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ABSTRACT

Disease management in the food industry is complex and includes use of good hygienic practices, antimicrobials, and
immunization. Vaccines are available against many, but not all, disease agents affecting animals reared for human food. Fewer
vaccines are currently licensed and widely available for human foodborne pathogens. Increased resistance to antimicrobials
provides additional impetus to develop new vaccines. In addition to the need for new vaccines, new methods of vaccine
production are desired. Some current methods of vaccine production can involve use of hazardous chemicals, provide incon-
sistent results, or present risk to vaccine recipients with certain allergies. The efficacy of high hydrostatic pressure (HHP) for
inactivation of a variety of foodborne pathogenic microorganisms has been well established, and some of these microorganisms
have been demonstrated to retain immunogenic properties, suggesting HHP may have application for the development of
vaccines. Studies on the effect of HHP on infectivity and immunogenicity of various viruses, a protozoan parasite, and one
bacterial species are presented. Control of several of these pathogens is important for animal health and economic stability in
several sectors of the food industry. The research to date on the potential for vaccine development by HHP is presented.

VACCINES AND THE FOOD INDUSTRY

The food industry is vulnerable to the harmful impact
of disease agents from the health of livestock to that of the
human consumer. There are an unfortunate number of ex-
amples of disease outbreaks among livestock, which have
resulted in reduced productivity, emergency treatment, mor-
tality, depopulation, and trade restrictions, amounting to
economic losses measured in billions of U.S. dollars (34,
55). Human illnesses attributed to foodborne disease are
estimated in the millions in the United States alone (53).

Management of disease-causing microorganisms is a
complex challenge that must be addressed throughout pro-
duction, processing, distribution, and preparation of food.
Vaccination is one preventative measure that can protect
livestock, and in some cases, the human consumer, from
microbial diseases associated with foods. Vaccination of
livestock may be preferable to the use of antimicrobials,
due to the development of resistance (87), and prevention
of disease is generally less stressful for the animals (57)
and less costly for the producer than management after in-
fection. Internationally, the 2004 value of veterinary vac-
cines market was US$3.1 billion, of which the majority was
dedicated to livestock (55). In the United States, some rec-
ommended vaccination schedules aim to prevent as many
as 10 different diseases in livestock (21, 27, 54, 64, 82).
Additional vaccinations may be warranted in cases in which
other diseases are diagnosed in sufficient proximity to pre-
sent undue risk. In addition to direct immunization of food
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animals, the practice of vaccinating wildlife to prevent the
spread of disease to livestock has been performed, such as
for rabies and brucellosis prevention (77, 84). Irrespective
of the current availability and use of vaccines, research on
the development of new and more efficacious vaccines re-
mains a priority of the Animal Health National Program of
the U.S. Department of Agriculture, Agricultural Research
Service (76).

Among human disease agents for which food can serve
as a transmission vector are rotavirus and hepatitis A virus
(HAV), vaccines against which are readily available in the
United States. Rotavirus is the most common cause of se-
vere diarrhea among children, leading to an estimated
55,000 hospitalizations annually for children in the United
States, and to more than 600,000 deaths of children annu-
ally worldwide (70). Currently, two oral vaccines against
rotavirus are licensed for use in the United States (78). An
inactivated HAV vaccine was licensed by the U.S. Food
and Drug Administration in 1995 and 1996 for persons old-
er than 2 years of age, and in 2005, an HAV vaccine be-
came available for younger children. HAV vaccination of
children is currently recommended for children by the Ad-
visory Committee on Immunization Practices, American
Academy of Pediatrics, and American Academy of Family
Physicians (/2). Vaccination of adults against HAV is rec-
ommended for individuals at high risk for exposure to HAV,
including clinical workers and persons traveling abroad.
Debates continue on whether widespread HAV vaccination
of food handlers is appropriate, and who should cover the
cost for such an effort.

Among other human disease agents potentially trans-
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missible through foods, vaccines are available on a very
limited basis, or research is still in progress. In the United
States, an investigational human vaccine against botulinum
toxin produced by Clostridium botulinum is available (3)
as is a vaccine to protect against anthrax caused by Bacillus
anthracis (9); however, these are administered only to peo-
ple considered at risk for occupational exposure, such as
laboratory workers and military personnel. Research con-
tinues for vaccine development against these and other
foodborne diseases, with efforts directed at vaccination of
humans directly, or vaccination of food animals recognized
as reservoirs for human disease agents, such as vaccination
of cattle for control of the human pathogen Escherichia coli
O157:H7 (52, 60, 61) and poultry for control of salmonel-
lae (4). Candidate vaccines have reached preclinical or clin-
ical trial phase against a number of foodborne diseases in-
cluding cholera, enterotoxigenic E. coli, shigellosis, and ty-
phoid fever (83).

