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Abstract

We evaluated the effect of interleukin (IL)-12 on the immune responBeritiolderia mallei in BALB/c mice. Mice were vaccinated with
non-viableB. mallei cells with or without IL-12. There was a seven- to nine-fold increase in IgG2a levels, and a significant increase in the
proliferative response and interferon (IFN)production by splenocytes from mice that receidechallei and IL-12. We saw an increase in
survivors in the groups of mice that receivBdmnallei and IL-12 when challenged, compared to mice that received Rnhullei or IL-12.

The results suggest that IL-12 can enhance the Th1l-like immune respdhsecdtie; and mediate limited protection from a lethal challenge.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction can develop into an acute septicemia after the primary infec-
tion and can quickly lead to death. There is no effective
Burkholderia malleiis a Gram-negative, non-motile bacil-  treatment for glanders in the natural host, and animals diag-
lus, which causes glanders primarily in horses, mules, andnosed with glanders are isolated and destroyed. In humans
donkeys. In the natural host infection by the oral route is infection by glanders may be through the oral, nasal, ocular,
the primary route and by close contact with infected ani- or cutaneous routes. Progression of the clinical symptoms is
mals. Infection in horses is more often manifested as a slow similar to those in the natural host and may be presented as
progressive, chronic disease, whereas in donkeys, the dis-an acute localized or pulmonary form, or septicemic fatal ill-
ease usually takes an acute course of infection with deathness. Also, a chronic lymphangitis and regional adenopathy
occurring within a week to 10 day4,2]. Early symptoms may be seen. In humans, however, usually a combination of
in the host may include thirst, fever, shivering, drooping of symptoms is observed. The relative ease of infection by the
the head, tachycardia, weight loss, prostration, and malaise aerosol route was demonstrated in the laboratory a number of
Involvement of the lungs and upper respiratory tract is com- years agd3], and by the cutaneous route just receflyp].
mon and is manifested by a regional or diffuse pneumonia or Presently, there is no vaccine, so it is important to develop a
pleuritis, and a nasal exudate, which is infectious. In infec- vaccine for this easily disseminated and infectious agent. We
tions by the cutaneous route, regional lymphnodes becomerecently evaluated the murine immune response to non-viable
enlarged and indurated (farcy), and may rupture and suppu-B. mallei in BALB/c mice and found that a mixed T-helper 1
rate. Infections that originate by the oral or cutaneous route (Th1)-/T-helper 2 (Th2)-like cytokine response was obtained
with a Th2-like subclass immunoglobulin (Ig) respoigge
* Corresponding author. Tel.: +1 301 619 4931; fax: +1 301 619 2152,  verY little IL-12 and small but significant amounts of inter-
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amounts of interleukin (IL)-4 and IL-10 were expressed by Research (formerly Genetics Institute, Cambridge, MA),

stimulated splenocytes obtained from mice vaccinated with were included with the non-viable cell-Alhydrogel mixture.

non-viableB. mallei cells. Non-viableB. mallei preparations  Control mice that did not received aBymallei or IL-12, or

did not protect mice against a lethal challenge. only IL-12 was vaccinated with the same amount of Alhy-

Because BALB/c mice were not protected by inactivated drogel (10Qvg) used in the study group. All mice, includ-

B. mallei preparations, we decided to evaluate the cytokine ing controls, were vaccinated twice, 3 weeks apart, and 3

IL-12 as an adjuvant on the murine immune response to weeks after the second bod82], and 10 mice from each

non-viableB. mallei cells. IL-12 can act as an intermedi- group, including from the controls, were challenged i.p. with

ary signal between the innate and acquired immune responsé. x 108 CFU in 0.5 ml ofB. mallei and then observed for up

to the presence of a pathoggi. The expression of IL-12is  to 21 days for survivg33]. The challenge dose was 143 50%

induced by the interaction of monocyte/macrophages, neu-lethal doses (LEp), where 1 LI} is 7 x 10° CFU for 6- to

trophils, or dendritic cells with the invading pathogen, in part 8-week-old BALB/c micd33].

through the recognition by these cells of pathogen associ- Research was conducted in compliance with the Animal

ated molecular patterri8]. IL-12 can induce the expression Welfare Act and other federal statues and regulations relating

of IFN-y predominately by T-lymphocytes and NK cells to animals and experiments involving animals and adheres to

and increase cytotoxic activity. The induction of a Thl- principles stated inth@uide for the Care and Use of Labora-

like immune response is crucial to the ability of the host to rory Animals, National Research Council, 1996. The facility

enhance the cellular immune response to limit the establish-where this research was conducted is fully accredited by the

ment of bacterial, protozoan, or fungal pathoggsis The Association for Assessment and Accreditation of Laboratory

requirement of IL-12 to increase resistance to infection was Animal Care International.

