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DNA immunization, although attractive, is poor for inducing mu-
cosal immunity, thus limiting its protective value against most
infectious agents. To surmount this shortcoming, we devised a
method for mucosal transgene vaccination by using an M cell
ligand to direct the DNA vaccine to mucosal inductive tissues and
the respiratory epithelium. This ligand, reovirus protein s1, when
conjugated to polylysine (PL), can bind the apical surface of M cells
from nasal-associated lymphoid tissues. Intranasal immunizations
with protein s1-PL-DNA complexes produced antigen-specific se-
rum IgG and prolonged mucosal IgA, as well as enhanced cell-
mediated immunity, made evident by elevated pulmonary cyto-
toxic T lymphocyte responses. Therefore, targeted transgene
vaccination represents an approach for enabling DNA vaccination
of the mucosa.

Most human pathogens infect the host by means of a
mucosal surface. Yet, most conventional vaccines are

administered peripherally, consequently varying in their ability
to elicit protective mucosal responses. More recently, vaccines,
particularly attenuated viruses (1, 2), have been designed for
their mucosal application, because the stimulation of the mu-
cosal compartment is necessary for optimal protective antiviral
immunity. However, although vaccines are effective for stimu-
lating appropriate host immune responses, the enthusiasm for
viral vector vaccines has been compromised by unexpected
complications (3). Thus, to avoid the potential side effects of live
viral vectors, viable alternative vaccines or vaccine strategies are
warranted. Such an alternative may lie with subunit vaccines or
DNA vaccines, the latter being relatively easy to prepare and
administer. Recent evidence shows that DNA vaccination can
confer protective immunity against a number of infectious agents
including influenza (4, 5), herpes simplex virus (6), HIV (7, 8),
and Borrelia burgdorferi (9) infections. However, naked DNA
immunizations have proven less than optimal for stimulating
mucosal immunity (7, 10, 11) because they are administered
peripherally as with conventional vaccines. On the other hand,
microencapsulated DNA vaccines were shown to effectively
elicit protective mucosal responses in a murine rotavirus chal-
lenge model (12). Although it is unclear whether such protection
was conferred by the protective properties of microencapsula-
tion, the ability of microspheres to interact with Peyer’s patches
(PP), M cells (13, 14), or a combination of both, suggests that
more efficient uptake of DNA by mucosal inductive tissues
would favor enhanced mucosal immunity.

When formulating vaccines, it is important to note that
effective mucosal immunity often correlates with the uptake of
antigen by mucosal inductive tissues, e.g., the PP in the gut and
nasal-associated lymphoid tissues (NALT) in the upper respi-
ratory tract. These inductive tissues are enveloped with special-
ized epithelial cells, termed M cells. M cells are responsible for
antigen sampling of the lumen for eventual antigen presentation
to mucosal B and T cells (15, 16). In fact, a number of pathogens,
including Salmonella (17) and reovirus (18), target this special-
ized epithelium as a mode of entry into the host. Thus, the
targeting of vaccines to M cells can be an effective method for
immunization.

Intranasal (i.n.) immunization, used in our study, has proven
to be an effective method for stimulating both upper and lower
respiratory immunity (19–22). Moreover, this method of immu-

nization has the ability to elicit distal mucosal immunity be it
mediated by humoral or cellular immunity. Another attractive
feature of i.n. immunization is that, in general, less vaccine is
required to stimulate local and distal mucosal responses, that
presumably minimizes the vaccine loss or degradation which
would occur if vaccines were delivered orally. i.n. delivery of live
vector vaccines encoding various passenger antigens has also
produced protective immunity at local and distal mucosal sites.
However, a disadvantage for such vaccines is the induction of
mild disease, which may be problematic for immunocompro-
mised subjects. Thus, we hypothesize that improved DNA tar-
geting to mucosal inductive tissues should enhance mucosal and
systemic responses, and to this end, we propose that adapting the
M cell-targeting capabilities of live vaccine vectors to DNA
vaccines will allow for this improved DNA targeting. To enable
DNA immunization of the mucosa, the reovirus protein s1 was
selected because of its ability to bind to M cells (18, 23, 24).
Herein, we can demonstrate enhanced mucosal IgA and cyto-
toxic T lymphocyte (CTL) responses to our formulated DNA
vaccine when compared with naked DNA immunization.