VACCINE TECHNOLOGY

Current vaccines and new vaccines under investigation
are predominantly of one of four types: inactivated whole
cells (or viral particles); live, attenuated cells or particles;
toxoids; and immunological subunits. Each has advantages
and disadvantages.

Inactivated whole cells are prepared by chemical or
heat treatment (65) and are generally considered safer than
live, attenuated vaccines because there is no opportunity for
replication or reversion to a virulent state (44); however,
inactivated agents may not be as potent as live, attenuated
preparations and may require booster injections or the ad-
dition of adjuvants to help improve the rate, duration, or
strength of the immune response (2, 44).

Live, attenuated preparations generally induce strong
and long-lasting immunity; however, a risk of reversion to
virulence exists (44). Several approaches are used to de-
velop live, attenuated vaccines, including passage of a wild-
type strain in other hosts and/or cell culture until there is
loss of pathogenicity without loss of immunogenicity, use
of agents that are natural pathogens in other hosts but not
that of the host to be immunized, use of naturally avirulent
strains, and selective deletion or inactivation of certain
genes (19). Toxoids are chemically or thermally detoxified
toxins used to immunize against intoxications such as those
caused by tetanus and diphtheria organisms (/9). Subunit
(or component) vaccines comprise individual components
of the disease agent such as purified antigens and those
derived by recombinant technologies. The design of subunit
vaccines requires knowledge of the specific component,
product, and/or its genetic precursor that causes the pa-
thology. Antigenic polysaccharides or proteins can be iso-
lated and purified from pathogenic organisms grown in the
laboratory. Recombinant strategies are the most recently
employed for the preparation of designed vaccines. Genes
coding for a specific antigen can be incorporated into and
expressed by bacteria, yeast, insects, or mammalian cells,
and the antigen is subsequently purified. The same tech-
nique can be used for the expression of antigens by avir-
ulent vectors including bacteria and plants. The use of
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plants or other forms of oral vaccine delivery is appealing
because it theoretically may improve mucosal immune re-
sponse. Subunit vaccines may also help circumvent the
need to generate large numbers of a disease agent for whole
or attenuated vaccines, particularly for those agents that
must be propagated in the natural host rather than in the
laboratory.

Vaccines can also be designed to differentiate animals
that have been naturally infected from those that have been
vaccinated, termed marker, or differentiating infected from
vaccinated animals (DIVA) vaccines (79). Vaccines with
antigen gene insertions, deletions, or alterations will induce
a different antibody response profile in the vaccinated in-
dividual, responses detectable by serological tests (46).
Vaccinated animals that cannot be distinguished from nat-
urally infected animals may be ineligible for international
trade, and DIVA vaccines may be an approach to overcome
this issue (80). DIVA vaccines may also serve as important
tools to assess disease eradication programs (46).

In addition to the vaccine itself, other ingredients used
for the preparation, stabilization, and preservation of vac-
cines may be present in some vaccine preparations. These
may include antimicrobials to kill or prevent growth of con-
taminating microorganisms, egg protein if the agent has
been attenuated by passage through egg embryos, formal-
dehyde for toxoid preparations and for use to eliminate con-
taminating viruses and bacteria, and monosodium glutamate
used to stabilize vaccines from environmental pressures
(11). Additionally, these preparations may include adju-
vants such as aluminum salts, mineral oil, liposomes, and
virosomes to enhance the delivery and immunogenicity of
nonreplicating vaccines (46). Some of the aforementioned
methods and/or reagents can be hazardous to handle or pre-
sent disposal and environmental concerns. Certain vaccines
are not recommended for some individuals with sensitivi-
ties to even trace amounts of certain ingredients.