shown by the neutralization of IL-12 in a number of animal

models[10-18] Enhancement of resistance to infection was 2.3. Spleen cell cultures

shown in other studies by the introduction of IL-12 before

or after vaccination or infectiofl9—26] Finally, in IL-12- Spleen cell cultures were prepared 3 weeks after the sec-

deficient mice, itwas shown that IL-12 is required to maintain ond vaccination boost as previously descrifi84]. Briefly,

a long-term, Thi1-like immune response to intracellular pro- two or three spleens from each group were combined into

tozoang27-30] 3 ml of wash medium [RPMI 1640 medium (Invitrogen Corp,
Carlsbad, CA) containing 25 mM HEPES, 2 mM glutamine,
penicillin (100 U/ml) and streptomycin (1Q@/ml)], and

2. Materials and methods spleen cells were disaggregated with the end of a sterile 5ml
syringe handle. After allowing the large particles to settle, the
2.1. Bacterial strain and mice supernatant was placed into a 15 ml conical tube and solu-

tion brought up to 12—-14 ml with wash buffer. The tube was

B. mallei ATCC 23344 was grown and prepared as previ- centrifuged at 1200 rpm for 10 min at room temperature, and
ously reported6]. Briefly, a suspension of a glycerol stock the supernatant was discarded. The cells were suspended in
was inoculated into 4% glycerol-1% tryptone (Difco, Becton 0.16 M ammonium chloride in 0.01 M Tris—HCI buffer (pH
Dickinson, Sparks, MD) broth (GTB) and grown overnight 7.5) to lyse the red cells, and wash buffer was added to stop
at 37°C with shaking (250 rpm). After 20—-24 h of growth, the reaction. The cells were washed twice and suspended
the cells were pelleted by centrifugation and suspended inin RPMI 1640 medium (Invitrogen Corp.) containing 10%
sterile Hanks’ balanced salt solution (HBSS). Non-viable fetal calf serum, 25 mM HEPES, 2 mM glutamine, 1 mM
cells were prepared by exposure to 2.1 megarads of gammaodium pyruvate, 0.1 mM non-essential amino acidg./g0
radiation. Sterility of all inactivated cell preparations was ver- 2-mercaptoethanol, penicillin (100 U/ml), and streptomycin
ified by plating an aliquot on GTB agar (Difco) plates. After (100wg/ml) at a cell concentration of 19 10° cells/ml.
inactivation, the cells were washed three times with HBSS
and suspended to an appropriate dilution with sterile water. 2.4. Proliferation assay
Female, 6- to 8-week-old, BALB/c mice were obtained from

the National Cancer Institute (Frederick, MD). To determine the proliferative response of splenocytes
from mice vaccinated witB. mallei and IL-12, a 5Qul aliquot
2.2. Vaccinations and challenges of a splenocyte suspension%2L(P cells/ml) was incubated

in a 96-well plate in triplicate with and without non-viable
BALB/c mice in groups of 14—15 were vaccinated subcu- B. mallei cells (10pug/ml) (equivalent to 3.% 10° CFU) as
taneously with 5Qug (equivalentto 1.3 107 colony forming previously describefb]. Concanavalin A (ConA) (p.g/ml)
units (CFU)) of non-viabl®. mallei cells mixed with 10Qug was included as a control in the assay although the results
of Alhydrogel (Brenntag Biosector A/S, Frederikssund, Den- are not shown. Duplicate cultures were prepared for each
mark) [6,31] in a total volume of 0.2 ml. Different amounts group of mice. Afterincubation for approximate 48 h at&7
of murine IL-12 (0-1.Qug), a generous gift from Wyeth  with 5% CQ, 1.0u.Ci of [3H]thymidine (TdR) at a specific
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activity of 5 Ci/mmol (Amersham Life Sciences, Arlington ogy Associates (Birmingham, AL). The results are reported
Heights, IL) was added to each well and incubation con- as the geometric mean of the reciprocal of the highest dilu-
tinued overnight. Cells were harvested after 185,36], tion giving a mean OD of at least 0.1, which is at least twice
and the proliferative response was reported as the amounthe background, and the standard error (S.E.).

of [3H]TdR incorporatedt standard deviation (S.D.). Since

there were two samples for each group of mice and each2.7. Statistics

sample was read in triplicate, the amount#[TdR incor-

porated for each group was reported as the mean of six Titer was compared between groups by ANOVA with post

readings. hoc Dunnett’s test. Survival rate was compared by Fisher
exact tests with Bonferroni adjustment. Mean time to death
2.5. Cytokine assays was compared btest with Bonferroni adjustment. Survival