Materials and Methods
Vaccine Preparations and Immunizations. The production of recom-
binant protein s1 and polylysine (PL) conjugate was performed
as described (25, 26). For our immunizations, both pCMVLu-
ciferase (pCMVLuc) and pCMV-b-galactosidase (pCMV-b-gal;
Life Technologies, Grand Island, NY) were used. The pCMVLuc
was constructed as described (25). BALByc mice (Frederick
Cancer Research Facility) between 6–8 weeks old were main-
tained under microisolation conditions; sterile food and water
were provided ad libitum. Groups of mice (5 per group) were i.n.
immunized at 7-day intervals on days 0, 7, and 14 with 20 mg of
plasmid, pCMVLuc or pCMV-b-gal, per dose with or without 20
mg of protein s1-PL or PL conjugates in a total volume of 20 ml.
Immunizations were performed without anesthesia. An addi-
tional group of mice received three doses of protein s1 only.

Immunofluorescent Staining for Protein s1 Binding to M Cells.
NALTs were collected, embedded, and frozen as described (27).
For immunofluorescent staining, frozen NALT was sectioned at
7 mm and air-dried for 30 min at room temperature. Sections
were incubated with either 50 mg of biotinylated recombinant
protein s1 diluted in Dulbecco’s PBS (dPBS), dPBS alone as a
control, or with biotinylated maltose-binding protein, under
rotation for 6 h at 4°C. Sections then were treated with a 1:250
streptavidin-Alexa 546 (Molecular Probes) for 30 min. Then M
cells were visualized by addition of a 1:250 dilution of FITC-
labeled Ulex europaeus agglutinin 1 (UEA-1; Vector Laborato-
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ries) for 30 min and subsequently washed and mounted. Hema-
toxylinyeosin staining also was performed to show M cells.

Anti-Luc Ab ELISA. Serum and fecal samples were collected at the
indicated time points. Fecal samples were extracted from the
supernatants of 10% (wtyvol) suspension of sample and PBS.
Endpoint Ab titers were determined by ELISA as described (28).
To detect specific anti-Luc Abs, NUNC Maxi-sorp (Roskilde,
Denmark) ELISA wells were coated overnight with 100 ng per
well of Luc in PBS at room temperature. Standard ELISA
procedures were followed (28, 29). Horseradish peroxidase
conjugated goat anti-mouse IgG- and IgA-specific Abs (South-
ern Biotechnology Associates) were used to detect Luc-specific
IgG and IgA Ab titers, respectively. Endpoint titers were defined
as the highest reciprocal dilution of the sample giving an
absorbance $ OD415 above 0.100 after 45 min of incubation at
25°C as measured by a Kinetics Reader model EL312 (Biotek
Instruments, Winooski, VT).

Lymphocyte Isolation. Lymphocytes were isolated from NALTs,
cervical lymph nodes (CLNs), spleen, nasal passages (NPs), and
small intestinal lamina propria (LP). NALT, CLN, and splenic
mononuclear cell suspensions were obtained by conventional
methods (28–30). To isolate mononuclear cells from NP and LP,
the tissues were minced and suspended in media containing 300
unitsyml of Clostridium histolyticum Type IV collagenase
(Worthington), followed by several sequential 15-min digestions
at 37°C in spinner flasks. After incubation, the digestion mixtures
were passed through a mesh to remove undigested tissues.
Mononuclear cells were subjected to Percoll (Amersham Phar-
macia) density gradient centrifugation and cells interfaced be-
tween 40% and 75% Percoll (20, 31). Greater than 95% viability
was noted for lymphocytes isolated from each tissue as deter-
mined by trypan blue exclusion.

ELISPOT Assays. An Ab ELISPOT assay was performed as de-
scribed (20, 31). Nitrocellulose-bottomed microtiter plates (Mil-
lititer HA; Millipore) were coated with 0.2 mg per well of Luc
overnight at room temperature and blocked as described (20,
31). Between 1 3 105 and 5 3 105 cells, with the exception of
the NPs that were normally loaded at 10-fold less concentra-
tion, were added to the microtiter wells. The Ab-forming cell
(AFC) spots were enumerated by using a dissecting binocular
microscope.

The T cell cytokine ELISPOT assay was performed as de-
scribed (23, 28, 29). Immune CLN, PP, and splenic CD41 T cells
were restimulated in vitro with or without 80 mgyml of b-gal for
2 days. After in vitro restimulation, 2.4 3 105 CD41 T cells per
well were added to the anti-cytokine Ab-coated nitrocellulose-
based microtiter wells for about 20 h at 37°C in a humidified 5%
CO2 incubator. Cytokine-forming cells (CFCs) were enumerated
as previously described.

