
Vaccination of BALB/c Mice with an Avirulent Mycoplasma
pneumoniae P30 Mutant Results in Disease Exacerbation upon
Challenge with a Virulent Strain

S. M. Szczepanek,a,b S. Majumder,a,c E. S. Sheppard,d X. Liao,a,e D. Rood,a,b E. R. Tulman,a,e S. Wyand,e D. C. Krause,d L. K. Silbart,a,b

and S. J. Gearya,e

Center of Excellence for Vaccine Research, University of Connecticut, Storrs, Connecticut, USAa; Department of Allied Health Sciences, University of Connecticut, Storrs,
Connecticut, USAb; Department of Animal Science, University of Connecticut, Storrs, Connecticut, USAc; Department of Microbiology, University of Georgia, Athens,
Georgia, USAd; and Department of Pathobiology and Veterinary Science, University of Connecticut, Storrs, Connecticut, USAe

Mycoplasma pneumoniae is a significant human respiratory pathogen that causes high morbidity worldwide. No vaccine to pre-
vent M. pneumoniae infection currently exists, since the mechanisms of pathogenesis are poorly understood. To this end, we
constructed a P30 cytadhesin mutant (P-130) with a drastically reduced capacity for binding to erythrocytes and an inability to
glide on glass substrates. This mutant was determined to be avirulent and cannot survive in the lungs of BALB/c mice. We also
ascertained that the previously identified P30 gliding motility mutant II-3R is avirulent and also cannot be recovered from the
lungs of mice after infection. Mutant P130 was then assessed for its efficacy as a live attenuated vaccine candidate in mice after
challenge with wild-type M. pneumoniae. After vaccination with the P-130 P30 mutant, mice showed evidence of exacerbated
disease upon subsequent challenge with the wild-type strain PI1428, which appears to be driven by a Th17 response and corre-
sponding eosinophilia. Our results are in accordance with other reports of vaccine-induced disease exacerbation in rodents and
emphasize the need to better understand the basic mechanisms of M. pneumoniae pathogenesis.

Mycoplasma pneumoniae is a chronic human pathogen
and the etiological agent of many cases of bronchitis and

community-acquired pneumonia. Infection with this bacterium
can also cause and/or exacerbate other diseases including asthma,
myocarditis, sickle cell disease, and encephalitis. Outbreaks are
common at such institutions as military bases, schools, and hos-
pitals, where individuals are in close contact for long periods of
time, reflecting the community-acquired nature of infections. Di-
agnosis is difficult as most medical laboratories do not screen for
this pathogen, since quick and inexpensive tests are not readily
available. Common first-line �-lactam antibiotics are ineffective
treatments since mycoplasmas lack a cell wall; consequently, this
pathogen is often overlooked during diagnosis of affected individ-
uals, and common treatments do not target the source of the dis-
ease. This results in considerable economic and societal hardships
due to lost and ineffective work/school time, making this patho-
gen a burden to public health (1, 42).

Several virulence determinants of M. pneumoniae have been
previously identified and characterized. This bacterium is thought
primarily to exploit an extracellular niche and requires a complex
tip structure to attach to its host’s mucosal epithelium. The tip
structure is also involved in gliding motility and cell division.
Densely clustered on the surface of the tip structure are the major
cytadhesins P1 and P30 and cytadherence-accessory proteins B/C,
which are supported by a framework of interdependent cytoskel-
etal proteins, including HMW1, HMW2, HMW3, P200, P65, P41,
and P24 (reviewed in reference 2). Cytadhesin protein P30 has
been shown to be critical for both attachment (11, 32) and gliding
motility, although its requirements for each are distinguishable
(18). Thus, mutant II-3R, having an altered protein sequence at
amino acids 135 to 151, cytadheres at a level approximately 60% of
the wild-type level but exhibits a drastically reduced gliding veloc-
ity, approximately 5% of that of the wild type (18). The 17-residue

