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The obligate intracellular bacterium Chlamydia abortus is the causative agent of enzootic abortion of ewes and poses a signifi-
cant zoonotic risk for pregnant women. Using proteomic analysis and gene expression library screening in a previous project, we
identified potential virulence factors and candidates for serodiagnosis, of which nine were scrutinized here with a strip immuno-
assay. We have shown that aborting sheep exhibited a strong antibody response to surface (MOMP, MIP, Pmp13G) and viru-
lence-associated (CPAF, TARP, SINC) antigens. While the latter disappeared within 18 weeks following abortion in a majority of
the animals, antibodies to surface proteins persisted beyond the duration of the study. In contrast, nonaborting experimentally
infected sheep developed mainly antibodies to surface antigens (MOMP, MIP, Pmp13G), all of which did not persist. We were
also able to detect antibodies to these surface antigens in C. abortus-infected women who had undergone septic abortion,
whereas a group of shepherds and veterinarians with occupational exposure to C. abortus-infected sheep revealed only sporadic
immune responses to the antigens selected. The most specific antigen for the serodiagnosis of human C. abortus infections was
Pmp13G, which showed no cross-reactivity with other chlamydiae infecting humans. We suggest that Pmp13G-based serodiag-
nosis accomplished by the detection of antibodies to virulence-associated antigens such as CPAF, TARP, and SINC may improve
the laboratory diagnosis of human and animal C. abortus infections.

Chlamydia abortus is an obligate intracellularly replicating zoo-
notic bacterium that shares a characteristic biphasic develop-

mental cycle with all other members of the family Chlamydiaceae
(1). Among chlamydiae affecting humans, Chlamydia trachomatis
is the most clinically and epidemiologically relevant as a cause of
oculogenital infections, including nongonococcal urethritis and
cervicitis, lymphogranuloma venereum, and trachoma. Chla-
mydia pneumoniae is known to be involved in community-ac-
quired pneumonia, pharyngitis, bronchitis, and sinusitis. In addi-
tion, the avian pathogen Chlamydia psittaci has well-documented
zoonotic potential, causing human psittacosis (ornithosis), which
may present as a generalized and life-threatening pneumonia (2).

C. abortus typically occurs in ruminants such as sheep and
goats and is the leading cause of enzootic abortion of ewes (EAE)
worldwide (3). Even in the absence of elevated abortion rates, the
agent was shown to be widespread in German sheep flocks, with
50% of flocks testing PCR positive and 94% harboring seroposi-
tive animals (4). Afterbirths and fetuses of abortion cases can con-
tain heavy loads of the pathogen and represent the major source of
transmission to susceptible humans and naive ewes, as well as
environmental contamination (3). Inhalation of infective aerosols
by pregnant women poses the risk of severe infection, including
spontaneous abortion, stillbirth, and septicemia (3, 5, 6). How-
ever, very little is known about the clinical relevance, epidemiol-
ogy, and transmission of human C. abortus infection, since spe-
cific diagnostic tools are currently not available (3).

Recently, it was shown that relatively small doses of intrana-
sally inoculated C. abortus organisms induced latent infection in
nonpregnant ewes (7). When latently infected ewes became preg-

