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Abstract

Background: Nonencapsulated, nontypeable Haemophilus influenzae (NTHi) is considered an important cause of acute otitis in chil-
dren and respiratory diseases among adults. The bacteria express several outer membrane proteins, some of which have been stud-
ied as vaccine candidates. Protein D is a highly conserved surface lipoprotein, which has been found in strains of both encapsulated
and nonencapsulated H. influenzae.
Objectives: Opsonin and protective antibodies against protein D play major roles in the prevention of infections caused by NTHi.
Since NTHi can be also an intracellular organism, it needs to be removed through immune-mediated mechanisms.
Methods: In this study, groups of BALB/c mice were subcutaneously immunized with recombinanat truncated D protein and an alu-
minum hydroxide (alum) adjuvant or protein D combined with an outer membrane vesicle (OMV) adjuvant from Neisseria menin-
gitidis bacteria. Then, opsonophagocytic activities of antibodies were measured in serum samples collected on days 14, 28, and 42.
The levels of interleukin-4 (IL-4), IL-10, and interferon-gamma were measured in splenocyte cultures of immunized mice.
Results: The opsonophagocytic activity of antibodies significantly increased in the immunized mice, compared to the control
group, particularly on day 42. In addition, the secretion level of cytokines significantly increased in both groups of immunized
mice, compared to the control group.
Conclusions: The results of this study demonstrated that recombinant truncated D protein can induce specific immune responses
against nonencapsulated H. influenzae. It was suggested that the recombinant truncated D protein, as a vaccine candidate against
the nonencapsulated strains of H. influenza, is essential in protection and development of sustainable immunity against infections
caused by this bacterium.
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1. Background

Humoral immunity is the most basic protective im-
mune response against extracellular bacteria to inhibit in-
fections. Protective antibodies against outer membrane
proteins and capsules play an important role in prevent-
ing local and general infections. Immunoglobulin G (IgG)
antibodies against capsules can be actively transferred to
the fetus through the placenta, thereby protecting the
neonate for up to 6 months after birth against invasive in-
fections caused by Haemophilus influenzae. After this age,
the level of protective antibodies decreases sharply, and
the neonate becomes more prone to invasive and general
infections, particularly meningitis (1).

Specific antibody production is activated through a se-

ries of biochemical events inside T cells, particularly Th2,
which play a major role in the production of antibodies
(2, 3). Nonencapsulated H. influenzae can lead to the devel-
opment of a variety of acute and chronic respiratory tract
diseases, such as sinusitis, bronchitis, and pneumonia, be-
sides otitis and conjunctivitis; it is responsible for 20% -
30% of otitis cases and probably a high percentage of re-
current cases (4-6). The initial vaccines against H. influen-
zae type b (Hib), which only contained polyribosylribitol
phosphate (PRP), could not stimulate cell-mediated immu-
nity and T lymphocytes due to their physical and chemical
nature and were classified among antigen-independent T
cells. Therefore, they exhibited no potential in immuniz-
ing infants against H. meningitis (7-9).
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Haemophilus vaccines, based on Hib capsular polysac-
charides, are effective in reducing meningitis caused by
Hib, whereas they fail to protect against other serotypes
of encapsulated and nonencapsulated H. influenzae strains.
In addition, infectious diseases, caused by nonencapsu-
lated H. influenzae strains, are also on the rise around the
world; they are considered the most important human res-
piratory tract pathogens. On the other hand, vaccine devel-
opment for nonencapsulated H. influenzae has been post-
poned due to the high genetic and antigenic heterogene-
ity among nonencapsulated H. influenza strains. Therefore,
researchers are still at the stage of identification and veri-
fication of protective antigens (10-14).

Antigenic candidates suitable for vaccine production
should be ideally superficial and capable of producing spe-
cific antibodies and even T cells in contact with the host im-
mune system. Since the pathogenesis of H. influenzae be-
gins with nasopharyngeal colonization and subsequently
spreads to other parts of the middle ear and sinuses, we can
prevent the onset of local infection by preventing the ini-
tial adhesion of bacteria to the surface of the host cell and
ultimately inhibit their spread to other parts of the body
(15).

Protein D is a membrane surface lipoprotein with
a molecular weight of 42 kDa (16, 17). This protein is
substantially hydrophilic and exhibits glycerophosphodi-
esterase activity (GlpQ), leading to the release of phospho-
rylcholines from the host epithelial cells and causing dam-
age to the ciliated epithelial cells of the host (18-20). It can
be found in all encapsulated and nonencapsulated strains
of H. influenzae and is highly conserved antigenically.