substitution in mutant II-3R occurs in extracellular domain II,
indicating that this region is particularly important for gliding
motility, whereas the downstream C-terminal domain III was
shown to be essential for cytadherence (4). Interestingly, intrana-
sal inoculation in golden Syrian hamsters of the related P30 null
mutant strain II-3 resulted in reduced lung lesions and mycoplas-
mal recovery relative to wild-type results at day 14 postinocula-
tion, indicating that P30 may be important for the virulence of M.
pneumoniae (24). While complementation with the wild-type al-
lele by transposon delivery restores cytadherence and gliding mo-
tility (18, 32), we cannot rule out the possibility of secondary mu-
tations impacting its virulence in vivo. Furthermore, the
contributions of attachment and gliding motility in M. pneu-
moniae virulence cannot be distinguished with II-3, since both
phenotypes are absent from this mutant.

After attaching to the host respiratory epithelium, M. pneu-
moniae initiates inflammatory responses characterized by the
infiltration of lymphocytes, neutrophils, and sometimes eosino-
phils. M. pneumoniae engages the host’s immune system by Toll-
like receptor 1/2/6 (TLR1/2/6) ligation with bacterial lipoproteins,
leading to the secretion of cytokines and chemokines (20, 34).
Rather than mediating clearance, the inflammatory response in-
stead contributes to immunopathology in both rodents and hu-
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mans, thereby complicating vaccine design. For example, several
vaccine trials conducted in military personnel during the 1960s
using inactivated bacteria resulted in minimal efficacy (reviewed
in reference 27), and in some instances vaccination appeared to
exacerbate disease upon subsequent challenge with virulent M.
pneumoniae (38, 39). Disease exacerbation has also been observed
in rodent models of M. pneumoniae vaccination and challenge (8).
However, few vaccine studies have been conducted in humans or
rodents using a live attenuated strain or mucosal administration
of a vaccine, making such approaches a possible means to achieve
protective immunity.

In this work, we further characterized the role of M. pneu-
moniae protein P30 in disease pathogenesis using specific mutants
and have assessed the relative contributions of hemadsorption
and gliding motility in P30’s virulence. We also sought to deter-
mine if a P30 mutant could potentially be used as a vaccine can-
didate to prevent acute pneumonia in a mouse model of infection.
Interpretation of the data and potential immune mechanisms as-
sociated with enhanced disease after vaccination and challenge are
discussed.

MATERIALS AND METHODS
Bacteria and culture conditions. All M. pneumoniae strains, including
PI1428 (passage 12) (5) and M129 (passage 13), were cultured at 37°C in
fortified commercial (FC) or Hayflick’s medium (10% horse serum, 5%
yeast extract). The generation and characterization of P30 mutants II-3
and II-3R have been previously described (24, 32). Isogenic P30 mutant
P-130 was generated from an M. pneumoniae transposon (Tn) mutant
library (min-Tn pMT85, an aliquot of the same mouse challenge lot of
strain PI1428, was used to generate the library) using the haystack mu-
tagenesis approach, as previously described (40). Gentamicin sulfate (80
�g/ml) was added to the medium for the propagation of the transposon
mutant. For mouse studies, frozen 50-�l aliquots of each strain were
thawed, and 10 ml of FC medium was added to the tube. Cultures were
incubated at 37°C with gentle shaking at 120 RPM on an orbital shaker.
After 5 h of incubation, optical density at 620 nm (OD620) measurements
were aseptically conducted on a spectrophotometer to estimate CFU
counts per ml of culture, and color changing unit (CCU) measurements
were conducted using 10-fold serial dilutions to ensure that spectropho-
tometric measurements represented live bacteria. Samples were then cen-
trifuged at 2,000 � g for 10 min at 4°C, the supernatant was decanted, and
the pellet was suspended in a volume of fresh medium that was calcu-
lated to give the desired concentration, given the total CFU measured in
the tube (calculated as follows: CFU/ml � volume [in ml] before centrif-
ugation � CFU [pellet]; CFU [pellet]/X volume � CFU [desired]/volume
[desired], where “X” is the variable volume added to the pellet).