nant, this resulted in placental infection and consequent abortion,
whereas animals infected with large doses were better protected
and showed a much lower abortion rate. While laboratory diag-
nosis of EAE can be conducted with DNA- or protein-based tests,
serology remains the preferred option in many laboratories (3).
Despite limited sensitivity and specificity, the complement fixa-
tion test (CFT) is still the procedure most widely used to detect
infection and determine vaccination titers (3, 8). A test based on
polymorphic membrane protein 12G (Pmp12G) in an enzyme-
linked immunosorbent assay format (3, 9) became commercially
available in 2015. However, serological assays based on a panel of
both surface and virulence-associated C. abortus antigens have not
been established until now.
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To extend the spectrum of potential diagnostic marker pro-
teins, we identified 48 immunoreactive proteins by two-dimen-
sional immunoblot analysis and screening of a C. abortus gene
expression library in a previous project (10). From these, we have
selected nine proteins for recombinant synthesis and further eval-
uation. These comprised (i) three surface proteins, specifically, the
major outer membrane protein (MOMP), macrophage infectivity
potentiator (MIP), and Pmp13G; (ii) three virulence-associated
proteins, namely, the homologs of Chlamydia protease-like activ-
ity factor (CPAF), translocated actin-recruiting phosphoprotein
(TARP), and secreted inner nuclear membrane-associated Chla-
mydia protein (SINC) (11), and (iii) three hypothetical proteins,
specifically, CAB031, CAB821, and CAB408, two of which
(CAB821 and CAB408) are predicted to be secreted by the type III
secretion system (12). For a comprehensive analysis of the ovine
and human antibody responses to these antigens, we used the
so-called line immunoassay since this format allows the simulta-
neous detection of antibodies to multiple antigens in a single run
(13). Characterized serum samples from (i) experimentally in-
fected sheep, (ii) naturally infected sheep, (iii) infected humans,
(iv) healthy blood donors and individuals with chlamydial infec-
tions other than C. abortus, and (v) humans at risk of exposure to
C. abortus were analyzed.

MATERIALS AND METHODS
Serum samples. The human and animal serum samples used in this study
were taken from already existing serum collections of previous studies (4,
5, 7, 10, 13, 14). Human serum samples were anonymized, and their use

was approved by the local ethics committee of the University of Ulm
(96/09) and the local ethics committee of the University Hospital Jena
(2525-04/09). Table 1 gives an overview of the serum samples used for this
study and lists their main characteristics. Further details are described
below.

Animal serum samples. (i) Experimentally infected sheep. Serum
samples were obtained from three different groups of experimentally in-
fected sheep as described in a previously published experimental model of
latency (7). In that study, animals received different intranasally admin-
istered doses of infectious C. abortus elementary bodies (EBs) 8 weeks
before mating and were monitored and bled over several months during
pregnancy. Here, we investigated serum samples from 10 experimentally
challenged sheep that underwent abortion, as well as 10 experimentally
inoculated sheep that lambed normally with clinically healthy offspring.
Three uninfected sheep served as a negative-control group. Serum sam-
ples were obtained at 0, 2, 5, 12, 21, 29, and 47 weeks after inoculation,
with abortion and lambing occurring around 26 to 30 weeks postinocu-
lation (p.i.) (Table 1).

(ii) Naturally infected sheep. Serum samples were taken from 32 Ger-
man sheep flocks with endemic C. abortus infections (4). Eleven serum
samples originated from sheep with abortion and rectal or vaginal swabs
positive for C. abortus by PCR. Twenty-nine serum samples originated
from clinically asymptomatic sheep with vaginal and rectal swabs positive
for C. abortus by PCR. Serum samples from asymptomatic, C. abortus
PCR-negative sheep (n � 25), as well as serum samples from sheep posi-
tive for Chlamydia pecorum (n � 11) and/or C. psittaci (n � 5) served as
negative and specificity controls (Table 1).

Human serum samples. (i) Pregnant women with septic abortion.
Serum samples were collected from women who had undergone septic
abortion due to C. abortus as proven by PCR (5).

TABLE 1 Serum samples used in this studya

Serum group Reference(s) ni (ns)
b Characteristic(s)

Animals
Experimentally infected sheep 7 5 (35) Inoculation with 5 � 103 IFU, abortion/stillbirth; histopathological findings in

placenta specimen, significant amounts of C. abortus DNA in PCR
5 (35) Inoculation with 5 � 105 IFU, abortion/stillbirth; histopathological findings in

placenta specimen, significant amounts of C. abortus DNA in PCR
10 (70) Inoculation with 5 � 107 IFU, normal lambing; no histopathological findings in

placenta specimen, no significant amounts of C. abortus DNA in PCR
3 (21) Uninfected, asymptomatic sheep with normal lambing

