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Mice immunized intranasally or intragastrically with proteosome vaccines containing either Shigella sonnei
or S. flexneri 2a lipopolysaccharide were protected against lethal pneumonia caused by homologous organisms
in an experimental murine intranasal challenge model of Shigella infection. Histopathological analysis dem-
onstrated that immunization also protected against the progressive lesions resulting from invasion of the
pulmonary mucosa by S. sonnei. These data show that mucosal proteosome-lipopolysaccharide vaccines can
protect against lethal bacterial pneumonia and indicate that such vaccines are promising candidates for
protection against intestinal shigellosis.

Shigella sonnei and S. flexneri are major causes of bacillary
dysentery and diarrhea worldwide (15, 30). These organisms
elicit inflammation by invading the colonic mucosa (14).
Group-specific antibody recognizing the lipopolysaccharide
(LPS) somatic antigen is associated with protection against
shigellosis (3, 4, 31). Several vaccine approaches are under
active investigation (10), including two types of parenteral sub-
unit O-antigen vaccines (16, 34). We have described subunit
Shigella vaccines designed for mucosal delivery consisting of
either S. sonnei or S. flexneri LPS complexed by hydrophobic
interactions with meningococcal outer membrane protein pro-
teosomes (25, 26). Intranasal or intragastric immunization with
these proteosome-LPS vaccines induces secretory immuno-
globulin A (IgA) and serum IgG in mice (25, 26) and protects
guinea pigs against keratoconjunctivitis shigellosa (26). In the
current study, we demonstrated the efficacy of the proteosome-
LPS vaccines in a murine intranasal challenge model (23, 35,
36) of Shigella infection. As confirmed by histopathologic anal-
yses, intranasal or intragastric immunization with the proteo-
some-LPS vaccines protected mice against fatal suppurative
pneumonia evoked by invasion of pulmonary mucosa by shi-
gellae.
LPS was purified by phenol extraction (37) from clinical

isolates of S. sonnei and S. flexneri serotype 2a. Outer mem-
brane protein proteosomes were prepared from group B sero-
type 2b Neisseria meningitidis by using modifications of previ-
ously described methods (19, 22, 25). Briefly, phenol-killed
bacterial paste was extracted with a solution of 6% Empigen
BB (Albright and Wilson, Whitehaven, Cumbria, United King-
dom) in 1 M calcium chloride. Following removal of debris
with 20% ethanol, outer membrane protein complex vesicles
were precipitated with 45% ethanol. This precipitate was sol-
ubilized by homogenization and sonication in a 1.0% Empigen

BB–Tris–EDTA–saline buffer, and proteosomes were isolated
from meningococcal LPS by precipitation with ammonium sul-
fate (500 to 600 g/liter) three times. Following solubilization of
the precipitate in the 1.0% Empigen BB buffer, the proteo-
somes were dialyzed against Tris-EDTA-saline containing
0.1% Empigen BB and stored at 2708C. Shigella LPS and
proteosomes were hydrophobically complexed at a 1:1 (wt/wt)
ratio by removal of solubilizing detergent using exhaustive
dialysis, as previously described (19, 22, 25). Mice were anes-
thetized with a mixture of xylazine (0.3 mg/25 g) and ketamine
HCl (1.0 mg/25 g) or with methoxyflurane and immunized
intranasally or intragastrically with the proteosome-S. sonnei
LPS vaccine or the proteosome-S. flexneri 2a LPS vaccine.
Intranasal immunization involved delivery of 20 ml of vaccine
in four to six drops applied to the external nares with a Ham-
ilton syringe, whereas intragastric immunization involved de-
livery of 100 ml of vaccine through a polyethylene feeding tube
inserted into the esophagus. In protection studies, vaccine ef-
ficacy was determined after intranasal challenge of anesthe-
tized mice with approximately 5 3 106 CFU of S. sonnei 53G
(13) or with approximately 6 3 106 CFU of S. flexneri 2a strain
2457T (6) suspended in 30 ml of saline. The mice were ob-
served daily for 14 days after challenge, and mortality resulting
from the ensuing pulmonary disease was recorded.
In two representative protection experiments, 86 and 100%

