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Abstract

The hepatitis B virus continues to be a major pathogen worldwide despite the availability of an

effective parenteral vaccine for over 20 years. Orally-delivered subunit vaccines produced in

maize may help to alleviate the disease burden by providing a low-cost, heat stable alternative to

the parenteral vaccine. Oral subunit vaccination has been an elusive goal due to the large amounts

of antigen required to induce an immunologic response when administered through the digestive

tract. Here we show that high levels of HBsAg were obtained in maize grain, the grain was formed

into edible wafers, and wafers were fed to mice at a concentration of approximately 300µg/g.

When these wafers were made with supercritical fluid extraction (SFE)-treated maize material,

robust IgG and IgA responses in sera were observed that were comparable to the injected

commercial vaccine Recombivax®). In addition, all mice administered SFE wafers showed high

secretory IgA titers in fecal material whereas Recombivax® treated mice showed no detectable

titer. Increased salivary IgA titers were also detected in SFE-fed mice but not in Recombivax®

treated mice. Wafers made from hexane-treated, or full fat, maize material induced immunologic

responses, but fecal titers were attenuated relative to those produced by SFE-treated wafers. These

responses demonstrate the feasibility of using a two-dose oral vaccine booster in the absence of an

adjuvant to induce immunologic responses in both sera and at mucosal surfaces, and highlight the

potential limitations of using an exclusively parenteral dosing regime.
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Introduction

Despite the availability of an effective parenteral vaccine for over 20 years, hepatitis B virus

(HBV) remains an important problem, with 240 million chronically infected patients

worldwide [1]. The present recommendation for the vaccine consists of injecting a 10 or

20µg dose of the HBV small surface antigen, HBsAg, as a primary dose followed by two

boosting doses. Although seroconversion occurs in greater than 90% of the general

population using commercialized vaccines [2], there are specific segments of the population

that are poor responders or non-responders. Among them are the elderly, obese individuals,

HIV-positive patients, and individuals with celiac disease, irritable bowel disease, Down

syndrome or chronic kidney disease [3–13].

An oral vaccine may improve seroconversion in the general population by stimulating the

immune system at mucosal sites, tissues that are traditionally primary sites of infection. In

addition, an oral vaccine would be easier to administer and could increase compliance in

populations that historically forego one or all of the HBsAg doses such as hemophiliacs

[14], at-risk youth [15], transient populations [16], persons engaging in high-risk sexual

activity [17–18], and healthcare workers [19]. On a global scale, a maize-produced oral

alternative could provide a low-cost, heat-stable alternative to parenteral vaccines [2, 20]

and therefore improve coverage in remote areas or resource-poor areas that cannot afford the

infrastructure for reliable cold storage, needle administration, and waste disposal.

Many attempts have been made to develop a viable oral vaccine system with some success.

Encouragingly, when HBsAg was expressed in potato tissue and fed tohuman volunteers as

a booster dose, an increase in antibody titer was observed in 63% of participants [21]. The

authors speculated that an increased concentration of antigen would be needed to improve

seroconversion rates but, unfortunately, highly concentrated HBsAg in potato tissue has not

been forthcoming. Increased antigen concentrations have been recently achieved in maize

and have shown improved responses in mice relative to the potato material [22].

A key advantage of cereal grains is their ability for long-term stable storage of recombinant

proteins [23–24]. If the raw material is to be used for oral vaccine formulations, shelf life

can be extended by removing lipids from the grain, leading to reduced rancidity, oil

degradation and radical formation [25]. Several methods can be used for lipid extraction,

including hexane extraction and supercritical fluid extraction (SFE) with carbon dioxide

(CO2). Hexane is a solvent that is routinely used for the extraction of oil from plant

products, resulting in marketable vegetable and essential oils. Unfortunately hexane is a

neurotoxin and therefore requires extensive safety precautions during extraction and

disposal. Supercricital CO2, formed at pressures above 74 bar and 31°C, is emerging as an

alternative commercial extraction solvent due to its relatively benign properties [26]. Using

Hayden et al. Page 2

Vaccine. Author manuscript; available in PMC 2015 March 05.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



hexane extracted maize material as an oral vaccine can elicit a strong immunological

response in mice [22], but SFE-treated material has not been tested for its immunogenicity.