Accordingly, protein D has been suggested as a candi-
date protein for the production of vaccines against infec-
tions, caused by H. influenzae strains due to its conserved
antigenic properties, establishment on bacterial cell sur-
face, and presence in both encapsulated and nonencap-
sulated strains (21-26). Therefore, considering the charac-
teristics of protein D and need for the design of appropri-
ate vaccines against nonencapsulated H. influenzae strains,
we aimed to propose a recombinant truncated D protein,
based on 100% conserved regions among nontypeable H.
influenzae (NTHi) strains.

2. Objectives

The aim of the present study was to assess and compare
responses induced by humoral and cellular immunity of
the designed recombinant protein in the presence of 2 dif-
ferent adjuvants with different origins and to examine the
protective level of these responses in an animal model of
BALB/c mice.

3. Methods

3.1. Outer Membrane Vesicle (OMV) Extraction from Neisseria
Meningitidis Serogroup B

The OMV was extracted, using ultracentrifugation.
Briefly, the bacteria were grown in an enriched medium in
a 5% CO2 atmosphere to plot the growth curve and iden-
tify the time of the subsequent logarithmic phase. Bac-
terial growth was terminated, and supernatant was sepa-
rated in a centrifugation process and filtered. Then, the su-
pernatant was exposed to ultrafiltration, and finally, con-
centration was determined via centrifugation at 150,000 g
for 3 hours. The obtained sediment was homogenized in 3%
sucrose solution.

3.2. Composition of OMV

The OMV protein content was measured using a Nan-
odrop spectrophotometer. In addition, SDS-PAGE on 12%
gel was applied to obtain the protein pattern.

3.3. Electron Microscopy

Electron microscopy was applied for evaluating the sta-
bility and integrity of OMV after the extraction process. For
this purpose, the prepared grids were sent to the institute
of biochemistry and biophysics, faculty of Tehran, Iran, to
obtain an electron micrograph (Zeiss electron microscope,
model CEA902-A).

3.4. Immunization in the Animal Model

For this purpose, 50 female BALB/c mice were prepared
by Pasteur Institute of Iran and divided into groups (10
mice per group). All mice were kept according to the guide-
lines for the care and use of laboratory animals under lab-
oratory conditions. Three subcutaneous injections were
done every 2 weeks, and blood samples were collected from
the corner of the eye at 2 weeks after each injection in
order to obtain serum samples; the sera were stored at -
70°C. The first group received 50 µg of recombinant trun-
cated D protein, along with an equal volume of industrial
aluminum hydroxide (alum) adjuvant, while the second
group received 25µg of recombinant truncated D protein,
mixed with 25 µg of OMV adjuvant with a bacterial ori-
gin. The third group received OMV, and the fourth and fifth
groups as the controls received respectively the alum adju-
vant alone and phosphate-buffered saline (PBS).
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3.5. Levels of IgG Antibody and Its Subclasses (IgG1 and IgG2a)

The IgG antibody and its subclasses were produced,
based on the ELISA method. For this purpose, sterile 96-
well petri plates, coated by 10 mg of recombinant pro-
tein, were stored at fridge temperature overnight. After
an interval, the plates were washed, and the blocking pro-
cess was carried out by solutions containing 3% bovine
serum albumin (BSA). Serial dilutions of antibodies were
prepared according to the manufacturer’s protocols and
incubated in the wells of plates for 2 hours at room tem-
perature.

Following the washing process, a 1:6000 dilution of
HRP-conjugated anti-mouse IgG and a 1:1000 dilution of
HRP-conjugated anti-mouse isotype (IgG1 and IgG2a) were
individually added to the wells and stored at room temper-
ature for 2 hours. After a certain period, the plates were
washed, and a chromogenic substrate was added to the
wells; after the end of color reactions, the plates were read
at a wavelength of 450 nm.

3.6. Assessment of Interleukin-10 (IL-10), IL-4, and Interferon-γ
(INF-γ) Production in the Spleen Supernatant

Fourteen days after the injections, the spleen of mice
was extracted. Under sterile conditions, 2 million cells
were cultured in each well of sterile 12-well flat-bottom
plates in RPMI-1640 medium, containing 10% fetal bovine
serum (FBS), 1% Pen/Strep, and 10 mM HEPES. They were
then stimulated for 72 hours by the recombinant protein
D, recombinant protein D plus OMV, and OMV, respectively
and incubated at 37°C in a 5% CO2 atmosphere. Also, 5 µg
of concanavalin A (ConA) and medium alone were used
as the negative and positive controls, respectively. The
ELISA method was used to evaluate the levels of INF-γ, IL-10,
and IL-4, based on the manufacturer’s instructions (eBio-
science).