The ideal vaccine has been described as having the
following characteristics: strong, broad, and lasting immu-
nogenicity in all individuals; no side effects; ease of deliv-
ery; stability; and low cost (19, 44, 46). Marker vaccines
to differentiate natural immunity from induced immunity
are desired, as the disruption of trade relations may be a
deterrent to vaccination (34, 46). Finally, the preparation
technique should ideally be nonhazardous and environmen-
tally friendly. HHP is being explored as a new method of
vaccine development with theoretical potential to deliver
immune-inducing, inactivated, whole disease agents by
means less hazardous than chemical treatments.

HHP PROCESSING

HHP is an emerging food processing technology with
multiple and varied potential applications. HHP has been
shown to induce the formation of gels (43), aid starch ge-
latization (20), affect phase transitions (4/), kill some insect
eggs (7), affect enzymatic reactions (/), affect allergenicity
of certain food components (15, 28, 30, 37, 39), and affect
bacterial toxins (49). HHP can also be used as a process
aid for certain shellfish products (8, 16). However, the util-
ity of HHP for the inactivation of pathogenic and spoilage
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microorganisms has received the majority of research at-
tention, and its success for this purpose has been commer-
cialized for a number of different food products (16, 31).
The efficacy of HHP on various microorganisms and the
conditions that affect HHP efficacy have been reviewed
(47, 58).

During treatment, pressure is distributed uniformly and
instantaneously, independent of product shape and size (58,
75). Processing can be done in batch or semicontinuous
fashion in commercially available units of varying sizes.
The application of pressure leads to an increase in temper-
ature, known as adiabatic heat; however, the application of
pressure can reduce the temperatures necessary to inactivate
some organisms as compared with temperatures required
when heat is applied as the sole treatment. One major ap-
peal of HHP is its minimal effect on the freshlike properties
of foods as compared with thermal processing (75).

Pressure has served as an important tool to study mac-
romolecular assemblies (70), with applications for food pro-
duction as well as pharmaceuticals. The predominant ef-
fects of HHP are reportedly on the tertiary and quaternary
organization of polymers rather than on covalent interac-
tions (75). The mechanism of microbial inactivation by
HHP has been attributed to the potential disruption of mul-
tiple structures and functions, such as bacterial membrane
permeability, replication and transcription, partial unfolding
of viral protein coat (33, 50, 58), and parasite infective
structures (66). Depending on what structures or functions
in microorganisms are disrupted by HHP, it is theoretically
possible to achieve inactivation of a pathogen, without al-
tering properties that elicit an immune response in its host.
Indeed, research with a number of pathogens provides sup-
port for this possibility.

HHP AND VACCINE RESEARCH

Immunogenicity of HHP-treated viral agents. The
exploration of HHP for vaccine development dates back to
at least 1956, with inactivation of poliomyelite virus (Lan-
sing strain) with some retention of immunogenicity (5).
During this period, vaccines against polio were being de-
veloped by conventional means, and a global eradication
effort ensued years later. Interest in the potential use of
HHP for vaccine development appeared to be revived in
the early 1990s, with new research studies published by
Silva and colleagues (69). More than a dozen different dis-
ease agents have been evaluated for pressure susceptibility
and subsequent retention of immunogenicity (Table 1).

The majority of HHP vaccine development research
effort has been dedicated to viruses. Several of these studies
have focused on diseases of livestock, including bovine ro-
tavirus (63), foot-and-mouth disease virus (FMDV) (36),
infectious bursal disease virus (IBDV) of poultry (72, 73),
vesicular stomatitis virus (VSV) (18, 69), and rift valley
fever virus (59). While vaccines exist for many of these
viral diseases, limitations reported include incomplete
chemical inactivation, changes in immunogenic properties
(36), variable efficacy, and the challenges in staying current
amidst viral mutability (24, 72). HHP development of vac-
cines against human viral diseases has also been explored,
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such as coxsackievirus group B (CVB) (/4), Mayaro virus
(22), and yellow fever virus (25). While these may not be
associated with handling or consumption of food, there is
much to be learned from these studies on HHP effects on
viral particles. Collectively, the viruses studied (Table 1)
represent seven different RNA virus families, both envel-
oped and nonenveloped, and with different capsid struc-
tures (icosahedral and helical).

