INFECTION AND IMMUNITY, Feb. 2003, p. 726-732
0019-9567/03/$08.00+0 DOI: 10.1128/1A1.71.2.726-732.2003

Vol. 71, No. 2

Copyright © 2003, American Society for Microbiology. All Rights Reserved.

Protective Levels of Diphtheria-Neutralizing Antibody Induced in
Healthy Volunteers by Unilateral Priming-Boosting Intranasal
Immunization Associated with Restricted Ipsilateral
Mucosal Secretory Immunoglobulin A

Kingston H. G. Mills,! Catherine Cosgrove,2 Edel A. McNeela,' Amy Sexton,” Rafaela Giemza,”
Inderjit J abbal-Gill,> Anne Church,> Wu Lin,> Lisbeth Illum,®> Audino Podda,* Rino Rappuoli,4
Mariagrazia Pizza,* George E. Griffin,” and David J. M. Lewis**

Immune Regulation Research Group, Department of Biochemistry, Trinity College, Dublin 2, Ireland"; St. George’s Vaccine
Institute, St. George’s Hospital Medical School, London SWI17 ORE,* and West Pharmaceutical Services Drug Delivery

and Clinical Research Centre Ltd., Albert Einstein Centre, Nottingham Science and Technology Park, Nottingham
NG7 2TN,? United Kingdom; and Chiron Vaccines, Siena, Italy*

Received 29 July 2002/Returned for modification 27 September 2002/Accepted 4 November 2002

Subunit intranasal vaccines offer the prospect of inducing combined systemic-mucosal immunity against
mucosally transmitted infections such as human immunodeficiency virus. However, although human studies
have demonstrated the induction of active immunity, secretory immunoglobulin A (sIgA) responses are
variable, and no study has demonstrated protection by accepted vaccine-licensing criteria as measured by
direct toxin-neutralizing activity. Using the genetically inactivated mutant diphtheria toxoid CRM,,, in a
bioadhesive polycationic polysaccharide chitosan delivery system, we found that a single nasal immunization
was well tolerated and boosted antitoxin neutralizing activity in healthy volunteers, which could be further
boosted by a second immunization. The neutralizing activity far exceeded accepted protective levels and was
equivalent to that induced by standard intramuscular vaccine and significantly greater than intranasal
immunization with CRM,,, in the absence of chitosan. A striking but unexpected observation was that
although unilateral intranasal immunization induced circulating antitoxin antibody-secreting cells, a nasal
antitoxin sIgA response was seen only after the second immunization and only in the vaccinated nostril. If these
data are reproduced in larger studies, an intranasal diphtheria vaccine based on CRM,,,-chitosan could be
rapidly licensed for human use. However, a restricted sIgA response suggests that care must be taken in the
priming-boosting strategy and clinical sampling techniques when evaluating such vaccines for the induction of

local mucosal immunity.

In murine models of immunization, the nasal route appears
to have the advantage of inducing both a systemic and a dis-
seminated mucosal response, making it highly attractive for the
delivery of vaccines against mucosally transmitted infections.
Various human studies have reported nasal delivery of non-
replicating antigens from Shigella (9), diphtheria and tetanus
toxoids (1), cholera toxin B subunit (4, 21), Neisseria meningi-
tidis (10, 12), Pseudomonas (14), and Bordetella pertussis (5, 6).
However, no study has reported the induction of immunity that
would satisfy established vaccine-licensing criteria. Further-
more, reported secretory immunoglobulin A (sIgA) responses
in mucosal secretions vary among subjects and anatomical
sites (11), and intranasal diphtheria toxoid in alum induced
significant side effects (1). Thus, a delivery system that can
effectively induce both systemic and disseminated mucosal
responses to nasally delivered nonreplicating antigens with-
out inducing significant side effects remains a highly desirable
goal.