Phenotypic characterization of P-130. Protein expression was ana-
lyzed by Western blotting as previously described (4) but using antibodies
and concentrations described elsewhere (10). Transposon mutant P-130
was assessed qualitatively for hemadsorption as previously described (16).
Satellite colony formation was examined after 60 h of growth in borosili-
cate glass chamber slides (Nunc Nalgene, Naperville, IL) as a qualitative
assessment of gliding motility or at 37°C for 18 h for quantitative calcula-
tion of gliding motility for individual cells (�1,000 cells observed for
gliding frequency and at least 38 cells per strain for mean and corrected
gliding velocities), as previously described (18).

In vivo virulence assessment and vaccination/challenge study. All
animal experiments were conducted in accordance with our approved
Institutional Animal Care and Use Committee protocol (protocol A09-
012). Mycoplasma and murine virus-free BALB/c mice (2 months old,
female) were acquired from Charles River Laboratories (Worcester, MA).
Mice were allowed to acclimate in filter-top cages (5 mice per cage) for 1
week in a biosafety hood prior to use. Mice were sedated using vaporized
isoflurane before being handled. Four animal experiments were conducted:

one to assess the virulence of mutant P-130 (study 1), another to assess the
virulence of mutant II-3R (study 2), a vaccination and challenge study to
determine the efficacy of the P30 mutant P-130 as a vaccine candidate
(study 3), and a vaccination and challenge study of the immune response
after challenge (study 4). Groups of mice were inoculated by the intranasal
route with 50 �l of 7 � 107 CFU (studies 1 and 2) or 1 � 107 CFU (studies
3 and 4) of the respective M. pneumoniae strain (n � 5 for each group
except study 4, for which n � 3). For studies 1 and 2, negative-control
mice were inoculated with sterile FC medium and positive-control mice
were inoculated with wild-type PI1428 (study 1) or M129 (study 2). For
studies 3 and 4, negative-control mice were given sterile FC medium on
day 0 (vaccination) and day 21 (challenge), positive-control mice were
sham vaccinated with sterile FC medium (day 0) and challenged with
virulent strain PI1428 (day 21), and test groups were vaccinated with P30
mutant strain P-130 (day 0) and challenged with strain PI1428 (day 21).
Mice were humanely sacrificed 4 days postchallenge via cervical disloca-
tion after all experiments, and the lungs were immediately harvested for
histopathology and mycoplasma culture (studies 1, 2, and 3) or subjected
to bronchoalveolar lavage (study 4). For mycoplasma recovery, the lower
right lung was removed and placed into 3 ml of FC medium, briefly vor-
texed, and incubated for 3 h at 37°C. The remaining tissue was inflated
with 10% neutral buffered formalin and allowed to fix for histopathologic
evaluation. After 3 h of incubation, mycoplasma recovery samples were
passed through a 0.45-�m filter and transferred to new tubes. Acidic
cultures (as indicated by a color shift from red to orange or yellow) were
adjusted to an approximate pH of 7.4 by adding 10 N NaOH until a red
color was restored. Quantification of recovery cultures was performed by
assessing CCU in neat and 10-fold serial dilutions (50 �l into 450 �l FC
medium, out to 10�5 dilution). Samples were incubated for 28 days or
until a color shift was observed.

Histopathology. After fixation for 48 h in 10% buffered formalin,
tissues were routinely processed and stained as previously described (40).
Perivascular and peribronchial lymphocytic infiltrates were graded in in-
creasing severity with scores ranging from 0 (no visible lesions) to 4
(marked lesions), in increments of 1. Lesion score evaluations were per-
formed in a blinded fashion by a board-certified veterinary pathologist
who was unaware of the experimental groups.

