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TABLE 3. Vaccination with porin from smooth or rough strains of B. abortus 2308 in ISCOMsa

Log10 brucellae in spleens (mean ± SD)
Expt Vaccine (pg)b Adjuvant

1 wk p.i. 4 wk p.i.

1 None None 7.14 ± 0.12 6.99 ± 0.37
Porin-S-LPS (30) None 3.81 ± 0.10*** 5.57 ± 0.96*
Porin-S-LPS (5) ISCOM 3.39 ± 0.22*** 4.38 ± 0.85***
Porin-S-LPS (1) ISCOM 4.59 ± 0.54*** 5.41 ± 0.84**
Porin-S-LPS (0.2) ISCOM 4.86 ± 0.39*** 4.61 ± 0.85***
Porin-S-LPS (0.04) ISCOM 5.40 ± 0.56*** 5.20 ± 1.11**

2 None None 7.17 ± 0.16 7.04 ± 0.48
Porin-R-LPS (30) None 7.17 ± 0.13 (NS) 6.97 ± 0.53 (NS)
Porin-R-LPS (5) ISCOM 7.41 ± 0.08 (NS) 7.42 ± 0.14 (NS)
Porin-R-LPS (1) ISCOM 7.09 ± 0.75 (NS) 6.98 ± 0.31 (NS)
Porin-R-LPS (0.2) ISCOM 7.03 ± 0.40 (NS) 6.56 ± 1.04 (NS)
Porin-R-LPS (0.04) ISCOM 7.23 ± 0.28 (NS) 6.99 ± 0.59 (NS)

a Vaccination was performed s.c. 4 weeks prior to challenge i.v. with approximately 5 x 104 cells of strain 2308. In comparisons with untreated control groups,
P,P ' 0.001; **, P < 0.01; *, P < 0.05; NS, not significant.

b Porin from smooth strain 2308 (S) or rough strain NADC (R) 2308.

provided greater protection than antigen in PBS (P < 0.05).
The efficacy of vaccines containing different adjuvants did
not differ significantly among each other.

Vaccination trials with synthetic complexes of porin and
OPS. The results obtained with natural complexes of porin
and LPS supported the hypothesis that the OPS was an

essential component of an effective vaccine. We therefore
proceeded to determine whether porin-R-LPS, an ineffective
vaccine, could be converted into an effective one by the
addition of OPS.

In the first experiment, mice were vaccinated with 30 ,ug of
synthetic complexes of R-porin coupled with long (R-porin-
OPS-long) or short (R-porin-OPS-short) chains of OPS in the
TDM and MDP adjuvant. The synthetic complexes con-
ferred significant protection against challenge infection with
strain 2308 at 1 week p.i. (P < 0.001) (Table 5). Protection
was comparable to that obtained in mice vaccinated with
porin-S-LPS (Table 5) and was significantly greater than that
due to adjuvant alone (Table 5) (P < 0.001). Mice vaccinated
with porin-R-LPS were not protected (Table 5). In another
trial, protection was demonstrated at 1 week (P < 0.001) and
4 weeks (P < 0.05) in mice vaccinated with 30 ,ug of
R-porin-OPS-long without adjuvant, whereas no protection
was afforded to mice vaccinated with the same lot of
denatured porin which had not been conjugated to OPS
(Table 6).

Despite initial success achieved with the R-porin-OPS
short-chain vaccine (Table 5), two attempts to reproduce
protection with this preparation failed (data not shown). An

experiment was therefore performed to determine whether
revaccination would improve the effectiveness of this vac-

cine. At the same time, a direct comparison was made
between the natural and synthetic porin vaccines and living
strain 19. Mice vaccinated twice with porin-S-LPS or R-
porin complexed with either long- or short-chain OPS were

protected following challenge with strain 2308 (P < 0.01 to P
< 0.001) (Table 7). Levels of protection obtained with the
subcellular vaccines were in no instance significantly dif-
ferent from that achieved with strain 19. In this experiment,
low (0.74 logs) but significant (P < 0.05) protection was also
achieved with the porin-R-LPS vaccine (Table 7). Protection
achieved with the porin-R-LPS vaccine was, however, sig-
nificantly below that obtained with strain 19, porin-S-LPS,
or R-porin-OPS-long vaccines (P < 0.01).

