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Abstract

Background—The rOmpA vaccine has been shown to protect mice from lethal infection caused
by extreme-drug-resistant (XDR) Acinetobacter baumannii. The role of dose in immunology of
the rOmpA vaccine was explored.

Methods—Miice were vaccinated with various doses of rOmpA plus aluminum hydroxide
(Al(OH)3) adjuvant. The impact of dose on antibody titers, cytokine production, and
immunodominant epitopes were defined.

Results—Anti-rOmpA 1gG and 1gG subtype titers were higher at larger vaccine doses (30 and
100 pg vs. 3 pg). The 3 pg dose induced a balanced IFN-y-1L-4 immune response while the 100
ug dose induced a polarized IL-4/Type 2 response. Epitope mapping revealed distinct T cell
epitopes that activated IFN-vy-, IL-4-, and IL-17-producing splenocytes. Vaccination with the 100
ug dose caused epitope spreading among IL-4-producing splenocytes, while it induced fewer
reactive epitopes among IFN-y-producing splenocytes.

Conclusions—Vaccine dose escalation resulted in an enhanced Type 2 immune response,
accompanied by substantial IL-4-inducing T cell epitope spreading and restricted IFN-y-inducing
epitopes. These results inform continued development of the rOmpA vaccine against A.
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baumannii, and also are of general importance in that they indicate that immune polarization and
epitope selectivity can be modulated by altering vaccine dose.
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Introduction

Acinetobacter baumannii has emerged as one of the most common and highly antibiotic-
resistant pathogens in the United States (US) and throughout the world [1-3]. The majority
of such strains are now carbapenem resistant [4-11], and there is increasing resistance even
to colistin and tigecycline [3, 12-18]. Such pan-drug resistant (PDR) A. baumannii strains
are resistant to every FDA approved antibiotic, and are hence untreatable. New means to
prevent such infections are critically needed.

In the absence of effective antibiotics, vaccination is a promising strategy to reduce the
frequency of A. baumannii infections. A rational discovery program identified recombinant
OmpA as a highly effective vaccine, protecting mice from otherwise lethal A. baumannii
infection [19]. The current study was conducted to define the impact of dose on the
immunology of the vaccine, and to elucidate immunodominant T and B cell epitopes. The
impact of vaccine antigen dose on the nature of the cytokine response and the selectivity of
immunodominant epitopes has not been well described. Thus, we also sought to determine if
dose modulation would alter the nature of the cytokine response to the vaccine antigen and
alter the epitopes triggering specific cytokine responses.

Materials and Methods

rOompA Production and Immunization

ELISAs

His-tagged rOmpA (amino acids 2 to 347) was produced in an Escherichia coli pQE-32
expression system (Qiagen) as previously described [20, 21]. Briefly, ompA was amplified
from A. baumannii 17978 genomic DNA with primers:

OmpA-F CATCACCATGGGATCCTTGTTGCTGCTCCATTAGCT and
OmpA-R CTAATTAAGCTTGGCTGCAGTTATTGAGCTGCTGCAGGA

and cloned into BamH/ and Pst /sites of QE-32 by using In-Fusion 2.0 Dry-Down PCR
Cloning Kit, per the manufacturer’s instructions (Clontech Laboratories). The 6x-His tagged
protein was purified over a Ni-agarose affinity column according to the manufacturer’s
instructions (Qiagen). Balb/c mice were immunized by subcutaneous injection of 3 pg of
rOmpA in 0.1% Al(OH)3 (Alhydrogel, Brenntag Biosector, Frederikssund, Denmark) in
phosphate buffered saline (PBS). Control mice received adjuvant alone on the same
schedule. Mice were immunized and boosted at 3 weeks, and serum and splenocytes were
harvested 2 weeks after boosting. All animal experiments were approved by the Institutional
Committee on the Use and Care of Animals at the Los Angeles Biomedical Research
Institute.

A previously published ELISA [22-25] was adapted for detection of antibodies against A.
baumannii cell membrane preparations and rOmpA. In brief, ELISA plates were coated with
100 pl per well of 5 ug/ml of rOmpA or cell membrane preparation. Coated wells were
blocked with bovine serum albumin, incubated with mouse sera, washed, and stained with
goat anti-mouse secondary antibody conjugated with horseradish peroxidase. Wells were
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washed again and incubated with ophenylenediamine substrate with H,O,. The color was
allowed to develop for 20 min after which the reaction was terminated by adding equal
volume of 3N HCI and the optical density (OD) was determined at 490 nm in a microtiter
plate reader. Negative control wells received an irrelevant isotype control monoclonal
antibody rather than mouse serum. The ELISA titer was taken as the reciprocal of the last
serum dilution with an OD reading = (mean OD of negative control samples + (standard
deviation * 2)).

