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Comparison of Intranasal and Intramuscular Immunization
against Human Immunodeficiency Virus Type 1 with a
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We compared immune responses to intranasal and intramuscular DNA vaccinations against human immu-
nodeficiency virus type 1 with monophosphoryl lipid A (MPL) used as an adjuvant. Both routes of vaccination
resulted in similar levels of cell-mediated immunity, but the intestinal secretory immunoglobulin A response
was higher following intranasal immunization than after intramuscular immunization. MPL demonstrated its

adjuvanticity in vaccination by both routes.

DNA vaccination has come to be the preferred means of
eliciting antigen-specific immunity against various pathogens
in animal models (5, 15, 16, 24, 27, 29), and it is thought to have
several advantages over more traditional vaccination with
polypeptides (4, 9). Our group and others have tried a number
of approaches to enhance DNA-derived immunity, including
particle bombardment (5, 16) and the use of expression vectors
of certain cytokines (3, 13, 22, 29) or other immunomodulatory
molecules (21, 23); these investigations have all yielded prom-
ising results. Our recent study on human immunodeficiency
virus type 1 (HIV-1) DNA vaccination showed that monophos-
phoryl lipid A (MPL), an immunologic adjuvant obtained from
bacterial lipopolysaccharide (25), is also effective in enhancing
antigen-specific immunity (19).

Although these studies have indicated that the route of
DNA delivery and the coadministration of immunomodulators
must both be considered in modifying DNA-derived immunity,
the optimal inoculation approach has not yet been established.
As a follow-up to an earlier study referred to above (19), we
compared intranasal (i.n.) and intramuscular (i.m.) routes of
immunization with an MPL adjuvant-DNA vaccine against
HIV-1 in terms of their potential to induce serum and mucosal
antibody responses and to enhance cell-mediated immunity.

BALB/c mice were used for vaccination, and the DNA vac-
cine constructs pCMV160IIIB and pcREV (hereafter referred
to IIIB/REV) used have been described elsewhere (15). Al-
though the ITIIB/REV vaccine was designed to induce HIV-1
env-specific immune responses, a rev expression plasmid was
included because an early study (12) demonstrated that expres-
sion of env protein is dependent on rev coexpression. The
adjuvant used in the present study was MPL-SE (i.e., MPL in
stable emulsion) (19, 25), which was generously provided by
Ribi ImmunoChem Research Inc., Hamilton, Mont.

The procedures and vaccine formulation for i.m. immuniza-
tion were identical to those used in our recent study (19).
Briefly, 2 png each of IIIB/REV (total, 4 pg) was dissolved in
sterile phosphate-buffered saline with or without 50 pl of
MPL-SE. One hundred microliters of vaccine preparation was
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then injected into the biceps femoris muscle. For i.n. immuni-
zation, the DNA dose was also 2 pg each of IIIB/REV (total,
4 ng), which was dissolved in phosphate-buffered saline con-
taining MPL-SE. The dose of adjuvant is indicated in the
figures and Table 1. Mice were anesthetized with diethyl ether,
and 30 pl of the prepared vaccine was dropped into the nostril
gradually to prevent suffocation. The mice were therefore able
to inhale the vaccine preparation in a natural manner. Both
i.m. and i.n. inoculations were performed once only. The im-
munological parameters included the following: titers of serum
immunoglobulin G (IgG), IgG1, and IgG2a, as well as the titer
of fecal secretory IgA, which were all measured by enzyme-
linked immunosorbent assay (ELISA); the delayed-type hyper-
sensitivity (DTH) reaction, which was assessed by a footpad
swelling test; and antigen-specific cytotoxic-T-lymphocyte
(CTL) activity of splenocytes harvested from the immunized
animal, which was determined by the standard °'Cr release
assay. The methods used for these assays are described else-
where (19). Fecal extract samples were prepared and the se-
cretory IgA (sIgA) titer was measured as described in an ear-
lier report (2). Statistical analyses were conducted by using an
unpaired two-tailed ¢ test for comparison of two groups or a
one-way factorial analysis of variance for distributed parame-
ters. Significance for both analyses was defined as a P of <0.05.