In the present study, more highly concentrated maize material was assessed as a booster in

mice relative to the commercial vaccine. Different maize lipid removal techniques were also

implemented and assessed for their effect on immunologic responses in mice.

Materials and Methods

Maize material

All maize material used for the mouse study was derived from seed containing the HBG

construct, as previously described [20]. All maize material used in the mouse studies was

hybrid grain derived from heterozygous plants that contained genetic background from elite

parent inbred lines 16038 and MBS5411. Control germ was G909 germ from the Grain

Processing Corporation (Muscatine, IA).

Seed processing

HBG hybrid seed was soaked for 5 days in water (4°C) to approximately 50% moisture,

germ was extracted by hand, dried overnight at 37°C to a final moisture of 6–15%, and

ground to a fine cornmeal consistency. Ground germ was defatted by either hexane

extraction or supercritical fluid extraction (SFE). Hexane extractions were conducted as

previously described (Hayden et al, 2012, PBJ). SFE treatment consisted of CO2 extraction

at 350 bar, 40–53°C vessel temperature, using a 5L vessel in an SFT-250 (Supercritical

Fluid Technologies, Newark, DE).

Wafer processing

Germ expressing HBsAg was treated with hexane or SFE to remove lipids. During this

process, HBsAg concentration can either increase due to loss of lipids in the biomass or

decrease due to loss of recombinant protein during the extraction method. To compensate

for these changes in concentration, HBsAg germ materials were blended with control germ

to obtain approximately equivalent concentrations of HBsAg in all germ flour used to make

wafers. Control wafers were made with SFE-treated control germ. Each wafer contained

2.5g germ flour and 0.65g of ultrafine baker’s sugar (C&H). Water was added to give a

moldable consistency that was 15% of the germ weight for full fat material, and 25% for

SFE- and hexane-defatted material. Wafers were hand-pressed into circular plastic molds

(cat#40116, Decagon/AquaLab, Pullman, WA) and dried in a VWR 1430 vacuum oven

(VWR Scientific, Radnor, PA) at 58–62°C, 21–2” Hg until wafers lost >90% of the added

water.

Antigen detection

To test HBsAg antigen levels in ground maize material or wafers, 100mg samples were

weighed out in duplicate and each sample was extracted in 1mL PBS+1%TritonX-100. Four

wafers were tested per treatment. HBsAg was assayed by sandwich ELISA, as described

previously [22] with the following modifications: extracts were diluted 1:1000 and assayed

using a monoclonal capture antibody (cat#C01246M, Meridian Life Sciences, Memphis,

Hayden et al. Page 3

Vaccine. Author manuscript; available in PMC 2015 March 05.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



TN), and a polyclonal HRP-conjugated detection antibody (cat#B65811P, Meridian Life

Sciences).

Mouse study

BALB/c inbred mice (Harlan) were randomly assigned to treatments 1 through 6 and housed

individually. Eleven mice were assigned to treatments 1 through 3 and ten mice were

assigned to treatments 4 and 5. All treatments, except treatment 6, were injected with 0.5µg

of Recombivax® (Merck, Whitehouse Station, NJ) on day 0, and were boosted with full fat

wafers, hexane-defatted wafers, SFE-defatted wafers, Recombivax®, or control wafers

(treatments 1, 2, 3, 4, and 5, respectively), with boosting initiated on day 112 and day 126

post-primary injection. For each boost, two wafers were offered per day for three

consecutive days or a single intra-muscular Recombivax® injection was administered on the

first day. Treatment 6 consisted of 5 mice which were injected with 0.9% sterile saline on

day 0 and boosted with control wafers as above.