Naturally infected sheep 10 11 Sheep from German flocks with endemic C. abortus infections; abortion, vaginal or
rectal swabs positive for C. abortus by PCR

4 29 Sheep from German flocks with endemic C. abortus infections; normal lambing,
vaginal or rectal swabs positive for C. abortus by PCR

Negative and specificity
control groups

10 25 Sheep from German flocks with endemic C. abortus infections; normal lambing,
vaginal or rectal swabs negative for C. abortus by PCR

4, 10 11 Sheep from German flocks with endemic C. abortus infections; normal lambing,
vaginal or rectal swabs negative for C. abortus and positive for C. pecorum by PCR

4 5 Sheep from German flocks with endemic C. abortus infections; normal lambing,
vaginal or rectal swabs negative for C. abortus and positive for C. psittaci by PCR

Humans
Infected humans 5 2 Women with septic abortion, PCR positive for C. abortus
Humans at risk of exposure 4, this study 88 Shepherds and veterinarians, unknown clinical history, close contact with sheep

flocks with endemic C. abortus infections proven by PCR
Negative-control group This study 20 Healthy blood donors, 10 female and 10 male
Specificity control group 13 20 Clinically symptomatic patients with infection due to C. pneumoniae proven by PCR

13 20 Clinically symptomatic patients with infection due to C. trachomatis proven by PCR
14, 31 3 Clinically symptomatic patients with infection due to C. psittaci proven by PCR

a Animal and human serum samples are listed with their origins, numbers, and specific characteristics.
b ni is the number of individuals, and ns the number of serum samples investigated; they are equal, except for the experimentally infected group of sheep, as serum samples were
collected at seven different times following inoculation.
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(ii) Shepherds and veterinarians. We investigated 88 serum samples
obtained from shepherds and veterinarians with close contact with in-
fected sheep from flocks with endemic C. abortus infections and cases of
abortion. The serum samples were collected during meetings of shepherds
and veterinarians in parallel with the study on sheep by Lenzko et al.
between 2009 and 2011 (4).

(iii) Negative and specificity control groups. Serum samples were
obtained from healthy blood donors (n � 20; 50:50 male-to-female ratio),
as well as from clinically symptomatic patients with infections due to C.
pneumoniae (n � 20), C. trachomatis (n � 20), or C. psittaci (n � 3), as
proven by PCR (14).

Gene cloning and expression of recombinant antigens. Nine immu-
noreactive C. abortus antigens were selected on the basis of previous work
by Forsbach-Birk et al. (10) to be recombinantly expressed for the pro-
duction of a line immunoassay (13). These were CAB048 (MOMP; Gene
ID no. 3337752), CAB080 (MIP; Gene ID no. 3337460), CAB281
(Pmp13G; Gene ID no. 3337669), CAB712 (CPAF homolog; Gene ID no.
3337730), CAB167 (TARP homolog; Gene ID no. 3337791), and CAB063
(SINC homolog; Gene ID no. 3337689), as well as hypothetical proteins
CAB031 (Gene ID no. 3337919), CAB821 (Gene ID no. 3338163), and
CAB408 (Gene ID no. 3337407). All antigens except CAB031, which was
truncated at its C terminus, were expressed as full-length proteins and
highly purified by chromatographic methods (15).

Production of the C. abortus line assay. The line assay enables the
simultaneous detection of antibodies to selected antigens. All of the nine
recombinant antigens (MOMP, MIP, Pmp13G, CPAF, TARP, SINC,
CAB031, CAB821, and CAB408) were deposited in a line format on ni-
trocellulose membranes in separate lanes with a dispense platform. A
reaction control; three conjugate controls for the detection of human
immunoglobulin IgG, IgA, and IgM; and a cutoff line were also applied.
For each C. abortus protein, individual dilutions and buffers were used.
The membranes were saturated with a milk solution and cut into test
strips.