Serum and fecal antibody responses were determined by
ELISA 4 weeks after immunization, as shown in Fig. 1. Both
i.n. and i.m. immunizations consistently raised the titers of
serum and fecal HIV-1-specific antibody, and MPL enhanced
antibody production. Vaccination via both routes in the ab-
sence of adjuvant seemed to trigger a sIgA response. In the
presence of the adjuvant, intestinal production of this antibody
was significant with i.n. immunization although not with i.m.
immunization. With regard to the serum IgG subclasses, i.m.
immunization without the adjuvant resulted in an increase in
the IgG2a titer, whereas i.n. immunization tended to raise the
level of IgGl. In the presence of adjuvant, this profile was
altered with respect to i.n. immunization in that the level of
IgG2a increased and exceeded that of IgG1. In i.m. immunized
mice, the IgG2a response was greater than the IgG1 response
regardless of whether the adjuvant was used, and MPL en-
hanced titers of both antibodies. These results indicate that
MPL is capable of acting as a mucosal adjuvant for i.n. DNA
vaccination in terms of the intestinal sIgA response and that
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FIG. 1. Humoral immune responses induced by MPL adjuvant-DNA vacci-
nation through the i.m. (A) and i.n. (B) routes. Mice were immunized once with
4 pg of IIB/REV formulated with the indicated doses of MPL-SE. HIV-1
principal neutralizing determinant-specific titers of serum IgG, IgG1, and IgG2a
and fecal sIgA were measured by ELISA using sera collected 4 weeks after
immunization. The results are expressed as the mean * standard error of the
mean of five (experimental group) or four (control group) mice. The symbols *
and + indicate a significantly enhanced antibody response compared with either
the response obtained with ITIB/REV alone delivered via the same route or the
response of the group administered vaccine plus adjuvant i.m., respectively (P <
0.05). Similar results were obtained in another experiment. No antibody was
detected in the group administered empty vector (pCMV-empty) and 20 pl of
MPL-SE via the i.n. route.

MPL preferentially elicits IgG2a antibody production when
either route is used.

Previous studies have demonstrated that pathogen-specific
sIgA is able to protect a host against i.n. challenge with influ-
enza virus (17) and herpes simplex virus (6) or against intes-
tinal challenge with Vibrio cholerae (28). In an earlier study, we
also found that HIV-1-specific fecal sIgA is capable of neutral-
izing HIV-1 in vitro (2). Therefore, HIV-specific mucosal sIgA
in the gastrointestinal or urogenital tract may act effectively in
helping to block HIV penetration of the mucosal membrane.
This is an important consideration in designing a vaccine for
AIDS prevention where the goal is to inhibit the sexual trans-
mission of the virus, and the i.n. route of immunization may
therefore be more suitable than the i.m. route in view of the
stimulation of sIgA antibody production in the gastrointestinal
tract observed with i.n. delivery.

The HIV-1-specific DTH responses assayed 2 weeks after
inoculation were similar for the i.n. and i.m. groups, regardless
of whether the adjuvant was administered, and when MPL was
employed, the DTH reactions obtained by both routes were
enhanced and at almost the same levels (Table 1). These re-
sults suggest that i.n. DNA vaccination can induce a DTH
reaction comparable to that of the i.m. route. HIV-1-specific
cytolytic activity was determined 3 weeks after immunization
(Fig. 2). The i.n. administered DNA vaccine formulated with 5
wl of MPL-SE produced the strongest cytolytic response, and
increasing the dose of adjuvant to 20 wl resulted in no further
enhancement, in spite of a consistent increase in the strength
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TABLE 1. Footpad swelling response induced by DNA vaccine plus
MPL adjuvant administered via the i.n. or i.m. route”

Swelling response

Immuni- (1()*2 mm)”
zation Vaccine formulation
route V3 Myoglobin
peptide peptide
in. IIIB/REV (4 pg) 104 =21 24*13
IIIB/REV (4 pg) + MPL-SE (5 pl) 17.2 = 2.4¢ NT¢
IIIB/REV (4 pg) + MPL-SE (20 pul) 166 =1.9° 1.8*0.5
pCMV-empty® (4 pg) + MPL-SE 1.9+11 26%x21

(20 1)

im.  IIB/REV (4 pg)
IIB/REV (4 pg) + MPL-SE (50 pl)

9.8 £25 NT
170 £3.2° 31x20

“ Mice were immunized once via the i.m. or i.n. route with the DNA vaccine
formulated as shown. Fourteen days after immunization, 10 pg of V3 peptide
(helper epitope for HIV-1 strain IIIB) was injected into the rear footpads. The
extent of footpad swelling was assayed 24 h after peptide injection. Control mice
were injected with sperm whale myoglobin peptide.

? Data are expressed as the mean = standard error of the mean of four
(control group) or five (experimental group) mice. Similar results were obtained
in a separate experiment.