The mutant diphtheria toxin CRM, 4, contains an inactivat-
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ing glycine-to-glutamic acid substitution at position 52 of the
enzymatic A subunit and is widely used in humans as a licensed
polysaccharide antigen carrier. CRM, o, is inherently nontoxic
and does not require chemical inactivation. However, low-dose
(0.18%) formaldehyde treatment enhances its immunogenicity
for intranasal immunization of mice and guinea pigs (17) while
preserving its structural integrity and ability to induce highly
active toxin-neutralizing antibodies (17). This is in contrast to
higher concentrations of formaldehyde used to inactivate diph-
theria toxin in the preparation of current vaccines, which has
the unwanted effect of enhancing the reactogenicity of con-
taminants. The cationic polysaccharide chitosan is primarily a
mucoadhesive agent, and it enhances systemic and mucosal
immune responses in animal models of intranasal immuniza-
tion with CRM,,, (17) and influenza antigens (3). Chitosan
enhances transepithelial transport of antigen to the nasal mu-
cosal immune tissue through an effect on tight junctions and by
decreasing mucociliary clearance (2). We report here the use
of a combination of 0.18% formaldehyde-treated CRM, .-
chitosan for nasal immunization of healthy volunteers in an
attempt to induce protective levels of serum antitoxin anti-
body, and we study the induction of systemic and local mucosal
immune responses.
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MATERIALS AND METHODS

Subjects, immunization protocol, and sample collection. Twenty healthy adult
volunteers (10 male and 10 female; mean age, 23.2 years) were randomly as-
signed to receive two intranasal immunizations either with 50 pg of CRM, 5, 7
mg of chitosan glutamate 213, and 2.5 mg of mannitol or with CRM,o, with 9.5
mg of mannitol alone. CRM, ¢, was obtained from Chiron Vaccines, Siena, Italy,
and chitosan glutamate 213 was obtained from Pronova Biomedical AS (now
FMC BioPolymer AS), Drammen, Norway. A further five subjects (two male and
three female; mean age, 24.8 years) received a single intramuscular immuniza-
tion with a standard alum-adsorbed diphtheria toxoid vaccine [Dip/Vac/
Ads(Adult); Farillon, Ramford, United Kingdom). The study was approved by
the United Kingdom Medicines Control Agency and St Georges Local Research
Ethics Committee. All of the subjects reported intramuscular diphtheria vacci-
nation >5 years previously and provided written informed consent. Intranasal
immunization was performed using a prefilled Valois single-use device to insuf-
flate a dry powder into the right nostril on days 0 and 28. Nasal lavage was
performed by inserting a Foley urinary catheter into the nostril, inflating the
balloon gently to form a seal, and instilling normal saline, which was then
aspirated after 5 min. Each nostril was sampled independently on days —7, 27,
42, and 84. The samples were held on ice before being frozen without delay at
—80°C to prevent proteolysis of sIgA.

ELISA and enzyme-linked immunospot (ELISPOT) assay. A modification of
the method reported previously (15) was used to determine antitoxin IgG and
IgA. Briefly, wells of 96-well high-binding enzyme-linked immunosorbent assay
(ELISA) plates (Costar, Cambridge, Mass.) received 1 pg of purified diphtheria
toxin in carbonate-bicarbonate coating buffer, pH 9.6. After being blocked with
1% denatured casein, the wells received serial doubling dilutions of serum or
nasal-lavage fluid. All antibodies were obtained from Sigma UK unless stated
otherwise. Bound antitoxin antibody was detected by incubation with alkaline-
phosphatase-conjugated goat anti-human IgG (y-chain specific) or goat anti-
human IgA (a-chain specific) antibody. Activity was measured by absorbance of
4-nitrophenyl phosphate substrate at 405 nm, and each plate included a refer-
ence sample. Specific activity was determined by the parallel-line method, rela-
tive to the reference sample, and was expressed as relative ELISA units (15, 16).
Total IgA and albumin concentrations were measured by rate nephelometry in
nasal-lavage samples of each subject at the time of peak sIgA response (Immage;
Beckmann Coulter, High Wycombe, United Kingdom; international reference
standard CRM470).

Antitoxin antibody-secreting cells (ASCs) were detected in an ELISPOT assay
by coating and blocking 25-well Repli plates (Sterilin, Stone, United Kingdom)
as described above and incubating peripheral blood mononuclear cells (PBMCs)
separated by Ficol discontinuous-gradient centrifugation at a concentration of 5
X 10° cells/well for 21 h. After being washed, individual ASCs were detected by
sequential incubation with goat anti-human IgA or IgG, rabbit anti-goat alkaline
phosphatase conjugate, and BCIP (5-bromo-4-chloro-3-indolylphosphate)-aga-
rose substrate and were counted under low-power magnification as described
previously (15).