Anti-HBsAg antibody detection in mice

Blood samples were collected by submandibular venous puncture every 2–4 weeks,

centrifuged to remove red blood cells, and stored in 50% glycerol at −20°C. On boosting

days, serum was collected a few hours prior to boosting. Fecal material was collected from

cages that were cleaned 24 hours prior to sampling, and samples were stored at −20°C. Fecal

samples were collected twice a week for the first 5 weeks, and again twice a week starting

one day prior to the first boost and ending the week of the terminal bleed. Serum anti-

HBsAg IgG and IgA were detected using a sandwich ELISA. Plates were coated with

rHBsAg (cat#R86872, Meridian Life Sciences), serum samples diluted 1:250, and HRP-

conjugated anti-mouse IgG (cat#ab6789, Abcam, Cambridge, MA) or AP-conjugated anti-

mouse IgA (cat#ab97232, Abcam) were used to detect IgG and IgA, respectively. For

secretory IgA, 100mg of fecal pellets were resuspended in 1mL of 1%BSA in PBS

containing a protease inhibitor (cat# 11836153001, Roche Diagnostics GmbH, Mannheim,

Germany) and diluted an additional 1:50 and used in the same assay as the serum samples.

For saliva Ig, saliva was collected on day 141 post-primary injection, diluted between 1:5

and 1:25, and detected using the ETI-AB-AUK PLUS assay kit (DiaSorin, Saluggia, Italy)

which calculates total anti-HBsAg Ig in mIU/mL based on the WHO 2nd International

Standard. Serum Ig was also detected using the DiaSorin kit by diluting serum 1:50 or 1:500

so that titers fell on the linear part of the standard curve.

Immunoblot

One hundred milligrams of wafer material was first extracted three times in PBS + 0.05%

Tween 20 to remove native corn proteins that non-specifically bind to the detection antibody

(it is estimated that <10% HBsAg was removed in these first extractions). A fourth

extraction in PBS + 0.1% TritonX-100 was then performed to extract HBsAg. Ten

microlitres of each extract was heated to 100°C for 10 minutes and run on an SDS-PAGE

gel under reducing conditions (50mM DTT) and analyzed by an immunoblot, as previously

described [22].
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Statistics

Data for fecal IgA, serum IgA, serum IgG, and terminal bleed serum mIU/mL were log

transformed in order to normalize the data and equalize variability, then analyzed using an

ANOVA. For each dataset, statistical differences were assessed at the 5% overall

significance level using Tukey’s HSD procedure. Treatments sharing a group letter for a

given assay show insufficient evidence of statistically significant differences. Fecal IgA

responses were compared using data collected 135 days post-injection. Serum IgG and IgA

pre-immune subtracted O.D. values were normalized to bleed 5, which was taken directly

preceding the first boosting dose (day 112). Statistical differences were assessed for the

normalized terminal bleed, taken at day 147 (O.D. at day 147/ O.D. at day 112). Anti-

HBsAg Ig titers (mIU/mL) were analyzed for differences between terminal bleeds (post-

boost) and between pre-boost versus post-boost change in titers. Saliva mIU/mL were log

transformed and also analyzed using Tukey’s HSD procedure at the 5% significance level

after excluding one high outlier in the SFE boosting treatment. Removing the outlier

decreased the overall mean of the SFE treatment, but increased the power of the statistical

test due to an overall decrease in variability without the outlier.

Results

Concentration of HBsAg in maize material

Historically, it has been difficult to accumulate HBsAg in plant tissue at concentrations that

are high enough to elicit a robust immune response via oral administration. Recent breeding

efforts for increased HBsAg expression have shown promise [22] therefore maize lines were

backcrossed into elite parental inbred lines and used to produce highly expressing hybrid

grain. Because the promoter driving expression of HBsAg is primarily active in the germ

(embryo), germ was separated from the endosperm and assayed for HBsAg. Germ from

hybrid grain showed very high levels of HBsAg, with a mean of 581µg HBsAg/g germ, the

highest reported concentration to date in a plant production system.

