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We tested whether polymorphic membrane proteins (PMPs) of Chlamydia pneumoniae might play a role in
triggering an inflammatory response in human endothelial cells. Of 15 purified, recombinant chlamydial PMPs
tested, 2 (PMP 20 and PMP 21) dose-dependently increased the production of the inflammatory mediators
interleukin (IL)-6 and monocyte chemoattractant protein—-1 (MCP-1), in cultured human endothelial cells;
production of IL-8 was also increased. When endothelial cells were infected by live C. pneumoniae, an increase
in the production of IL-6, IL-8, and MCP-1 was seen. We used adenovirus-induced overexpression of IkBa—an
inhibitor of nuclear factor (NF)—-kB—to demonstrate that PMP 20 and PMP 21 increase the production of IL-
6 and MCP-1 in human endothelial cells by activation of the NF-kB pathway, because, in cells overexpressing
IkBa, treatment with the respective PMP did not result in increased production of IL-6 and MCP-1. Thus, C.
pneumoniae could, by interactions of its PMPs with the endothelium, contribute to the process of vascular

injury during the development and progression of atherosclerotic lesions.

Chlamydia pneumoniae, an obligate intracellular bac-
terium, has been implicated in the initiation and pro-
gression of atherosclerosis [1]. An association between
anti—C. pneumoniae antibodies and myocardial infarc-
tion, coronary heart disease, carotid atherosclerosis,and
stroke has been described in several seroepidemiological
studies [2—5]. Viable strains of C. pneumoniae have been
both isolated and successfully cultured from athero-
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sclerotic plaques, and the bacterium has been detected
in atherosclerotic lesions in various vessels, by immu-
nochemistry, in situ hybridization, identification of ge-
nomic material by polymerase chain reaction, or elec-
tron microscopy [6, 7].

Inflammation seems to be a key event in the devel-
opment and progression of atherosclerotic lesions [8].
It is believed that infections by certain pathogens, such
as C. pneumoniae, by initiation of an inflammatory re-
sponse, might contribute to this disease process. In fact,
several in vitro investigations have shown that C. pneu-
moniae is capable of infecting vascular endothelial cells,
smooth muscle cells, and macrophages, thereby leading
to initiation of inflammatory activation of these cells
via the nuclear factor (NF)—«B pathway, a process that
results in increased expression of adhesion molecules,
tissue factor, plasminogen activation inhibitor—1 (PAI-
1), and inflammatory cytokines [9-12]. In endothelial
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Table 1.  Effect of polymorphic membrane proteins
(PMPs) on interleukin (IL)-6 and monocyte chemoat-
tractant protein-1 (MCP-1), in human umbilical vein
endothelial cells (HUVECs).

Treatment IL-6 MCP-1
Control 255 + 4.2 291.4 + 39.8
PMP 1 254 + 1.9 326.5 + 10.2
PMP 2 26.1 £ 24 287.1 + 11.8
PMP 6 28.8 + 3.6 276.1 + 26.6
PMP 7 269 + 2.6 276.3 + 41.9
PMP 8 28.1 = 25 291.8 + 12.1
PMP 9 29.7 = 3.9 3259 + 17.6
PMP 11 245 + 1.3 3296 + 51.1
PMP 13 26.0 = 4.4 326.8 + 26.7
PMP 14 26.5 = 0.8 324.8 + 26.0
PMP 15 31.7 + 0.8 328.7 + 43.2
PMP 16 30.1 + 2.8 317.1 + 453
PMP 18 248 = 1.9 312.7 + 34.3
PMP 19 324 +29 301.7 + 47.3
PMP 20 55.0 + 11.2° 944.6 + 78.8°
PMP 21 49.3 + 10.9° 819.0 + 62.8°

PMP 20 and PMP 21 56.9 = 2.7° 936.9 = 28.9°

I+

NOTE. Data are mean = SD pg/10* cells/24 h of 3 indepen-
dent determinations, after incubation of HUVECs, with or without
respective PMP (100 ng/mL), for 24 h.

@ P<.01, compared with control.
b P<.001, compared with control.

cells, live C. pneumoniae have been shown to induce the in-
flammatory mediators interleukin (IL)-6 and monocyte che-
moattractant protein—1 (MCP-1) by this mechanism [9, 10].
Information on the particular chlamydial proteins involved in
the initiation of these effects is sparse. Chlamydial heat shock
protein 60 is one bacterial component that is responsible for
such activation [12]. In a recent study, acellular components
of C. pneumoniae were shown to stimulate the production of
cytokines—such as tumor necrosis factor-a (TNF-«), IL-1, IL-
6, IL-8, and MCP—in human blood mononuclear cells [13];
however, the bacterial components initiating these effects were
not further characterized [13].