Differential leukocyte count and quantitative measurement of cyto-
kines in BALF. Processing of bronchoalveolar lavage fluid (BALF) and
subsequent differential leukocyte counts were conducted as described by
Siddiqui et al. (36). Data are represented as the percentage of each leuko-
cyte cell type per 500 total white blood cells. BALF supernatants were
concentrated 10-fold using Amicon Ultra-4 3K centrifugal filter devices
(Millipore Corp., Billerica, MA), per the manufacturer’s instructions, be-
fore cytokine analysis. Cytokine concentrations in 10� BALF (interleukin
1� [IL-1�], IL-4, IL-5, IL-6, IL-10, IL-12p70, IL-13, IL-17, gamma inter-
feron [IFN-�], and tumor necrosis factor alpha [TNF-�]) were measured
using a custom-made Bioplex array system (Bio-Rad, Hercules, CA) on a
Bio-Rad Bioplex-200 system, with recombinant murine cytokines as stan-
dards. The postassay sample concentration and limits of detection were
reported, taking into consideration the 10� sample concentration prior
to analysis. Luminex bead array software was used to analyze the data.

Statistical analyses. Lesion scores for all experiments were analyzed
between the test group and the positive- and negative-control groups by
the nonparametric Kruskal-Wallis analysis of variance (ANOVA) on
ranks test with a Student-Newman-Keuls (SNK) post hoc test for multiple
pairwise comparisons between groups (� � 0.05). Quantitative gliding
motility, differential leukocyte counts, and cytokine concentrations for all
experiments were analyzed between the test group and the positive- and
negative-control groups by the parametric one-way ANOVA test with a
Student-Newman-Keuls post hoc test for multiple pairwise comparisons
between groups (�, P � 0.05; ��, P � 0.01; ���, P � 0.001). A surrogate
value which fell below the limit of detection (lod) was used for statistical
analysis of BALF cytokine concentrations in animals by subtracting 0.1
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from the lod. All data were analyzed using the software program Sigma-
Plot for Windows, version 11.0 (Systat Software Inc., San Jose, CA).

RESULTS
Generation and characterization of P30 mutant P-130. An iso-
genic M. pneumoniae P30 mutant was isolated from a library of
more than 1,900 Tn mutants generated in strain PI1428 using the
haystack mutagenesis approach. This mutant was designated
P-130, as the 130th clone picked from the PI1428 mutant library.
The Tn insertion mapped to nucleotide 156 (of 825) of the P30
gene, resulting in disruption of 81% of the coding sequence.

P-130 protein expression of cytadherence and cytoskeletal pro-
teins (P200, HMW1, HMW2, HMW3, P1, B, C, P65, P41, P30,
P28, and P24) was assessed by Western blotting and compared to
the previously characterized P30 mutant II-3 and wild-type M129
(Fig. 1A). No P30 protein was detected in P-130 (as expected), and
P65 was also noticeably reduced, as previously described for other
P30 mutants (21). Of note, mutant P-130 also had reduced steady-
state levels of the HMW3 protein, a phenotype that has not been
previously described for P30 mutants. The gene for HMW3 is
immediately downstream of the gene for P30, and they appear to
be cotranscribed (43). Disruption of P30 in transposon mutant
P-130 may have a polar effect on HMW3 transcription, whereas
the frameshift in mutant II-3 may not, accounting for the differ-
ence in HMW3 expression in these mutants. To ensure that the
observed reduction in protein levels for P30, P65, and HMW3 was

not due to nucleotide (and hence amino acid/antigenic) differ-
ences between strains M129 (for which antibody binding has been
verified for each protein) and PI1428 (the parental strain of
P-130), we generated a draft sequence of the complete genome of
strain PI1428 (data not shown) and compared these genes with the
published M129 genome (12). No amino acid differences were
observed in these predicted proteins, consistent with the conclu-
sion that levels of proteins P30, P65, and HMW3 in mutant P-130
were reduced as a result of disruption of the P30 gene.

The previously characterized P30 mutant II-3 has been shown
to have marked reductions in hemadsorption and gliding motility
(18, 32). Erythrocyte binding, satellite growth, and individual cell
gliding for mutant P-130 were also negligible compared to those
for M129 (Fig. 1B and C). Thus, the P30 mutant P-130 exhibits
deficient attachment and motility phenotypes, similar to those
observed in previously characterized P30 mutants.