HHP inactivation of many of the aforementioned vi-
ruses is achieved at pressures somewhat at the low end of
the capabilities of commercial equipment used for food pro-
cessing. These include pressures in the range of 140 to 310
MPa; however, the treatment times have ranged from 30
min to 8 h (Table 1) for inactivation of 4-log (69) to 7-log
(22, 36, 67) titers. In several cases (IBDV (72, 73), FMDV
(36), CVB (14), and yellow fever virus (25)), the temper-
atures utilized are at or below 16°C, or required the addition
of another agent such as urea for the inactivation of FMDV
(36). Pressure susceptibility of the viruses was evaluated by
cell culture infectivity assays (22, 25, 36), mouse assay
(14), or the natural host (72).

The majority of these pressure-inactivated virus parti-
cles were screened for immunogenicity by their ability to
elicit neutralizing antibodies in animal models. Pressure-
treated bovine rotavirus (63), CVB (14), FMDV (36), May-
aro virus (22), and simian rotavirus (62, 63) were demon-
strated to elicit neutralizing serum antibodies as well as the
native, untreated virus particles. For example, in one study,
pressure-treated (250 MPa at —15°C, with 1 M urea)
FMDV (1 pg) was mixed with Freund’s incomplete adju-
vant and administered weekly to rabbits in three inocula-
tions. The rabbits were bled on the fourth week and the
sera collected. Dilutions of heat-inactivated sera were
mixed with 102 PFU FMDV for 1 h, and virus-sera mix-
tures were then evaluated for infectivity in baby hamster
kidney cells by plaque assay. The results obtained with
pressure-treated FMDV were compared to that of the na-
tive, non—pressure-treated FMDV and found to be compa-
rable (36). VSV immunogenicity was similarly determined
by the production of neutralizing antibodies in rabbits, and
the researchers further noted that the rabbits exhibited no
side effects when administered pressure-treated VSV (69).

Three studies with pressure-treated viruses evaluated
the retention of immunogenicity by challenge studies in an-
imal models (14, 25) or the natural host (72, 73). Animals
were inoculated with pressure-treated virus particles and
subsequently challenged with non—pressure-treated virus to
determine protective effects of such vaccination. Mice vac-
cinated with three inoculations of pressure-treated yellow
fever virus survived challenge at least 21 days with a lethal
dose of untreated virus (25), and 67% of mice vaccinated
with pressure-treated CVB survived challenge with a nor-
mally fatal infectious dose of CVB (/4). Tian and collab-
orators (72, 73) evaluated IBDV in chickens, the natural
host. Pressure-treated IBDV (230 MPa at 0°C for 2 h) was
not infective to chickens, and chickens subsequently chal-
lenged with infectious IBDV exhibited no disease symp-
toms.

A number of techniques have been utilized to evaluate
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the mechanistic effects of HHP on viruses that would be
sufficient to disrupt infectivity but not disrupt interactions
or structures needed to induce an immune response. The
capsid is believed to carry important epitopes, and so a
number of studies evaluated capsid integrity of pressure-
treated virus particles. Electron microscopy was used to ob-
serve pressure effects on the morphologies of VSV (69),
rotavirus SA11-4S (62), and IBDV (72, 73). Silva and col-
leagues (69) reported that the membranes were intact, but
bulges were visible on surfaces of pressure-treated VSV.
The general morphology of rotavirus SA11-4S was unal-
tered by pressure (250 MPa for 1 h), but a discontinuity in
the outer capsid suggested pressure treatment caused the
outer shell to partially detach from the inner shells (62).
The integrity of the rotavirus inner shells, however, ap-
peared to be intact, as viral RNA was not more susceptible
to RNase as a result of pressure treatment (62). The mor-
phology of pressure-treated IBDV appeared altered and
with a broken appearance under electron microscopy (73).
Polyacrylamide gel electrophoresis of trypsin-digested
IBDV provided evidence for pressure-induced, irreversible
changes in capsid proteins of IBDV (72). The similarity
between sedimentation patterns of radiolabeled, pressure-
treated, and native FMDV suggested capsid integrity was
not compromised by pressure treatment (36). Fluorescence
microscopy has been utilized to evaluate whether pressure
induces conformational changes in viral proteins by probing
with bis(8-anilinonaphthalene-1-sulfonate) (bis-ANS). A
change in fluorescence was observed with FMDV during
pressurization; however, the effect was reversed when pres-
sure was released, also suggesting the capsid structure was
maintained (36). Changes in fluorescence intensity occurred
with pressure-treated VSV (69), and these changes were
attributed to dissociation of protein subunits, or dissociation
of protein and nucleic acids, which allowed for increased
binding sites for the fluorescent probe. Changes in fluores-
cence with Mayaro virus were attributed to partially irre-
versible and increased exposure of hydrophobic domains
(22). Exposure of hydrophobic regions of surface proteins
occurs with some enveloped viruses during fusion of virus
with host cell membranes (26). Fluorescence resonance en-
ergy transfer studies with pressure-treated Mayaro virus fur-
ther showed an increased ability for fusion between virus
particles and liposomes (22). It has been postulated that
HHP induces a stable, fusion-active structural state in some
viruses (22, 26, 56, 62, 70) similar to that which occurs
when viruses bind to cells, but with simultaneous particle
inactivation such that infectious cycles cannot be complet-
ed. Studies with pressure-inactivated VSV revealed that
VSV can attach to host cell membranes, but is not inter-
nalized, a step which may be important for evoking a full
immune response (/8). Pontes et al. (62) reported that pres-
sure treatment resulted in a loss of hemagglutinating activ-
ity of rotavirus due to mild perturbations of the VP4 hem-
agglutinin protein, a protein believed to be important in a
number of virus—host cell interactions including attachment.
Pressure-induced changes in virus particles are presumed to
be fairly subtle and indicative of specific conformational
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changes that disrupt infectivity, but not presentation and
recognition of immunogenic properties.