Bead separation of PBMCs by surface expression of L-selectin. In seven
subjects on a total of nine occasions after nasal immunization, PBMCs previously
incubated with fluorescein isothiocyanate-labeled mouse anti-human L-selectin
antibody (BD Pharmingen, San Diego, Calif.), were separated using MACS
beads (Miltenyi Biotech, Auburn, Calif.) coated with goat anti-mouse IgG anti-
body. The purity of enrichment was confirmed to be >97% by fluorescence-
activated cell sorter analysis. The number of L-selectin™ antitoxin ASCs was then
determined by comparing separated and unseparated PBMCs in the ELISPOT
assay, as reported elsewhere (19). Similar methodology was employed using an
anti-a4B7 integrin antibody, but a clear separation between labeled and unla-
beled cells could not always be achieved, and those data are not shown.

Neutralizing-antibody assay. Serum samples were tested for specific anti-
diphtheria toxin neutralizing antibodies using a method similar to that of Miy-
amura et al. (18) as described previously (17). Briefly, serial twofold or threefold
dilutions of serum or standard antitoxin for diphtheria (equine antiserum from
the Center for Biologics Evaluation and Research, Food and Drug Administra-
tion, Bethesda, Md.; 6 TU/ml, diluted 1/200 prior to the assay) in M199 medium
were added to the wells of 96-well tissue culture plates. The plates were incu-
bated at 37°C for 3 h with diphtheria toxin (Chiron Corporation). Following
incubation, 10* Vero cells in M199 medium supplemented with 10% fetal calf
serum were added to the plates. The neutralizing effects of antibodies versus
diphtheria toxin were evaluated by analysis of the growth of the Vero cells after
3 days of incubation at 37°C. Supernatants from each well were removed, and
viable cells, which remained adherent to the plates, were fixed and stained with
crystal violet. Following solubilization of the dye, the cell density was determined
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TABLE 1. Tolerability of vaccines

No. of subjects”

Intranasal groups

Symptom . P
ymp First vaccine Second vaccine Intramuscular
group
Chitosan Mannitol Chitosan Mannitol

Nasal discharge

Mild 5 4 5 5

Moderate 1 1 0 0
Nasal blockage

Mild 4 0 2 5

Moderate 1 1 1 0
Nasal discomfort

Mild 4 2 1 3

Moderate 2 2 2 1
Fever

Mild 0 0 0 1

Severe 0 0 1 0
Headache

Mild 3 4 0 3

Moderate 2 0 1 0

Severe 0 0 1 0
Myalgia

Mild 0 1 0 1 1
Pain at injection site

Mild 2

Moderate 1
Redness at injection

site
Moderate 1

“ Number of subjects reporting symptoms in the 7 days after each immuniza-
tion from a total of 10 subjects for each intranasal vaccine and 5 subjects for the
intramuscular vaccine. Only the most severe grade for each symptom is recorded.

by measurement of the absorbance at 540 nm. The levels of neutralizing anti-
bodies in serum samples were expressed as international units per milliliter with
reference to the absorbance values obtained for the standard antitoxin.

Statistical analysis. The unpaired Student’s ¢ test was used to compare means
between groups for ELISA and neutralizing-antibody assays, and the paired ¢ test
was used for left-right nasal-lavage antitoxin sIgA.

RESULTS

Safety and tolerability of the nasal vaccine. Intranasal im-
munization using the Valois single-use device was well toler-
ated, with only transient and mild-to-moderate symptoms. Ta-
ble 1 gives the frequency of the most severe symptom scored by
a subject in the 7 days after each immunization. No subjects
withdrew from the study or refused to have the second intra-
nasal immunization.