Incubation of line immunoassays and readout of human and animal
serum samples. Strips were incubated with either human or animal se-
rum samples (both diluted 1:100) overnight (human serum samples) or
for 1 h (animal serum samples) at room temperature, allowing specific
antibodies to bind to the C. abortus antigens. After a repetitive washing
step with a phosphate buffer for 3 � 5 min, a peroxidase-labeled rabbit-
anti-human IgG (diluted 1:100) or polyvalent rabbit anti-sheep antibody
(DakoCytomation A/S, Glostrup, Denmark) was added (diluted 1:1,000)
and the strips were incubated for 45 min at room temperature. After a
second washing step, binding of specific antibodies was detected by the
use of tetramethylbenzidine incubated for 8 min at room temperature.
Strips were first examined for positive bands visible to the naked eye
before being analyzed by intensity measurement. Intensities of reactive
bands were measured with an OpticPro S28 scanner (Plustek, Norder-
stedt, Germany) and recomScan software (BioSciTec GmbH, Frankfurt,
Germany) according to the manufacturers’ instructions. Bands were con-
sidered positive if the ratio of the intensity of the antigen band to the
intensity cutoff minus 15% tolerance was �1.0; this is referred to here as
the cutoff-adjusted optical density (OD).

Statistical analysis. Statistical analysis was performed with Microsoft
Excel 2013. The Mann-Whitney U test was used to calculate the level of
significance. Statistical significance was accepted as a P value of �0.05.

RESULTS
Animal serum samples. (i) Aborting experimentally infected
sheep show strong and long-lasting antibody responses to sur-
face and virulence-associated, as well as hypothetical, C. abortus
proteins. Experimental intranasal inoculation of small or moder-
ate doses of infectious C. abortus EBs (5 � 103 and 5 � 105 inclu-
sion-forming units [IFU], respectively) resulted in abortion in a
majority of the animals. Their placental tissue was investigated by
histopathology, immunohistochemistry, and quantitative real-

time PCR, which revealed pathological tissue findings typical of
EAE and evidence of C. abortus in placental tissue samples as de-
scribed previously (7). Here, we analyzed serum samples from
sheep with abortion following the inoculation of small (n � 5) and
medium (n � 5) doses of EBs. A late antibody response not de-
tectable until week 21 p.i. and peaking at the time of abortion at 29
weeks p.i. proved characteristic of these animals (Fig. 1A). An
increase in antibodies to Pmp13G was detected in 50% of the
sheep at 21 weeks p.i. (see Table S1A in the supplemental mate-
rial), with bands being markedly more intense than those of the
nonabortion group of experimentally infected sheep (P � 0.02)
(Fig. 2A). At the time of abortion at 29 weeks p.i., serum samples
from all of the animals contained antibodies to Pmp13G, with OD
values higher than those of the nonabortion group (P � 0.02). In
addition, strong and intense bands with distinctly higher OD val-
ues than those of the nonabortion group were found for the other
surface antigens MOMP (P � 0.02) and MIP (P � 0.02). Apart
from those, we were also able to measure higher OD values for the
virulence-associated antigens CPAF (P � 0.02), TARP (P � 0.02),
and SINC (P � 0.02) (Fig. 1B), as well as for the hypothetical
protein CAB031 (P � 0.02) (Fig. 1C). Strong bands were still
present after 47 weeks p.i., especially for the surface antigens
MOMP (P � 0.02) and Pmp13G (P � 0.02), in a majority of the
animals (Fig. 2A; see Table S1A in the supplemental material).