of control mice died within 6 days after challenge with S. sonnei
or S. flexneri 2a, respectively, whereas 93 and 75% of mice
immunized intranasally with the proteosome-S. sonnei or pro-
teosome-S. flexneri 2a LPS vaccines, respectively, survived ho-
mologous challenge (Fig. 1). The efficacy of the proteosome-
LPS vaccines was confirmed in additional experiments
employing either the intranasal or the intragastric route of
administration (Table 1). The group-specific nature of this
protection was demonstrated by a lack of significant protection
after immunization with serologically heterologous LPS com-
plexed with proteosomes (Table 1). Thus, mice immunized
intranasally or intragastrically with the proteosome-S. flexneri
2a LPS vaccine were not protected against S. sonnei challenge.
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These results also emphasize that there is no evidence that
proteosomes per se induce nonspecific protection. Intranasal
or intragastric immunization with homologous uncomplexed
LPS was also ineffective (Table 1). Moreover, intranasal deliv-
ery of uncomplexed S. flexneri 2a LPS (20 mg) resulted in
several deaths (5 of 12 mice; P 5 0.037 [Fisher exact test, two
tailed; reference 9]) after the first immunization. In contrast,
an equal amount of LPS complexed with proteosomes caused
no deaths, suggesting that this vaccine formulation is well tol-
erated.
To confirm the immunogenicity of the proteosome-LPS vac-

cines by serum enzyme-linked immunosorbent assay (25, 26),
Swiss Webster mice were immunized intranasally (10 mg each
of proteosomes and LPS) or intragastrically (100 mg each of
proteosomes and LPS) with the proteosome-S. sonnei LPS
vaccine on days 0 and 28 and then bled on day 42. An addi-
tional group of Swiss Webster mice was immunized intrana-
sally with uncomplexed S. sonnei LPS (10 mg) and bled on the
same schedule. The proteosome-LPS vaccine delivered intra-
nasally induced group-specific anti-LPS IgG and IgA with re-
ciprocal geometric mean titers of 14,700 and 260, respectively,
whereas uncomplexed S. sonnei LPS delivered intranasally in-
duced detectable IgG titers in only four of nine mice (geomet-
ric mean titer, 280) and no detectable IgA. Two intragastric
immunizations with the proteosome-S. sonnei LPS vaccine in-
duced IgG and IgA geometric mean titers of 1,700 and 150,
respectively. Swiss Webster mice immunized with the proteo-
some-S. flexneri 2a LPS vaccine also had high group-specific
serum antibody titers consistent with the responses previously
reported for BALB/c mice after immunization with the pro-
teosome-S. sonnei or the proteosome-S. flexneri 2a LPS vac-
cines (25, 26). Furthermore, mice immunized with the proteo-
some-S. sonnei LPS vaccine did not produce anti-S. flexneri 2a
LPS antibodies (unpublished data), which is consistent with
the lack of heterologous protection. In addition, we have

shown that the proteosome-LPS vaccines induce group-specific
anti-LPS IgA in mouse lung and intestinal lavage fluids (25,
26).
To determine the extent to which these vaccines protect

against pulmonary inflammation in addition to protecting
against death, anesthetized mice were immunized intranasally
with the proteosome-S. sonnei LPS vaccine (10 mg each of
proteosomes and LPS) or given saline on days 0 and 21 and
then challenged intranasally with 4 3 106 CFU of S. sonnei
53G on day 49. Three immunized and three saline control mice
were then euthanatized 0, 6, 24, and 48 h postchallenge for
histopathological evaluation of the lungs. Unchallenged mice
were given saline intranasally on the same treatment schedule
and were also euthanatized at the same time points for histo-
logical evaluation. The lungs were removed and slowly filled
with approximately 2.0 ml of 10% buffered formalin phosphate
via intratracheal infusion. Sections (2 mm thick) were cut trans-

FIG. 1. Intranasally administered proteosome-shigella LPS vaccines elicit
homologous protection against lethal pneumonia in Swiss Webster mice after
intranasal challenge with virulent S. sonnei or S. flexneri 2a. In one experiment,
a group of mice was immunized with the proteosome-S. sonnei LPS vaccine (10
mg each of proteosomes and LPS) (■) and another group was given saline (h)
on days 0 and 21. All mice (15 vaccinees and 14 controls) were then challenged
with S. sonnei on day 49. In the other experiment, a group of mice was immu-
nized with the proteosome-S. flexneri 2a LPS vaccine (40 mg of proteosomes and
20 mg of LPS) (F) and another group was given saline (E) on days 0 and 36. All
mice (eight vaccinees and nine controls) were then challenged with S. flexneri 2a
on day 64.

TABLE 1. Homologous protection against S. sonnei or S. flexneri
lethal pneumonia in mice immunized intranasally or
intragastrically with proteosome-LPS vaccines

Vaccine (route of
immunization)

Days of
immuni-
zationa

Challenge
organismb

%
Protectionc P valued

Proteosome-S. sonnei
LPS (i.n.)

0, 28 S. sonnei 88 0.006

Proteosome-S. sonnei
LPS (i.n.)

0, 21 S. sonnei 92 ,0.001

Proteosome-S. sonnei
LPSe (i.n.)

0, 21 S. sonnei 100 ,0.001

S. sonnei LPS (i.n.) 0, 28 S. sonnei 37 0.370
Proteosome-S. flexneri 2a
LPS (i.n.)

0, 28 S. sonnei 17 0.675

Proteosome-S. sonnei
LPS (i.g.)