ELISpot Assay

Splenocytes were harvested through 70 pm filters and plated at 5x10° cells per well in 100
ul of complete media on IFN-vy, IL-17, or IL-4 ELISpot kits (eBiosciences). Cells were
stimulated with rOmpA (5 pg/ml) or media alone. In some experiments, splenocytes were
exposed to 15 mer peptides overlapping by 5 amino acids, spanning the length of the
rOmpA protein (1 peptide per well at 5 pg/ml, peptides from Sigma). After 48 h of
incubation, the plates were processed per the manufacturer’s instructions, and read using a
Biosys Bioreader 5000. Spot frequency in stimulated wells was corrected by subtracting
background signal from wells with cells plus media alone, and was normalized per 10° cells.

B Cell Epitope Mapping and Homology Modeling

Statistics

Results

Epitope mapping and homology modeling were conducted as previously described [26-30].
In brief, overlapping 13-mer peptides spanning the rOmpA sequence, offset by three amino
acids, were covalently bound at the C terminus to a Whatman 50 cellulose membrane
(SPOTs membrane, Sigma Aldrich, The Woodlands, TX), and directly probed with the anti-
OmpA immune serum. The membranes were then washed four times in T-TBS (TBS
containing 0.05% Tween 20), and incubated with a 1:5,000 dilution of horseradish
peroxidase-conjugated Protein G (Bio-Rad, Hercules, CA), which binds to the Fc domain of
the immune serum, in blocking buffer. The membranes were processed for
chemiluminescent detection with an Amersham™ ECL Plus Western Blotting Detection
System kit (Piscataway, NJ). Images were generated with the Fotodyne Luminary/FX
System in combination with the Foto/Analyst® PC Image software VV10.40. rOmpA was
modeled /n silica by the the SWISS-MODEL automated protein structure homology
modeling server (available at http://swissmodel.expasy.org) [31-33]. The model was
optimized by energy minimization using Discovery Studio version 3.1 (Accelrys, San
Diego, CA). The minimization was performed in several steps, using a steepest descendent
and conjugate gradient algorithm to reach the minimum convergence (0.02 kcal mol~1 A™1).
The stereochemical quality of the proposed model was assessed with Procheck and the
packing quality with Anolea.

ELISpot results and antibody titers were compared with the Wilcoxon Rank Sum test for
unpaired comparisons. All statistics were run using Kyplot. Differences were considered
significant if the p value was < 0.05.

The Impact of Vaccine Dose on Immunogenicity

The impact of vaccine dose on the nature of the immune response to the rOmpA vaccine
was explored. Based on our previous vaccine protection experiments, which used a 3 ug
dose [19], mice were vaccinated with 3, 30, or 100 ug of protein plus Al(OH)3 adjuvant and
boosted three weeks later. Two weeks after the boost, serum and splenocytes were
harvested. Median [interquartile ranges] antibody titers for control, 3, 30, and 100 pug dose
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vaccinated mice were 2,400 [800-3,200], 51,200 [51,200-102,400], 204,800 [102,400—
204,800], and 204,800 [89,600-512,000], respectively (p < 0.001 for all vaccinated doses
vs. control and < 0.05 for both 30 and 100 pg dose vs. 3 ug dose) (Figure 1A).

IgM responses were substantially higher in response to the 30 and 100 pg doses than the 3
ug dose (median titer 1:12,000 for both larger doses vs. 1:800 for the 3 pg dose and adjuvant
control mice, p < 0.05) (Figure 1B). 1IgG1 was the predominant Ig subtype found, with
median titers of 1:320,000 to 1:1,600,000 for vaccinated mice vs. 1:400 for control mice (p
< 0.05 for all vs. control). IgG1 titers were significantly higher for mice vaccinated with 100
ug than 3 pg (p = 0.02). Median 1gG2a and 2b titers were substantially lower than 1gG1
titers but still significantly above the titers in control mice (Figure 1B). 1gG3 titers were
much lower, with median titers of 1:800 for all three vaccinated groups, but still
significantly higher than control mice (median 1:200).

Similarly to antibody responses, all doses of vaccine mediated significant increases in IFN-y,
IL-4, and IL-17 production by splenocytes, versus splenocytes from control mice (Figure
2A). IL-4 production was maximal at the largest (100 pg) dose of vaccine. Compared to the
baseline IFN-y-predominant IFN-y:IL-4 ratio after stimulation with control (unvaccinated)
splenocytes by rOmpA, all doses of vaccines mediated lower IFN-y:IL-4 ratios (i.e., more
IL-4 relative to IFN-y) (median [interquartile] ratios = 3.2 [1.3-5.8] for control vs. 1.0 [0.8—-
1.3], 0.9 [0.7-1.1], and 0.5 [0.5-0.7] for control vs. 3, 30, and 100 pg doses, respectively).
The Th1:Th2 ratio was significantly lower for the 100 ug dose than for all other groups (p <
0.02 for all comparisons).