Serum antibody responses. Systemic protective immunity
against Corynebacterium diphtheriae toxin is defined for vac-
cine-licensing purposes as >0.01 international neutralizing-
antibody units/ml of serum. A single nasal immunization with
CRM,y,, with or without chitosan, induced serum antitoxin
IgG and IgA (Fig. 1) and protective levels of toxin-neutralizing
antibody (14.8 and 5.4 IU/ml, respectively) (Fig. 2) as effec-
tively as intramuscular immunization (6.3 IU/ml) (Fig. 2). A
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FIG. 1. Serum anti-diphtheria toxin (DT) IgG and sIgA response after IM and IN immunization. Subjects were immunized twice (open arrows)
intranasally with CRM, 4,-chitosan (A) or CRM,,-mannitol (@) or once (thin arrow) intramuscularly ((J). Geometric mean serum IgG and IgA
anti-diphtheria toxin ELISA activities at various times before and after immunization are expressed as ELISA units (EU) relative to a reference
standard. The error bars indicate standard errors of the mean (capped lines for the CRM, y,-chitosan and CRM, ¢,-mannitol groups; uncapped lines
for the intramuscular group) and are cropped where overlaps occur. All postvaccination values are significantly higher than the day —7 value (P

< 0.005 to 0.0001 for IgG; P < 0.01 to 00001 for IgA).

second intranasal immunization boosted neutralizing activity,
which was significantly higher in the chitosan delivery group
(peak, 20 TU/ml).

sIgA responses. Whereas all volunteers had evidence of pre-
existing antitoxin serum IgG and, interestingly, detectable lev-
els of serum IgA from previous intramuscular vaccinations, no
antitoxin sIgA was detected in nasal-lavage fluids at recruit-
ment or following intramuscular immunization (Fig. 3a). Uni-
lateral intranasal priming-boosting did induce a highly signifi-
cant local antitoxin sIgA response in nasal-lavage fluid, but
only after the second immunization. Chitosan significantly in-
creased the sIgA response by >10-fold in comparison with the

Anti-DT neutralizing antibody

Days

FIG. 2. Serum anti-diphtheria toxin neutralizing-antibody response
after intramuscular and intranasal immunizations. Subjects were im-
munized twice (open arrows) intranasally with CRM,y,-chitosan (A)
or CRM,y;-mannitol (@) or once (thin arrow) intramuscularly (7).
The mean serum toxin-neutralizing activity was measured by Vero cell
assay at various times before and after immunization and is expressed
as international units per milliliter. The error bars indicate standard
errors of the mean (capped lines for the CRM,qy;-chitosan and
CRM, ¢;-mannitol groups; uncapped lines for the intramuscular group)
and are cropped where overlaps occur. *, P < 0.05 between CRM ¢~
chitosan and CRM,4,-mannitol.

mannitol group (Fig. 3a). An unexpected and striking obser-
vation was that the sIgA response occurred almost exclusively
in the vaccinated nostril. Even when correction was made for
the flow rate of nasal secretions (by dividing specific IgA
ELISA units by the total IgA), subjects either did not mount a
sIgA response or did so only in the immunized nostril (Fig. 3b).
The difference was greater for the chitosan delivery group due
to the higher level of antitoxin sIgA induced; however, a sim-
ilar and significant left-right difference was seen with the man-
nitol delivery group. No difference in the albumin concentra-
tion was observed between groups or between left and right
nostrils, indicating that alterations in passive transudation of
proteins (e.g., as a result of nasal inflammation) was not re-
sponsible for the observed differences in antitoxin sIgA levels.
Similarly, no differences in total IgA concentrations were ob-
served between groups or between left and right nostrils, again
indicating that differences in nasal-secretion flow rates or vari-
able dilution of the nasal secretions during washout did not
account for the observed differences in specific antitoxin IgA
levels in the lavage fluid.

Induction of ASCs. Circulating antitoxin ASCs were enu-
merated by ELISPOT assay (15) before and after immuno-
magnetic bead separation on the basis of L-selectin surface
expression (Table 2). Intramuscular and intranasal immuniza-
tions both induced circulating IgG antitoxin ASCs (Fig. 4), as
might be expected from previous studies of intranasal immu-
nization (9, 12, 20, 21). However, only the chitosan-delivered
immunization induced a significant circulating IgA ASC re-
sponse, and then only after a second immunization.