The germ portion of the seed typically contains 30% oil [27], therefore removal of the oil

can significantly concentrate the HBsAg in the germ and extend its shelf life [28]. To

determine whether oil removal can impact the immune response, the germ was ground and

differentially processed by hexane treatment, supercritical fluid extraction (SFE) treatment,

or no treatment (full fat). Previous data have shown that hexane-treated maize material can

produce an immune response in mice [22]. In the interest of finding a more food-safe oil

extraction method, SFE treatment of the maize material was included.

HBsAg germ meal from all three samples was mixed with control germ meal that was

hexane treated, SFE treated, or untreated to approximate equal concentrations of HBsAg in

each type of germ. Germ mixes were then combined with sugar and water, formed into

wafers, dried, and HBsAg concentrations determined (Table 1). Based on an ELISA assay,

hexane-treated wafers appeared to contain higher concentrations of HBsAg than either full

fat or SFE-treated wafers and were more variable in their concentration from wafer to wafer.

To independently assess the relative concentration of HBsAg in the wafers, protein blots

were also performed (Figure 1). The protein blot did not indicate that the hexane treated
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material contained higher concentrations of HBsAg compared to the other treatments. The

hexane-treated and full fat wafers seemed to predominantly form a mix of monomeric and

dimeric HBsAg under reducing conditions whereas the SFE-treated wafer primarily formed

dimeric structures with very little evidence of monomeric molecules.

Mucosal response to oral administration of HBsAg

To test the immunogenicity of the different germ treatments used in wafer formulations and

compare their effect relative to a parenteral boosting regime, BALB/c mice were

administered 0.5µg of Recombivax® as a primary injection at day 0. Mice in

theRecombivax®-boosted treatment received 0.5µg Recombivax® on days 112 and 126.

Boosting with corn wafers was initiated on these same days and spanned three consecutive

days. Treatments included wafers made with full fat, hexane-treated, SFE-treated, and

control germ. Two 3.1g wafers were administered each day which resulted in approximately

5.5 mg of HBsAg being offered during each boost. Mice consumed approximately 75% of

the wafers, approximating a 4 mg dose per boost. A sixth treatment consisted of mice

receiving saline as a primary injection and control wafers on boosting days. Mice receiving

this last treatment showed no immunological response in any of the assays (data not shown).

Secretory IgA in fecal material was strongly induced in all treatments of orally delivered

HBsAg while no response was detectable in Recombivax®-boosted mice or in control wafer

fed mice (Figure 2). Pre-boost data revealed that no response was detected in the first five

weeks after primary injection for twelve mice (data not shown). All 11 mice in the SFE

wafer treatment group displayed increasing IgA titers after boosting relative to pre-immune

titers and more than 70% of mice in full fat and hexane treatments showed strong increases

after the second boost.

The mucosal response to oral boosting was further assessed via secretory IgA in mouse

saliva. All SFE-boosted mice that were tested (n=5) showed detectable total Ig levels (O.D.

values greater than 4-fold above the highest value recorded for mice fed control wafers),

ranging from 2 to 142 mIU/mL. Additionally, O.D. values from Recombivax®-boosted mice

were indistinguishable from control-boosted mice that received either a Recombivax®

primary or a saline primary.

Systemic response to oral administration of HBsAg

Mice were also tested for their systemic response to the oral and injected HBsAg boosting

doses. Mouse titers were normalized to their pre-boost levels and post-boost normalized

titers were compared (Figure 3). After boosting, Recombivax® and SFE-boosted mice

showed the highest increase in IgG titers (Figure 3a). Induction of IgA titers after boosting

was more pronounced for mice fed SFE-treated wafers, increasing 3.5-fold above pre-boost

levels (Figure 3b). Mice fed full fat or hexane-treated material showed comparable mean

responses to the Recombivax® boosted mice, increasing approximately 2-fold above pre-

boost levels. Mice fed control germ wafers showed decreasing IgG and IgA titers after

boosting, as expected.