curves were calculated by Kaplan Meier survival analysis

Cytokine expressed in the supernatant of restimulated with log-rank tests between groups. Probit analysis was used
splenocyte cultures were determined after approximately to assess effect of titer on surviv@ < 0.05 was considered
45-48 h of incubation as previously descrijéfl Spleno- significant. All statistical analyses were conducted by SAS
cyte cultures were prepared in duplicate from each group Version 9.1.
of vaccinated mice. Splenocyte cultures were incubated at
5x 10° cells/ml in 24-well culture dishes with and with-
out non-viable B. mallei cells (10ung/ml)(equivalent to 3. Results
3.3x 10°CFU) at 37C with 5% CQ. The amount of
cytokine expressed was determined by a cytokine capture,3.1. Enhancement of the murine antibody response to
enzyme-linked immunosorbentassay (ELISA) obtained from non-viable B. mallei by IL-12
BD Pharmingen, (San Diego, CA) and each sample deter-
mined in triplicate. The results were reported as the mean We examined the effect of varyingamounts of IL-12 on the
concentration (picograms) expressedl S.D. Since there  murine antibody response to non-viabBlenallei. Mice were
were two samples from each group of mice, and each samplevaccinated subcutaneously (s.c.) withi@of non-viableB.
was set up in duplicate, and the amount of cytokine expressednallei (groups 2—6), and mice in groups 3-6 also received
was performed in triplicate, the results were reported as the0.1-1.0ug of IL-12, while mice in groups 7 and 8 received
mean of 12 sample readings. The sensitivity of the cytokine only 0.25 or 1.Qug of IL-12, respectivelyTable J. All mice

ELISAs was 7.5-15 pg/ml. in the study received Alhydrogel as an adjuvant and were
vaccinated twice. There was a good IgG and IgM immune
2.6. Antibody assays responses to the mallei cells without IL-12 Table 1 group

2) as we previously notd@]. Adding 0.25u.g of IL-12 with
Antibody titers were determined by ELISA as described B. mallei cells boosted the 1gG titer almost two-fold, and the
previously[6]. Two-fold dilutions of antisera were made in titer remained at the enhanced level with 0.5+ilg®f IL-12
triplicate in 96-well, Immulon 2HB plates (Thermo Electron, (Table 1 groups 5 and 6). The IgM titer at the same time
Milford, MA), which previously contained 5QI of non- varied from one-half to twice the titer as obtained with only
viable, irradiate. mallei cells (10wg/mlin 0.1 M carbonate  B. mallei cells. We were also able to detdtmallei-specific
buffer, pH 9.5). Class or subclass Ig was determined with anti- IgA antibodies in mice from groups 4 and 6, which received
Ig-horseradish peroxidase conjugate (Southern Biotechnol-0.25 and 1.Qug of IL-12, respectively (data not shown). Mice

Table 1
The murine immune response to non-viaBlenallei is differentially enhanced by IL-12
Group Treatmenrt Antibody tite® Ratio
1gG IgM IgG1 IgG2a 1gG2a/lgG1l
1 Alhydrogel <50 696 (1.15) 100 (1.00) 76 (1.19) 0.76
2 Bm 1280000 (1.25) 40000 (1.25) 3880235 (1.19) 211121 (1.60) 0.05
3 Bm +0.01ug IL-12 1940117 (1.68) 40000 (1.00) 6755881 (1.32) 735167 (1.82) 0.11
4 Bm+0.25ug IL-12 2560000 (1.86) 80000 (1.46) 3377941 (1.32) 1940117 (£.68) 0.57
5 Bm+0.50ug IL-12 2228610 (1.30) 22974 (1.50) 3532108 (1.35) 1470334 11.58) 0.42
6 Bm+1.00ug IL-12 2228610 (1.50) 40000 (1.46) 1280000 (1.46) 1470334 {1.50) 1.15
7 0.25ug IL-12 200 (2.00) 283 (1.20) 50 (1.00) 200 (4.00) IND
8 1.00ug IL-12 71 (1.20) 476 (1.20) 50 (1.00) <50 ND

@ All groups have Alhydrogel included. Bm is non-viallterkholderia mallei.

b Data are geometric meas§.E.). A titer of 50 or less was considered negative. N is 5 for groups 1-6, and 4 for groups 7 and 8.
¢ When compared tB. mallei (group 2), * isP <0.05.

4 ND is not determined.
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that received only IL-12Table 1 groups 7 and 8) gave non- tive unstimulated splenocytes from all groups of mieig(2).

specific background readingsBomallei. Comparing the amount of proliferation between splenocytes
We also examined the levels of IgG1 and IgG2a subclassfrom mice that received non-viablg mallei only (Fig. 1,

response taB. mallei as representing a Th2- or Thl-like group 2) and splenocytes from mice that receiBedallei

immune response, respectively. Without IL-12, there was a and the least amount of IL-12 (Oud) (Fig. 1, group 3), there

18-fold greater amount of anll-mallei lgGlcomparedtothe  was a 1.24-fold increase in proliferation. There was a signif-

amount of antiB. mallei 1gG2a producedTable 1, group 2). icant increase (up to 1.9-fol&, <0.001) in proliferation by

Adding IL-12 with theB. mallei cells significantly increased  the splenocytes from mice that receiBahallei and increas-

IgG2a levels Table 1, group 4-6;P <0.05), until almost an  ing amounts of IL-12 (0.25-1,0g), when compared to the

equal amount of the two Ig subclasses were produced with splenocytes from mice that received ollymallei. Spleno-

the highest amount of IL-12 used. The relationship between cytes from mice that received only IL-12 (0.25 or @)

the levels of IgG1 and IgG2a antibody levels with increas- were not stimulated. IL-12, therefore, when included with

ing amounts of IL-12 with thé. mallei cells can be seen by  non-viableB. mallei cells was able to enhance the prolifera-

the change in ratio of lgG2a to IgG1 (shown in the last col- tive response of splenocytes when compared to splenocytes

umn inTable 9. Our results show that the murine immune from mice that received onlg. mallei.