Association of protection with induction of 0 antibodies.
Pooled sera taken just prior to challenge infection from mice
vaccinated 4 weeks earlier with 5 ,ug of porin-S-LPS in PBS
contained 0 antibodies at a titer of 100, and incorporation of
adjuvants increased the titers four- to eightfold (Table 4). All
these vaccines conferred high levels of protection, as noted
above (Table 4).

In the experiment reported in Table 7, pooled sera were

collected from each group prior to the first and second
vaccinations and prior to challenge infection. Individual
samples were taken prior to killing the mice at 1 week p.i. A
single vaccination with porin-S-LPS resulted in a titer of 0
antibodies of 200 4 weeks later (Table 7). This was increased
to 800 as a result of revaccination and remained at this level

TABLE 4. Vaccination with porin from smooth strain 2308 in different adjuvantsa

Antibody level' Log10 brucellae in spleens (mean ± SD)
Vaccine (pug)b Adjuvant

Slope (103) Titer 1 wk p.i. 4 wk p.i.

None None 7.20 ± 0.15 7.17 ± 0.48
Porin-S-LPS (5) None 62 100 3.90 ± 0.45*** 5.55 ± 0.66**
Porin-S-LPS (5) ISCOM 241 800 3.46 ± 0.83*** 5.29 ± 1.07**
Porin-S-LPS (5) TDM-MDP 242 800 3.25 ± 0.39*** 4.71 + 0.83***
Porin-S-LPS (5) L-121-MDP 134 400 3.47 ± 0.20*** 4.25 ± 0.68***

a Vaccination was performed s.c. 4 weeks prior to challenge i.v. with approximately 5 x 104 cells of strain 2308. In comparisons with untreated control groups,
*, P ' 0.001; **, P ' 0.01.
b Porin from smooth strain 2308.
Mice were bled retro-orbitally prior to challenge. Pooled serum samples were tested in kinetics-based ELISA against fraction f6. Numbers reported are slopes,

and titers were estimated from slopes (Fig. 1).
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PORIN AND 0 POLYSACCHARIDE VACCINES AGAINST B. ABORTUS

TABLE 5. Vaccination with naturally occurring porins or
synthetic porin-OPS complexes'

Vaccine (ILg) Adjuvant Log10 brucellae in spleensVaccine(p.g) Adjuvant (mean ± SD) (1 wk p.i.)

None None 6.86 ± 0.08
Porin-S-LPSb (30) TDM-MDP 4.01 ± 1.07***
Porin-R-LPSb (30) TDM-MDP 6.81 ± 0.38 (NS)
R-porin-OPS (short)' (30) TDM-MDP 3.57 ± 0.23***
R-porin-OPS (long)' (30) TDM-MDP 3.22 ± 0.31***
None TDM-MDP 5.34 ± 0.84**

a Vaccination was performed s.c. 4 weeks prior to challenge i.v. with
approximately 5 x 104 cells of strain 2308. In comparisons with untreated
control groups, ***, P - 0.001; **, P c 0.01; NS, not significant.

b Porin from smooth (S) or rough strain NADC (R) 2308.
c Short- or long-chain OPS covalently linked to porin from rough strain

RB51.

after challenge infection (Table 7). Although vaccination
with porin-R-LPS produced only the most marginal increase
after the second inoculation, it is notable that the titer in this
group following challenge was fourfold greater than that in
the nonvaccinated group (Table 7). In contrast with the high
antibody response (titer of 400) observed after the first
vaccination with the synthetic long-chain vaccine, a single
vaccination with the short-chain vaccine produced no in-
crease in 0 antibodies (Table 7). A second inoculation of the
short-chain vaccine caused the appearance of circulating 0
antibodies (titer of 100), and the titer of antibodies in this
group following challenge was fourfold greater than that in
the nonvaccinated group (Table 7). Antibody levels (mea-
sured as slope values) at 42 days were correlated in an
inverse fashion with mean log numbers of bacteria cultured
from the spleens of each treatment group (r2 = -0.828; P <
0.05).