Another metric for detecting serum antibody responses, mIU/mL, was assessed using the

ETI-AB-AUK PLUS DiaSorin kit. Post-boost titers were highest for SFE wafer-fed and
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Recombivax® boosted mice, while full fat and hexane-treated wafers produced smaller

increases and lower overall titers. As expected, the control germ wafers produced no

response in mice and resulted in a decrease in titer after boosting. Although all the mice

presented in Figure 4 were injected with 0.5µg Recombivax® on day 0, there was substantial

variability in the pre-boost titers across all treatments.

Statistical analysis

Statistical analyses were undertaken for all assays to establish statistical differences between

treatments at the 5% overall confidence level (Table 2). Differences in fecal IgA were

statistically significant between the oral HBsAg boosting treatments and the Recombivax®

boosting treatment. In addition, the SFE wafers produced a response that was significantly

higher than Recombivax®, hexane, and control booster treatments.

Fecal IgA titers were significantly higher for mice fed SFE wafers relative to Recombivax®-

treated mice, and injection of the mice with HBsAg was not statistically different than mice

fed control wafers.

In terms of the systemic response, there was no statistical difference between Recombivax®

boosted mice and SFE-boosted mice for either IgG or IgA normalized titers and both

treatments were different from the control wafer treatment, as expected. Mice fed full fat

and hexane-treated wafers also showed a significant difference in IgA titers when compared

to control wafers, but the same differences were not detected in IgG titers. Serum titers in

mIU/mL were analyzed using two different comparisons, due to the large variability in pre-

boost titers. Firstly, the pre- to post-boost change in titer was compared across all treatments.

SFE and Recombivax® treatments were not found to be statistically different, but SFE

treatment was also not different from the control wafer treatment, despite obvious

differences in pre- and post-boost mean changes in titer (Figure 4). This could be explained

by the highly variable titers across mice in a given treatment. Secondly, mIU/mL terminal

bleed titers (post-boost) were assessed and revealed that SFE and Recombivax® treatments

were not statistically different from one another but were higher than the control wafer, full

fat, and hexane treatments.

Discussion

Despite mounting interest for developing an oral vaccine against hepatitis B, few studies

have directly compared oral candidate vaccines against commercially available parenteral

vaccines. In this study, HBsAg oral vaccine booster doses were fed to mice and compared to

Recombivax® boosting by injection. A boosting dose of approximately 4 mg per mouse, 2-

fold greater than maize material fed to mice in a previous mouse study [22], demonstrated

the potential of the maize seed production system for increased HBsAg concentration.

Ongoing efforts project continued increase in HBsAg concentration over the next several

years. High HBsAg accumulation in the maize system is also ensured by the use of an

embryo (germ)-specific promoter and the ability to mechanically separate the germ from the

rest of the seed [29]. Commercially, germ is routinely separated from endosperm and

pericarp tissues [30–31] and therefore does not present an obstacle to increased production.
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High concentrations and ease of scaled-up processing are features of the maize system that

may be key determinants for the delivery of an oral HBsAg vaccine in human populations.

In addition to increasing the concentration of HBsAg in maize material, the present study set

out to compare the effect of different germ flour preparation techniques on mouse

immunological responses. The germ portion of the seed was left untreated (full fat), or lipids

were removed using hexane treatment or SFE treatment with CO2. CO2 is a very non-polar

solvent and can be used to extract lipids from various materials. It can remove lipids without

compromising enzyme activity [32] and can even increase the activity of some proteins,

such as bovine pancreatic lipase [33]. Both hexane and SFE treatment preferentially extract

non-polar lipids such as triglycerides, yet they differ in their extraction of phospholipids.