CTL Assay. Lung mononuclear cells were isolated as described (20,
29). Both freshly isolated lung and splenic mononuclear cells
were assessed for b-gal-specific CTL activity by using BC-b-gal,
a fibroblast cell line (H-2d) expressing b-gal as target cells.
Targets were mitomycin C-treated and extensively washed with
complete media. Targets were subsequently labeled with
Na2

51CrO4 (DupontyNEN) for 1 h at 37°C. Then cells were
washed 3 times in complete media. Effector cells were incubated
with varying ratios of labeled targets in U-bottom 96-well
microtiter dishes (Corning–Costar, Oneonta, NY) for 4 h at
37°C. After incubation, cells were spun, and supernatants were
assessed for released 51Cr. Specific cytolysis was determined as
the amount of 51Cr released in the presence of effector cells
corrected for spontaneous 51Cr release divided by maximal
(detergent-induced) release corrected for spontaneous 51Cr

release. For antigen restimulation, splenic mononuclear cells
were restimulated with mitomycin C-treated BC-b-gal cells at 5:1
in complete media for 5 days at 37°C. Cells were assessed for
CTL activity as described above.

Statistical Analysis. Statistical differences between experimental
parameters were determined significant by using the Student’s t
test and one-way ANOVA.

Results
Protein s1-Mediated Gene Transfer in Vitro. A number of enteric
pathogens seek entry into the host via the small intestinal PP
presumably targeting the specialized epithelium containing M
cells. Mucosal immunity is optimally stimulated where there is
efficient vaccine uptake by M cells for presentation to mucosal
inductive tissues. This attribute demonstrates why live vector
vaccines like Salmonella are effective in promoting mucosal
immunity to passenger antigens. To devise a mucosal delivery
system featuring the inherent ability to target M cells without an
overt disease, reovirus hemagglutinin, protein s1, was selected
as a means to target M cells for improved uptake of DNA
vaccines because the reovirus mode of infection is M cell-
dependent (18). To test the ability of the recombinant protein s1
to bind M cells, and thus mediate respiratory immunity, frozen
sections of murine NALT were incubated with biotinylated
recombinant protein s1 or biotinylated maltose-binding protein,
and bound ligand was detected on addition of fluorochrome. As
depicted in Fig. 1, only protein s1 and not the maltose binding-
protein bound to the M cells’ apical surface, which was evident
by the colocalization with an M cell-specific lectin, UEA-1 (ref.
32; Fig. 1). Thus, these data suggest that protein s1 can serve as
an M cell ligand.

Ab Responses Induced by i.n. Administration of Protein s1-PL-
pCMVLuc Complexes. Because recombinant protein s1 binds to
NALT M cells, we hypothesized that the protein s1-PL conju-
gate should facilitate mucosal DNA immunization. To test this
hypothesis, Ab responses including mucosal IgA and serum IgG
were analyzed after i.n. installation with a eukaryotic expression
plasmid encoding Luc, referred to as pCMVLuc, with or without
the addition of protein s1. Immune IgA copro-Abs were sub-
stantially induced by protein s1-PL-pCMVLuc (Fig. 2A). Anti-
gen-specific mucosal IgA could be detected in the fourth week,
with peak levels between 8–10 weeks, with the mean titer as
much as 14-fold and 50-fold greater than that induced by naked
DNA immunization or PL complexed DNA, respectively. The
observed elevations in mucosal IgA induced by protein s1-PL-
pCMVLuc were maintained for at least 18 weeks after immu-
nization, whereas the mucosal IgA induced by naked DNA or
PL-complexed DNA subsided to background levels by the ninth
week after initial immunization. Serum IgG responses also were
elicited in the fourth week with peak titers attained by 8 weeks
(Fig. 2B). The peak level of serum IgG was significantly in-
creased by protein s1-PL-DNA conjugates when compared with
mice i.n. immunized only with DNA (P # 0.01) or PL-DNA
complexes (P # 0.013). Thus, the elevated mucosal immune
responses suggested that protein s1-PL conjugates effectively
facilitated the uptake of plasmids by mucosal inductive tissue
such as NALT.

