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improved vaccine responses after parenteral and mucosal delivery
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Abstract

Itis important when developing new vaccine systems to give proper attention to the question of delivery. In some cases the judicious choice
of a delivery system can provide a greatly enhanced immune response and avoid the need to use a vaccine adjuvant. Delivery systems tha
have been developed originally for the administration of challenging drug can be used with success for vaccines. Polymer microspheres and
lamellar particle based on the biodegradable materials polylactide and polylactide co-glycolide can be employed for the improved parenteral
and mucosal administration of antigens. Likewise soluble biopolymers such as chitosan can be used for the improved nasal delivery of various
antigens as well as DNA. Results from animal studies and recent clinical trials are provided.
© 2005 Published by Elsevier Ltd.
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1. Vaccine delivery materials that have been approved for use in man have been
of special interest. 39
A variety of materials are now available for use as ‘anti-
gens’ in the development of novel vaccine systems. These
include whole organisms (both live and inactive), proteins, 2. Biodegradable synthetic polymers 40
lipopolysaccharides and DNA. In addition, many new im-
munological adjuvants have been described, which may well  There has long been interest in the use of biodegrad-
have advantages over conventional materials such as alumable polymers for the controlled delivery of drugs parenter-
However, an essential part of the development of a successfullly. Microspheres and implants based on polylactic acids
vaccine product can also include the choice of an appropriateco-glycolide have been investigated in detail and producis
delivery system. Indeed in some cases the judicious combina-containing peptides such as luteinising releasing hormone,
tion of antigen and delivery system may induce a strong im- and growth hormone have been introduced successfully &
mune response without the need for an adjuvant. In our work the marke{1]. We were one of the first groups to use poly-»
on vaccine delivery, we have employed systems that weremeric microspheres for the parenteral and oral administratian
originally developed for the delivery of drugs. The choice of of vaccineqg2]. Good data have been obtained in small anis
the delivery system has been based on a thorough understandnal models but results obtained in large animal models and
ing of the disease, the nature of the antigen (physicochemicalin man have been less than satisfactory, especially for oral
properties, stability, etc.) the response required and the pre-administration. It is appreciated that polymer microspheres
ferred route of administration. Both parenteral and mucosal have certain limitations. Few polymers are approved by the
vaccine systems have been explored and candidate systemeegulatory authorities (for example polylactide, polylactide.
have been evaluated in animal models and in man. Polymericco-glycolide). The loading of antigen into the microspheres
can be very low (less than 1% w/w) and the material so loaded
* Tel.: +44 115 9515121; fax: +44 115 9515122 can be degraded during processing by strong shear forcesor
E-mail addressstanley.davis@nottingham.ac.uk. after loading when the polymer breaks down and releases
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acid components. We have been able to develop systems withtadsorbed influenza virus (trivalent). Good specific IgA ang
higher loading and improved stability through the incorpora- IgG levels were obtained in a mouse model. 116
tion of a second water-soluble polymer such as polyethylene  Clearly, it will be of interest to test these polymers based
glycol [3]. Various antigens have been loaded successfully systems in man following parenteral and mucosal administra-
with high rates of incorporation. Slow controlled release of tion, not withstanding the difficulties of undertaking clinicals
the antigen has been observed leading to a good immune reinvestigation with new products. Before such investigations
sponse after parenteral administration. It is believed that theare conducted it will be important to have a better undeg:
water-soluble polymer is released together with the antigen standing of the delivery issues and in particular the preferred
and that the water insoluble polymer acts as a sponge-like ma-site of uptake for optimal effect. For instance, much is knows
trix. Recently Yeh and Chiang] have described the loading  about the nose associated lymphoid tissue in the rodent but
of Vibrio choleraeinto this type of system to provide awhole what is the equivalent in man. Where a nasal spray should
cell vaccine. Mice were dosed orally and then subjected to abe directed? To Waldeyer's ring perhaps. Similar considess
lethal i.p. challenge. The novel microsphere systems outper-ations apply to the oral administration of vaccines to man:
formed conventional microspheres. The gut associated lymphoid tissue has been well investi
For any microsphere system a certain proportion of the gated in rodent and rabbit models but what is the situaties
‘loaded’ antigen will be found on the surface of the parti- in larger animals and particularly man? Oral vaccines have
cles rather than entrapped in the core. This surface materialusually performed poorly in clinical studies but this is pefs:
is normally released quite quickly to provide an initial dose haps no wonder. Has the vaccine been delivery properly:to
followed by the slower release of the material from the core. the optimal site and has the antigen been protected and then
We have found that some antigens are very difficult to load released at the appropriate site and at the appropriate time2 It
into particles. Studies with whole influenza virus showed that can be argued that the terminal ileum is the best place in man
there was almost nothing in the core; the virus instead wasfor vaccine delivery because of the preponderance of Peyess
firmly attached to the particle surface. Nevertheless, a goodpatches but there is more lymphoid tissue in the human colen.