SFE treatment extracts 10 to 100-fold fewer phospholipids than hexane treatment, as

evidenced by oil fractions collected from corn germ and soybean [34–36], and has been

shown to concentrate phospholipids in the solid fraction of egg yolks and buttermilk [37–

38]. Since HBsAg is an integral membrane protein, is known to be associated with

phospholipids in human serum, and has improved immunogenicity when incorporated into

lipid micelles [39], the phospholipid content in the wafers may alter the immunogenic and

structural properties of the protein. Alternatively or concomitantly, the SFE process itself

may increase oligomerization of the HBsAg protein, a structural change shown to occur with

SFE-treated ribonuclease [40]. The increased oligomerization may then impact the

immunogenicity of the wafers. This hypothesis is supported by protein blot analysis of the

three germ treatments, in which SFE-treated germ showed preferential dimer formation

whereas hexane-treated and full fat germ showed preferential monomer formation (Figure

1). This difference may in turn, explain differences observed in the immunologic response in

the subsequent mouse trials (see below). It may also explain the discrepancy between

relative germ concentrations of HBsAg as determined by ELISA versus protein blot. Higher

concentration in hexane-treated material seen by ELISA may result from an HBsAg

molecule that is more fully exposed for lack of phospholipid components and an enrichment

of monomeric subunits, therefore leading to increased binding of the polyclonal antibody

used for detection. It is also worth noting that dimer formation in the germ samples is

evident in the immunoblot, even under reducing conditions. This may indicate that HBsAg

secondary structure is more resistant to denaturation in the maize material than in the

purified yeast rHBsAg sample, which is fully reduced to the monomeric form under the

same conditions. A more extensive investigation of the physical properties of these different

samples is ongoing as is a characterization of optimal SFE conditions for HBsAg oligomer

formation.

In terms of immunologic responses, differences between the germ treatments were most

striking in the fecal secretory IgA response to oral boosting. SFE-treated wafers produced

the strongest response, while hexane-treated wafers produced the weakest response to the

orally-administered HBsAg (Figure 2). Interestingly, no response was detected from the

Recombivax®-injected boost, suggesting that mucosal immunologic responses against

HBsAg are largely induced by antigen delivered via mucosal routes. This may have

important implications for protection against pathogens that primarily invade mucosal

surfaces. These data suggest that oral boosting can provide a more balanced systemic/
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mucosal response than injection alone and may warrant a review of present vaccination

practices for providing optimal protection against pathogen assault.

Increased mucosal antibody titers for orally boosted mice were also evident in saliva, albeit

at low titers, and were absent in Recombivax®-injected and control mice. Smaller increases

in saliva titers may be explained by the high turnover of fluid in the oral cavity, or perhaps a

suboptimal response due to a timepoint collection with a non-maximal titer. Because saliva

collection is physically demanding for the mice, a more thorough characterization of the

salivary IgA response over time will need to be conducted in human volunteers or a larger

model organism.

Another aim of the study was to compare the systemic response for injected boosting and

oral boosting regimes. In serum, oral boosting with SFE material was comparable to injected

boosting, as assessed by IgG and IgA pre-boost normalized titers (Figure 3). The fold

increase in IgG titer from SFE boosting showed no statistically significant difference when

compared to Recombivax® boosting, although Recombivax®did have an overall greater

increase in these samples. To test whether these sample differences are reproducible,

additional mouse studies will need to be undertaken. Serum IgA seemed to show a much

greater response in mice fed SFE wafers, with titers more than 3-fold above pre-boost levels,

while the Recombivax® injections resulted in a 2-fold increase above pre-boost levels;

however, this difference was not statistically significant. It is not clear whether these fold-

changes were influenced by pre-boost titers, since SFE-treated pre-boost titers were two-fold

lower than Recombivax® pre-boost titers. Nonetheless, it can be argued that the boosting

effect is at least comparable in both treatments, as final post-boost titers were similar. Again,

additional mouse studies will need to be conducted to verify these two scenarios.