DISCUSSION

Various studies have confirmed the potential for intranasal
immunization of humans with nonreplicating vaccines against
a wide range of bacterial pathogens (5, 6, 9, 10, 12, 14), includ-
ing C. diphtheriae (1). Furthermore, intranasal immunization
appears to offer the advantage of inducing combined systemic
and secretory immunity, including at diverse mucosal sites,
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FIG. 3. Nasal-wash anti-diphtheria toxin (DT) sIgA response after intramuscular and intranasal immunizations. Subjects were immunized twice
(open arrows) intranasally with CRM, o;-chitosan (A) or CRM, ;-mannitol (@) or once (thin arrow) intramuscularly (IM) (OJ). (a) Geometric mean
nasal-wash IgA anti-diphtheria toxin activity measured by ELISA in the left and right nostrils. The error bars indicate standard errors of the mean
(capped lines for the CRM, y;-chitosan and CRM,y,-mannitol groups; uncapped lines for the intramuscular group) and are cropped where overlaps
occur. (b) Paired left- and right-nostril nasal-wash anti-diphtheria toxin sIgA response [log(IgA anti-diphtheria toxin activity)/total sIgA concen-

tration (in milligrams per milliliter)] for each subject on the day of peak response. The error bars indicate standard errors of the mean.

* P <0.05,

and **, P <0.01 between CRM, y;-chitosan or CRM, ¢;-mannitol on day 42 and (intramuscular) day 27 and left-to-right corrected nasal-lavage sIgA.

such as the lung and genital tract (4, 11, 21, 22). This ability to
induce a mixed immune response and the potential for T-cell
immunity (6, 17) make intranasal immunization very attractive
for sexually transmitted infections, as well as those mediated by
toxins produced by mucosally acquired pathogens such as C.
diphtheriae. However, in order to gain acceptance by vaccine-
regulatory authorities, such novel vaccination strategies will
have to demonstrate efficacies at least equivalent to currently
accepted licensing standards. We believe this to be the first
study to report the use of nasal immunization in humans to
induce protective immunity that exceeds current regulatory-
authority criteria for vaccine licensing as measured by direct
toxin-neutralizing activity.

The inherent immunogenicity of CRM,, and the structural
integrity of the molecule after only mild formaldehyde treat-
ment may partly account for the high-quality, functional toxin-
neutralizing antibody induced via the nasal route in this study
(Fig. 2). Chitosan is thought to act as a bioadhesive (2) and

may transiently reduce mucociliary action, which may localize
the antigen within the nose and allow for prolonged uptake.
Furthermore, by transiently opening tight junctions, chitosan
may enhance direct transepithelial transport of CRM,, to the
NALT, both enhancing the immune response (Fig. 2) and
localizing it within the mucosa (Fig. 3). The ability of chitosan
to deliver structurally intact CRM,, to the immune system is
especially evident in the toxin-neutralizing assay, where the
activity after one immunization was significantly greater than
that in the mannitol delivery group, and it could be further
boosted by a second intranasal immunization (Fig. 2). Chitosan
does not induce histological changes in human studies of nasal
delivery (2) or ex vivo studies of direct application to tissue
explants (2). Our subjects tolerated intranasal delivery of chi-
tosan-CRM, 4, on two occasions extremely well, with only tran-
sient and mild-to-moderate symptoms. This contrasts signifi-
cantly with a previous study of intranasal delivery of diphtheria
toxoid with alum adjuvant in humans, which resulted in signif-
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TABLE 2. Frequency of antitoxin IgA ASCs in L-selectin® and
unsorted PBMCs

Frequency of antitoxin IgA ASCs*

Subject Day
L-selectin™ Unsorted
015 35 14 30
016 7 1 12
017 7 3 8
017 35 3 50
018 7 20 6
019 7 26 140
019 35 6 36
020 35 16 108
104 7 120 62
Mean (%) 23.2(46.2) 50.2

“ Expressed as number of ASCs per 10° PBMCs.