Marginal increases in antibodies specific for the porin-R-
LPS complex were detected in groups immunized with
subcellular vaccines (Table 7). In only one instance did these
attain a titer of 25 (Table 7).

Further analyses were performed on individual sera of
four of the groups to determine whether levels of 0 antibod-
ies at 1 week p.i. were correlated with protection in individ-
ual animals. For this purpose, the 0 glycolipid was used as
the antigen, primarily to ensure that antibody responses
produced by porin-R-LPS were not directed against porin or
lipid A determinants. Analyses of the 35-day and 42-day
serum pools with f6 and 0 glycolipid antigens demonstrated
comparable reactions (Table 8) which were highly correlated
(r2 = 0.968; P < 0.01). Slopes of reactions against 0
glycolipid were on the average 12.5% lower than those with
f6. Levels of 0 antibodies were very similar in mice numbers
13 to 18, immunized with the long-chain synthetic vaccine, in
which spleen counts showed little variation (Table 9). In the
other groups, selected because of the higher standard devi-
ations in spleen counts, a range of antibody levels occurred
within each group and in no group was there a significant
correlation between antibody levels and spleen counts. In a
few animals (numbers 4 and 19), high levels of protection
occurred despite levels of 0 antibodies no different from the
mean level in the nonvaccinated controls (Tables 7 and 9).

DISCUSSION

B. abortus is a facultative intracellular parasite (11, 28),
and evidence from the murine model of infection indicates
that humoral (3, 26, 29, 32, 36, 39, 44) as well as cell-
mediated (31, 37, 40) immune responses contribute to pro-

tection. The same views are currently held in respect to
immunity against Salmonella typhimurium (16). In murine
infections with both B. abortus (26, 32) and S. typhimurium
(12), monoclonal antibodies specific for the OPS have been
shown to confer protection passively. The data presented
here complement and extend these findings with B. abortus
by demonstrating that an acquired immune response to the
OPS provides protection equivalent to that obtained with a
living vaccine (Tables 7 and 9). It must be emphasized in this
connection that in the model system we used, critical com-
parisons in logs of protection (i.e., the difference in mean log
numbers of brucellae in the spleens of vaccinated and
control groups) achieved by various vaccines must be re-
stricted to comparisons made within the same experiment.
For example, in experiments performed 15 months apart
which are reported in Tables 3 and 7, vaccination of mice
with 30 ,ug of the same preparation of porin-S-LPS in PBS
produced logs of protection at 1 week p.i. of 3.33 and 1.74,
respectively. Each result reflected a highly significant differ-
ence from control values (P < 0.001). Different lots of
challenge strain 2308 were used in the two experiments.
Small differences in lots of B. abortus challenge strains and
in lots of experimental animals probably account for most of
these variations. We have also noted that protection
achieved at 1 week p.i. is a reliable predictor of protection at
later time intervals. With infrequent exceptions, protection
following vaccination with either living strain 19 or subcel-
lular vaccines decreases between 1 and 4 weeks p.i. (Tables
2, 3, 4, and 6) (31), and long-term studies have demonstrated
that even in mice vaccinated with strain 19, chronic infection
develops following challenge infection with 5 x 104 CFU of
strain 2308 and the protective effects of vaccination have
disappeared by 12 weeks p.i. (A. J. Winter and G. E. Rowe,
unpublished data).
The synthetic vaccine which contained long OPS chains

proved better than the one with short OPS chains. This was
associated in the long-chain vaccine with a higher apparent
content of OPS (Table 1) and a more effective stimulation of
0 antibodies, particularly evident following a single vacci-
nation (Table 7, day 28). The interpretation of data from the
competitive inhibition assay must, however, be qualified in
comparing preparations with long and short OPS chains. The
short oligosaccharides may have combined less effectively
with the monoclonal antibody used in the assay, which
would have resulted in an underestimation of carbohydrate
content. The quantity of 0 saccharide measured in the
short-chain synthetic vaccine was nevertheless equal to that
in the natural complex (Table 1), so that the differing
qualities of the synthetic vaccines more likely reflected
differences in OPS chain length. In a similar study performed
with S. typhimurium, Svenson et al. (46) protected mice

TABLE 6. Vaccination with rough strain porin alone or
complexed with long-chain OPS"

Loglo brucellae in spleens (mean ± SD)
Vaccine (,Lg)

1 wk p.i. 4 wk p.i.