It is assumed that, because of their predicted location in the
outer membrane of the bacterium, polymorphic membrane
proteins (PMPs) of C. pneumoniae play a crucial role in the
interaction of the pathogen and the host cell [14-16]. We in-
vestigated whether such PMPs of C. pneumoniae could affect
the production of certain inflammatory mediators, namely IL-
6 and MCP-1, in human endothelial cells in vitro.

MATERIALS AND METHODS

Cell culture. Human umbilical vein endothelial cells (HU-

VECs) were isolated from fresh umbilical cords by mild col-

lagenase treatment and were cultured and characterized, as de-
scribed elsewhere [17]. Human skin microvascular endothelial
cells (HSMECs) were isolated from skin-biopsy samples by
trypsin digestion and by use of Dynabeads (Dynal) coated with
Ulex europaeus agglutinin, as described elsewhere [17]. All cells
used in this study were between passages 2 and 4. All human
material was obtained and processed according to the rec-
ommendations of the hospital’s Ethics Committee and Security
Board.

Recombinant production of PMPs.
in Escherichia coli and were purified as described elsewhere [15].

PMPs were expressed

To exclude possible lipopolysaccharide (LPS)-mediated effects,
in control experiments, aliquots of the respective PMPs were
boiled for 5 min before being added to HUVECs.

Incubation of endothelial cells with PMPs.  Endothelial
cells were incubated with different concentrations of the re-
spective PMP, for the indicated times, in medium 199 (M199;
Sigma) containing 1.25% supplemented calf serum (Hyclone).
After incubation, cell debris was removed by centrifugation,
and culture supernatants were collected and were stored at
—70°C until used. The total cell number of the respective cul-
tures, after trypsinization, was counted by a hemocytometer.
HUVECs
cultured in medium 199 containing 1.25% supplemented calf

Infection of HUVECs by live C. pneumoniae.

serum were infected by C. pneumoniae strain 2023, by the
method of Krull et al. [12]. Strain 2023 (American Type Cul-
ture Collection) was originally isolated from a patient with
pneumonia, and it forms inclusions that react with both spe-
cific anti-C. pneumoniae antibodies and antibodies directed
against chlamydial LPS [18]. After incubation, the culture su-
pernatants were collected and treated, as described above.

Transfection of HUVECs with IkBa-adenovirus.  The ad-
enovirus construct for overexpression of IkBa (rAd.IkBa) con-
tained the porcine IkBa coding sequence fused to a nuclear
localization signal under the cytomegalovirus promoter and was
transfected into HUVECSs, as described elsewhere [19]. In brief,
confluent monolayers of HUVECs were washed once with PBS
and were incubated with rAd.IkBe, at an MOI of 1000, in PBS.
After 30 min at 37°C, the adenovirus was removed by washing,
and fresh medium was added. Cells were further cultivated, for
2 days, before stimulation by PMPs. As a control, an adenovirus
construct containing the coding sequence for green fluores-
cence protein (rAd.GFP), whose ability to transfect HUVECs
has been described elsewhere [20], was used. By use of this
technique, a transfection rate of >90% was achieved (data not
shown). To control for equal cell numbers, crystal-violet stain-
ing of the HUVEC monolayer was performed.

Assays for IL-6, IL-8, and MCP-1.  1l1-6, IL-8, and MCP-
1 were quantified by specific ELISAs (R&D Systems).

Statistical analysis. Data were compared statistically by
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Figure 1. Dose-dependent effects of polymorphic membrane protein

(PMP) 20 and PMP 21, on the production of interleukin (IL}-6 (A) and
monocyte chemoattractant protein-1 (MCP-1) (B), in human umbilical vein
endothelial cells (HUVECs). HUVECs were incubated for 24 h with or
without either PMP 20 (open bars) or PMP 21 (solid bars), at concentra-
tions of 10, 20, 100, or 200 ng/mL. Experiments were performed 3 times;
a representative experiment is shown. Conditioned media of incubated
cells were collected, and IL-6 and MCP-1 were quantified. Data are mean
+ SD of 3 independent determinations. *P< .01, **P<.001, compared
with control.

analysis of variance with the Bonferroni post hoc test for mul-
tiple comparisons, unless otherwise stated. P < .05 was con-
sidered significant. The SPSS statistical program (version 10.0;
SPSS) was used for data analysis.