(ii) Normally lambing experimentally infected sheep show a
rapid but short-term immune response to surface antigens.
Sheep experimentally inoculated with a large dose (5 � 107 IFU)
of C. abortus EBs lambed normally, with healthy offspring and no
evidence of placental pathology (7). These sheep (n � 10), which
cleared the infection, showed a pattern of humoral immune re-
sponse clearly different from that of animals that underwent abor-
tion. Two weeks p.i. (6 weeks before mating), animals showed
band patterns with increased OD values for the surface antigens
MOMP (no statistically significant difference [n.s.]), MIP (n.s.),
and Pmp13G (P � 0.02), the latter being positive in 90% of the
sheep (Fig. 2B; see Table S1B in the supplemental material). Band
intensity rapidly decreased below the level of detection at subse-
quent sampled time points, with little or no detection of any re-
sponse at the time of lambing. Uninfected animals kept under
controlled laboratory conditions showed no measurable antibod-
ies to the selected antigens (Fig. 2C) and are therefore not listed in
Table S1 in the supplemental material.

(iii) Aborting naturally infected sheep show antibodies to
surface and virulence-associated, as well as hypothetical, anti-
gens. Serum samples obtained from naturally infected ewes at the
time of abortion were analyzed (n � 11). Compared to asymp-
tomatic sheep that were PCR negative for C. abortus or PCR pos-
itive for C. pecorum or C. psittaci (n � 41 in total), we observed
greater antibody reactivity to surface antigens MOMP (P � 0.02),
MIP (P � 0.02), and Pmp13G (P � 0.02); to virulence-associated
antigens CPAF (P � 0.02) and SINC (P � 0.02); and to hypothet-
ical protein CAB031 (P � 0.02) (Fig. 2D and E; see Fig. S1 in the
supplemental material). In total, 54.5% of the naturally infected
sheep exhibited antibodies to MOMP, 72.3% exhibited antibodies
to MIP and Pmp13G, 54.5% exhibited antibodies to CPAF, 72.3%
exhibited antibodies to SINC, and 63.6% exhibited antibodies to
CAB031 (data not shown).

(iv) Asymptomatic C. abortus PCR-negative and C. pecorum-
or C. psittaci-positive sheep show little nonspecific antibody
reactivity. Serum samples from 41 asymptomatic sheep that were
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C. abortus PCR swab negative (n � 25) or C. pecorum (n � 11) or
C. psittaci swab positive (n � 5) were investigated for the presence
of antibodies to the antigen panel. We observed only single non-
specific antibody binding in individual sheep, but none of them
showed more than one positive band. In total, 2.4% of the animals
showed detectable antibody reactivity to MIP, Pmp13G, CPAF, or
TARP, and none of the serum samples reacted with MOMP,
SINC, or CAB031 (Fig. 2F).

(v) Asymptomatic carriers of C. abortus may show a weak-to-
moderate antibody response. Serum samples from 29 ewes that
did not abort during the current lambing season but had positive
C. abortus PCR results from vaginal or rectal swabs were tested.
We observed that 10.3% of the animals showed antibody reactivity
to MOMP, 27.6% showed reactivity to MIP, and 17.2% showed

reactivity to Pmp13G. Humoral immune responses to CPAF,
TARP, and CAB063 could be detected in 31.0, 27.6, and 13.8% of
the sheep, respectively. Bands for CAB031 were present in 13.8%
(data not shown).

Human serum samples. (i) Women who have aborted as a
result of C. abortus infection reveal an antibody response to sur-
face antigens of the bacterium. Because of the rarity of the disease
in humans, only two serum samples obtained from women who
aborted as a result of C. abortus infection were available for anal-
ysis. Both samples revealed an immune response to the surface
antigens MOMP, MIP, and Pmp13G. One of them showed anti-
body reactivity to the hypothetical protein CAB821, which is pre-
dicted to be type III secreted (Fig. 3A; see Fig. S2 in the supple-
mental material).