Virulence assessment of P30 mutants P-130 and II-3R in
BALB/c mice. In previous work, mutant II-3 was inoculated into
hamsters to assess its virulence in vivo and was shown to be avir-
ulent 14 days postinoculation (24). Given that II-3 was a naturally
arising hemadsorption-negative mutant, it is not known if other
mutations that contribute to the attenuated phenotype potentially
exist in this strain. To confirm that P30 is indeed essential for
virulence, we intranasally inoculated BALB/c mice with a high
dose of 7 � 107 CFU of isogenic mutant P-130, PI1428 (positive

FIG 1 Phenotypic characterization of P30 mutant P-130. (A) Western blot of cytoskeletal and cytadherence proteins in wild-type strain M129, mutant II-3, and
mutant P-130. (B) Qualitative hemadsorption and satellite growth of wild-type and P30 mutant colonies. (C) Quantitative gliding motility of wild-type and P30
mutant strains on a glass substrate. Data represent the mean motility and one standard deviation from the mean. Significance was determined by one-way
ANOVA with SNK post hoc multiple pairwise comparison (���, P � 0.001).
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control), or sterile FC medium (negative control) and performed
pathological assessments (Fig. 2A) and mycoplasma recovery (Fig.
2B) from the lungs 4 days postinoculation (the time point which
corresponds with peak lesions in these mice [17]). Consistent with
the attenuation of mutant II-3 in hamsters, P-130 was avirulent in
the lungs of mice based on pathological assessments and the ab-
sence of mycoplasma recovery. These data indicate that cytadhe-
sin P30 is essential for the virulence of M. pneumoniae in BALB/c
mice.

Given the similar avirulent phenotype shared by P30 mutants
II-3 and P-130, as well as the lack of hemadsorption and gliding
motility of both strains, interest was raised in the virulence phe-
notype of II-3 revertant II-3R, which exhibits near-wild-type he-
madsorption but severely reduced gliding motility (18). Again,
mice were intranasally inoculated and lesions/recovery was as-
sessed 4 days later. II-3R was not recoverable from the lungs of
mice (Fig. 2D), and lesions in this group were significantly less
severe than those observed in the M129-inoculated animals (Fig.
2C), indicating that this mutant is also attenuated. Thus, it ap-
pears that gliding motility, independent of hemadsorption, is es-
sential for the virulence and in vivo survival of M. pneumoniae in
BALB/c mice.

Vaccination with P-130 and challenge with PI1428. Given
that a high dose of the gliding-motility and hemadsorption P30
mutant P-130 resulted in no lung lesions after intranasal inocula-
tion in BALB/c mice, we initiated a vaccination/challenge study to
explore whether this mutant might serve as a potential vaccine
candidate. A standard dose of 1 � 107 CFU of P130 was intrana-
sally administered to groups of mice, and 3 weeks later the animals

were challenged with a standard dose of strain PI1428. Negative
controls included animals inoculated with sterile FC medium at
the vaccination and challenge time points, while sham-vaccinated
(FC medium) and challenged (PI1428) mice served as positive
controls. Four days postchallenge, pathological assessments and
mycoplasma recovery were assessed as described above (Fig. 3A
and B). Given the lack of recovery of this mutant in the virulence
experiment, any recovered mycoplasmas were considered to be
wild-type PI1428, so additional genotyping was not conducted.
Lesion scores were compared between the vaccinated group and
controls, and vaccinated animals were statistically different from
both sham-vaccinated and negative controls (which were also sig-
nificantly different from each other). The lesion scores in the vac-
cinated group were actually higher than those observed in the
sham-vaccinated group, indicating that disease exacerbation had
occurred upon challenge with a virulent strain. There was also
more frequent mycoplasma recovery in the vaccinated group, in-
dicating that the increased severity of the lesions may be beneficial
for the in vivo survival of M. pneumoniae or that persistence of the
bacterium resulted in more severe disease, perhaps as a result of
immune dysregulation.