RESULTS

PMP 20 and PMP 21 induce IL-6, IL-8, and MCP-1 produc-
tion in HUVECs.  Of 15 PMPs tested, PMP 20 and PMP 21

were the strongest inducers of IL-6 and MCP-1 production in
HUVEC: (table 1). No further stimulation of production, how-
ever, was seen when PMP 20 and PMP 21 were added simul-
taneously to HUVECs. As can be seen in figure 1, these effects
were dose dependent. In these cells, PMP 20 and PMP 21
increased IL-6 production by HUVECs <2.5-fold and <3-fold,
respectively, and increased MCP-1 production <4-fold and
=<3-fold, respectively. When PMP 20 and PMP 21 were boiled
for 5 min before being added to HUVECs, no effect on IL-6
and MCP-1 production was observed (IL-6: control, 17.0 +
1.6 pg/10* cells/24 h; PMP 20, 42.9 = 2.2 pg/10* cells/24 h;
PMP 20 boiled, 18.8 = 2.4 pg/10* cells/24 h; PMP 21, 35.2 +
5.0 pg/10* cells/24 h; and PMP 21 boiled, 18.1 + 2.0 pg/10*
cells/24 h) (MCP-1: control, 420.2 + 314 pg/10* cells/24 h;
PMP 20, 1204.2 = 31.0 pg/10* cells/24 h; PMP 20 boiled,
361.2 = 32.6 pg/10* cells/24 h; PMP 21, 10254 + 42.2 pg/10*
cells/24 h; and PMP 21 boiled, 415.7 + 29.7 pg/10* cells/24 h).
This ruled out possible LPS contamination of the PMPs as a
cause for their effect on IL-6 and MCP-1, in endothelial cells.
PMP 20 and PMP 21 also stimulated the production of IL-8
in endothelial cells (table 2). Again, as shown for IL-6 and
MCP-1, no further stimulation was seen when HUVECs were
incubated simultaneously with PMP 20 and PMP 21. As can
be seen in table 3, IL-6, IL-8, and MCP-1 production increased
in cultured HUVECs infected with live C. pneumoniae, com-
pared with that seen in noninfected control cells.

PMP 20 and PMP 21 induce IL-6, IL-8, and MCP-1 pro-
duction in HSMECs.  As can be seen in table 4, PMP 20 and
PMP 21 stimulated production of IL-6, IL-8, and MCP-1, by
HSMECs, to an extent similar to that seen by HUVECs.

NF-kB-mediated activation of HUVECs. When HUVECs
transfected with rAd.IkBo were incubated with either PMP 20
or PMP 21, the stimulatory effect on IL-6 and MCP-1 pro-
duction by these cells was abolished, whereas, when HUVECs
transfected with the control virus rAd.GFP were incubated with
either PMP 20 or PMP 21, an increased production of cyto-

Table 2.  Effect of polymorphic mem-
brane protein (PMP) 20 and PMP 21, on
interleukin (IL)-8, in human umbilical
vein endothelial cells (HUVECs).

Treatment IL-8

Control 1094 = 105
PMP 20 920.0 + 84.1°
PMP 21 706.1 = 21.1°
PMP 20 and PMP 21 912.7 + 84.4°

NOTE. Data are mean + SD pg/10* cells/24
h of 3 independent determinations, after incuba-
tion of HUVECs, with or without respective PMP
(100 ng/mL), for 24 h.

@ P<.001, compared with control.

110 « JID 2003:188 (1 July)  Niessner et al.



Table 3. Effect of live Chlamydia pneumoniae on interleukin
(IL)-6, IL-8, and monocyte chemoattractant protein-1 (MCP-1), in
human umbilical vein endothelial cells (HUVECs).

Treatment IL-6 IL-8 MCP-1

Control 23.0 = 3.9 95.7 + 13.8 397.7 £ 451
C. pneumoniae  562.3 + 44.1% 2215.0 = 197.1% 2177.9 + 87.3°

I+

NOTE. Data are mean = SD pg/10* cells/24 h of 3 independent deter
minations, after incubation of HUVECSs, without or with live C. pneumoniae,
for 24 h.

@ P<.0001, compared with control.
b p< .001, compared with control.

kines, similar to that seen in nontransfected HUVECs, was
present (figure 2).

DISCUSSION

There is an increasing amount of intriguing evidence for a role
of C. pneumoniae in the development and progression of ath-
erosclerosis. On the one hand, this evidence is based on nu-
merous clinical studies linking the presence of either antibodies
against C. pneumoniae or the bacterium per se to the disease
process [1-7]. On the other hand, several in vitro investigations
have shown that Chlamydia species are capable of infecting vas-
cular endothelial cells, smooth muscle cells, and macrophages,
thereby leading to the initiation of inflammatory activation of
these cells, a process that results in increased expression of ad-
hesion molecules, tissue factor, PAI-1, and inflammatory cyto-
kines [7, 9-12, 21-24]. In recent studies, chlamydial heat shock
protein 60 has been identified as a bacterial component that is
responsible for such activation, via the NF-kB pathway, of these
cells [11, 25]. In addition, as-yet-uncharacterized acellular com-
ponents of C. pneumoniae have been shown to stimulate cyto-
kine production in human blood mononuclear cells [13]. Fur-
thermore, LPS isolated from C. trachomatis and C. pneumoniae
has been shown to induce the release of TNF-« from whole
blood and macrophage foam cell formation, respectively [26, 27].