response t@. mallei cells can be enhanced by IL-12, and

that the 1gG2a subclass (a Thl-like antibody) response can3.3. IL-12 can augment the expression of IFN-y in

be preferentially enhanced. response to B. mallei in splenocyte cultures
3.2. Proliferative response of splenocytes from mice We further evaluated the effect of IL-12 on the murine cel-
vaccinated with B. mallei is enhanced by IL-12 lular immune response #® mallei by examining the expres-

sion of IFN-<y by splenocytes as representative of a Th1-like

We examined the effect of IL-12 on the proliferative cytokine, and the expression of IL-4 and IL-10 by spleno-

response of splenocytes from mice vaccinated Rithallei, cytes as representatives of a Th2-like cytokine. We found
B. mallei plus IL-12, or only IL-12. We saw a 5- to 24-fold  approximately a 1.5-fold increase in the amount of lfN-

increase in the amount of [3H]TdR incorporated when we produced by splenocytes from mice treated only with non-
compared. mallei stimulated splenocytes with the respec- viable B. mallei compared to cells from mice that received

35000

30000 - [0 Media

Kk
ke
kkk
B B. mallei
25000
20000 -
15000
10000
5000 -
0 1 T T T T T T

Adjuvant Bm Bm + 0.10ug Bm + 0.25ug Bm + 0.50ug Bm + 1.00ug [L-120.25ug 1L-121.00 ug
IL-12 IL-12 IL-12 IL-12

3H-Thymidine Incorporated (cpm)

Mouse Treatment

Fig. 1. Proliferative response of splenocytes from BALB/c mice that recdved/lei (Bm) with or without increasing amounts of IL-12. Mice were vaccinated
twice s.c. with adjuvant onl\B. mallei, B. mallei and 0.1-1.Qug of IL-12, or with IL-12 only. All groups received adjuvant. There were five mice per group,
except the groups with only IL-12, where there were four mice per group, and spleens were processed as described2n3edtgs after the second
boost. The results are derived from two sets of splenocytes from each group, performed in triplicate, and reported as the mean of the amountiaf&8H-thymi
incorporatedt S.D. For each group of mice, the splenocytes were incubated with media only or with nonaiahl#ei cells (10ug/ml). There were only
significant differences in the amount of proliferation when comparing the amount between the groups of mice that recefvea:@/aiyand those that mice

that received. mallei and 0.25-1.Qug of IL-12 (*" P<0.001).
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(A) IFN-y v under the same conditionBi@. 2C), we found that with the
120000 addition of increasing amounts of IL-12 to tBemallei cells
100000 - T in the vaccination treatment, there was a slight increase the
80000 amount of IL-10 produced by tt® mallei stimulated spleno-
cytes, and a significant amount at Oji2%$of IL-12 (P < 0.01).
60000 . .
Splenocytes from mice that received only IL-12 produced
40000 similar or less amounts of cytokines than splenocytes from
20000 mice that received only adjuvant after restimulation. In con-
04 clusion, both Thl- and Th2-like cytokines are produced in
100] B) 14 response to non-viablR mallei, but the inclusion of IL-12

804 appeared to generally augment the expression of the Th1-like
cytokine more than the Th2-like cytokines.

E

(=

£

T

Q

[7]

(7]

o 60|

S 404

‘: 2 3.4. IL-12 mediates partial protection from a lethal

< ] challenge in B. mallei vaccinated mice

) 0]

L;i 7000 (C) IL-10 :

ot Since IL-12 enhanced both the humoral and cellular
'g: 6000 | immune response to non-vialbe mallei, we examined the
5 5000 ability of IL-12 to mediated protection from a lethal challenge

of B. mallei. Mice were vaccinated with non-viable mallei

10009 and varying amounts of IL-12T&ble 1) and challenged with
30004 143 LDsgof B. malleii.p. and were observed for 21 days post-
2000+ challenge Fig. 3). No mice survived (0/10) from the group
1000 of mice that received adjuvant only (group 1), non-viakle
i mallei only (group 2), or IL-12 only (groups 7 and 8). In
Adiwvers B Bz A iz e it vaiaz ieas) s these cases, the majority of mice died within 2-5 days after
Mouse Treatment challenge. The mean survival time (MST) in days for these

mice was 2.6£S.E. 0.2—-0.4). Mice that received non-viable

Fig. 2. Amount of cytokine expressed in the supernatantofsplenocytesfromB mallei and 0.1=1.0 ug of IL-12 (groups 3—6) were better
mice thatwere vaccinated with adjuvant ollymallei, B. mallei and varying ) ; )