3.7. Opsonophagocytosis Assessment

In brief, to evaluate opsonophagocytosis, we used 2 ×
107 CFU/mL of bacteria in an enrichment medium, contain-
ing 1% BSA and murine macrophages at a concentration of
2 × 107 cell/mL in a complete cell culture medium; finally,
baby rabbit serum was produced as a source of external
complement. After preparation of serial dilutions and in-
activation at 56°C for 30 minutes, 100 µL of bacterial sus-
pension, together with 100µL of antibody serial dilutions,
was incubated at 24 - 25°C for 90 minutes.

After washing, 100µL of murine macrophages and 100
µL of rabbit complement were added to the mixture, cul-
tured in 48-well plates, and incubated for 90 minutes at
27°C in a 5% CO2 atmosphere. Finally, t0 and t90 samples
were cultivated on a chocolate agar medium overnight at

37°C in a 5% CO2 atmosphere. The serum samples of preim-
mune mice were used as the control. All the experiments
were performed in duplicate. The rate of cell death was cal-
culated using the following formula:

(1)1 − (CFU of immune serum/CFU of preimmune serum) × 100

3.8. Statistical Analysis

Statistical analysis was carried out in Graphpad Prism
(version 5), using t test and ANOVA test. The significance
level was set at P < 0.05.

4. Results

4.1. Extraction of OMV from N. Meningitidis Serogroup B

The OMV protein level was estimated at 0.5 mg/mL, us-
ing the Nanodrop spectrophotometer. The electron micro-
scopic images showed the integrity and uniformity of OMV
structure with a size of 50 - 200 nm (Figure 1), which is con-
sistent with previous studies.

4.2. Evaluation of IgG and Its Subclasses Produced Against Re-
combinant Proteins In Immunized Mice

Immunization with recombinant truncated D protein
combined with the alum adjuvant showed significantly
higher levels of IgG, compared to the control group. The
highest level of antibody production was observed in the
second booster (third injection), which revealed signifi-
cant differences with the first injection, as well as the first
booster (second injection). In addition, immunization
with recombinant truncated D protein, combined with
OMV, showed high levels of IgG responses with a significant
difference from the control group.

The greatest amount of antibody was reported in the
second booster (third injection), which indicated signifi-
cant differences with the control group and the first injec-
tion, although the increase in responses was not signifi-
cantly different from the second injection (first booster)
(Figure 2). Comparison of the injection groups also
showed that the group receiving the recombinant trun-
cated D protein with alum adjuvant exhibited a higher
level of response, compared to the group receiving recom-
binant truncated D protein with OMV; the reported in-
crease was significant.

Since IgG1 and IgG2a humoral responses are indirect
criteria associated with Th1 and Th2 immune responses,
according to the assessment of IgG1 and IgG2a antibod-
ies in each immunized mouse, IgG1 responses shifted to-
wards IgG1 within 3 months after the last injection (second
booster) in both groups. In both injection groups, IgG1 re-
sponse was significantly higher than IgG2a response, rep-
resenting a shift towards Th2 and humoral immunity. In
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Figure 1. The Scanning Electron Microscopic (SEM) Observation of the Outer Membrane Vesicles (OMV) Released from Neisseria Meningitidis

Figure 2. Induction of Antitruncated Protein D IgG Responses in an Animal Model

First Injection 
Second Injection 
Third Injection 

tD
 + Alu

m

tD
 + O

W
V

PBS

2.0

1.4

1.0

0.5

0.0

O
D

 o
f  

4
50

n
m

Immunization of Mice Groups 

The mice were immunized 3 times with either protein D-alum or protein D-OMV. The
control mice were immunized with PBS. A single asterisk indicates a significant dif-
ference versus the control group (P < 0.05); a double asterisk indicates a significant
difference versus the control group (P < 0.0001).

addition, IgG1 titers in the first group showed a signifi-
cant increase, compared to the second group. Although
the level of IgG2a increased significantly compared to con-

trol group and a mixture of IgG1 and IgG2a responses were
found, most responses were observed in IgG1 (Figure 3).

