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Immune Response of Gnotobiotic Piglets against Mycoplasma hyopneumoniae
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ABSTRACT. In this study, several cytokine responses were investigated during Mycoplasma hyopneumoniae (Mhp) infection using a gno-
tobiotic infection model.  We found that several inflammatory cytokines (IL-1β, IL-8, IL-18, and TNF-α) and an anti-inflammatory
cytokine IL-10 were induced from peripheral blood mononuclear cells (PBMC) of germ-free (GF) piglets stimulated with heat killed Mhp
whole antigens, but no IFN-γ and IL-4 were induced by Mhp.  After the intranasal infection of Mhp, IL-1β, IL-8, IL-18, and IFN-γ were
also detected in the broncho-alveolar lavage fluids (BALF).  The antigen-specific IFN-γ and IL-10 responses after infection of Mhp were
gradually suppressed during Mhp infection as well as non-specific immune response to concanavalin A (ConA) and lipopolysacchalide
(LPS) at early stage of infection.  These results suggested that Mhp infection modulates the immune response of pigs by inducing several
cytokines, and causes immuno-suppression of pigs in a gnotobiotic condition.
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Mycoplasma hyopneumoniae (Mhp) is the etiological
agent of swine enzootic pneumonia (SEP), which causes
great economic loss to the swine industry [21].  Mhp infec-
tion is also associated with the exacerbation of respiratory
diseases caused by some viral pathogens, such as porcine
reproductive and respiratory syndrome virus and porcine
circovirus type 2 [13, 25].  One of the most unique charac-
teristics of Mhp infection is the accumulation of a large
number of leukocytes in lung tissue [21].  Therefore, the
infiltration and activation of leukocytes are likely to be key
events in the progression of pneumonia caused by Mhp.
Some cytokines, including IL-1, TNF-α and IL-6, have been
detected in the broncho-alveolar lavage fluids (BALF) of
Mhp-infected pigs [2, 3].  However, the factors involved in
promoting protective immunity and/or the inflammatory
responses against Mhp are not fully understood.  We
recently reported that large amounts of IL-18 were induced
in the lung of Mhp-infected pigs, and it may be involved in
immunomodulation of the host with Mhp infection [19].
Moreover, we had reported the involvement of Toll-like
receptor 2 (TLR2) and TLR6 in the recognition of Mhp on
porcine alveolar macrophages [18].  However, the more pre-
cise studies are needed to understand the immunomodula-
tion of pigs during Mhp infection.

Gnotobiotic pigs are produced by the infection of specific
microorganisms to the germ-free (GF) pigs and have been
used in research into the symbiotic relationship between an
host animal and the specific microorganisms that the
researcher wants to investigate.  GF pigs are extremely sen-
sitive to bacterial infections.  The absence of other micro-
organisms excludes competition and complex interactions

among microbes known as colonization resistance [29].  It
excludes also background levels of cytokines that are
induced by a plethora of endogeneous micro-organisms and
simplifies the interplay of mediators [23].  GF pigs are
immunologically immature [15], lack maternal immunoglo-
bulins and produce only traces of own antibodies [27].
Phagocytosis is impaired because of missing opsonins, pau-
city of Fc receptors and complement receptors and low lyso-
somal activity.  However, GF pigs respond well to
inflammatory signals [28].  Taken together, gnotobiotic
infections to GF pigs are unique model to investigate the
precise immune responses against a target microbe [9].

In this study, the immune response of Mhp-infected gno-
tobiotic piglets was investigated to understand the molecu-
lar mechanisms of protective immunity and/or the
inflammatory reactions against this important respiratory
pathogen.