Differential cell count and quantitative determination of cy-
tokines in BALF. An understanding of the mechanism(s) of dis-
ease exacerbation is essential for rational design of an M. pneu-
moniae vaccine. Eosinophilic and neutrophilic infiltration was
noted in the lesions of many animals in the vaccination study;
hence, a second vaccination/challenge experiment was conducted
and BALF was collected to determine the proportions of different
leukocytes (Fig. 4) and cytokines (Fig. 5) in lavage samples. Dif-
ferential counts (based on cell morphology and staining charac-
teristics) of macrophages, neutrophils, eosinophils, and lympho-
cytes were performed with BALF samples from each animal after
cytocentrifugation and cell staining. A statistically significant re-
duction in the percentage of macrophages was observed in the
vaccinated group in part due to the significant increase in the
proportion of eosinophils. Conversely, the sham-vaccinated

FIG 2 Lesion scores and mycoplasma recovery from the analysis of virulence
of P30 mutants in BALB/c mice. Lesion scores for mutant P-130 (A) or II-3R
(C). FC, growth medium (negative control). Box plot results represent the
25th percentile, median, and 75th percentile. Groupings for significance (de-
noted as a, b, and c the above box plots) were determined by ANOVA on ranks
test with SNK post hoc multiple pairwise comparisons (� � 0.05). (B and D)
Mycoplasma CCU recovery for mutant P-130 (B) or II-3R (D). The y axis
indicates the maximum number of cells recovered given the highest 10-fold
serial dilution exhibiting a color shift for a given mouse.

FIG 3 Lesion scores and mycoplasma recovery from a vaccination and chal-
lenge study to determine vaccine candidate efficacy. (A) Postchallenge lesion
score from negative control, sham vaccinated and challenged with virulent
strain PI1428, or P-130-vaccinated and challenged groups. Box plot results
represent the 25th percentile, median, and 75th percentile. Groupings for sig-
nificance (denoted as a, b, and c above the box plots) were determined by
ANOVA on ranks test with SNK post hoc multiple pairwise comparisons (� �
0.05). (B) Mycoplasma CCU recovery. The y axis indicates the maximum
number of cells recovered given the highest 10-fold serial dilution exhibiting a
color shift for a given mouse.
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group had a significantly higher proportion of neutrophils than all
other groups. Thus, vaccination with mutant P-130 appears to
dysregulate the postchallenge infiltration of neutrophils observed
in sham-vaccinated controls to eosinophilic infiltration.

The concentration of various cytokines (IL-1�, IL-4, IL-5,
IL-6, IL-10, IL-12p70, IL-13, IL-17, IFN-�, and TNF-�) in BALF
was determined using a Luminex bead assay. These cytokines were
chosen to evaluate the potential Th1/Th2/Th17 responses that
may influence the infiltration of different populations of white

blood cells into the lung mucosa. There was a statistically signifi-
cant increase in the presence of IL-1� and IL-17 in the BALF of
vaccinated animals compared to controls. IL-4, IL-10, IL-12p70,
and IFN-� were not detected in any samples above the limit of
detection. Of note, IL-6 and TNF-� were detected at higher levels
in two out of three mice in the vaccinated group than in controls.
The expression of IL-1�, IL-6, and TNF-� (in the absence of IL-4,
IFN-�, or IL-10) has been shown to augment IL-17 responses
(reviewed in reference 29) and may contribute to the exacerbated
disease observed in the vaccinated mice.

DISCUSSION

M. pneumoniae is a major human respiratory pathogen, and its
virulence is dependent on its ability to glide toward, and attach to,
the bronchial epithelium using a unique set of cytoskeletal and
cytadhesin molecules that are unique to the Mollicutes. The previ-

FIG 4 Differential leukocyte counts in BALF from vaccinated and challenged
BALB/c mice. Relative percentages of macrophages, lymphocytes, neutrophils,
and eosinophils in BALF samples after cytocentrifugation and staining. Cell
type was determined based on morphology and staining characteristics, as
observed under a light microscope. Data represent the means and standard
deviations for 500 total cells. Significance was determined by one-way ANOVA
with SNK post hoc multiple pairwise comparison (�, P � 0.05; ���, P � 0.001).

