 did not co-purify
with His-tagged PD (Fig. 2C), and non-His-tagged PD
did not co-purify with His-tagged OMP26 (Fig. 2D),
again, consistent with failure to detect a physiochemi-
cal interaction.

To test whether or not the adjuvant used in the vac-
cine formulations was causing the PD-OMP26 interac-
tion, aluminum hydroxide (500 pg-mL™') was added
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to the cell lysates of non-His-tagged OMP26, His-
tagged PD, or a 1 : 1 mixture of the two. When the
individual proteins were run on the Talon column,
bands at the approximate molecular weight of OMP26
were seen in the flow-through and wash fractions from
the Talon bead column, while bands at the molecular
weight of PD were seen in the elution fractions of the
column, as expected. When the 1 : 1 mixture of cell
lysates (non-tagged OMP26 and His-tagged PD) was
run on the Talon column, non-tagged OMP26 was
present in the flow-through and wash fractions, but
not present in the elution fractions, suggesting non-

2195



Protein D antibody suppression in a vaccine

Initial flow Wash Elute.d
through protein
140
100
70
- 50

mm

35
OMP26 !‘ — | 29

123 45 6L 7 89

Fig. 3. Stained SDS/PAGE gel from a cobalt affinity purification
experiment with cell lysates and aluminum hydroxide. Talon beads
were incubated with aluminum hydroxide (500 ug-mL~") and a 1 :
1 mixture of cell lysates from E. coli cultures overexpressing non-
His-tagged OMP26 and His-tagged PD. Lanes 1-6 contain initial
flow-through off the columns (1-3) or flow-through off the column
after washing with equilibration buffer (wash, 4-6). Fractions eluted
from the Talon beads with 150 mm imidazole buffer (Eluted protein)
were run in lanes 7-9. OMP26 was not present in the eluted frac-
tions following incubation with the 1 : 1 mixture of non-His-tagged
OMP26 and His-tagged Protein D. Molecular weights of ladder (L)
markers are in kDa.

tagged OMP26 did not co-purify with His-tagged PD
(Fig. 3), consistent with failure to detect a physiochem-
ical interaction.

The cobalt affinity purification experiments were
performed with cell lysates, due to protein isolation
challenges with non-His-tagged proteins, which was a
limitation of this approach. The two additional in vitro
experiments described below were performed using
purified proteins.

Mass spectrometry experiments: Only homo-
oligomeric states observed in native MS spectra

Native mass spectrometry (MS) preserves three-
dimensional protein conformation, as well as non-
covalent interactions of protein complexes [34-36]. Gen-
tle ionization conditions were used with minimal colli-
sion energy to avoid the fragmentation of potential
protein complexes in the gas phase. While native MS
informs us of the mass and charge of protein ion spe-
cies, ion mobility MS separates based on size, shape,
and charge of the ions, providing more information
about the conformation of the protein. The advantage
of using ion mobility in addition to high-definition MS
allows us to distinguish overlapping m/z species of
homo-oligomeric protein complexes such as PD and
OMP26. PD alone, OMP26 alone, and a 1 : 1 mixture
of PD and OMP26 were sprayed by nano-electrospray
ionization (nESI) to obtain mass spectra. The gentle
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ionization of nESI produces multiply charged protein
species due to protonation, and protein conformations
and complexes are considered native-like.

The native mass spectra of PD showed three major
oligomeric states of PD: monomers
(40,326.1 £ 1.5 Da, charge states +13 to +10), dimers
(80,791.4 £ 40.2 Da, charge states +19 to +16), and
tetramers (162,205.8 4+ 158.5 Da, charge states +27 to
+24) (Fig. 4). The native mass spectra of OMP26 indi-
cated that OMP26 forms predominantly trimers (ex-
perimental mass of 62 385.1 + 79.9 Da with charge
states of +18 to +14) with low abundance of hexamers
(massey, = 125 213.3 &£ 101.6 Da with charge states
+24 to +21) (Fig. 4). These experimental masses were
in comparison with theoretical masses of OMP26 and
PD (20,569.18 Da for OMP26 protomers and
40 841.45 Da for PD protomers). For the 1 : 1 mix-
ture of PD:OMP26, only homo-oligomeric states of
PD and OMP26 individually were observed; no
higher-order species were detected by MS (Fig. 4).
Native MS is known to preserve small non-covalent
interactions such as those of salt adducts on the pro-
tein complexes, so the current results suggest that the
interactions between PD and OMP26 were too weak
or insignificant to be captured in the gas phase.