MATERIALS AND METHODS

Animals, Mhp, and experimental samples: Eighteen 1-
day-old GF piglets (LW) were used in this study.  GF piglets
were obtained by hysterectomy of gilts on 112 days of ges-
tation under anaesthesia.  Piglets were kept in sterile posi-
tive-pressure isolators and fed by sterile milk.  They were
checked repeatedly for absence of bacterial contamination
by culturing nasal swabs.  Six piglets were killed at 1-day-
old to examine innate cytokine responses.  The remaining
twelves were used to Mhp infection study.  The virulent
Mhp strain E-1 (originally isolated from a pig with pneumo-
nia in Japan), cultured in BHL medium to a titer of 107 color
changing units (CCU)/ml, was used in this experiment [16].
The infection of GF piglets with Mhp (108 CCU/pig) was
also performed as described previously [16].  Three piglets
(2 Mhp-infected and 1 non-infected) were killed at 1, 2, 3,
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and 4 weeks after infection, respectively.  Serum, peripheral
blood mononuclear cells (PBMC) and BALF from lung
wash were collected from each piglet.  Lung tissues from
pneumonic lesions were also collected for the pathological
examination and confirmed to develop SEP by gross lesions
or microscopic observations.  All animal experiments were
approved by the committee for animal experiments of
National Institute of Animal Health.

Innate cytokine responses in PBMC obtained from GF
piglets to Mhp antigen: PBMC were collected from GF pig-
lets before Mhp infection, and cultured in the presence or
absence of heat-killed Mhp whole antigens as described pre-
viously [18, 19].  After 24 hr, the supernatant were collected
and stored at –20°C until use.  IL-1β and TNF-α levels in
the supernatant were quantified using commercial ELISA
kits (Duo Set, R&D systems Inc., Minneapolis, MN,
U.S.A.).  IFN-γ, IL-4, and IL-10 levels were also measured
by commercial ELISA kits (Swine Cytoset kit, Biosource
International Inc., Camarillo, CA, U.S.A.).  The concentra-
tion of porcine IL-8 was determined as described previously
[24].  The concentration of porcine IL-18 was measured as
described previously [17].

Cytokine production in the BALF of Mhp-gnotobiotic pig-
lets: The BALF samples were centrifuged at 2000 rpm for 5
min and passed through a 0.22 µm filter.  These samples
were stored at –20°C until use.  The concentration of IL-1β,
IL-4, IL-8, IL-10, IL-18, TNF-α, and IFN-γ in the BALF
was measured as described above [17, 24].

Local antibody responses against a Mhp p46 in the BALF
of Mhp-gnotobiotic piglets: The antibody levels against
Mhp in the BALF were measured using a p46 (the cell sur-
face 46 kDa antigen of Mhp for early and species-specific
immunogenic protein) specific ELISA, as described previ-
ously [8].  IgG were detected using a HRP-conjugated anti-
porcine IgG antibody (Bethyl Laboratories Inc., Montgom-
ery, TX, U.S.A.).  IgG1 and IgG2 were detected using anti-
porcine IgG1 (Serotec Ltd., Oxford, UK) and anti-porcine
IgG2 antibody (Serotec), respectively.

IFN-γ and IL-10 responses against Mhp antigen: To eval-
uate the Mhp-specific Th1 (IFN-γ) and Th2 (IL-10) cytok-
ine responses, PBMC collected from gnotobiotic piglets
after Mhp infection, and cultured with heat-killed Mhp
whole antigens as described previously [18, 19].  After 24
hr, the supernatants were collected and IFN-γ and IL-10
concentrations were measured by commercial ELISA kits
(Biosource International Inc.).

Non-specific Immune responses to ConA and LPS:
PBMC collected from gnotobiotic piglets were cultured
with 10 µg/ml of ConA (Sigma, St. Louis, MO, U.S.A.) to
examine the non-specific T cell response.  Alveolar mac-
rophages collected from gnotobiotic piglets were also stim-
ulated with 10 µg/ml of LPS from Escherichia coli serotype
O55:B5 (Sigma) to examine the non-specific macrophage
activity.  After 120 hr, cell proliferation and viability were
estimated using a WST-1 cell counting kit (Dojindo, Kuma-
moto, Japan).

Statistical analysis: Cell cultures and measurements in

some experiments were performed in duplicate or triplicate.
Results are shown as the mean of pig group or time point
with standard deviation.  The differences between each
group or time point were analyzed using Student’s t test in
Statview (Abacus Concept, Berkeley, CA, U.S.A.).  P<0.05
was considered to be significant.

RESULTS

Cytokine induction of PBMC from GF piglets by Mhp: As
shown in Fig.1, IL-1β, and IL-8, IL-18, and TNF-α were
significantly induced in PBMC of GF piglets after stimula-
tion with Mhp heat-killed antigens.  However, No IFN-γ and
IL-4 were induced by Mhp.  All cytokines were induced by
ConA stimulation as a positive control.