Ab-Producing Cell Responses After i.n. Administration with Protein
s1-PL-pCMVLuc. Mucosal and systemic AFCs were detected by
using an ELISPOT assay 6 weeks after the initial immunization
(Fig. 3). IgA anti-Luc AFCs were detected in immune NALT,
representing '3-fold enhancement compared with mice immu-
nized only with naked DNA (P , 0.001). IgA anti-Luc AFC
responses were also greatly elevated in intestinal LP where IgA
AFC responses were detected as 10-fold greater than those in
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mice i.n. immunized with naked DNA. Elevations in IgA AFC
responses were observed in the NP but were not significantly
enhanced from those IgA responses observed in naked DNA-
immunized mice. Minimal IgA AFC were found in the spleen for
either immunization group. IgG anti-Luc AFCs were signifi-
cantly enhanced in NP (P 5 0.013), and no IgG AFCs were
detected in the naked DNA-immunized group. No significant
differences were detected in induced IgG AFCs in NALT by the
DNA immunizations. Minimal IgG AFC responses were de-
tected in spleen and intestinal LP. This evidence suggests that i.n.
immunization with protein s1-PL-pCMVLuc induces effective
local and distal mucosal immunity.

T Helper (Th) Cell Cytokine Responses Supporting the Ab Responses
Induced by Protein s1-PL Conjugate. Because i.n. immunization
with protein s1-PL-DNA induced both mucosal and systemic

immune responses, it was important to establish the nature of Th
cell cytokine responses supporting antigen-specific Ab re-
sponses. Mice were i.n. immunized with either protein s1-PL-
pCMV-b-gal or pCMV-b-gal as previously described. After in
vitro stimulation with or without b-gal antigen, Th2-type cyto-
kine-secreting CLN, PP, and splenic CD41 T cells for IL-4 and
IL-6 were significantly elevated (Fig. 4 A–C). Some IL-5 CFCs
could be detected in CLNs. However, mice i.n. immunized with
pCMV-b-gal (Fig. 4 D–F) showed no IL-4 or IL-5 CFCs, and
minimal IL-6 CFC by b-gal-pulsed CLNs. Elevations in IL-4 and
IL-6 PP CFCs were noted similar to protein s1-PL-pCMV-b-
gal-immunized mice. Only significant increases in IL-6 CFCs
were detected for the b-gal-pulsed splenic cultures. No IFN-g
CFCs were detected in any of the b-gal-restimulated cultures.

Fig. 1. Recombinant protein s1 and UEA-1 bind NALT M cells.
A frozen section of normal murine BALByc NALT was reacted
with biotinylated recombinant protein s1 or biotinylated re-
combinant maltose-binding protein (50 mgyml) for 6 h at 4°C.
After washing, the section was reacted with streptavidin-Alexa
546 and FITC-UEA-1 at 4°C. (A) Protein s1 (yellow arrows) and
UEA-1 (white arrows) binding to NALT M cells at 3180. (B) High
magnification (3'360) reveals protein s1 (red) binding to the
apical surface of an M cell (bright green), as well as localizing
within the M cell itself (yellow). (C) Biotinylated maltose bind-
ing fails to bind to the NALT, but FITC-UEA-1 still recognizes
NALT M cells (white arrows). (D) Phase contrast image of NALT
depicted in A and B; (E) Hematoxylinyeosin staining of NALT
depicting M cells.

Fig. 2. Protein s1-PL conjugates improve the efficacy of DNA immunization
of nasal mucosa by increasing copro-IgA (A) and serum IgG (B). Data depict the
mean endpoint titers (6 SE) for mice immunized with protein s1-PL-pCMVLuc,
PL-pCMVLuc, or uncomplexed pCMVLuc (5 mice per group) at days 0, 7, and 14.
Preimmune copro-IgA and serum IgG were , 21. Significant differences be-
tween protein s1-PL-pCMVLuc and PL-pCMVLuc or pCMVLuc only were de-
termined. *, P # 0.001; **, P , 0.013; †, not significant.

Fig. 3. i.n. immunization with protein s1-PL-pCMVLuc enhances AFC re-
sponses when compared with immunizations with naked pCMVLuc. Mice
received 3 doses of protein s1-PL-pCMVLuc or pCMVLuc, and were assessed
for AFC responses in mucosal and systemic tissues by Luc-specific ELISPOT 6
weeks after the first dose. (A) IgA AFCs were significantly elevated in NALT and
small intestinal LP compared with the naked DNA immunization group. (B) IgG
AFCs were elevated in NPs. Both IgG and IgA AFCs were minimally affected in
spleen. Depicted is the mean of three experiments (6 SD), and each experi-
ment represents 5 mice per administration group. *, P # 0.025; **, P , 0.001.
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These studies show that i.n. administration of protein s1-PL-
DNA preferentially induces Th2-type cytokine responses to
support antigen-specific Abs.