¢ Significantly different from the mean value for mice immunized with I1IB/
REV alone (P < 0.05).

4 NT, not tested.

¢ pCMV-empty, empty vector.

of the DTH reaction. The optimal MPL dose for activation of
CD8" CTL and CD4 ™ helper T cells, which are responsible for
cytolytic and DTH responses, respectively, may be different
with i.n. DNA vaccination. Although the difference was not
statistically significant, the i.n. route appeared to elicit a stron-
ger cytolytic response than did the i.m. route. Induction of
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FIG. 2. Antigen-specific cytolytic activity of bulk splenic mononuclear cells
harvested from mice immunized with MPL adjuvant-DNA vaccine administered
via the i.m. (A) or i.n. (B) route. Splenocytes were harvested and cultured for 5
days with V3 peptide (also known as a CTL epitope of HIV-1 strain IIIB).
Syngeneic cells (P815 cells) pulsed with or without the same peptide were used
as targets, and the percent target cell lysis was determined by means of a 5-h >'Cr
release assay. The activity was titrated with effector/target (E/T) cell ratios of 5,
20, and 80. Nonspecific cytolytic activity (not pulsed) was measured at an E/T
ratio of 80. The results were obtained in duplicate assays and are expressed as the
mean * standard error of the mean of the four to five mice in each group. The
symbol * indicates a significantly enhanced cytolytic response compared with the
response of mice which received IIIB/REV alone via the same immunization
route.
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strong HIV-1-specific CTL activity is an important aim in de-
veloping vaccine strategies against HIV-1 (1). In the murine
model, the i.n. route may prove to be the preferred means of
achieving this goal.

Nasal or oral vaccination studies targeting mucosal immu-
nity have commonly employed cholera toxin (CT) adjuvant
(10, 20, 30). Although CT is reliable as a mucosal adjuvant, it
is classified as a Th2 type (26) and is reported to induce a
Th2-biased immune response to both polypeptide (20, 30) and
DNA vaccination (10). Hence, CT is not considered suitable
for inducing systemic Thl-derived cell-mediated immunity. On
the other hand, MPL is a lipopolysaccharide-based Th1-type
adjuvant (26), and our present results demonstrate that i.n.
MPL administration results in the enhancement of not only the
mucosal sIgA antibody response (Fig. 1) but also systemic
cell-mediated immunity (Fig. 2; Table 1). Therefore, when
administered by the i.n. route, a DNA vaccine which includes
MPL as an adjuvant may be more useful than the vaccines
which are administered by mucosal routes and are convention-
ally formulated with CT adjuvant because the former can in-
duce a mucosal sIgA response as well as CTL activity, both of
which are important in controlling HIV infection.

The mechanism for DNA-derived immunity by i.n. DNA
administration, although important, remains an inadequately
explored subject. It is known, however, that the surface of nasal
mucosa has lymphoid tissues which are histologically similar in
structure to Peyer’s patches (11). DNA-transfected antigen-
presenting cells in nasal lymphoid tissue can migrate through
lymph vessels and/or the bloodstream, which may result in
their dissemination to remote lymphoid tissues such as those of
the gut and spleen. Hypotheses similar to this have been ad-
vocated by other groups (5, 8). We consider that i.n. immuni-
zation is more likely to cause lymphoid cell dissemination to
remote sites than i.m. immunization.

The adjuvanticity of MPL is associated with its capacity for
activating macrophages and inducing interleukin 2 and gamma
interferon (7, 18), activities which are thought to play a central
role in eliciting DNA-derived immunity, as previously reported
(3, 13, 22, 29). MPL enhancement of cell-mediated immunity,
as observed in this study, is considered to depend upon these
activities. In terms of the enhanced intestinal sIgA response,
MPL mediation of macrophage activation alone may be im-
portant since the involvement of cytokines in the mechanism
regulating mucosal sIgA production is different from the sys-
temic antibody responses (14, 30).

Two major conclusions can be drawn from this study. The
first is that DNA vaccinations via the i.n. and i.m. routes are
comparable in terms of enhancing both mucosal antibody pro-
duction and systemic cell-mediated immunity; however, the
former route is more advantageous for eliciting mucosal anti-
body. The second is that MPL is an effective mucosal adjuvant
for augmenting intestinal sIgA production in i.n. immunized
mice. Further efforts to determine the optimal DNA vaccine
formulation and inoculation procedure must continue. More-
over, examining the usefulness of immunogens other than
strain IIIB is also important since macrophage-tropic strains
are more likely to transmit infection.
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