Cytokine production in the BALF of Mhp-gnotobiotic pig-
lets: After intranasal infection of Mhp, some inflammatory
cytokines including IL-1β, IL-8, and IL-18 were signifi-
cantly produced in the BALF at 2 and 4 weeks after infec-
tion (Fig. 2).  IFN-γ were also detected at 1 week after
infection but decreased thereafter (Fig. 2).  Other cytokines
including TNF-α, IL-4 and IL-10 were not detected in the
BALF in this study.  No significant changes of cytokines
concentration were seen in the BALF from non-infected
piglets (data not shown).

Local antibody responses against a Mhp p46 in the BALF
of Mhp-gnotobiotic piglets: To estimate the specific anti-
body response against Mhp, we measured the antibody level
in the same BALF using the Mhp p46 ELISA.  As shown in
Fig. 3, the Mhp-specific IgG response was observed from 3
weeks following infection.  IgG1 was the main immunoglo-
bulin subclass against Mhp.  No antibody response was
detected in non-infected piglets.

Suppression of Mhp-specific Th1 (IFN-γ) and Th2 (IL-10)
cytokine during Mhp infection: As shown in Fig. 4, Mhp-
specific IFN-γ production was significantly raised at 1week
following infection but the production level decreased
thereafter.  IL-10 was induced from PBMC of non-infected
GF piglets but IL-10 production decreased with the progres-
sion of pneumoniae.  No significant changes of IFN-γ and
IL-10 were seen in the non-infected piglets (data not
shown).

Suppression of non-specific immune responses to ConA
and LPS: As shown in Fig. 5, the non-specific T cells
response to ConA at 1 week following infection was
reduced in the Mhp-gnotobiotic piglets compared with non-
infected piglets.  The cell viability of alveolar macrophages
after stimulation of E. coli LPS was also decreased in the
Mhp-gnotobiotic piglets at 1 week following Mhp infection.

DISCUSSION

In this study, we examined the innate and acquired
immune responses to Mhp using a gnotobiotic infection
model in pigs.  The use of Mhp-gnotobiotic piglets are
unique model to investigate the precise immune responses
against a target microbe, because the background levels of
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Fig. 1. Innate cytokine response of PBMC from GF pigs stimulated with heat-killed Mhp antigen. PBMCs obtained from
GF piglets before infection was stimulated with heat-killed Mhp antigen for 24 hr and the cytokine concentration in the
supernatant were estimated as described in Materials and Methods. (A) IL-1β, (B) IL-8, (C) IL-18, (D) TNF- α, (E) IFN-γ,
(F) IL-4, and (G) IL-10. Cont: control non-stimulated. Mhp: Mhp-stimulated. ConA: concanavalin A-stimulated (Positive
control). * shows significant difference as compared with control (P<0.05).

Fig. 2. Cytokine production in the BALF of GF piglets following infection with Mhp.The
cytokine concentrations in the BALF samples taken from GF piglets before and after infec-
tion were measured as described in Materials and Methods. (A) IL-18, (B) IFN- γ, (C) IL-1β,
and (D) IL-8. * shows significant difference as compared with pre-infection samples
(P<0.05).
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cytokines induced by endogeneous micro-organisms are
negligible but animals respond well to inflammatory signals
[23, 28].  Gnotobiotic infection models have previously
been used for Mhp [16, 11] and successfully used to develop
pneumonia in this study, too.  However, little work had been
performed about cell-mediated immunity in detail so far.  In

the present study, several inflammatory cytokines including
IL-1β, IL-8, IL-18 and TNF-α were detected in the superna-
tant of PBMC obtained from GF piglets after stimulation
with heat-killed Mhp (Fig. 1).  IL-1β, IL-8 and IL-18 were
also detected in the BALF after Mhp-gnotobiotic infection
(Fig. 2).  These inflammatory cytokines also had been

Fig. 3. Local antibody responses against a Mhp p46 antigen in the BALF of GF pig-
lets following infection with Mhp. Antibody levels of (A) IgG, (B) IgG1, and (C)
IgG2, against the Mhp p46 antigen were analyzed by ELISA as described in Mate-
rials and Methods. * shows significant difference as compared with Pre-infection
samples (P<0.05).