None 6.17 ± 0.12 7.19 + 0.43
R-porinb (30) 6.43 ± 0.47 (NS) 7.26 ± 0.14 (NS)
R-porin-OPS (long)" (30) 4.48 ± 0.25*** 5.77 ± 0.90*

a Vaccination was performed s.c. 4 weeks prior to challenge i.v. with
approximately 5 x 104 cells of strain 2308. In comparisons with untreated
control groups, ***, P s 0.001; *, P ± 0.05; NS, not significant. No adjuvant
was used.

b Porin from rough strain RB51, denatured in sodium dodecyl sulfate.
' Long-chain OPS covalently linked to porin from strain RB51.
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TABLE 7. Relationship between serum antibodies and protection against B. abortus in mice immunized with living
or subcellular vaccines"

Antigenb
Antibody level (103) on expt day": Loglo brucellae in spleensVaccine (tg) Antigen0 28 35 42 (mean ± SD) (1 wk p.i.)

None f6 2 (<) 2 (<) 3 (<) 36 (50) 6.39 ± 0.18
Porin-R-LPS 4 (<) 3 (K) 6 (<) 6 (<)

Strain 19d f6 2 (<) 48 (100) 84 (200) 142 (400) 4.53 + 0.84***
Porin-R-LPS 3 (<) 3 (<) 5 (<) 6 (<)

Porin-S-LPSe (30) f6 2 (<) 98 (200) 233 (800) 229 (800) 4.64 ± 0.20***
Porin-R-LPS 3 (K) 7 (K) 20 (25) 10 (<)

Porin-R-LPSe (30) f6 2 (<) 4 (K) 9 (K) 117 (200) 5.66 ± 0.87*
Porin-R-LPS 4 (K) 5 (K) 9 (K) 13 (<)

R-porin-OPS (longf (30) f6 2 (<) 137 (400) 190 (400) 235 (800) 4.54 ± 0.14***
Porin-R-LPS 6 (<) 8 (<) 10 (<) 12 (<)

R-porin-OPS (shortYf (30) f6 3 (<) 4 (K) 57 (100) 97 (200) 5.06 ± 0.78***
Porin-R-LPS 4 (K) 5 (K) 9 (<) 10 (<)

a Vaccination with subcellular products was performed s.c. 1 and 5 weeks prior to challenge i.v. with approximately 5 x 104 cells of strain 2308. Strain 19 was
inoculated 5 weeks before challenge. In comparisons with untreated control groups, ***, P s 0.001; *, P - 0.05.

b Antibodies were measured against either B. abortus S-LPS (f6) or rough strain RB51 native porin (porin-R-LPS).
' Mice were bled retro-orbitally prior to vaccination (day 0), revaccination (day 28), challenge (day 35), and spleen culture (day 42). Pooled serum samples were

tested in kinetics-based ELISA. Numbers outside parentheses represent slope values. Numbers in parentheses are titers estimated from slopes (Fig. 1). <, titer
< 25.

d Living B. abortus 19 at approximately 5 x 104 CFU per mouse.
Undenatured porins from smooth strain (S) or rough strain RB51 (R) of 2308.

f Short- or long-chain OPS covalently linked to porin from strain RB51.