Immunogenicity of HHP-treated nonviral agents.
Ferwer studies have been conducted on inactivation and
subsequent immunogenicity of nonviral agents. One report
by Silva et al. (67) investigated the effect of pressure for
inactivation of the bacterium Leptospira interrogans ser.
hardjo and its subsequent immunogenicity. The Hardjopra-
jitno strain of L. interrogans ser. hardjo was treated by
pressure and evaluated for mobility, viability, structural
changes, and immunogenicity. As observed with dark-field
microscopy, the leptospires were rendered immobile by 2
kbar (200 MPa) of pressure applied for 60 min or 1.6 kbar
(160 MPa) of pressure for 120 min. A lack of growth in
media served as an indicator that these treatments also in-
activated the leptospires. Intraperitoneal inoculation of rab-
bits and antibody titer of sera indicated that the pressure-
treated leptospires were immunogenic. Electron microscopy
revealed that pressure-treated leptospires had displaced out-
er membranes and axial filaments, and produced loss of
helical shape. Studies with binding of the fluorescent probe,
bis-ANS, indicated that pressure-treated leptospires showed
increased fluorescent intensity, compared with untreated
leptospires. The authors suggested that increased binding of
bis-ANS is indicative of conformational changes that im-
prove accessibility of the fluorescent probe to hydrophobic
regions, and they hypothesized that changes in membrane
proteins could explain this observation.

The use of HHP for potential vaccine preparation has
been reported with one parasite (66). Eimeria acervulina is
a poultry protozoan parasite and is closely related to the
human parasite Cyclospora cayetanensis. Eimeria causes
coccidiosis, which is characterized by intestinal lesions,
compromised weight gain, and mortality in severe cases
(51). Vaccines are available, but broilers are often protected
by the use of anticoccidial drugs, and resistance to anticoc-
cidials has been reported (13). E. acervulina oocysts can be
rendered nonpathogenic to chickens with 2-min pressure
treatments at 550 MPa at 40°C. Chickens that received a
primary oral dose of HHP-treated E. acervulina and were
then challenged with virulent E. acervulina oocysts exhib-
ited disease symptoms less severe, in that lesions of the
intestinal tract were dramatically reduced as compared with
birds that did not receive a primary inoculation. The pro-
tection was not complete, however, as the chickens still
shed oocysts and had suppressed weight gain. The mech-
anism of inactivation is not completely clear, but damage
to the internal sporozoite was proposed. HHP-induced dam-
age to the oocyst and sporocyst structures was not detected
by the methods employed (microscopy, permeability, ex-
cystation, mechanical fragility); however, recovery and
morphology of sporozoites from pressure-treated oocysts
appeared to be altered after in vitro treatment that simulated
the intestinal environment.