FIG 5 Cytokine concentration in BALF as determined by Luminex bead assay.
BALF supernatants were concentrated 10-fold using Amicon 3k filter devices
and then assayed using a Bio-Rad Bioplex system. Sample concentrations were
interpolated from a standard curve for each cytokine, and limits of detection
(lod) were determined. Sample concentrations and lods were then divided by
10 to account for the concentration factor of the BALF. Dots represent con-
centrations for individual mice. Significance was determined by one-way
ANOVA with SNK post hoc multiple pairwise comparison (�, P � 0.05; ��, P �
0.01).
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ous finding that the P30 mutant II-3 is attenuated in a hamster
model indicated that these phenotypes are essential for the viru-
lence of M. pneumoniae (24). However, this isolate was obtained
based on a screen for hemadsorption mutants, and while a genetic
lesion in P30 would later be characterized in II-3 (32), it is possible
that other mutations may have contributed to its attenuation.
Therefore, we generated an isogenic transposon mutant (P-130)
that disrupted 81% of the P30 gene sequence and determined that
it is also attenuated and unrecoverable in a mouse model of dis-
ease, thus reaffirming a requirement for P30 in M. pneumoniae
pathogenesis in vivo. The avirulent phenotype of mutants II-3 and
P-130 is not surprising since attachment to host respiratory cells
has been shown to be a critical component of the virulence of
many other mycoplasmas, including the closely related chicken
pathogen Mycoplasma gallisepticum (31).

Gliding motility is a crucial component of the pathogenesis of
several human pathogens, including Plasmodium falciparum (26)
and Toxoplasma gondii (19). A previous study that utilized cul-
tured human bronchial epithelial cells infected with the M. pneu-
moniae P200 mutant with diminished gliding velocity but wild-
type cytadherence demonstrated that gliding motility is essential
for the bacterium to reach target cells in vitro (22). Mutants II-3
and P-130 harbor mutations that affect large portions of the P30
gene, and these mutants have a drastically reduced capacity for
both hemadsorption and gliding motility. The natural reversion
to a hemadsorption-positive/gliding-negative phenotype of P30
mutant II-3R then allowed us to determine if gliding motility is an
essential component of the virulence of M. pneumoniae, indepen-
dent of its ability to attach to host cells. Indeed, mutant II-3R was
avirulent in mice and was not recovered from lung tissues 4 days
postinoculation. The critical role of M. pneumoniae gliding in vivo
has not been reported previously and has implications for gliding
motility as a component of the virulence of all motile species in the
genus.

Significant morbidity is associated with M. pneumoniae infec-
tion, particularly in children, and it is surprising that little recent
effort has been devoted to the development of an M. pneumoniae
vaccine. Several failed attempts to develop a sufficiently effica-
cious vaccine were conducted in the 1960s (with disease reduc-
tions as low as 11% and as high as 51%; reviewed in reference 27),
and similar results were obtained from a study of a live attenuated
vaccine administered to hamsters prior to challenge (45). Addi-
tionally, while not common, the literature contains anecdotal re-
ports of disease exacerbation upon natural infection following
vaccination with inactivated M. pneumoniae in individuals who
elicited weak humoral responses to the vaccine (38, 39). Natural
reexposure to the bacterium with resulting pulmonary disease has
also been observed in military recruits (3) and in young adults
(14). Moreover, clinical disease is more severe in young adults
than in young children (14), suggesting that repeated exposure to
the organism may enhance disease outcomes. Exacerbation of dis-
ease following M. pneumoniae repeated exposure or vaccination
has also been reported in animals, particularly when early recall
responses are taken into consideration (6–9). The mice in our
studies were sacrificed 4 days postchallenge to examine the acute
pathological response to the organism, which correlates with peak
severity of lesions in BALB/c mice (17). Our findings of exacer-
bated disease when mice are vaccinated and challenged are in ac-
cordance with previous reports and emphasize the difficulties as-
sociated with M. pneumoniae vaccine development. Of note, Chu

et al. (6) observed dramatically higher mycoplasma recovery upon
rechallenge in BALB/c mice, which is in agreement with our data.
This may indicate that prior sensitization by vaccination or infec-
tion with M. pneumoniae may create an environment in the pul-
monary tissues that confers an advantage to the bacterium for
survival in the mouse, with the bacterium then exacerbating in-
flammation while occupying this ecological niche.