amounts of IL-12, or with IL-12 only. All groups received adjuvant. There able to ?ur\./'_ve the .lethal challenge (2-6/10 survivors). There
were five mice per group, except the groups with only IL-12, where there Was a significant difference between the number of survivors
were four mice per group, and spleens were processed as described in Section group 3 and 5 < 0.05) when they were compared to the
2, 21 days after the second boost. Splenocytes incubated with media only ornumber of survivors in group B(mallei only). Furthermore,
with non-viableB. mallei cells (10wg/ml) for 45 h. The results are from two there was a notable increase in the MST of mice in these two
sets of splenocytes from each group. Cytokine analysis was performed in . . .
triplicate from each set of samples as described in Se2tidhe results are groups (13'&: 2'8_2'9)' In spite of bemg able to_ survive the
reported as the mean of the amount of cytokine express®®. (error bars). lethal challenge, however, the spleens of survivors from all
The amount of cytokine expressed for (A) IRN{B) IL-4, and (C) IL-10. groups were generally enlarged and all heavily infected with
There were significant differences in the amount of cytokine expressed by B nallei (data not shown). It, therefore, appears that I1L-12
stimulated splenocytes, when compared with stimulated splenocytes from -5y mediate partial protection, albeit not sterile, to mice that
mice vaccinated witlB. mallei only: " P <0.05;” P<0.01;”" P<0.001. . . . ' . '

are vaccinated with non-viabR mallei cells.

only adjuvant Fig. 2A). We found at least a 3.5- to 5.5-fold

increase in the amount of IFN-in stimulated splenocyte 4. Discussion

cultures prepared from mice that received bBtmallei and

IL-12 when compared with cultures of cells from mice that In our previous study with capsulated or non-
received onlyB. mallei cells Fig. 2A; P<0.05 to <0.001)). encapsulated. mallei cells as a vaccine, we found it offered
There was minimal expression of IFiNfrom splenocytes  no protection from a lethal challenge of live mallei cells
prepared from mice that only received IL-12 upon restimu- [6]. We had also previously shown that there was minimal
lation with non-viableB. mallei cells. We then examined the  proliferation and IFNy expression by restimulated spleno-
amount of IL-4 in the same splenocyte cultures and found that cytes from mice that received onB; mallei antigen, when
cells from mice that receivel8l mallei or B. mallei and 0.1ug compared to splenocytes from mice that received only the
of IL-12 produced more IL-4 than the respective unstimulated adjuvan{6]. With the addition of the cytokine IL-12 with the
splenocytesKig. 2B). However, splenocytes from mice that  B. mallei cells in the present study, we were able to demon-
received higher amounts of IL-12 (0.25-1.6), expressed  strate limited efficacy against a lethal challenge in BALB/c
less IL-4 than the same splenocytes that were unstimulatedmice. IL-12 affected both the overall murine humoral and
When we examined the amount of IL-10 that was present cellular response t®. mallei cells. Similar results on the
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& Alhydrogel

M B. mallei (Bm)

A Bm+0.10ugIL-12
O Bm +0.25ug IL-12
A Bm +0.50 ug IL-12
@ Bm + 1.00 ug IL-12
<O 0.25 ug IL-12
[J1.00 ug IL-12

No. of Survivors

(P AR T A A S A A A A A A A A

T T T™—"T v T T T T T T T T T T T T T T
12 3 4 56 7 8 9 1011 12 1314 15 16 17 18 19 20 21
Time After Challenge (Days)

Fig. 3. Survival of mice vaccinated twice with adjuvant only, non-viahlewallei cells with and without IL-12, or with IL-12 only after a lethal challenge.
Mice were challenge (10 mice per group) i.p. witkk LGB B. mallei cells (154 LByo) 21 days after the second vaccination boost and observed for 21 days.
There was a significant difference in the number of survivors in groups of mice that reBeiueflei + 0.1 ug of IL-12 ¢ <0.05) orB. mallei + 0.5 ug of IL-12
(P<0.05), when compared to the number of mice that survived in the group of mice that receivéd maljei. The results were compiled from two studies
with 10 mice in each group, and similar results were obtained.