Margosch and collaborators (49) conducted a study on
the effects of HHP on heat-stable bacterial toxins. While
the aim of the study was not to evaluate the potential of
HHP for vaccine development, they conducted an experi-
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ment that may provide some early insight on the effect of
HHP on bacterial toxin cytotoxicity and immunoreactivity.
Bacillus cereus was treated at 800 MPa for 30 min at 30°C,
and the supernatant was tested for reactivity, using an en-
zyme immunoassay, and cytotoxicity was evaluated with
Vero cells. The treatment yielded a slight decrease in cy-
totoxicity, but an increase in reactivity was seen in the en-
zyme immunoassay over untreated controls. The authors
proposed one possible explanation for this finding was that
HHP dissociated the hemolysin BL complex and permitted
greater accessibility of the L2 protein component to react
with antibodies. This study also demonstrated a lack of cor-
relation between heat stability and barotolerance of bacte-
rial toxins tested.

Animals reared for human food have an abbreviated
life span, and consequently, tumor formation is not nor-
mally a concern, with the exception of those caused by viral
infections such as in the case of Marek’s disease of poultry.
One study on the effects of pressure on tumor cells dem-
onstrated that pressures above 300 MPa induced tumor cell
death and prevented replication (42). Mice were immunized
with HHP-treated tumor cells (Raji cell line) and an anti-
body—antitumor response was found to be comparable to
that of mice immunized with live Raji tumor cells. These
findings suggest HHP technology may have potential ap-
plication for development of a cancer vaccine.

As previously described, a considerable number of oth-
er viruses (29, 35, 40), bacteria (58), and parasites (45, 71)
important for food systems have been shown to be sensitive
to HHP, but their immunogenicity after treatment has yet
to be evaluated. Pressure susceptibility cannot necessarily
be predicted based solely on morphological or other simi-
larities among microbes (29), and there are insufficient data
to suggest retention of immunogenic properties occurs uni-
formly with pressure susceptibility. The use of HHP alone
or in combination with other stresses such as UV irradiation
and elevated temperatures as a potential strategy for vaccine
preparation against simian immunodeficiency virus (38),
classical swine fever virus (23), and B. anthracis spores
(17), respectively, has also been proposed but has not been
tested.

HHP-DERIVED VACCINES: POTENTIAL
ADVANTAGES AND CONSIDERATIONS

HHP-derived vaccines could have, in theory, many of
the advantages of current vaccines with simultaneous re-
duction of some of their disadvantages. Complete inacti-
vation of a cell or particle by HHP eliminates the concerns
of reversion to a virulent state, as with live preparations, so
with regard to this issue, the safety of an HHP-derived vac-
cine should hypothetically be comparable to other inacti-
vated vaccines. However, one of the challenges with de-
velopment of vaccines, particularly nonlive vaccines,
whether inactivated or subunit, is invoking a complete and
lasting immune response. For viruses, the whole, intact par-
ticle may be necessary for greatest efficacy (69). Pressure
appears to inactivate some enveloped viruses such that the
full infection cycle is disrupted while the pressure simul-
taneously induces them into a fusion-active state, a state in

HHP AND VACCINE DEVELOPMENT 1505

which conformation of the virus surface envelope proteins
fuse with host cell membranes (22, 26). The combination
of these features suggests that HHP-derived vaccines
against certain viral diseases could not only be safe as in-
activated vaccines, but also possibly competent as whole
live, attenuated preparations. Pressure treatment may even
enhance the immune response if antigen exposure is in-
creased by rearrangements in large molecules that would
otherwise block antigen accessibility (68). Less work has
been done with bacteria or parasites, although a partial im-
mune response observed with pressure-treated E. acervuli-
na may suggest that a structure or interaction critical for a
full immune response is altered by pressure (66); however,
other pressure-treatment conditions, the timing and/or dos-
ing of the pressure-treated protozoa, or addition of adju-
vants as possible means to improve the immune response
have not yet been explored.

For disease agents inactivated by pressure without the
addition of other chemical agents, the concerns of environ-
mental impact and hazards in handling are also reduced.
Although HHP equipment may currently have relatively
higher maintenance needs, HHP may be considered an en-
vironmentally friendly processing method as an alternative
for typical thermal treatment of foods because of its poten-
tial for reduced waste and energy consumption (74). It is
noteworthy that some of the HHP conditions demonstrated
to inactivate pathogens with retention of immunogenic
properties require extreme pressures or temperatures, or
long treatment times, conditions that may be more stressful
for the regular care of pressure equipment.