SEC experiments: Only homo-oligomeric states
observed in SEC

In an alternative approach to determine if the proteins
bind to one another to form a hetero-complex, we per-
formed size exclusion chromatography (SEC) studies
in PBS. Fractions from chromatogram peaks were sep-
arated by SDS/PAGE, followed by Coomassie blue
staining to identify the presence and relative abun-
dance of proteins in those fractions. We observed
(Fig. 5): (a) for PD alone, a major peak suggesting a
monomer, and a smaller peak suggesting a possible
dimer in lower abundance (b) for OMP26 alone, a
major peak suggesting a homo-trimer complex, and (c)
for the PD and OMP26 mixture, only peaks similar to
those of each individual protein alone and no peak
suggestive of alterations in migration and/or the exis-
tence of a PD-OMP26 complex.

Vaccination experiments: Reversal of PD
antibody suppression with separate leg
injections

Since the results of our experiments did not support
the existence of physiochemical interactions between
PD and OMP26 to account for the significantly
reduced PD antibody levels, we postulated that
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Fig. 4. Nano-electrospray ionization MS and lon Mobility plots of Protein D and OMP26. (Left, top to bottom) Nano-electrospray ionization

mass spectra of OMP26 alone, Protein D (PD) alone, and a 1 :

1 mixture of PD and OMP26. All proteins were buffer exchanged into

200 mm ammonium acetate, pH 6.8, and diluted to 5 pum in concentration. The predicted charge states and oligomeric states are labeled.
(Right, top to bottom) lon mobility plots of drift time versus m/z of OMP26 alone, PD alone, and a 1 : 1 mixture of PD and OMP26. The ion
species of the predicted protein complexes were circled and labeled accordingly. None of the data were indicative of a PD-OMP26 complex.

antigenic competition might explain the observation.
In antigenic competition, the stronger immunogen is
taken up and processed at regional lymph nodes more
efficiently, resulting in inhibition of expansion of
antibody-producing B cells to the weaker antigen dur-
ing formation of germinal follicles in the lymph node.
Changing the proportion of the ingredients in the vac-
cine formulation by increasing the concentration of the
weaker antigen is a solution that can be pursued.

We prepared mixed vaccine formulations with differ-
ent ratios of PD:OMP26, using either 1 or 10 pg of
each antigen, and administered two vaccine doses. We
found that increasing the ratio of PD:OMP26 from
1:1to 10 : 1 resulted in a 2 log increase in anti-PD
antibody levels (Fig. 6), consistent with antigen

competition, although more data points were required
to reach significance. PD antibody suppression was
not observed when PD was mixed in a 1 : 1 ratio with
P6, as shown in prior experiments. The experiments
included P6 in the mixtures of PD and OMP26 since
our goal was to formulate a trivalent composition of
an NTHi vaccine (Fig. 6).

Since antigenic competition is known to occur in
regional lymph nodes [37], we conducted an experi-
ment where mice received the proteins by the intraperi-
toneal (i.p.) route where many lymph nodes would be
engaged in antigen processing and production of anti-
body. Using a trivalent formulation (OMP26:PD:P6 at
10 : 10 : 10 pg per dose) in alum vs. PD in alum alone,
we found that i.p. vaccination resulted in 1 log higher
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Fig. 5. SEC characterization of Protein D (PD), OMP26, and the
PD-OMP26 mixture. Individual PD and OMP26 proteins were puri-
fied on Talon beads and then diluted in half with phosphate-
buffered saline (PBS). The PD-OMP26 1 : 1 mixture was incubated
at 4 °C for 1 h. All proteins were separated on a GE Life Sciences
HiLoad 16/600 Superdex 200 pg size exclusion column (SEC), pre-
equilibrated with PBS, and then separated at a flow rate of
0.5 mL-min~". SEC chromatogram traces and corresponding SDS/
PAGE Coomassie Brilliant Blue stained gels are shown. Gel lanes
are positioned under the SEC fractions from which they derive;
equal volumes of SEC fractions were loaded into gel lanes, as
labeled. Black boxes denote that images were derived from sepa-
rate gels that were all separated, stained, and destained similarly.
Gels were placed on plastic sleeves with white paper inside as a
background, and images were captured on a benchtop with an
iPhone camera. Approximate peak locations using a molecular size
standard are indicated with arrows.