FIG 1 Kinetics of the humoral responses to C. abortus antigens of experimentally infected sheep with and without abortion. Antibody responses to surface (A),
virulence-associated (B), and hypothetical (C) protein antigens were determined at different times (0, 2, 5, 12, 21, 29, and 47 weeks) following inoculation.
Different lines and symbols indicate different infectious doses. The abortion group included 5 animals inoculated with 5 � 103 IFU and 5 animals inoculated with
5 � 105 IFU, and the lambing group included 10 animals inoculated with 5 � 107 IFU of C. abortus EBs. Mating took place 8 weeks after inoculation, and abortion
or lambing occurred 29 weeks after inoculation, respectively. The ordinate shows the median cutoff-adjusted OD with the first (lower margin) and third (upper
margin) quartiles of the data calculated from OD measurements of the reactivity of serum samples to the different antigens and the cutoff OD of the corre-
sponding line assay. *, P � 0.02.
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FIG 2 Representative line immunoassays of animal serum samples. Serum samples from experimentally infected sheep that had (A) or had not (B) aborted and
the corresponding negative-control group consisting of healthy, uninfected sheep (C) were investigated. The values on the left are the numbers of weeks after
inoculation. Abortion (A) or lambing (B, C) took place at 29 weeks after inoculation. The lowercase letters on the right denote individual sheep inoculated with
5 � 103 (a), 5 � 105 (b), or 5 � 107 (c and c=) IFU of infectious C. abortus EBs, respectively. The lowercase letters d and d= denote healthy, uninfected sheep.
(D) Serum samples from sheep that aborted because of natural C. abortus infection. (E) Serum samples from asymptomatic, C. abortus PCR-negative sheep
with healthy offspring. (F) Specificity control serum samples from sheep infected with C. pecorum or C. psittaci. Each line assay represents an individual
animal. RK, reaction control.
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(ii) C. abortus Pmp13G is highly specific. Blood donors failed
to exhibit any measurable antibody response to any of the antigens
included, whereas we observed sporadic cross-reactivity covering
almost all of the antigens when testing serum samples from pa-
tients infected with chlamydiae other than C. abortus (Fig. 3B; see
Fig. S2 in the supplemental material). Notably, surface antigen
Pmp13G was the only non-cross-reacting antigen, which indicates
its potential as a specific marker of C. abortus infection (see Table
S2 in the supplemental material).

(iii) One shepherd showed a specific antibody response to C.
abortus. We analyzed serum samples obtained from shepherds
and veterinarians (n � 88) who had close contact with sheep
flocks with a high prevalence of C. abortus infection (4). Only a
minority showed a detectable antibody response to any of the C.
abortus antigens. In total, we detected a responses to MOMP in
6.9%, MIP in 14.9%, CPAF in 1.2%, TARP in 5.8%, and SINC in
4.6%. In addition, responses to hypothetical proteins CAB031 and
CAB821 were found in only 3.5 and 1.2%, respectively (Fig. 3C;
see Fig. S2 in the supplemental material). A single shepherd
showed measurable amounts of IgG antibodies to multiple sur-
face and virulence-associated proteins, including MOMP,
MIP, Pmp13G, and SINC (Fig. 3C), which suggests that trans-
mission had occurred.

DISCUSSION

To analyze the kinetics of antibody development that occurs dur-
ing ovine abortion, we compared consecutive serum samples from
latently infected aborting sheep with serum samples from sheep
that had been inoculated with a large dose of C. abortus and
lambed normally. We were able to show that, around the time of
abortion, aborting sheep developed a strong antibody response to
surface proteins MOMP, MIP, and Pmp13G, as well as to viru-
lence-associated proteins CPAF and TARP and the SINC homolog
CAB063. However, in the majority of experimentally infected
aborting animals, antibody generation was not detectable until
week 13 of gestation (week 21 p.i.). This is in agreement with the