effect of IL-12 on the humoral and cellularimmune response expression of IFNy appeared to be mediated by NK cells, as
had been reported previously with a different antiged. shown by an antibody that neutralized the cytotoxic function
There was an enhancement of the IgG antibody titer and aof NK cells. In a study withMycobacterium tuberculosis,
differential effect on the production of Ig subclass IgG1 and Lindbland et al.[20] showed that inclusion of IL-12 with
IgG2a antibody levels with increasing amounts of IL-12. We other adjuvants andll. ruberculosis antigens induced a pro-
also saw an increase in the proliferative response of spleno-tective immune response, the extent of which was dependent
cytes from mice that received both the antigen and IL-12, onthe concentration of IL-12. Mahon etf@1] demonstrated
although we cannot completely discount some of the recall that IL-12 increased the efficacy of Bordetella pertussis
response to the presence of lipopolysaccharide (LPS) in ouracellular vaccine that was reflected in an increase in cellu-
antigen preparation. In addition, we cannot rule out the pos- lar proliferative response, IFN-expression, and protection.
sibility that IL-12 can potentiate the effect of LPS, since both In the case with the intracellular bacteriut¥steria mono-
can stimulate the innate immune system. At the same time,cytogenes, Miller et al. [23] used a heat killed cellular or
there was a differential augmentation of the expression of soluble antigen with IL-12 to elicit a protective immune
IFN-vy over that of IL-4 and IL-10 induced by IL-12. Our response. They saw an increase in IL-2 and H-Bixpres-
results suggest that the combination of enhanced antibodysion in peritoneal T-cells, an increase in CC#dop TCR*
production and augmented expression of Hriduced by cell populations, and an increase in MHC-II expression and
IL-12 leading to a Thl-like immune response was responsi- IL-12 expression by restimulated peritoneal macrophages.
ble for the significant but partial protection of the mice from Wynn et al. in two separate studifb,26] showed that IL-
the lethal challenge, although this protection was not sterile. 12 used either in a single or multiple vaccination regime
Further, the enhancement of the immune responBetallei with radiation attenuated cercariaeSshistosoma mansoni,
by IL-12 depended on the presence of both the antigen anda trematode worm, resulted in an increase in immunity to
IL-12, since neither by themselves provided protection from infection in mice. In both studies, a Thil-like humoral and
the challenge. These results reflect the role of IL-12 as ancellular response was developed toward the irradiated cer-
immune modulator that affected the innate immune responsecariae and was dependant upon the administration of I1L-12
to the antigeri7]. In addition, under the conditions used in  with the antigen.
the present study, we would not see an effect of IL-12 by  In studies with a closely related species, Santanirand et al.
itself because of the temporal aspect of the innate immune[37] found that resistance to infection Bypseudomallei, the
response. causative agent for melioidosis, in an outbred mouse model,
In other animal model systems, the use of IL-12 as an was dependant on the expression of IffNFhe requirement
adjuvant with a specific antigen induced an overall a protec- for IFN-y was shown by the administration of a neutraliz-
tive response, which was characterized by the developmenting monoclonal antibody at the time of infection. Besides
of a Thil-like immune respon$#5,19,20,23,25,26Afonso IFN-y they found that resistance to infection also required
et al.[19] found that the combination of leishmanial antigens the expression of IL-12 and TNé&-but not GM-CSF. In a
and IL-12 led to the development of specific CDPh1-like follow up study Lertmemongkolchai et gB88] found that
cells that subsequently resulted in resistance to infection with NK and CD8 T-cells and not CD# T-cells were the primary
Leishmania major. There was an increase in IFNexpres- source for the production of IFN-n response to infection by
sion and simultaneous decrease in IL-4 production. The B. pseudomallei. Neutralizing antibodies to IL-12 or IL-18
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inhibited the expression of IFN-by NK and CD§ T-cells, [5] Srinivasan A, Kraus CN, Deshazer D, Becker PM, Dick JD, Spacek
and amonoclonal antibody to TNdehad only a partial affect. L, et al. Glanders in a military research microbiologist. N Engl J
Expression of IFNy by NK cells occurred quickly after infec- Med 2001;345:256-8.

. . [6] Amemiya K, Bush GV, DeShazer D, Waag DM. Non-viable
tion (5h) while CD8 T-cells expressed IFN-15h after Burkholderia mallei induces a mixed Thl- and Th2-like cytokine

infection. In addition, it was shown that the CD8-cells response in BALB/c mice. Infect Immun 2002;70:2319-25.
producing IFNy were predominately activated (COX) [7] Trinchieri G. Interleukin-12 and the regulation of innate resistance
in response to the infection. and adaptive immunity. Nat Rev Immunol 2003;3:133-46.

; ; ; ; 8] Medzhitov R, Janeway CA. Innate immunity: the virtues of a non-
Inother ies with an infection modelw - [ -
other studieswitha ectio ode Rlpseudoma clonal system of recognition. Cell 1997;91:295-8.

llei with susceptible BALB/c mice and the relatively resistant [9] Lucey DR, Clerici M, Shearer GM. Type 1 and type 2 cytokine

C57BL/6 mice, it was found that there was an increase in both dysregulation in human infectious, neoplastic, and inflammatory dis-

Thl- and Th2-like cytokines 24—36 h after infection. How- eases. Clin Microbiol Rev 1996;9:532-62.

ever, in BALB/c mice, the level of expression of some of these [10] Af“QUitt_a} i IPEka_i“gl ZD:" F:incot” M, BafthOiId SWé Fikfli_g E. 'iffg;?t
H H H H H or anti-Interleukin reatment on murine lyme bBorreliosis. n

cytpkmesmcludmg IFNy was gregterthan in C57BL/6.m|ce, Invest 1996:97:102834. y

which was Interpreted asa pOSSIble role for endotoxic ShOCk[11] Bohn E, Autenrieth IB. IL-12 is essential for resistance against

and a cytokine-mediated immunopathology in the develop- Yersinia enterocolitica by triggering INFsy production in NK cells

ment of melioidosi$39]. It was further found that the mixed and CD4+ T cells. J Immunol 1996;156:1458—68.