immune response was obtained. We reasoned, therefore thafs yet there has not seemed to be a proper systematic study
for some antigens, it might be more appropriate and certainly conducted to ascertain the advantages of delivering oral vae-
simpler and cheaper to exploit surface adsorption rather thancines to the specific regions of the human gastrointestinal
attempt to load the materialinto particles. In orderto provide a tract. This can be readily achieved and indeed is now stan-
high surface for adsorption we developed polymeric lamellar dard practice when assessing the absorption characteristics
particles by the controlled precipitation of a crystalline poly- of new drug candidates. Advanced capsule systems candbe
mer such as polylactic acid (an approved material). It is a used to release a payload at designated sites, together with
simple versatile process that is easily scaled-up. The antigenmaterials that may enhance vaccine stability and/or uptake
is adsorbed to the particle under mild conditions and there [7]. 146
is no exposure of the antigen to organic solvents or shear. It can be argued thatimproved (targeted?) delivery of mus-
Good immune responses have been obtained via both syseosal vaccines may well provide an effective answer to poer
temic and mucosal routes in the mouse model. For example,responses and could avoid the need for the addition of ad-
enhanced and durable immunity was obtained with influenza juvants that may be reactogenic. The recent problems with
virus administered i.m. and the responses were the same onasal influenza virus vaccines are a case in pBhtAs will s
better than with alum. Immunity across strains was demon- be discussed below the performance of nasal vaccine candbe
strated (Harbin, Sichuan, N/chari§]. The lamellar system  improved by the use of bioadhesive materials that have a rale
has been optimized in terms of ‘formulation factors’ such in slowing mucocilliary clearance and thereby holding the.
as particle size, polymer properties (molecular weight) and delivery system at a preferred site for an extended period.ef
surface characteristics. The last factor has been of special intime. 156
terest. Antigen adsorption and release has been controlled by
modification of the surface by making it more hydrophilic or
hydrophobic. Likewise, it has been possible to make the sur-3. Mucosal vaccines and biopolymers 157
face positively charged (instead of the usual negative charge)
and in this way to adsorb DNA for the delivery of gene based = The administration of vaccines to mucosal surfaces wouild
vaccines. confer considerable advantages since mucosal surfaces.are
Interesting results have been reported by Venkataprasad ethe sites through which most antigens are encountered..dn
al.[6] who adsorbed the 38 kDa protein antigen (50 mg) from our studies we have paid special attention to the nasal route
Mycobacterium tuberculosit lamellar particles and then  and once again we have applied technologies that were de-
administered them to mice s.c. A strong Thl response andveloped originally for the improved delivery of challenginges
high levels of gamma interferon were observed. A synthetic drugs (e.g. insulin, calcitonin etc.). Mucosal vaccines have
peptide was also investigated. been developed for a range of different antigens (to inclugde
We have also conducted initial experiments on the in- DNA) using the biopolymer chitosan. These systems haue
tranasal and oral administration of lamellar particles carrying been tested in animal models and some more recently in man.