observations that chlamydial growth and pathology in the pla-
centa are not evident any earlier than day 90 of gestation (7, 16)
and that severe placentitis with massive chlamydial replication
occurs in late pregnancy, when infected ewes are undergoing hor-
monal and immunological changes. As a consequence, detection
of virulence-associated antibodies around the time of abortion
may reflect the increased expression of virulence-associated pro-
teins that are required to regulate and sustain intraplacental infec-
tion (17). Among these, TARP is a type III secreted protein that
was shown to modulate host cell cytoskeleton function in C. tra-
chomatis infection (18, 19). CPAF was initially described as a chla-
mydial protease degrading host cell transcription factors; how-
ever, its impact on virulence and pathogenicity is currently
controversially discussed (20). SINC is a type III secreted protein
targeting the nuclear membrane of infected cells, which may mod-
ulate the nuclear envelope function (10, 11). Here, we have dem-
onstrated that virulence-associated antibodies are generated pre-
dominantly in animals that have aborted. This report therefore
confirms the observation that virulence-associated proteins,
including the newly described SINC homolog of C. abortus
(CAB063), are immunogenic in ovine abortion (10). Although
ewes that have aborted are considered protected from further
abortion due to C. abortus, they represent a major reservoir of the
pathogen for animals and humans and therefore need to be rap-
idly identified. As a major conclusion, detection of antibodies to
both surface and virulence-associated proteins in a ewe may indi-
cate imminent or recent abortion, since we have shown that levels
of antibodies to virulence-associated proteins rapidly decreased
below the level of detection within the subsequent observation
period, while antibodies to surface antigens persisted. Further
studies are needed to clarify whether antibodies to virulence-as-
sociated antigens in EAE may become a useful marker suggesting
the implementation of control measures at the flock level (3) such
as segregation of seropositive animals to limit dissemination to
susceptible animals or treatment to prevent abortion.

The surface antigens investigated in this study have been

FIG 3 Representative line immunoassays of human serum samples. (A) Samples from two women who had aborted because of severe septic C. abortus infection
were examined. (B) Specificity control serum samples from males and females infected with C. trachomatis (C. tr.), C. pneumoniae (C. pn.), or C. psittaci (C. ps.).
(C) Serum samples from shepherds and veterinarians exposed to C. abortus in high-prevalence flocks. One of them (out of 88) showed reactivity to the surface
antigens MOMP, MIP, and pmp13G, as well as to virulence-associated protein SINC. Each line assay represents one individual. RK, reaction control.
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shown to be immunoreactive in C. abortus infections (10), as well
as in other chlamydial infections (13, 21, 22). MOMP makes up 50
to 60% of the total protein mass of the outer membrane of chla-
mydiae (23). The type V autotransporter Pmp13G (24) is a mem-
ber of the Pmp family, representing proteins that play an impor-
tant role in the pathogenesis of chlamydial infections. Several
Pmps of C. trachomatis, C. pneumoniae, C. psittaci, and C. abortus
have been shown to elicit a humoral immune response (13, 25),
with PmpD of C. trachomatis being described as a pan-neutraliz-
ing antigen (26). Pmps are differentially expressed during the
chlamydial developmental cycle (27, 28) and are therefore sus-
pected to play a role in antigenic diversity and evasion of the host
immune response. Pmp21 of C. pneumoniae has been described as
an invasion protein that recruits the epidermal growth factor re-
ceptor for host cell entry (29).

In agreement with a study by Longbottom et al. (7), an early
but transient antibody response to surface proteins was observed
in sheep that lambed normally after being experimentally inocu-
lated with large doses of C. abortus. The authors suggested that
animals inoculated with large doses had, in principle, been vacci-
nated, since the dose was equivalent to that used in commercial
live attenuated vaccines (3). Our data support this equivalence, as
the absence of virulence factor-associated antibodies and the rapid
decrease in antibody levels below the limit of detection suggest loss
of the immunogenic stimulus and indicate elimination of the
pathogen. The finding that 90% of normally lambing experimen-
tally infected animals showed a rapid antibody response to
Pmp13G (CAB281) could indicate a protective role of neutraliz-
ing antibodies to this antigen during clearance of the infection. In
aborting experimentally infected animals, we have demonstrated
that all of them developed antibodies to Pmp13G around the time
of abortion and that these antibodies were still present in 90% of
the animals 18 weeks after abortion. As sheep that have aborted
will normally not abort again, we speculate that Pmp13G antibod-
ies may contribute to the prevention of reinfection and abortion.