Vaccine Dose and Immunodominant T cell Epitopes

An initial T cell epitope screen was conducted in mice vaccinated with 3 pg of vaccine
protein. In a pilot study, splenocytes were harvested from mice vaccinated with 3 or 100 pg
and stimulated /n vitro with the overlapping 15-mer peptides that spanned the length of the
OmpA protein. Based on the initial reactivity, a subset of peptides that showed signal were
selected for focused investigation. Using the selected peptides, splenocytes from mice
vaccinated with 3 pg of rOmpA had broader epitope-reactivity of IFN-y-producing cells
than from mice vaccinated with the higher 100 pg dose (Figure 3). Conversely, IL-4-
producing cells had broader epitope reactivity from high dose than low dose vaccinated
mice. Thus, high-dose vaccination induced a broader epitope-based Th2-polarized response
than low dose vaccination. In addition, IL-17A-producing splenocytes demonstrated epitope
spreading with the largest dose of vaccine.

Vaccine Dose and Immunodominant B cell Epitopes

To identify B cell epitopes, SPOT blot analysis was conducted using control and immune
serum and membranes containing overlapping peptides of the OmpA protein. A number of
specific B cell epitopes were identified (Figure 4A). Only 3 peptides were found to represent
both B cell and T cell epitopes (2, 16, and 23). Each of these peptides preferentially induced
IL-4 as opposed to IFN-y from splenocytes (Figure 3). Homology modeling revealed that
the predominant B cell epitopes were localized to surface exposed a helices and  sheets,
although there was also a dominant B cell epitope on the cytoplasmic face of the protein at a
hairpin loop structure (Figure 4B).

Discussion

rOmpA was identified as a highly promising candidate for active and passive immunization
based on humoral immunodominance during infection in mice [19]. The current studies
were conducted to assess the impact of vaccine dose on immunogenicity and to define T cell
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and B cell epitopes of the protein. All three vaccine doses stimulated high antibodly titers,
with larger doses inducing higher titers. The predominant IgG subtype generated was 1gG1
rather than 1gG2a or 1gG2b, consistent with a Type 2 immune response. All three vaccine
doses stimulated antigen-specific IFN-y-, IL-4-, and IL-17-producing splenocytes. The
lower vaccine dose induced a balanced IFN-y-IL-4 response, while the largest vaccine dose
significantly increased Th2 frequency out of proportion, leading to a significantly lower
Th1:Th2 ratio, indicative of a predominant Type 2 immune response.

The precise role of Type 1/Type 2 immunity in host defense against A. baumannii infection
is poorly defined. Several studies have confirmed the critical role of neutrophil recruitment
to host defense against A. baumannii infection in mice [34, 35], suggesting that neutrophil-
regulatory cytokines may be important in host defense. However, a recent study found that
the key neutrophil regulatory cytokines, IL-17 and KC, did not play a major role in host
defense against systemic A. baumannii infection mice [35]. Furthermore, a model of
pulmonary infection in mice found that more severe infection was associated with higher
levels of Type 1 inflammatory cytokines (IL-12 and I1L-23) and lower levels of IL-10,
suggesting that Type 2 immune responses may be protective [36]. In our previous study
establishing the efficacy of rOmpA as a vaccine against A. baumannii, antibody titers
correlated with protection, and immune serum passively transferred protection, also
suggesting that Type 2-drive antibody-based mechanisms are protective [19]. Nevertheless,
the precise roles of IL-4 vs. IFN-y in host defense against the organism remains uncertain
and merit further investigation.

T cell epitope mapping demonstrated a diverse set of immunodominant peptides, and of
interest, the peptides tended to induce preferential cytokine responses, rather than all
peptides inducing all cytokines. Furthermore, peptides induced distinct cytokine responses
when splenocytes were harvested from mice given different doses of vaccine. At the larger
dose, a broader range of peptides were found to be immunodominant for IL-4 and IL-17A
production, consistent with epitope spreading induced by larger vaccine doses. In contrast, at
the larger dose a narrower set of epitopes induced IFN-y-production by splenocytes,
consistent with a preferential Th2 response. Linear B cell epitopes were generally distinct
from T cell epitopes. There were several peptides, however, that were immunodominant for
both B and T cells. These peptides favored stimulation of IL-4 production more than IFN-y
production by splenocytes.