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Chitosan is a cationic polymer that it derived from the natural A single nasal immunization was well tolerated ang-
material chitin by a process of partial deacetylation. Chitosan boosted antitoxin neutralizing activity which could be furthess
has some interesting properties when used for drug delivery.boosted by a second immunization. The neutralizing activity
Itis bioadhesive and thereby slows down the clearance of for- far exceeded accepted protective levels and was equivalentto
mulations from the nasal cavity. Of equal importance is the that induced by standard i.m. vaccines and was significantly
ability of the material to open up the tight junctions between greater than intranasal immunization with CRM 197 in thes
cells and allow improved access of drugs (and antigens) toabsence of chitosan. Interestingly, unilateral intranasal im-
the underlying tissues (for the case of antigens perhaps to im-munization induced circulating antitoxin antibody-secreting:
prove contact of antigen with intraepithelial and submucosal cells, but a nasal antitoxin sIgA response was seen only after
lymphocytes) the second immunization and only in the vaccinated nostei
This effect of chitosan on tight junctions is transient and, [11]. 23
as far as can be ascertained, chitosan is non-toxic and non- Chitosan can also be used to deliver DNA. It is a cationie
immunogenic. The material is used in pharmaceutical for- material and it will therefore interact with negatively changesgs
mulations and is available at high quality (GMP standard) DNA to form insoluble complexes. Under appropriate cons:
[9]. ditions these complexes are in the form of sub-microm
Initial studies have been performed in a mouse model us- particles—nanopatrticles. The ratio of DNA to chitosan cas
ing the purified surface antigen (PSA) from B/Panama in- be alerted so as to control the particle size of the parti
fluenza. Good immune responses were obtained as demoneles and more importantly the surface charge. It has bean
strated by serum IgG anti-HA levels, and nasal wash se-found that particles of a size around 100 nm and a charge-af
cretory IgA anti-HA levels. Antibody secreting cells were greater than +20 mV can provide good transfection of cellss
also determined. A human clinical trial has now been con- This corresponds to a DNA: Chitosan ratio of 1:5. A nasal
ducted in 60 subjects using trivalent influenza vaccine: DNA influenza vaccine based on chitosan has been eval-
A/Sydney/5/97, A/Beijin/262/95, B/Yamanashi/166/98. Two uated in a challenge study in primed mice. DNA expresss
nasal formulations containing chitosan were compared to aing influenza haemagglutinin (HA) and nucleoprotein (NB)
conventional intramuscular (i.m.) product. A four-fold in- of A/Sichuan/2/87 (H3N2) virus was used. A priming doses
crease in HI value relative to pre-dose HI value indicated of 100ug naked DNA was given i.m. followed by a boost=s
an effective immune response to the nasal vaccine. The re-ing dose of 2Qug of various formulations either intranasally:so
sponses were slightly lower or similar for intranasal as com- or i.m. Intranasal challenge with 50 times the 50% infees
pared to i.m. administration. Observed HI values of 40 or tious dose of the virus was performed 2 weeks after boost
larger following nasal administration indicated protective ing following a nasal wash and sampling of serum. Goost
level to the antigen and the number of volunteers with pro- antibody levels were seen and in the challenge study a dra-
tective levels was similar for i.m. and intranasal dosing. matic reduction in virus shedding was seen for all animails
This new nasal influenza vaccine was well tolerated by the give the DNA vaccine, whether by nasal or i.m. routes. This
volunteerq10]. study was followed up by a more detailed investigation as
Further studies with chitosan have been conducted in mice,the nasal delivery of chitosan—DNA plasmid complexes exs
guinea pigs, sheep and man with a formaldehyde stabilisedpressing CTL epitopes from the M2 protein of respiratorys
recombinant diphtheria toxin (CRM 197). Naive and primed syncytial virus (RSV). Protective CTL responses were ins
subjects have been used together with challenge tests. Theluced in Balb/c mice after nasal administratid?]. The e
chitosan nasal formulations have been in the form of solu- DNA complexes were given on three separate occasions aad
tions and powders. Various read-outs have been obtained suclhen 2 weeks after the last immunization the mice were chas
as serum antibodies, lung lavage and nasal wash antibodiesenged nasally with 105 pfu of RSV. Four days after the.
neutralizing antibodies (Vero cell assay), T cell proliferation challenge, RSV was harvested from lungs and assayed-@n
tests and the measurement of relevant cytokines. Key for-HEp-2 cells. A dramatic reduction in virus titre was seens
mulation factors such as the ratio of antigen to chitosan andfor the nasal vaccine. This effect was similar to that fos:
the possible advantage of powder formulations were also as-the positive controls in the form of intradermal administrass
sessed as was the importance of administering the antigertion of the DNA complex and the s.c. administration of thes
and the chitosan at the same time. In a ‘pulse-chase study’peptide. 270
chitosan was administered one day earlier than CRM 197. A
significant decrease in serum IgG response was found as com-
pared to simultaneous administration. Chitosan given alone References m
intranasally gave no serum IgG response. A chitosan powder
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