Fig. 4. Suppression of Mhp-specific Th1 (IFN-γ) and Th2 (IL-10) cytokine expression
in Mhp-gnotobiotic pigs. PBMCs collected from gnotobiotic pigs following infection
with Mhp, and cultured with heat-killed Mhp whole antigens. After 24 hr, the super-
natant were collected and IFN-γ and IL-10 concentrations were measured. * shows
significant difference as compared with other time points (P<0.05).
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detected in the infection studies of Mhp using in vitro infec-
tion model, conventional and/or specific pathogen free
(SPF) pigs [2, 19, 26].  The increased production of inflam-
matory cytokines was also confirmed in Mhp-gnotobiotic
piglets infection.  Taken together, these inflammatory
cytokines in the lung may play an important role in the
pathogenesis and immunopathologic response against Mhp
infection.

Mycoplasma infection correlates with the infection of
other secondary respiratory pathogens by inducing the
immunomodulation of host animals, even in humans [13,
22, 25].  However, little is known about the mechanisms of
immunomodulation for any mycoplasma disease.  Asai et al.
[4] previously reported that BALF from pigs experimentally
infected with Mhp suppressed the chemiluminescence
response of the host neutrophils, and this effect was signifi-
cantly correlated with the concentration of prostaglandin E2
(PGE2) in the BALF.  PGE2 is known as a modulator of
many kinds of immune responses, such as the inhibition of
the Th1 responses [20], the development of Th2 lympho-
cytes [6], and immunoglobulin class switching [6], as well
as plasma cell differentiation [14].  The inflammatory
cytokines detected in this study were reported to induce
PGE2 production in activated macrophages [5, 7, 10] and
PGE2 also induced the down-stream cytokines such as IL-6,
and IL-8 [1].  We recently reported that IL-18 produced in
the lung stimulates PGE2 production in Mhp infection [19].
These results suggest that PGE2 induced by IL-1β, IL-18,
and TNF-α from activated macrophages may play an impor-
tant role in the immunomodulation in Mhp infection.

In previous studies using conventional or SPF pigs, no
Mhp-specific Th1 and Th2 cytokine responses were shown.
However, in the present study, we confirmed the suppres-
sion of Mhp-specific Th1 (IFN-γ) cytokine response during

Mhp infection (Fig. 4A).  Since we could not get meaningful
results because of the high variety of the response in previ-
ous SPF pig model, this is the main advantage to use a gno-
tobiotic infection model.  The suppression of IFN-γ
response will cause the enhancement of secondary infection
especially virus infection such as porcine reproductive and
respiratory syndrome virus, porcine circovirus type 2, and
swine influenza virus [13, 25, 30].  Interestingly, Mhp-spe-
cific IL-10 response was also suppressed with progression
of pneumonia (Fig. 4B).  This suppression of IL-10 may
lead to the over-activation of macrophage, because IL-10
has an anti-macrophage activity and is an important regula-
tor of mucosal immunity [12].  Moreover, the non-specific
immune responses to ConA and LPS were also suppressed
at 1 week following infection in gnotobiotic piglets (Fig. 5).
These results suggest that the function of T cells and mac-
rophages were suppressed during Mhp infection and may be
associated with the enhancement of other secondary infec-
tion.

In conclusion, these data described represent the first evi-
dence showing the immunosuppression of the host animals
during Mhp infection using a gnotobiotic infection model
and show that gnotobiotic animals are useful to investigate
the specific immune response of the host animal caused by a
single target microbe.  These results are also helpful for the
development of methods to enhance innate and acquired
immunity against Mhp, and contribute to the better under-
standing of exacerbation of secondary infection in Mhp-
infected pigs.
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Fig. 5. Suppression of non-specific immune responses to ConA and LPS in Mhp-
gnotobiotic pigs. PBMCs and alveolar macrophages collected from gnotobiotic
pigs at 1 week following infection were stimulated with 10 µg/ml of ConA or 10
µg/ml of Escherichia coli LPS. After 120 hr, cell proliferation and viability were
estimated as described in Materials and Methods.
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