anti-PD antibody levels (P < 0.05) compared to i.m.
vaccination, although not equivalent to levels for PD
alone (Fig. 7), consistent with antigenic competition.
In a third mouse vaccination experiment, we deliv-
ered the protein antigens separately or in mixtures to
regional lymph nodes. Mice were injected with (a)
OMP26 in one leg of the mouse and P6 mixed with PD
(a mixture that does not cause reduction in anti-PD
antibody) in the other leg or (b) a PD:OMP26 mixture
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Fig. 6. Protein D (PD) antibody levels in response to pre-mixed vac-
cines with different PD:Omp26:P6 ratios. All vaccine formulations
contain aluminum hydroxide (Alum). The vaccine formulations con-
tain Protein D (PD), OMP26, and/or P6, each at 10 ug per dose or
in some formulations 1 pg per dose, as indicated (1 = 1 pg of anti-
gen; 10 = 10 pg of antigen). Results shown follow three vaccina-
tions to 6- to 8-week-old C57BL mice with dose 1 at day O, dose 2
7 days later, and dose 3 14 days after dose 2. Serum was col-
lected 2 weeks after dose 3 and quantitated for antibody to PD. All
vaccine groups contained five mice, except PD + OMP26 + P6
(10 : 1 : 1) (four mice), OMP26 + P6 (10 : 10) (four mice), PD (10)
(three mice), and Alum (four mice). Endpoint levels of antibody in
log base 10 are displayed on the vertical axis and vaccine formula-
tions on the horizontal axis. Differences between groups were
determined by unpaired parametric t-test. Not all significantly differ-
ent pairs were shown for better clarity of the figure. Mean and
standard error values are displayed. P values from the unpaired
parametric t-test are labeled. *P < 0.05; ****P < 0.0001; ns, not
significant.

(a mixture that does cause reduction in anti-PD anti-
body). We found that mice immunized via separate leg
injections of PD and OMP26 yielded similar PD anti-
body levels to injections with PD alone, whereas the
mixture of OMP26 with PD into the same leg, and
thereby delivered to the same regional lymph nodes,
resulted in significantly reduced anti-PD antibody levels
(Fig. 8), consistent with antigenic competition. OMP26
levels were similar when the vaccines were mixed or
administered in separate legs (data not shown).

Discussion

In this work, we identified a significant reduction in
antibody response in mice to PD, a leading vaccine
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Fig. 7. Intramuscular vs. intraperitoneal injections. All vaccine
formulations contain  aluminum hydroxide (Alum). Vaccine
formulations contain Protein D (PD) alone (10 pg per dose) or a
mixture of PD, OMP26, and P6, each at 10 png per dose. Results
shown follow three vaccinations to 6- to 8-week-old C57BL mice
with dose 1 at day 0, dose 2 7 days later, and dose 3 14 days after
dose 2. Serum was collected 2 weeks after dose 3 and quantitated
for antibody to PD. Both trivalent vaccine groups contained five
mice, while the i.m. PD group contained six mice and i.p. PD group
contained nine mice. Endpoint levels of antibody in log base 10 are
displayed on the vertical axis and vaccine formulations on the hori-
zontal axis. Differences between groups were determined by
unpaired parametric t-test. Not all significantly different pairs were
shown for better clarity of the figure. Mean and standard error val-
ues are displayed. P values from the unpaired parametric t-test are
labeled. *P < 0.05, ****P < 0.0001.