icant side effects, with 73% reporting an “unpleasant stinging,”
25% reporting prolonged symptoms up to several days, and
some subjects reporting nose bleeds (1). CRM, 4, and chitosan
are widely used independently in humans. In view of safety
concerns with a new generation of nasal delivery systems, the
present finding that intranasal immunization with CRM, g, in a
chitosan delivery system induced high levels of systemic pro-
tective immunity is a significant breakthrough. If the results are
repeated in larger studies, this strategy would allow the rapid
licensing of the first intranasal subunit vaccine and open the
way to the development of intranasal vaccines against a wide
range of mucosal and nonmucosal pathogens. While intranasal
immunization appears to be highly effective at boosting previ-
ously intramuscularly immunized subjects, studies with naive
individuals will be required to address its effectiveness for
initial priming immunization.

The discordance between the serum IgG and nasal-lavage
sIgA responses is in keeping with the concept that systemic and
mucosal immune responses may occur independently (7) and
the relatively short duration of mucosal sIgA responses. Thus,
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FIG. 4. Circulating antitoxin ASC response after intramuscular and
intranasal immunizations. Subjects were immunized twice (open ar-
rows) intranasally with CRM, y;-chitosan (A) or CRM,4,-mannitol (@)
or once (thin arrow) intramuscularly (CJ). The mean IgG and IgA
anti-diphtheria toxin (DT) ASC responses 7 days after each immuni-
zation are expressed as the number of specific ASCs/10° PBMCs
tested. The error bars indicate standard errors of the mean.

INFECT. IMMUN.

although all subjects reported previous intramuscular diphthe-
ria immunization and had measurable preimmunization anti-
toxin IgG and low levels of toxin-neutralizing activity, no pre-
immunization antitoxin sIgA was detected in lavage fluid. In
addition, only intranasal immunization induced sIgA re-
sponses, with no antitoxin sIgA appearing in lavage fluid after
intramuscular immunization, as had been described previously
(10). Similarly, prior intramuscular immunization did not ap-
pear to prime the nasal-associated lymphoid tissue (NALT) for
sIgA response, as unilateral intranasal priming-boosting in-
duced a local antitoxin sIgA response in nasal-lavage fluid and
circulating IgA antitoxin ASCs only after the second immuni-
zation. This implies that nasal priming is required for a nasal
response using this delivery system and is in keeping with other
studies of NALT immunization (20).

The unexpected and striking observation that nasal priming
was essentially restricted to the vaccinated nostril (Fig. 3b) is,
we believe, the first report of this finding. We were unable to
find any previous human study in which unilateral intranasal
priming-boosting was accompanied by the lavage of the left
and right nostrils independently. Most studies employ liquid
preparations that may reach other induction sites, such as
adenoids and tonsils, and from which antigen is cleared much
more rapidly than chitosan-admixed CRM,,, powder (24) or
that have been delivered bilaterally, or they do not report the
priming-boosting strategy. Our observations are analogous to
those in a seminal human study of direct intratonsillar injection
of cholera toxin B subunit, in which an IgA response restricted
to the injected tonsil was observed (20) and subsequent boost-
ing again led to a higher response in the primed tonsil. The
trafficking of immunoblasts within a “common mucosal im-
mune system” regulated by specific binding of lymphocyte ad-
dressins such as a4p7 to venule endothelial receptors such as
MadCAM-1 is well established (19). In this paradigm, a degree
of compartmentalization occurs, with certain mucosal induc-
tive sites preferentially populating other, distant mucosal sites
with memory cells. Studies of intranasal immunization have
demonstrated the trafficking of primed lymphocytes and prim-
ing of distant sites, such as the genital tract and gut, as de-
scribed above (4, 11, 21, 22). However, within the mucosal
immune system there appears to be further subcompartmen-
talization, especially within the structures of Waldeyer’s ring
(20). Direct intratonsilar immunization appears to induce two
populations of plasmablasts—one that recirculates and homes
to distant sites and another that matures in situ to preferen-
tially prime for an ipsilateral immune response, probably reg-
ulated by the different addressin phenotype of primed cells
(20). Whether chitosan-delivered intranasal immunization in-
duces a similar response and primes distant mucosal sites re-
mains to be elucidated.