Failure to effectively clear M. pneumoniae from the lungs of
infected mice is associated with inflammation. Several studies in-
dicate that infection with wild-type M. pneumoniae results in an
infiltration of neutrophils into the respiratory tissues, and these
cells can be readily found in BALF. However, results are mixed as
to the importance of neutrophils in clearance of M. pneumoniae
from the lungs (25, 41, 44). Consistent with these reports, we also
found a significant increase in neutrophilic infiltration of the
lungs in the sham-vaccinated and challenged mice. However, we
also observed a significant increase in eosinophilic infiltration in
BALF samples from P-130-vaccinated and challenged mice (one
animal from this group had 64% eosinophils in the differential
leukocyte count). Such eosinophilia resembles that found in aller-
gic asthma, consistent with reports that M. pneumoniae exacer-
bates atopy in asthmatic patients (reviewed by Nisar et al. (30).
Unfortunately, few reports have studied the influx of eosinophils
during M. pneumoniae infection (particularly in acute models of
infection), but Chu et al. (6) found no evidence of eosinophils in
rechallenged BALB/c mice 3 days postinfection (which also exhib-
ited exacerbated disease). Our results likely differ based on the
virulent versus attenuated (or hemadsorption/gliding motility-
negative phenotype) nature of the sensitization to M. pneumoniae
used in these two studies, thereby reflecting a difference in how the
immune system is stimulated upon initial exposure to different
isolates.

The production of proinflammatory cytokines during M.
pneumoniae infection is well established and contributes to the
immunopathology of the disease. Analysis of cytokines in BALF
from human patients shows a strong Th2 (IL-4) bias (23), and this
appears to correlate with high antigen-specific IgE responses in
serum, thereby implicating M. pneumoniae in asthma exacerba-
tion (33, 35). Early studies in BALB/c mice indicated that these
animals produce a predominant Th1 cytokine response after in-
tranasal infection (15, 17), but more recent reports point toward a
Th17 response in these mice (37, 44). It is difficult for us to inter-
pret our data in relation to these reports, since we did not see a
difference in cytokine profiles in BALF when sham-vaccinated
animals were compared to the negative controls due to the high
detection limit of the instrument (likely due to sample matrix
interference). What is clear from our study is the correlation of
exacerbated disease in P-130-vaccinated mice and significant lev-
els of IL-17 cytokines in BALF from this group. Interestingly, these
mice also exhibited marked eosinophilia, but a report from Wu et
al. (44) indicates that IL-17 generated in response to M. pneu-
moniae results in infiltration of neutrophils but not eosinophils.
Given the single time point assessed in our study, we cannot de-
termine the dynamics of IL-17 production and eosinophilic infil-
tration, making a direct comparison to the work in Wu et al. (44)
difficult. Regardless, human macrophages have been shown to
produce IL-1�, IL-6, and TNF-� in response to IL-17, and P-130-
vaccinated animals exhibited higher levels of these cytokines (in
addition to IL-17) in BALF after challenge. Such a cytokine profile
has been found in the BALF of acute respiratory distress syndrome
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patients who succumbed to their illness (28) and may stimulate
fibroblasts to produce collagen, as is found in asthma (13).

In conclusion, we have reaffirmed that cytadhesin P30 is essen-
tial for the virulence of M. pneumoniae, here in a BALB/c model.
Furthermore, gliding motility is a necessary component of the
pathogenesis of this bacterium, independent of attachment. Vac-
cination with a P30 gliding and hemadsorption mutant prior to
challengeproducedexacerbateddisease,whichincludedaneosino-
philic infiltration and IL-17 response. Taken together, these re-
sults indicate that vaccination of mice with a live attenuated strain
of M. pneumoniae results in disease exacerbation upon challenge
with a virulent strain and bode caution in the design of future
vaccines. Future research focusing on the development of an M.
pneumoniae vaccine could likely benefit from the utilization of
alternative animal models, such as nonhuman primates.
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