0, 21 S. sonnei 72 0.041

Proteosome-S. sonnei
LPS (i.g.)

0, 28 S. sonnei 86 0.020

S. sonnei LPSf (i.g.) 0, 21 S. sonnei 6 1.000
Proteosome-S. flexneri 2a
LPS (i.g.)

0, 28 S. sonnei 29 0.415

Proteosome-S. flexneri 2a
LPS (i.n.)

0, 21 S. flexneri 2a 63 0.087

Proteosome-S. flexneri 2a
LPS (i.n.)

0, 36 S. flexneri 2a 75 0.002

S. flexneri 2a LPSf (i.n.) 0, 21 S. flexneri 2a 25 0.622

a The proteosome-S. sonnei LPS vaccines contained 10 mg each of proteo-
somes and LPS for intranasal (i.n.) delivery and 100 mg each of proteosomes and
LPS for intragastric (i.g.) delivery. The proteosome-S. flexneri 2a LPS vaccines
contained 40 mg of proteosomes and 20 mg of LPS for intranasal delivery and 100
mg of proteosomes and 50 mg of LPS for intragastric delivery. The following
amounts of uncomplexed LPS were given: 10 mg (intranasal) or 100 mg (intra-
gastric) of S. sonnei LPS and 20 mg (intranasal) of S. flexneri 2a LPS.
b All mice were challenged intranasally 4 weeks after the last immunization.
c Each percent protection value refers to protection against lethal pneumonia

for a group of 8 to 15 (mean, 11) immunized mice that was compared with a
group of 8 to 14 (mean, 11) control mice given saline intranasally and challenged
on the same day as the vaccinees. Percent protection was calculated with the
following formula: [(% death in controls) 2 (% death in vaccinees) 3 100]/%
death in controls.
d P values were calculated by using the Fisher exact test (two tailed [9]).
e This experiment was performed with BALB/cByJ mice; all other experiments

were performed with Swiss Webster mice.
f Six mice were challenged in these vaccine groups. In the group that received

uncomplexed S. sonnei LPS, four mice died because of technical problems asso-
ciated with experimental procedures. In the group that received uncomplexed S.
flexneri 2a LPS, five mice died 3 to 5 days after the first immunization, indepen-
dent of technical manipulation.
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FIG. 2. Photomicrographs of mouse lung tissue after intranasal challenge with S. sonnei. Groups of 12 Swiss Webster mice were immunized intranasally with the
proteosome-S. sonnei LPS vaccine (10 mg each of proteosomes and LPS) or saline on days 0 and 21 and then challenged with S. sonnei on day 49. Three immunized
and three saline control mice were euthanatized 0, 6, 24, and 48 h postchallenge for histopathological analyses. (A) Sample taken at time zero postchallenge from a
mouse immunized with the proteosome-LPS vaccine. The arrow indicates a prominent lymphoid aggregate. Such aggregates were present in immunized but not
unimmunized mice. Hematoxylin-eosin stain was used. (B) Bronchiolar epithelium of a saline control mouse 6 h postchallenge. The arrows indicate bacteria within the
cytoplasm of the bronchiolar epithelial cells. Giemsa stain was used. (C) Alveolar sacs of a saline control mouse 6 h postchallenge. The arrows indicate bacteria within
the cytoplasm of the squamous epithelium. Giemsa stain was used. (D) Sample taken from a saline control mouse 24 h postchallenge demonstrating acute suppurative
bronchiolitis and pneumonia. Hematoxylin-eosin stain was used. (E) Sample taken from a saline control mouse 48 h postchallenge showing extensive pneumonia.
Hematoxylin-eosin stain was used. (F) Sample taken from a proteosome-LPS-immunized mouse 48 h postchallenge showing relatively normal pulmonary tissue.
Hematoxylin-eosin stain was used. The bars represent 60 mm (A and D to F) or 10 mm (B and C). The figure was generated with Adobe Photoshop (Version 2.5.1 for
Windows; Adobe Systems Inc., Mountain View, Calif.) after the microscopic images from Ektachrome slides were scanned into an Omniplex 566 computer (Dell
Computer Corp., Austin, Tex.) by using a Coolscan LS-10 (Nikon Inc., Melville, N.Y.).
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versely from paraffin-embedded tissue and stained with hema-
toxylin-eosin or Giemsa stain. At time zero, immediately (456
5 s) after challenge, no bacteria or accompanying pathological
lesions were found in either immunized or unimmunized mice.
At this time, however, perivascular and peribronchiolar lym-
phoid aggregates were prominent in the lungs of proteosome-
LPS-immunized mice (Fig. 2A). Lymphoid aggregates were
minimal in distribution and size in the lungs of both saline
control mice and unchallenged mice at time zero and were
considered to be within normal limits (data not shown). Six
hours postchallenge, bacteria were found within the cytoplasm
of bronchiolar and alveolar epithelial cells in several micro-
scopic fields of saline control mice (Fig. 2B and C). In contrast,
bacteria were not detected in the tissues of either proteosome-
LPS-immunized mice or unchallenged mice (data not shown).
Acute suppurative bronchiolitis and pneumonia were clearly
evident 24 h postchallenge in the saline control mice (Fig. 2D),
but pneumonia was the more prominent lesion at 48 h post-
challenge (Fig. 2E). In proteosome-LPS-immunized mice,
minimal to mild suppurative bronchiolitis and pneumonia were
evident 24 h postchallenge (data not shown). However, the
most dramatic finding of these studies was the virtual lack of
pneumonia or bronchiolitis in proteosome-LPS-immunized
mice 48 h postchallenge (Fig. 2F).
The protective immune response elicited by intranasal im-