against lethal infection with synthetic vaccines containing
octasaccharides of the OPS. However, no comparison was
made in that study with vaccines containing longer OPS
chains.
The weight of evidence supports the view that protection

induced by the subcellular vaccines resulted from the induc-
tion of 0 antibodies. In the first instance, highly effective
protection could be induced without the requirement for
adjuvants which enhance cell-mediated immune responses
(Tables 2, 3, 4, 6, and 7). Second, antibodies specific for
moieties other than the OPS (e.g., porin, lipid A, or LPS
core epitopes) were found in extremely low concentrations
in sera of immune mice (Table 7). Third, there was a
proportional relationship between the capacity of a vaccine
to induce 0 antibodies and its capacity to induce protective
immunity. This was evident in assays performed both before
(Tables 4, 7, and 8) and after (Tables 7 and 8) challenge
infection. Although a significant inverse correlation occurred
within treatment groups between mean concentrations of 0
antibodies and mean numbers of B. abortus in spleens (P <
0.05) (Table 7), analysis of individuals within treatment
groups failed to demonstrate such a relationship in all cases
(Table 9). Examples are evident of both mice with a high
level of protection in the absence of increased 0 antibodies

TABLE 8. Comparison of antibody levels measured in ELISA
with S-LPS (f6) and 0 glycolipid (O gly) antigens'

Antibody level (103) on expt dayb:

Vaccine (~tg) 35 42

f6 Ogly f6 O gly

Strain 19 (5 x 104 CFU) 84 70 142 93
Porin-S-LPS (30) 233 215 229 177
Porin-R-LPS (30) 9 8 117 80
R-porin-OPS (long) (30) 190 213 235 198
R-porin-OPS (short) (30) 57 50 97 77
None (PBS) 3 4 36 28

aSerum pools tested were from the same experiment reported in Table 7.
b Slope values from kinetics-based ELISA.

(Table 9, mice 4 and 19) and others in which protection was
marginal or absent despite raised levels of 0 antibodies
(Table 9, mice 6, 10, 11, 12, and 24). Such exceptions do not,
however, invalidate the hypothesis that 0 antibodies have a

TABLE 9. Serum antibodies specific for OPS and numbers of
B. abortus in spleens of individual mice 1 week after

challenge infectiona

Brucellae Antibody levels'
Vaccine (,ug) Mouse in spleens

no. (104)b Slope (103) Titer

Strain 19 (5 x 104 CFU) 1 0.6 50 100
2 1.3 165 400
3 1.4 103 200
4 1.4 30 50
5 8.3 32 50
6 120.0 104 200

Porin-R-LPS (30) 7 5.6 55 100
8 8.5 82 200
9 10.0 75 200
10 160.0 68 100
11 180.0 131 200
12 630.0 89 200

Porin-OPS (long) (30) 13 1.8 196 400
14 3.3 178 400
15 3.7 158 400
16 4.0 196 400
17 4.1 205 400
18 4.7 209 400

Porin-OPS (short) (30) 19 2.7 18 25
20 2.9 64 100
21 5.5 112 200
22 6.4 77 200
23 25.0 25 25
24 310.0 75 200

"Sera were those taken on day 42 in the experiment reported in Table 7.
b Mean number of B. abortus in spleens of the control group was 245 x 104.
' Slope values from kinetics-based ELISA with 0 glycolipid as the antigen.

Titers were estimated from slopes (Fig. 1).
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critical role in protective immunity. A more critical test of
this hypothesis would be to determine the correlation be-
tween antibody titers just prior to challenge and protection.
Moreover, the resolution of this question will require not
only quantitative measurements but also comparisons of
isotype distribution and functional assessments of 0 anti-
bodies from mice exhibiting different levels of immunity.
There is growing evidence that porins or other outer