candidate from NTHi, when mixed in a formulation
that included OMP26, but not P6. OMP26 is homolo-
gous to the E. coli Skp protein, a chaperone that binds
outer membrane proteins in its tentacle-like hydropho-
bic helix domain, allowing for efficient transport of
OMPs across the periplasm in Gram-negative bacteria
[38]. In light of Skp’s biological function, we hypothe-
sized that OMP26 might bind to PD, thereby prevent-
ing its interaction with immune cells and inhibiting the
PD antibody response. Three separate biochemical
strategies (a cobalt affinity purification experiment,
SEC, and native MS and ion mobility) were used to
test the hypothesis that OMP26 and PD interacted
in vitro. None of those experiments yielded positive
results, suggesting that the two proteins do not interact
in vitro or that the kinetics of the interaction does not
allow for observation of the protein—protein complex
using our experimental methods. We therefore pursued
an alternative hypothesis that PD mixed with OMP26
led to antigenic competition, with PD being the weaker
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Fig. 8. Protein D (PD) antibody levels in response to vaccines
given in the same or separate leg injections. All vaccine
formulations contain aluminum hydroxide (Alum). Protein vaccines
contained one or more of the three antigens (PD, OMP26, P6),
each at 5pg per dose. For PD+ OMP26 mix and
PD + OMP26 + P6 mix, all listed antigens were mixed into a single
formulation and injected into the same leg. For PD + OMP26
separate, PD and OMP26 were injected into separate legs. For
PD + OMP26 + P6 separate, PD was mixed with P6 and injected
into one leg and OMP26 was injected into the other leg. All
vaccines were given to 6- to 8-week-old C57BL mice with dose 1
at day 0, dose 2 7 days later, and dose 3 14 days after dose 2.
Serum was collected 2 weeks after dose 2, prior to dose 3 injec-
tions (black), and 2 weeks after dose 3 (red), and quantitated for
antibbody to PD. All groups contained five mice except
PD + OMP26 separate after three doses (four mice). Endpoint
levels of antibody in log base 10 are displayed on the vertical axis
and vaccine formulations on the horizontal axis. Differences
between groups were determined by unpaired parametric t-test.
Not all significantly different pairs were shown for better clarity of
the figure. Mean and standard error values are displayed. P values
from the unpaired parametric ttest are labeled. **P < 0.01;
*##*P < 0.001; ****P < 0.0001; ns (not significant).

antigen thereby stimulating much weaker antibody
immunity when competing with OMP26. Experimental
results using different proportions of the antigens, dif-
ferent routes of immunization to engage more lymph
nodes in antigen processing, and different extremity
sites of administration to engage different regional
lymph nodes, provided support for antigenic competi-
tion as the mechanism for the observed effects of PD
mixtures with OMP26.

The effectiveness of a vaccine relies on many differ-
ent properties of the vaccine formulation, including
the availability of antigenic epitopes when mixtures of
components are prepared and comparable antigenicity
to avoid antigenic competition resulting in reduced
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immunogenicity. Some of these properties are easier to
predict than others, and direct in vitro and in vivo
experimentation is needed to address key formulation
questions, as we have done here.

Antibody suppression can occur when one or more
aspects of the formulation reduce the antibody
response to a specific epitope. There are likely different
biological scenarios that could result in antibody sup-
pression, and the specific mechanisms of antigenic
competition are not well understood. As described by
Kim et al. [39], antigenic competition may occur due
to a deficiency of T- and B-cell interactions to one
antigen compared to another, the production of an
antibody synthesis inhibitor (perhaps by T lympho-
cytes), or competition for macrophage surface space
between antigens or antigen—antibody complexes.
Another interesting example of antibody suppression
occurs when pre-existing immunity to the conjugated
carrier molecule in conjugate vaccines, such as PHiD-
CV (from a previous vaccination or exposure), sup-
presses the overall immune response to the attached
antigenic epitopes, a phenomenon referred to as
carrier-induced epitope suppression [40]. Antibody
suppression can also occur when a multivalent vaccine
is used, leading to lower antibody production to one
or more of the antigens, especially when the antigens
are highly homologous in sequence or structure [41].

We have previously studied antibody levels to PD,
OMP26, and P6 induced by natural exposure to NTHi
during nasopharynx colonization and AOM in young
children 6-30 months of age and found PD responses
occurred at a later age than P6, and OMP26 responses
were minimal in early child life [24]. However, NTHi is
not a commensal or pathogen in mice; therefore, pre-
existing antibody to the tested antigens would not play
a role to explain our results and indeed pre-
vaccination serum had no detectable antibody to any
of the three proteins studied.

Our study has limitations. Since the in vitro experi-
ments all produced negative results, we cannot con-
clude definitively from them that no physiochemical
interaction occurs between PD and OMP26. To con-
firm antigenic competition between PD and OMP26,
further experiments to demonstrate preferential
OMP26 antigen-presenting cell uptake, processing, and
presentation to both B cells and T cells in regional
lymph nodes to illustrate immunodominance are
needed.

Conclusions

Protein D combined with OMP26 in multi-component
vaccine formulation results in significantly lower anti-

L. V. Michel et al.

PD, but no decrease in OMP26 antibody levels in the
serum of mice. The lower levels of PD antibody
appear to be due to immunologic antigenic competi-
tion and not physiochemical interactions between the
proteins.
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