munization with the proteosome-S. sonnei LPS vaccine de-
creased bacterial subsistence in the tissues to levels below the
limit of detection by histological analysis. The proteosome-LPS
vaccines were effective only against homologous challenge,
strongly suggesting that group-specific antibody recognizing
the O polysaccharide of LPS is the protective modality. None-
theless, LPS antibody does not inhibit invasion of cultured
epithelial cells by shigellae in vitro (11), and the transient
inflammatory response seen in mice immunized with the pro-
teosome-LPS vaccine suggests that some bacterial invasion
also occurred in the lungs of these animals. Hence, it is rea-
sonable to postulate that antibody-mediated host defense
mechanisms, such as opsonization (27) and antibody-depen-
dent, cell-mediated antibacterial activity (20, 33) or antibody-
dependent cellular cytotoxicity (32), are responsible for trun-
cating the Shigella infection before progressive clinical disease
ensues. It is noteworthy in this regard that IgA (32, 33) can
participate in these cell-mediated effector mechanisms with
mucosal lymphocytes (32) or monocytes (21).
Mucosal vaccine studies using other delivery systems have

focused on protein antigens (5, 12, 28) or intact pathogens (1,
2, 7, 8, 24), and proteosomes can also effectively confer muco-
sal immunogenicity upon peptides and proteins (17). Further-
more, the ability of the proteosome-LPS vaccines to elicit pro-
tective serum IgG and mucosal IgA antibodies that recognize
Shigella O polysaccharide indicates that the noncovalent asso-
ciation of LPS with proteosomes can change the character of a
host’s immune response to bacterial polysaccharide antigens.
LPS is a T-cell-independent antigen (29), but LPS (25, 26) and
other bacterial polysaccharides (38) complexed with proteo-
somes induce secondary IgG (25, 26, 38) and IgA (25, 26)
immune responses characteristic of T-cell-dependent antigens.
Although they may participate as classic protein carriers in
eliciting T-cell help, the ability of proteosomes to mitogenically
activate B cells (18) suggests that other mechanisms are in-
volved. For example, neisserial porin proteosomes have re-
cently been shown to upregulate expression of major histocom-
patibility complex class II and the B7.2 costimulatory ligand on
mouse B cells in vitro (39). In additional experiments, these
proteosome-activated B cells were shown to induce prolifera-
tion of naive CD41 helper T cells. Thus, proteosomes may

enhance antibody responses by facilitating B-cell-mediated T-
helper cell activation.
The results reported here, showing protection against sup-

purative pneumonia, suggest that immunization with the pro-
teosome-LPS vaccines could also protect against the inflam-
matory colitis that characterizes shigellosis. Therefore, vaccine
trials with humans using the proteosome-Shigella LPS com-
plexes are planned. Furthermore, T-cell-dependent potentia-
tion of the immune response against polysaccharide antigens
by mucosally administered proteosome vaccines may be broad-
ly applicable for immunization against a variety of respiratory
pathogens, includingHaemophilus influenzae, Bordetella pertus-
sis, and Streptococcus pneumoniae.

We thank Lee M. Wetzler, The Maxwell Finland Laboratory for
Infectious Diseases, Boston City Hospital, for sharing his insight and
data concerning porin proteosomes.

ADDENDUM IN PROOF

It was recently demonstrated (C. J. Chelen, Y. Fang, G. J.
Freeman, H. Secrist, J. D. Marshall, P. T. Hwang, L. R.
Frankel, R. H. DeKruyff, and D. T. Umetsu, J. Clin. Invest.
95:1415–1421, 1995) that alveolar macrophages present anti-
gen ineffectively to CD41 T cells due to defective expression of
B7 costimulatory cell surface molecules. Proteosome-mediated
upregulation of B7.2 (39) may therefore be particularly rele-
vant to the mechanism whereby proteosome vaccines enhance
respiratory and other mucosal immune responses.
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