The antibody responses observed in experimentally infected
animals correspond well to the present results obtained with se-
rum samples from German sheep flocks with a high prevalence of
C. abortus infection. More than 70% of the aborting ewes pre-
sented antibodies to Pmp13G and the virulence-associated SINC
homolog at the time of abortion. As stated above, simultaneous
detection of antibodies to surface and virulence-associated pro-
teins may serve as a criterion to identify aborting animals and
those on the verge of abortion. In contrast, nonaborting asymp-
tomatic carriers of C. abortus either remained serologically nega-
tive or developed only a weak-to-moderate antibody response
with much less prominent band patterns than aborting animals.
Therefore, we can conclude that mere colonization with C. abortus
cannot be reliably detected with serological tools. On the flock
level, it is therefore not possible to identify asymptomatic C. abor-
tus shedders serologically, even though recent abortion leads to
significantly higher ODs of reactive antigen bands than mere col-
onization (see Fig. S1 in the supplemental material).

The CFT is the only test currently recognized by the World
Organization for Animal Health for diagnosing ovine chlamydio-
sis (8). However, concerns about cross-reactivity preclude its use
for species-specific diagnosis, as the antigen used includes a heat-
resistant lipopolysaccharide that is present in all members of the
family Chlamydiaceae (30). Further systematic studies of the sen-
sitivity and specificity of the most promising antigens, such as

Pmp13G, CPAF, and SINC or a combination of them, including
quantification of band ODs, are needed to compare their diagnos-
tic potential with that of CFT and recently developed serodiagnos-
tic assays (3).

Concerning human C. abortus infection, pregnant women ex-
posed to the pathogen run a substantial risk of developing severe
infection and abortion, even though knowledge about the epide-
miology of C. abortus infections in humans is poor. In most of the
cases reported, a diagnosis was established through culture, PCR,
or immunohistochemical analysis of placental tissue following
abortion (5, 6). It is hard to deny that earlier microbiological di-
agnosis and earlier adequate antibiotic treatment would have sub-
stantially improved the clinical course of infection. Both of the
patients examined here presented antibodies to MOMP, MIP, and
Pmp13G. Even though two serum samples from confirmed infec-
tion would not justify definitive conclusions in terms of sensitiv-
ity, we suggest that the Pmp13G response is highly specific for C.
abortus infection, since neither healthy blood donors nor patients
suffering from other chlamydial infections revealed (cross-reac-
tive) antibodies to Pmp13G in their serum samples. In contrast,
the use of MOMP and MIP seems to be of limited value for spe-
cies-specific serodiagnosis, as antibodies to these proteins were
also detected in patients with infections with chlamydiae other
than C. abortus.

Clinically relevant human C. abortus infections not associated
with pregnancy have only sporadically been reported to date. We
provide serological evidence that antigenic exposure to C. abortus
may lead to a specific humoral immune response outside preg-
nancy. Nevertheless, the case of a male shepherd who presented
antibodies to Pmp13G and the SINC homolog appears to be an
exception, since he was the only one in a group of 88 individuals.

In summary, we have analyzed the humoral responses during
both animal and human C. abortus infections. In animals that had
aborted, we observed a strong antibody response to surface and
virulence-associated proteins. Comparing experimentally in-
fected animals with either asymptomatic infection or abortion, we
were able to show that antibodies to virulence-associated proteins
were raised predominantly in animals that aborted. The surface
protein Pmp13G of C. abortus seems to be a sensitive and highly
specific immunogen in animal infection. Even though the group
of humans investigated here is too limited to make definitive con-
clusions on antigen sensitivities in humans, Pmp13G has proven
to be a highly specific antigen that warrants further investigation.
Further studies are needed to clarify whether antibodies to
Pmp13G are protective and may contribute to the prevention of
reinfection of sheep and whether they are suitable as a diagnostic
marker in both sheep and humans.
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