membrane proteins will prove to be useful as vaccines
capable of inducing protective antibodies against Neisseria
meningitidis (7, 17), Pseudomonas aeruginosa (18, 30), and
Haemophilus influenzae (19, 27). A protective role of porin
antibodies against S. typhimurium has been proposed in
several studies (4, 24, 49). Although some workers have now
concluded that protection against S. typhimurium attributed
to porin antibodies was due to 0 antibodies (41), the issue
remains unresolved (49). Data reported here offer no evi-
dence for the participation of porin antibodies in protection
against B. abortus. The antibody response of mice to porin
was almost negligible, even when porin vaccines lacked OPS
(Table 7). The protection produced in mice following two
vaccinations with porin from rough strain RB51 was almost
certainly due to 0 antibodies. The data indicate that two
inoculations of this vaccine primed the mice to produce an
accelerated 0 antibody response to the challenge infection
(Tables 7 and 9). It cannot be excluded that somne of the
antibodies reactive with f6 or 0 glycolipid were directed at
core determinants. However, the marginal reactivity of
these sera with porin-R-LPS (Table 7) indicates that the
majority of antibodies were specific for OPS. Priming could
have been a response to the porin and to trace quantities of
OPS in the LPS of the rough strain or, in the absence of
S-LPS, to the porin carrier alone. Whereas antibodies spe-
cific for porin and the group 3 outer membrane protein of B.
abortus can be induced in cattle vaccinated with a rough
strain of B. abortus such as 45/20 in TDM and MDP
adjuvants (53, 55), experimental infection with smooth viru-
lent strains fails to evoke an appreciable increase in outer
membrane protein-specific antibodies in cattle (C. L. Bald-
win, Ph.D. thesis, Cornell University, Ithaca, 1983) or mice
(Table 7). This suggests that in the cell envelope of B.
abortus, epitopes of OPS are strongly dominant over those
of the associated outer membrane proteins. Moreover, the
failure of monoclonal antibodies specific for the porin of B.
abortus to protect mice (32) and of polyvalent antisera
specific for porin or group 3 antibodies to agglutinate smooth
whole B. abortus cells (A. J. Winter, unpublished data)
suggest that, as in the members of the family Enterobac-
teriaceae (50), the outer membrane proteins of B. abortus
are in their native state inaccessible to antibodies because of
the long OPS chains. If this was so, antibodies protective
against B. abortus would be limited to those with specificity
for the OPS.

Although under natural conditions of infection the porin of
B. abortus is ineffective in inducing antibodies, it does
stimulate T-cell responses. Thus, peripheral blood lympho-
cytes of cattle infected with strain 2308 underwent blasto-
genic transformation when exposed to highly denatured
porin proteins largely depleted of LPS (2). Denatured porin
proteins also induced delayed-type hypersensitivity in cattle
infected with strain 2308 or in mice infected with strain 19
(A. J. Winter, G. E. Rowe, and W. L. Castleman, unpub-
lished data). The data from the present study do not,
however, serve to advance the hypothesis that the porin of
B. abortus can induce a protective cell-mediated immune
response. Adjuvants were selected which enhanced cell-

mediated as well as humoral immune responses (1, 9, 25, 33),
and the combinations of TDM and MDP (53-55) and L-121
and MDP (A. J. Winter and G. E. Rowe, unpublished data)
were already known to be potent in induction of cell-
mediated immune responses against porins of B. abortus in
cattle. These adjuvants did enhance the formation of 0
antibodies (Table 4), but evidence of protection attributable
to cell-mediated immunity could not be inferred from any of
these data. Although adoptive transfer experiments con-
ducted in several laboratories have provided evidence for
the existence of immune T cells which confer protection
against B. abortus (31, 37, 40), the antigenic specificities of
these T cells have not been established. A rigorous exami-
nation of the hypothesis that vaccination of mice with porins
or other purified cell envelope proteins in conjunction with
selected adjuvants can induce T cells capable of conferring
protective immunity against B. abortus is currently under
way in our laboratory.
The application of these findings from the mouse model to

the construction of subcellular vaccines for cattle is still
premature. Two recent well-controlled studies have failed to
demonstrate protection against brucellosis in pregnant heif-
ers by immunization with subcellular vaccines with or with-
out S-LPS. Confer et al. (13) vaccinated cattle with a mixture
of salt-extractable proteins (47) which did contain S-LPS as
evidenced by the development of positive serological tests
(13), whereas Adams et al. (L. G. Adams, R. P. Crawford,
T. A. Ficht, R. Smith III, B. A. Sowa, J. W. Templeton,
J. D. Williams, and A. M. Wu, 40th Annual Brucellosis
Conference, Chicago, Ill., Nov. 14 and 15, 1987) used
LPS-free recombinant outer membrane proteins of B.
abortus. The failures of these vaccines may have had mul-
tiple causes and do not resolve the question of the impor-
tance of the OPS in an effective vaccine against bovine
brucellosis.
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