Serum titers were also assessed by assaying mIU/mL of total Ig anti-HBsAg antibody

(Figure 4). As seen with the serum IgA titers, mouse treatments showed very different pre-

boost titers, despite all mice receiving equivalent primary injections at the initiation of the

study. The high variability complicates analysis of the post-boost titers since it decreases the

power of the statistical analyses, but tentative conclusions can be made. When comparing

SFE and Recombivax® treatments, there was no statistical difference when analyzing either

the total mIU/mL titers in the post-boost (terminal) bleed, or the change in titer from pre- to

post-boost bleeds. In addition, terminal bleed titers were lower in hexane-treated and full fat

fed mice and significantly different than Recombivax®-boosted mice. SFE treatment,

therefore, seems to be the preferred oral boosting option of the three wafer treatments.

A final aim of the study was to confirm the viability of a 2-dose oral boosting regime. This

study clearly shows that two oral doses can induce a robust immune response, and

demonstrates that oral boosting could be used as an alternative to parenteral boosting.

Conclusions

These data establish the potential for a hepatitis B oral vaccine in the absence of an adjuvant.

They indicate that serum titers in mice boosted orally with SFE material or parenterally with

Recombivax® injection are comparable, and that SFE material is far more effective than
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Recombivax® for inducing a mucosal response. Hexane-treated and full fat wafers also

induced immunologic responses, but with reduced efficacy relative to the SFE-treated

wafers and the Recombivax® injected booster doses.
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Highlights

Oral HBsAg boosting induces strong mucosal responses whereas Recombivax® does not

SFE-treated wafers enhance the immune response over full fat or hexane-treated wafers

SFE treatment of maize favors HBsAg dimer formation

Two boosting doses of oral or parenteral vaccine produce comparable responses

Oral HBsAg boosting does not require an adjuvant for a robust response
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Figure 1.
HBsAg monomer and dimer formation as resolved by SDS-PAGE under reducing conditions. Maize wafer samples include

SFE-treated (SFE), hexane-treated (Hex), full fat (FF), and control (Ctrl) extracts. Monomers and dimers are indicated by single

and double asterisks, respectively. The positive control (Yeast HB) represents 100ng of yeast recombinant HBsAg. Ladder (L)

bands mark 181, 115, 82, 64 (red band), 49, 37, 26, 19, 15, and 6 kDa sizes.
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Figure 2.
Fecal IgA anti-HBsAg response as determined by a sandwich ELISA. Black arrows indicate initiation of oral or Recombivax®

boosting. Preimmune-subtracted mean O.D. values were determined for each treatment.
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Figure 3.
Serum anti-HBsAg in mice. (a) IgG and (b) IgA response in mice as determined by a sandwich ELISA. Preimmune-subtracted

O.D. values were normalized to pre-boost values for each mouse (O.D. at day n/O.D. at day 112) and means were determined

for all mice in a given treatment. A white arrow indicates primary injection of 0.5µg Recombivax® on day 0. Black arrows

indicate initiation of oral boosting or Recombivax® injection.
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Figure 4.
Geometric mean titers of serum anti-HBsAg Ig in mice boosted parenterally (Recombivax®) or boosted orally with HBsAg

germ or control germ. Pre-boost samples and post-boost samples were collected at 112 days and 147 days (terminal bleed) after

primary injection, respectively.

Hayden et al. Page 17

Vaccine. Author manuscript; available in PMC 2015 March 05.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Hayden et al. Page 18

Table 1

Concentration of HBsAg in wafers as determined by ELISA.

Sample Mean [HBsAg]
(µg/g wafer)

Std. dev.

Full fat wafers 290 40

Hexane-treated wafers 481 93

SFE-treated wafers 297 23

Control wafers None detected*

*
Limit of detection is 15µg/g
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