Specific CTLs Induced by i.n. Immunization with Protein s1-PL-pCMV-
b-Gal. Specific CTLs can be induced by mucosal immunization
by means of the i.n. route when CTL epitope peptide or
plasmid DNA is appropriately delivered. Mice receiving 3
doses of protein s1-PL-pCMV-b-gal were evaluated 6 weeks
after the first dose. Mononuclear cell suspensions were pre-
pared from spleens and lungs to determine the level of ex vivo
CTL activity. Elevated lung CTL responses were detected in a
dose-dependent fashion in those mice i.n. immunized with
protein s1-PL-pCMV-b-gal, but not those mice i.n. immunized
with naked DNA or PL-pCMV-b-gal (Fig. 5A). No splenic
anti-b-gal CTL responses were detected for any of the immu-
nized groups (Fig. 5B). Likewise, no CTL activity was detected
for normal lymphocytes or for mice immunized only with
protein s1. Splenocytes restimulated with b-gal-expressing
cells resulted in enhanced cytolysis from protein s1-PL-
pCMV-b-gal immunized mice but not from mice i.n. immu-
nized with pCMV-b-gal, PL-pCMV-b-gal, or with only protein
s1 (Fig. 6). Thus, these results demonstrate that the attach-
ment of protein s1 greatly enhances mucosal IgA as well as
mucosal and systemic CTL responses.

Discussion
In an effort to facilitate DNA immunization of the mucosa, we
have incorporated into our vaccine formulation an M cell-

targeting molecule, much like live vector vaccines, to enable
immunity at mucosal inductive sites, and possibly, the respi-
ratory epithelium. As demonstrated, the recombinant reovirus
protein s1 could bind to NALT M cells, and when covalently
attached to PL for complexing with the vaccinating DNA, it
enhanced both humoral and cell-mediated immune responses
against the transgene vaccine when compared with i.n. immu-
nization with naked DNA. Mucosal IgA responses were in-
duced at both local and distal mucosal tissues as evidenced by
the mucosal secretions and by antigen-specific B cells derived
from mucosal tissues. In fact, the magnitude of these mucosal
IgA responses is similar to those obtained with first-generation
Salmonella vaccine vectors (30). Importantly, prolonged mu-
cosal IgA responses were observed, which represent an ad-
vantage for this method of DNA delivery when compared with
conventional DNA immunization (7, 10, 11). In addition, the
prolonged IgA responses resembled the observed time course
described for oral immunization with microencapsulated DNA
(18, 33, 34). As formulated, the mucosal delivery of the protein
s1-PL-DNA favored Th2-type cytokine responses consistent
with previous reports that vaccination of mucosal surfaces
favors Th2-type development (12, 35, 36). The reason for this
preferential Th2-type bias is unclear, because a recent report
showed that i.n. DNA immunization with carboxymethylcel-
lulose polymer showed mixed Th cell responses (37). Our
results clearly signify a different mechanism of effecting
mucosal immunity, perhaps favoring Th2 cell development.

Fig. 4. i.n. immunization with protein s1-PL-DNA elicits
Th2 cell-dependent responses. BALByc mice were i.n. im-
munized 3 times at weekly intervals with either protein
s1-PL-pCMV-b-gal (A–C) or pCMV-b-gal (D–F), and 4 weeks
subsequent the last dose, mononuclear cells from CLN (A,
D), PP (B, E), and spleens (C, F) were harvested and left
unrestimulated (open bars) or restimulated with 80 mgyml
b-gal (filled bars) for 2 days. CFCs were enumerated by
cytokine-specific ELISPOT assay. b-gal restimulation of pro-
tein s1-PL-DNA vaccinated mice induced increases in CLN
IL-4, IL-5, and IL-6, PP IL-4 and IL-6, splenic IL-6, and no IFN-g
CFC in any of the tissues. b-gal restimulation of DNA vac-
cinated mice showed increases in only CLN IL-6, PP IL-4 and
IL-6, and splenic IL-6 CFC. Data are representative of three
experiments (6 SD). *, P # 0.007; **, P 5 0.021.
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Evaluations of cell-mediated immunity showed that the mice
immunized with protein s1-PL-pCMV-b-gal produced ele-
vated pulmonary CTL responses against b-gal-expressing tar-
get cells. Mice immunized with pCMV-b-gal, PL-pCMV-b-gal,
or only protein s1 showed no induced CTL responses by
pulmonary or splenic effector cells. Although the restimulated
splenic effector cells from the protein s1-PL-pCMV-b-gal-
immunized mice could show elevated specific killing after in
vitro culture, no CTL activity was detected from freshly
isolated splenocytes. This evidence suggests that the extent of
priming in the systemic compartment was not as effective as in
the mucosal compartment. Alternatively, if the restimulation
cultures are representative of a challenge stimulation, then
perhaps the systemic compartment was primed but did not
retain the effector CTLs.