HHP can be applied as a terminal production step in
food processing; that is, the product can be packaged and
processed in a hermetically sealed, flexible container, pre-
venting subsequent contamination. For food systems, the
benefit is in the reduced need for pretreatment of aseptic
containers or steps to prevent postprocessing contamination
prior to packaging (74), as well as reduced reliance on other
preservation strategies. For vaccine preparation and pack-
aging, this feature may reduce reliance on other preserva-
tives used for current vaccines, provided the preparation is
adequately pure from contaminants, or it can be verified
that any potential contaminants would be destroyed during
pressurization. Such potential contaminants may include
remnants of cell lines used to propagate viruses, chemicals
of biological source used to recover microbes, as well as
toxins associated with microorganisms. Additionally, since
passage through other hosts to reduce virulence would not
be necessary, the risk of potentially allergenic remnants
should be reduced. Packages for vaccines prepared by HHP
would need to be designed in consideration of pressure sta-
bility, transport and storage conditions, technological fea-
tures readily demonstrated possible with food systems, as
well as sized appropriately for dosing (possibly single dos-
ing, depending on the host to be immunized and delivery
method), with means to withdraw aseptically the vaccine
from the package. However, multidose preparations would
be more likely to require formulations more similar to con-
ventionally prepared vaccines to protect from accidental
contamination. Because pressure does not typically affect
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covalent structures when applied at ambient temperatures,
it would not be expected to create new hazards via the
breakdown or synthesis of new compounds; however, pres-
sure can reportedly degrade aspartame (6) and enhance
some enzyme-catalyzed reactions. The effects of HHP on
other compounds have not been exhaustively studied. Thus,
toxicology studies for new preparations would be warranted
for pressure-derived vaccines as much as for vaccines de-
rived by conventional methods.

Some of the same issues encountered with other meth-
ods of vaccine preparation would need to be considered
with HHP. As previously mentioned, pressure resistance
varies between related populations and even within pure
populations. The selection of barotolerant bacteria with re-
peated pressure treatments has been reported and proposed
to result from an accumulation of multiple mutations (32).
Additionally, pressure stabilization of microorganisms to
heat (48) and pressure-induced sublethal injury with sub-
sequent recovery have been reported (47). Prior stresses can
increase barotolerance as well (47). Therefore, HHP con-
ditions previously demonstrated to inactivate pathogens
must be verified (considering reversible injury), and stock
cultures used to prepare vaccine preparations need to be
handled to prevent selection for increased pressure resis-
tance or loss of immunogenic properties. Natural mutability
would remain an issue, and vaccines derived by any method
would need to be evaluated against variants with potentially
new virulence traits. For pathogens that may require some
early stages of attachment or infection without propagation
for a complete immune response, verification that pressure-
treated agents retain these properties would be necessary,
or an adjuvant might be needed to enhance an otherwise
incomplete response.

Studies to date on pressure-derived vaccines have not
addressed the issue of differentiation of natural infection
from immunization. This distinction should theoretically be
possible as long as any modifications do not affect pressure
susceptibility, or are altered by pressure to be undetectable
serologically.

FUTURE WORK

The lack of infectivity with retention of immunogenic-
ity of HHP-treated pathogens has been determined primar-
ily in cell culture and by the detection of neutralizing an-
tibodies in other hosts (36, 63, 69), or in some cases, the
natural host (66, 72, 73). For those studies that have shown
promise in model systems, HHP-derived vaccines will need
to be challenged in the natural host, where required. As
with vaccines developed by any method, efficacy without
detrimental side effects will need to be verified.

Numerous other microorganisms have been shown to
be vulnerable to HHP inactivation, but have not yet been
evaluated for immunogenic properties after pressure treat-
ment. Additionally, unchartered areas of research in the po-
tential of HHP for vaccine development include vaccines
against allergens or toxins.

Although variable, the time to develop a new vaccine
with existing technologies is estimated at 8 to 10 years,
with an estimated average cost of US$50 million (55). HHP
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technology as a means to prepare vaccines is clearly in its
exploratory and developmental infancy. Considerable re-
search is needed to evaluate the potential of HHP technol-
ogy for vaccine development, but theoretical foundations
and the results of several studies suggest this may be an
exploration worth undertaking. In doing so, there would be
additional gains in a better understanding of the effects of
pressure on biological molecules and systems, as well as
the immunological character of microbes.
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