Larger doses of vaccines are known to be capable of inducing enhanced immunity [37-39],
particularly in immunocompromised patients [40-42]. Nevertheless, the reason for enhanced
immunogenicity of larger dose vaccines has not been elucidated, and to our knowledge,
vaccine dose has not been previously associated with epitope-spreading. Antigen
competition is known to drive selection of immunodominant epitopes and affinity
maturation of B cells during an immune response, with B and T cells expressing higher
affinity antigen-specific receptors preferentially receiving proliferation and survival signals
from antigen presenting cells [43-45]. Thus, epitope spreading may occur at higher doses
because there is greater quantity of processed antigen available in lymph node germinal
centers, enabling B and T cells with receptors that have lower affinity to bind to the antigen
and receive survival and proliferative signals. The dynamics of antigen availability in
germinal centers based on antigen dose is an important area of future investigation.

Aluminum-based adjuvants have been shown to drive immune responses by activating the
Nalp3 inflammasome [46]. Typically, aluminum-based adjuvants are considered Type 2-
priming adjuvants. Nevertheless, we found evidence of IFN-y-priming, particularly at lower
antigen dose, indicating that depending on the protein with which the adjuvant is combined,
aluminum hydroxide can help induce polarization to a Type 1 response. Additional study is
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required to determine the impact of dose with other adjuvants which are more prone to
induce IFN-y-based Type 1 immune responses.

The fact that epitope spreading occurs at higher doses, as does an enhanced Th2 response,
suggests that higher doses may be favorable for future development. Thus, these results
inform the continued pre-clinical development of the rOmpA vaccine targeting A.
baumannii. Furthermore, they indicate that the immunogenicity, breadth of epitope
coverage, and nature of the cytokine response to vaccines can be modified by altering
vaccine dosage.
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Figure 1. Antibody titersinduced by various doses of rOmpA or adjuvant alone

A) Balb/c mice (n = 11 per group from 3 separate experiments) were vaccinated with one of
3 doses of vaccine or adjuvant alone. 1gG titers from individual mice and the median titers
(horizontal bars) for each group are shown. B) IgM and IgG subtype titers measured by
ELISA from vaccinated or control mice. *p < 0.05 vs. adjuvant alone; **p < 0.05 vs.
adjuvant alone and vs. 3 pg dose.
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Figure 2. Splenocyte cytokine production stimulated by rOmpA

A) IFN-vy, IL-4, or IL-17A production by splenocytes from vaccinated or control mice (n =
8 per group from 2 experiments) stimulated for 48 h with rOmpA measured by ELISpot. B)
Ratio of IFN-y:IL-4 produced by splenocytes from individual mice. Median and
interquartile ranges are shown. *p < 0.05 vs. adjuvant control. **p < 0.05 vs. 3 and 30 pg
dose, and vs. adjuvant control.

Vaccine. Author manuscript; available in PMC 2014 January 02.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Linetal.

Page 13
15 1 13 pg
IFN-y

14 M 100 ng

13 4
121
) _
% 11
£ 101
R
4
Z 8
=R I

P1 P2 P3 P6 P11 P12 P13 P14 P16 P19 P20 P22 P23 P25 P30 P31 P32 P33
3

= 64 W 100 pg
)
2
Z 541 s
72
T 44 1
&
3 -
= 34

24 -

Pl P2 P3 P6 P11 P12 P13 Pl4 P16 P19 P20 P22 P23 P25 P30 P31 P32 P33
- 3
7 D3 we IL-17A
W 100 g

T 6
s
%
&
2 5T
Z
3
=

4

P2 P3 P6 P11 P12 P13 P14 P16 P19 P20 P22 P23 P25 P30 P31 P32 P33

OmpA 15-mer Peptide

Figure 3. Vaccine dose alter ed epitope immunodominance

Splenocytes were harvested from Balb/c mice vaccinated with 3 or 100 pg of rOmpA. The
splenocytes were stimulated with 5 pg/ml of individual, overlapping 15mer peptides for 48
hours in ELISpot plates. Graphed are the means of 2 mice per group each run in triplicate.

The lower bound of the Y axis is set at the third quartile of responses across all peptides in
order to focus on immunodominant epitopes.
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Figure 4. B cell epitopesrecognized by immune serum from vaccinated mice

A) SPOT synthesis membrane containing overlapping 13-mer peptides spanning the rOmpA
sequence, offset by three amino acids, were probed with pooled immune serum from mice
vaccinated with 3 pg of rOmpA. B) /n silicahomology model of rOmpA was built using the
Swiss-Model automated protein structure homology-modeling server (http://
swissmodel.expasy.org). Major immunogenic epitopes are color-coded. Red = spots 86-92
from Figure 4, dark blue = spots 102-105 from Figure 4; yellow = spots 107-108 from
Figure 4; green (bottom right) = spots 40-41 from Figure 4.

Vaccine. Author manuscript; available in PMC 2014 January 02.


http://swissmodel.expasy.org
http://swissmodel.expasy.org