As evidenced in this study, the mucosal transgene vaccination
with our formulated DNA was quite effective. Clearly, the
addition of the M cell ligand protein s1 enhanced the mucosal
IgA responses when compared with naked DNA immunizations
in this report and others (10, 11). The results from this study not
only suggest that NALT M cells are targeted by our protein s1,
but also do not exclude the possibility that the nasal epithelium
may be transfected. Nonetheless, improved accessibility to mu-
cosal inductive tissues or the drainage of antigen to such sites will
favor the development of mucosal immunity. However, one
consequence of repeated protein s1-mediated vaccination is the
development of anti-protein s1 Abs. Such an induced Ab
response, or preexisting Abs derived from reovirus infection,
may interfere with successful targeting of this vaccine vector.

Past studies have shown that soluble proteins in conjunction
with mucosal adjuvants that bind M cells, e.g., cholera toxin or
heat-labile toxin, will stimulate mucosal responses. Likewise,
Salmonella vaccine vectors, adept at infecting mucosal induc-

tive tissues by means of interaction with M cells, can promote
elevated mucosal responses against passenger antigens. To
adapt such delivery, M cell ligands should direct immuniza-
tion to mucosal inductive tissues that should then enable
interactions with mucosal B and T cells. In addition to its M
cell-binding properties, protein s1 has been described recently
as possessing glycosyl hydrolase activity, which allows pene-
tration through the mucus barrier (38). This characteristic may
contribute to its effectiveness at accessing mucosal inductive
tissues.

To address the shortcomings of conventional DNA immuni-
zation, other modes of delivering DNA to mucosal surfaces have
been devised. Live Salmonella and Shigella vaccine vectors (39,
40), cationic lipid (41), carboxymethylcellulose polymer (37),
and microspheres (12–14, 33, 34) have been used to enhance
mucosal DNA immunization. Alternatively, we developed reo-
virus protein s1-PL conjugates with the same goal in mind.
Because gene transfer facilitated by protein s1 is by means of a
receptor-mediated mode, recombinant protein s1-PL conju-
gates may permit more readily the assimilation of the DNA
vaccine for protein expression.

In conclusion, reovirus protein s1-PL conjugates lack
the risk of a live vector system but remain efficient in induc-
ing an immunity by means of the i.n. route. These results make
this system more attractive in the development of new appli-
cations for DNA immunization. This approach may be espe-
cially useful for DNA immunization against upper respiratory
pathogens, such as inf luenza, or sexually transmitted diseases,
such as HIV.

Fig. 5. i.n. immunization with protein s1-PL-pCMV-b-gal induces pulmonary
b-gal-specific CTLs. Five groups of BALByc mice were i.n. immunized with
protein s1-PL-pCMV-b-gal, PL-pCMV-b-gal, pCMV-b-gal, or protein s1, or
were left unimmunized, and evaluated for b-gal-specific CTL responses.
Freshly isolated lung (A) and splenic (B) mononuclear cells were assessed for
cytolytic activity, and only the lung effector cells from the protein s1-PL-
pCMV-b-gal-immunized mice showed cytolysis of 51Cr-loaded fibroblasts
expressing b-gal (BC-b-gal) targets. Data are representative of three
experiments.

Fig. 6. In vitro b-gal-restimulated splenic mononuclear cells from protein
s1-PL-pCMV-b-gal-immunized mice showed elevated CTL responses, but not
cells from mice immunized with PL-pCMV-b-gal, pCMV-b-gal, protein s1, or
unimmunized mice. Data are representative of three experiments.
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