Th1- and Th2-like cytokine response induced by highly vir- [12] Cooper AM, Roberts AD, Rhoades ER, Callahan JE, Getzy DM,

ulent and less virulent strains Bf pseudomallei, correlated Orme IM. The role of interleukin-12 in acquired immunity to

R i i . . . Mycobacterium tuberculosis infection. Immunolo 1995;84:423—
with partial cross-protection between the two strains in mice 32)_ 9y

previously immunized with the less viruleBt pseudomallei [13] Gazzinelli RT, Hieny S, Wynn TA, Wolf S, Sher A. Interleukin 12 is
candidate vaccine straja0]. required for the T-lymphocyte-independent induction of interfeyon-
In our studies with IL-12 and non-viab® mallei cells, by an intracellular parasite and induces resistance in T-cell-deficient

: ; : hosts. Proc Natl Acad Sci USA 1993;90:6115-9.
i red that the expression of IRNvas in part r n- A
t appeared that the expression o as in part respo [14] Greenberger MJ, Kunkel SL, Strieter RM, Lukacs NW, Bramson J,

sible fo_r the partl_al protection _from a Iethal_ Cha”enge' We Gauldie J, et al. IL-12 gene therapy protects mice in leKiabsiella
would like to continue our studies to determine what type of pneumonia. J Immunol 1996;157:3006—12.

immune cells are responding to the presence of IL-12 and[15] Mastroeni P, Harrison JA, Chabalgoity JA, Hormaeche CE. Effect of
the antigen. It is not clear at this time, if IFjN{produc- interleukin 12 neutralization on host resistance and gamma interferon
ing NK cells or CD4 or CD8" T-cells are responsible for production in mouse typhoid. Infect Immun 1996;64:189-96.

- . . . [16] Tripp CS, Gately MK, Hakimi J, Ling P, Unanue ER. Neutralization
the limited protection provided by IL-12 aril mallei cells. of IL-12 decreases resistance ktsteria in SCID and C.B-17 mice.

Furthermore, we can evaluate the role of IL-10 in the limited Reversal by IFNy. J Immunol 1994;152:1883-7.

protection we saw with IL-12, since IL-10 has been linked to [17] Zaitseva M, Golding H, Manischewitz J, Webb D, Golding B.
suppression of Thl-like cytokine synthesis. Understanding Bmcella _abortus as a potential vaccine candidate: inductipn of
the nature of the immune response under these conditions interleukin-12 secretion and enhanced B7.1 and B7.2 and intercel-

ill hel desian f . did h Id lular adhesion molecule 1 surface expression in elutriated human
will help us design future vaccine candidates that could pro- monocytes stimulated by heat-inactivatBdabortus. Infect Immun

mote a more efficacious outcome inthe prevention ofglanders  1996:64:1715-31009.
infections. [18] Zhan Y, Liu Z, Cheers C. Tumor necrosis factor alpha and
interleukin-12 contribute to resistance to the intracellular bac-
terium Brucella abortus by different mechanisms. Infect Immun
1996;64:2782—6.
[19] Afonso LCC, Scharton TM, Vieira LQ, Wysocka M, Trinchieri G,
. Scott P. The adjuvant effect of interleukin-12 in a vaccine against
We thank Marilyn England, Steve Tobery, and Anthony Leishmania major. Science 1994;263:235-7.
Bassett for their excellent technical assistance during the[20] Lindblad EB, Elhay MJ, Silva R, Appelberg R, Andersen P. Adjuvant
course of this study. modulation of immune responses to tuberculosis subunit vaccines.
Infect Immun 1997;65:623-9.
[21] Mahon BP, Ryan MS, Griffin F, Mills KHG. Interleukin-12 is pro-
duced by macrophages in response to live or kiBeddetella per-
References russis and enhances the efficacy of an acellular pertussis vaccine by
promoting induction of Th1 cells. Infect Immun 1996;64:5295-6001.
[1] Acha PN, Szyfres B. Zoonoses and communicable diseases com-[22] Metzger DW, Raeder R, Cleave VHV, Boyle MDP. Protection of

Acknowledgements

mon to man and animals. 2nd ed. Washington, DC: World Health mice from group A streptococcal skin infection by interleukin-12. J
Organization; 1987. Infect Dis 1995;171:1643-5.

[2] Domma K. Rotz bei mensch und tier [Glanders in humans [23] Miller MA, Skeen MJ, Ziegler HK. Non-viable bacterial antigens
and animals (as translated)]. Wiener Tierarztliche Monatsschrift administered with IL-12 generate antigen-specific T cell responses
1953;40:426-32. and protective immunity againgtsteria monocytogenes. J Immunol

[3] Howe C, Miller WR. Human glanders: report of six cases. Ann 1995;155:4817-28.

Intern Med 1947;26:15-93. [24] Mountford AP, Anderson S, Wilson RA. Induction of Thl cell-

[4] Centers for Disease Control and Prevention. Laboratory-acquired mediated protective immunity tcSchistosoma mansoni by co-
human glanders—Maryland. Morbidity Mortality Weekly Report administration of larval antigens and IL-12 as an adjuvant. J Immunol

2000;49:532-5. 1996;156:4739-45.