4.3. Induction of Th2 Humoral Responses via Immunization of
Mice with the Fusion Protein

The levels of IFN-γ, IL-10, and IL-4 cytokines in the
splenocyte supernatant were measured by ELISA method
at 2 weeks after the third injection on day 42, followed by
further stimulation with antigens for 3 days. Measurement
of IFN-γ, secreted by splenocytes in the culture medium as
an indicator of Th1 cell activity, showed that injection of re-
combinant truncated D protein with the alum adjuvant in
the first group, as well as the mixture of recombinant trun-
cated D protein and OMV adjuvant in the second group, led
to an increase in IFN-γ, compared to the negative controls.
Although the level of IFN-γ secretion was higher than the
negative control group, it decreased in comparison with
the positive controls (ConA antigen) (Figure 4).

The IFN-γ level was significantly lower than IL-4 and
IL-10 levels in both groups of mice, immunized with re-
combinant truncated D protein. On the other hand, mea-
surement of IL-4 secreted by splenocytes in the culture, as
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Figure 3. The IgG Subclass Antibody Responses Against Recombinant Truncated Protein D Were Determined by ELISA Assay of Individual Serum Samples Collected Over 6
Weeks
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The bars represent the geometric mean (log10) of the obtained ELISA signals for optimal dilution; error bars indicate ± SE in each group.

an indicator of Th2 cell activity, revealed similar results to
IFN-γ measurements, compared to the negative and posi-
tive control groups. Based on these results, the mice im-
munized with recombinant truncated D protein and alum
adjuvant showed a significant increase in IL-4 level, com-
pared to mice immunized with recombinant truncated D
protein and OMV adjuvant.

As presented in Figure 4, production of IL-4 and IL-10
to IFN-γ significantly increased in both groups of mice im-
munized with recombinant truncated D protein. The level
of IL-10, as an antiinflammatory and regulatory cytokine,
which inhibits the secretion of cytokines such as IFNγ from
Th1 lymphocytes, increased in the group of mice immu-
nized with recombinant truncated D protein and alum ad-
juvant, compared to the negative control group and signif-
icantly decreased compared to the positive controls. The
level of IL-10 significantly increased compared to IL-4 in
both groups of mice immunized with recombinant trun-
cated D protein, but declined in comparison with IFN-γ.

According to our observations, recombinant truncated
D protein can stimulate immune responses and increase
IFN-γ, IL-4, and IL-10 levels (Figure 4). Since all these cy-
tokines were stimulated in response to recombinant trun-
cated D protein and increased significantly in comparsion
with the negative control group, it can be stated that a mix-
ture of cellular (Th1) and humoral (Th2) immune responses
was formed. However, the higher levels of IL-4 and IL-10
compared to IFN-γ switched immune responses towards
Th2.

4.4. Opsonophagocytic Activity of Serum Antibodies Against
Nonencapsulated H. Influenzae

The opsonophagocytic function of antibodies in the
serum of mice from the first group (receiving recombinant
truncated D protein with alum adjuvant) and the second
group (receiving recombinant truncated D protein and
OMV as a combined adjuvant) was determined against the
standard strains of nonencapsulated H. influenzae bacteria.
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Figure 4. The cytokine assay in the presence of truncated D protein and ConA
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IL-4, IL-10, and INF-γ production was determined via ELISA assay in PBS, truncated D protein with alum adjuvant, and truncated D protein with OMV adjuvant in immunized
mice.

The greatest opsonophagocytic function of serum antibod-
ies was observed at 2 weeks after the final injection (day
42) at 1:4 and 1:8 dilutions. Then, the sera of groups were
compared at these dilutions, which indicated that the op-
sonophagocytic function reduced in 1:16 and 1:32 dilutions.

The number of viable bacteria decreased by more than
85% in the group receiving recombinant truncated D pro-
tein and alum adjuvant (first group) and declined by more
than 70% in the group receiving adjuvant recombinant
truncated D and OMV (second group). According to Fig-
ure 5, the opsonic activity of antibodies in the serum on
day 42 (third serum) showed a significant increase in the
first group, compared to the second group (P < 0.05). Nev-
ertheless, there was no significant difference in the op-
sonophagocytic function of antibodies in the sera of day
14 (first serum) or day 28 (second serum) in the groups of
immunized mice.

The results revealed that opsonin antibodies signifi-
cantly increased after each injection of recombinant trun-
cated D protein with different adjuvants in BALB/c mice,
compared with the control group. As shown in Figure 5,
the opsonophagocytic activity was associated with an in-
crease from day 14 (first serum) to day 42 (third serum) in

Figure 5. The Bactericidal Titers (BC50) are Expressed as the Reciprocal of the Great-
est Serum Dilution Yielding ≥ 50% Bacterial Death, Compared to the Controls
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Bactericidal titers of the pooled sera were collected at weeks 0 and 6. All assays were
performed in duplicate.

both groups of immunized mice (P < 0.05). In other words,
there was a marked increase in the opsonophagocytic ac-
tivity on day 42 (third serum) (Figure 5).
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5. Discussion

Hib is the most prevalent cause of infection by the
genus Haemophilus, which has a global spread and an en-
demic nature in most cases. It mainly affects children
above 2 months, and invasive diseases caused by these bac-
teria occur in the age range of 3 months to 3 years (27).
Although vaccination showed efficacy in 90% of children
aged 18 months or above, it was abandoned in 1988 due
to lack of immunity in children younger than 18 months,
which is the age with the highest incidence of Hib infec-
tions (28, 29).