The discordance between serum IgA and sIgA responses is
interesting. The function of serum IgA remains elusive, but the
ability of both intranasal and parenteral immunization to in-
duce serum IgA is well documented (1, 4, 9-11, 14, 20-22). The
discordance between the presence of a serum IgA response
and the highly localized presence of an sIgA response in only
one nostril was especially striking in this study. This confirms
the independence of systemic and mucosal immune responses,
the unique character of sIgA, and its specific transport across
the mucosa by the polymeric IgA receptor (8). In one model of
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antigen uptake by rodent NALT, a difference between partic-
ulate and soluble antigens was observed (13, 23). Whereas
particulate antigens are taken up by M cells and presented to
B and T cells within the NALT which drain to the posterior
cervical lymph nodes and induce both local and systemic im-
munity, soluble antigen is taken directly to the superficial cer-
vical lymph nodes, where tolerance rather than immunity is
induced. The ability of the dry-powder formulation to enter the
former pathway, which is further enhanced by chitosan, may
account for the ability to induce significant local and systemic
immunity, as well as explaining the localization of the sIgA
response within the NALT. The importance of nasal priming in
the induction of a local sIgA response observed here and
elsewhere (20) and the unilateral nature of the subsequent
response have critical implications for the design of priming-
boosting strategies with bioadhesive or powder formulations.
Furthermore, studies which sample nasal secretions should pay
close attention to the sampling procedure to avoid bias when
left and right samples are pooled or nostrils are randomly
sampled independently.

The frequency of antitoxin-specific ASCs of ~20 to 60 per
10° PBMCs, with more IgG than IgA, is in keeping with other
studies of human intranasal immunization (9, 12, 20, 21). In
contrast to oral immunization, which induces circulating lym-
phocytes with a mucosal phenotype characterized by expres-
sion of a4B7 integrin receptor, and parenteral immunization,
which induces a predominantly systemic phenotype character-
ized by expression of L-selectin (CD62L) receptor, intranasal
immunization is associated with a mixed mucosal-systemic
phenotype of circulating lymphocytes expressing a4B7 integrin
and L-selectin receptors (19). We also found that ~46% of
antitoxin ASCs were L-selectin positive (Table 2), and this was
in keeping with the mixed IgG-IgA ASC response induced by
intranasal immunization in our study (Fig. 4) and others (4, 9,
12, 20, 21). The ability to induce a mixed systemic-mucosal
immune response, especially in the genital tract, is very attrac-
tive for vaccines against mucosally acquired systemic infec-
tions, such as those with human immunodeficiency virus, where
a combined immune response will be crucial to effective vac-
cination strategies. The homing destinations of the IgA ASCs
observed in this study were not addressed, but the association
of IgA ASCs appearing in the blood in significant numbers and
the maximal nasal sIgA response being seen only in the intra-
nasal-chitosan group suggests they may be homing to NALT.
However, the circulation of IgA ASCs and the absence of a
sIgA response in the unimmunized nostril remains paradoxi-
cal. Future investigations should determine whether intranasal
immunization with chitosan-delivered dry-powder formula-
tions is capable of protecting distant mucosal sites such as the
genital tract, as has been shown in other studies with entero-
toxin antigens (4, 11, 21, 22), or whether the sIgA response
remains highly localized. In the case of diphtheria, a localized
NALT sIgA response in addition to a systemic IgG response
would be highly attractive.

In conclusion, this clinical study provides proof of principle
in humans that the technology is available to make mucosal
vaccines that are acceptable according to existing requirements
of regulatory agencies and that these vaccines, in addition to
inducing the required systemic immunity, also induce a local
mucosal response. The study not only opens the way for the
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immediate development in humans of mucosal vaccines
against diphtheria, and potentially other subunit antigens, it
has consequences for the design of a systemic-priming—muco-
sal-boosting strategy for the development of effective vaccines
against human immunodeficiency virus infection and other dis-
eases where mucosal immunity would be desirable. If these
data are reproduced in larger studies, an intranasal diphtheria
vaccine based on CRM,y,-chitosan could be rapidly licensed
for human use. However, a restricted sIgA response suggests
that care must be taken in the priming-boosting strategy and
clinical sampling techniques when evaluating such vaccines for
the induction of local mucosal immunity.
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