1420 K. Amemiya et al. / Vaccine 24 (2006) 1413—1420

[25] Wynn TA, Jankovic D, Hieny S, Cheever AW, Sher A. IL-12  [34] Jankovic D, Caspar P, Zweig M, Garcia-Moll M, Showalter SD,

enhances vaccine-induced immunitySigiistosoma mansoni in mice Vogel FR, et al. Adsorption to aluminum hydroxide promotes the

and decreases T helper 2 cytokine expression, IgE production, and activity of IL-12 as an adjuvant for antibody as well as type 1

tissue eosinophilia. J Immunol 1995;154:4701-9. cytokine responses to HIV-1 pg120. J Immunol 1997;159:2409—
[26] Wynn TA, Reynolds A, James S, Cheever AW, Caspar P, Hieny 17.

S, et al. IL-12 enhances vaccine-induced immunity to Schistosomes [35] Onishi M, Nosaka T, Misawa K, Mui ALF, Gorman D, Mcma-

by augmenting both humoral and cell-mediated immune responses hon, et al. Identification and characterization of a constitutively

against the parasite. J Immunol 1996;157:4068-78. active stat5 mutant that promotes cell proliferation. Mol Cell Biol
[27] Constantinescu CS, Hondowicz BD, Elloso MM, Wysocka M, 1998;18:3871-9.

Trinchieri G, Scott P. The role of IL-12 in the maintenance of an [36] Jankovic D, Kullberg MC, Noben-Trauth N, Caspar P, Paul WE, Sher
established Thl immune response in experimental leishmaniasis. Eur A. Single cell analysis reveals that IL-4 receptor/stat6 signaling is not

J Immunol 1998;28:2227-33. required for the in vivo or in vitro development of Cb#ymphocytes
[28] Park AY, Hondowicz BD, Scott P. IL-12 is required to maintain with a Th2 cytokine profile. J Immunol 2000;164:3047-55.

a Thl response during Leishmania major infection. J Immunol [37] Santanirand P, Harley VS, Dance DAB, Drasar BS, Bancroft GJ.

2000;165:896-902. Obligatory role of gamma interferon for host survival in a murine
[29] Tripp CS, Kanagawa O, Unanue ER. Secondary response to Listeria model of infection withBurkholderia pseudomallei. \nfect Immun

infection requires IFNy but is partially independent of IL-12. J 1999;67:3500-93.

Immunol 1995;155:3427-32. [38] Lertmemongkolchai G, Cai G, Hunter CA, Bancroft GJ. Bystander
[30] Yap G, Pesin M, Sher A. IL-12 is required for the maintenance of activation of CD8+ T cells contributes to the rapid produc-

IFN-vy production in T cells mediating chronic resistance to the intra- tion of IFN-g in response to bacterial pathogens. J Immunol

cellular pathogenJoxoplasma gondii. J Immunol 2000;165:628-31. 2001;166:1005-97.
[31] Lindblad EB. Aluminum adjuvants—in retrospect and prospect. Vac- [39] Ulett GC, Ketheesan N, Hirst RG. Cytokine gene expression in

cine 2004:3658—68. innately susceptible BALB/c mice and relatively resistant C57BL/6
[32] Janeway CA, Travers P. Immunobiology. In: The immune system in mice during infection with virulentBurkholderia pseudomallei.

health and disease. 3rd ed. New York, NY: Current Biology Ltd., Infect Immun 2000;68:2042-3.

Garland Publishing Inc.; 1997. [40] Ulett GC, Ketheesan N, Clair TW, McElnea CL, Barnes JL, Hirst
[33] Fritz DL, Vogel P, Brown DR, DeShazer D, Waag DM. Mouse model RC. Analogous cytokine responses Barkholderia pseudomallei

of sublethal and lethal intraperitoneal glande#srkholderia mallei). strains contrasting in virulence correlate with partial cross-protection

Vet Pathol 2000;37:626—36. in immunized mice. Infect Immun 2002:3948-53.



	Interleukin-12 induces a Th1-like response to Burkholderia mallei and limited protection in BALB/c mice
	Introduction
	Materials and methods
	Bacterial strain and mice
	Vaccinations and challenges
	Spleen cell cultures
	Proliferation assay
	Cytokine assays
	Antibody assays
	Statistics

	Results
	Enhancement of the murine antibody response to non-viable B. mallei by IL-12
	Proliferative response of splenocytes from mice vaccinated with B. mallei is enhanced by IL-12
	IL-12 can augment the expression of IFN-gamma in response to B. mallei in splenocyte cultures
	IL-12 mediates partial protection from a lethal challenge in B. mallei vaccinated mice

	Discussion
	Acknowledgements
	References

	Interleukin-12 induces a Th1-like response to Burkholderia mallei and limited protection in BALB/c mice
	Introduction
	Materials and methods
	Bacterial strain and mice
	Vaccinations and challenges
	Spleen cell cultures
	Proliferation assay
	Cytokine assays
	Antibody assays
	Statistics

	Results
	Enhancement of the murine antibody response to non-viable B. mallei by IL-12
	Proliferative response of splenocytes from mice vaccinated with B. mallei is enhanced by IL-12
	IL-12 can augment the expression of IFN-gamma in response to B. mallei in splenocyte cultures
	IL-12 mediates partial protection from a lethal challenge in B. mallei vaccinated mice

	Discussion
	Acknowledgements
	References