In 1985, Escola et al. introduced the first Hib PRP vac-
cine, conjugated with diphtheria toxoid, which was ap-
proved in the US and introduced to the market (30). Dur-
ing 1990 and 2001, PRP conjugated vaccines with tetanus
toxoid (a protein carrier), CRM-197, and meningococcal
OMV were also produced and confirmed. Among these vac-
cines, the conjugate vaccine, containing meningococcal
OMV, showed favorable immunogenicity in infants aged
6 months to 2 years (31). However, these vaccines do not
protect infants against the nonencapsulated strains; there-
fore, it is necessary to design an appropriate vaccine.

Development of a hapten-carrier conjugate is one of
the main approaches in switching T cell-independent re-
sponses to T cell-dependent responses (10-14). Protein D
is one of the factors, which contributes to the initial at-
tachment of bacteria to human respiratory epithelial cells
(32). Unlike other adhesion proteins of H. influenza, this
conserved protein, with great antigenic properties, has
the highest homology among all encapsulated and nonen-
capsulated strains of bacteria. Studies have shown that
the NTHi mutant strain, which cannot express protein D,
causes fewer infections than its wild type in animal mod-
els (23, 24, 26). Accordingly, protein D is essential as a vir-
ulence factor in NTHi. In this regard, Geme et al. in 1996
introduced Haemophilus surface fibril (Hsf), which is simi-
lar to Hia adhesion (33, 34).

In this study, we attempted to design a recombinant
protein, based on 100% conserved regions and sequences
among NTHi strains. The findings indicated that this can-
didate vaccine can induce an appropriate response from
the immune system. Furthermore, the results confirmed
a shift towards humoral immune responses. Mixed cellu-
lar and humoral immune responses were delineated, as ex-
pected based on previous studies. The properties of the de-
signed protein, such as exposed surface and conservation
degree, make it a suitable vaccine candidate.

In new vaccine-production technologies, which use re-
combinant proteins, most proteins in the purified form
lose their ability to stimulate the immune response po-
tential, and an adjuvant is necessary to boost immune re-

sponses. Alum is still recognized as a substance, which is
widely used in combination with diphtheria and tetanus
toxoids and is the most reliable adjuvant for human con-
sumption (35). Since new processes leading to the stimu-
lation of lymphocytes and formation of memory cells are
recognized, considerable efforts have been made to pro-
duce better adjuvants, particularly for T cell-mediated im-
mune responses. It should be noted that none of the new
adjuvants have been approved for routine use in humans.

It has been recognized that most adjuvants act through
mimicking PAMP molecules (36). The OMV of N. meningi-
tidis is among the studied components with a microbial
origin, which can be used as an adjuvant. Previous studies
have shown that the outer membrane proteins of N. menin-
gitidis are available in Cuban Meningococci B vaccines and
have different potentials in inducing the initial immune
system responses (37). Accordingly, in the present study, we
aimed to use OMV from N. meningitidis bacteria as an adju-
vant and to examine the induced immune responses.

OMVs are carriers of common virulence factors for each
bacterium, secreted as a complex of proteins and lipids
from the outer membrane (38). Therefore, they can stim-
ulate toll-like receptors; this feature can justify the appli-
cation of these agents as vaccines. Researchers have found
that addition of OMVs to vaccines can increase their im-
munogenicity; in fact, OMV-based vaccines act as an alter-
native for the treatment of bacterial infections. The re-
sults of the present study showed that use of an alum ad-
juvant produces significantly better responses, compared
with the use of an antigen in the presence of OMV; more-
over, the results from the second group were significantly
better than the control group.

5.1. Conclusion

In conclusion, it can be stated that the designed vac-
cine may have potential applications as a vaccine candi-
date. According to the assessments and the results, recom-
binant truncated D protein can be considered a new vac-
cine option and a potentially suitable candidate. However,
as this candidate is an encapsulated strain, it is proposed to
investigate the protective levels and antibody titers against
the encapsulated strains in future studies.
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