In the present study, we have investigated whether a partic-
ular class of chlamydial membrane proteins, the PMPs, may
also play a role in the activation of endothelial cells. PMPs are
predicted to be localized to the bacterial outer membrane and,
as such, are likely to be primary mediators in pathogen infection
and bacterium-host cell interaction [14—16, 28, 29]. In a recent
study, particular chlamydial antigens, among them PMPs, have
been shown to prime a CD8" T cell-mediated immune response
in mice [30].

In the present study, we have shown that, of 15 recombinant
PMPs, 2 (PMP 20 and PMP 21) stimulated the production of
IL-6 and MCP-1, in human endothelial cells in vitro. IL-6, as
an important mediator of inflammation that is associated with
cardiovascular disease and is found in atherosclerotic plaques,

seems to be involved in plaque instability and the pathogenesis
of acute myocardial infarction [31-33]; MCP-1, by the induc-
tion of chemotaxis of monocytes, is thought to contribute to
the accumulation of monocytes from circulation into the ar-
terial wall, in early atherogenesis [34]. This notion is supported
by data showing that mice deficient in MCP-1 are less suscep-
tible to experimental atherosclerosis [35, 36]. The effects that
PMP 20 and PMP 21 have on the production of these 2 in-
flammatory cytokines were dose-dependent, with maximum
stimulation seen between 100 and 200 ng/mL. Both PMPs also
increased the production of IL-8 in endothelial cells. It should
be noted that no additive or synergistic effect on the production
of these cytokines in endothelial cells was seen when PMP 20
and PMP 21 were added simultaneously. Thus, one might spec-
ulate that both PMPs act through the same receptor and/or
activate the same intracellular pathway in endothelial cells. It
should, however, be emphasized that no data on specific re-
ceptors for PMPs of C. pneumoniae are yet available.

As have the authors of other studies [9, 10], we have been
able to demonstrate that live C. pneumoniae induce IL-6, IL-
8, and MCP-1, in endothelial cells. Thus, our data suggest that
PMP 20 and PMP 21 are responsible for a specific activation
of endothelial cells, as reflected by the expression of a certain
set of cytokines. Furthermore, we have been able to demon-
strate that these effects that PMP 20 and PMP 21 have on the
production of IL-6, IL-8, and MCP-1 were operative not only
in macrovascular endothelial cells but also in microvascular
endothelial cells. It should be noted that HUVECs seem to be
more responsive to PMP 20 and PMP 21 than do HSMECs.
However, whether this is due to differences between large- and
small-vessel endothelia, in general, or whether this reflects dif-
ferences in the responsiveness of the tissue from which the cells
were isolated cannot be answered conclusively on the basis of
our data. That LPS contamination of the recombinant PMPs
is a possible reason for the observed effects could be ruled out,
because of the fact that, when boiled for 5 min before being
added to endothelial cells, PMP 20 and PMP 21 lost their ability

Table 4. Effect of polymorphic membrane protein (PMP) 20
and PMP 21, on interleukin (IL)-6, IL-8, and monocyte che-
moattractant protein-1 (MCP-1), in human skin microvascular
endothelial cells (HSMECs).

Treatment IL-6 IL-8 MCP-1
Control 53.4 + 43 2037 + 23.0 406.7 + 43.9
PMP 20 132.8 + 6.3° 439.3 + 11.2° 9203 + 45.0°
PMP 21 99.0 + 8.1° 3944 + 413 8885 + 39.7°
NOTE. Data are mean + SD pg/10* cells/24 h of 3 independent

determinations, after incubation of HSMECs, with or without respective
PMP (100 ng/mL), for 24 h.

# P<.001, compared with control.

b p<.01, compared with control.
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Figure 2.

PMP 21 and rAd.IxBa
PMP 21 and rAd.GFP

Inhibitory effect of adenovirus construct for overexpression of [kBe: (rAd.IkBee) on polymorphic membrane protein (PMP)-mediated activation

of interleukin (IL)-6 (A) and monocyte chemoattractant protein-1 (MCP-1) (B). Either untransfected human umbilical vein endothelial cells (HUVECS)
and HUVECs transfected with adenovirus construct for overexpression of IkBee (rAd.IkBe) or a control virus (rAd.GFP) were incubated in presence or
absence of 200 ng/mL of either PMP 20 (open bars) or PMP 21 (solid bars), for 16 h. Experiments were performed 3 times; a representative experiment
is shown. Conditioned media of incubated cells were collected, and IL-6 and MCP-1 were quantified. Data are mean + SD of 3 independent
determinations. *P< .01, **P< .001, compared with control; *P< .01, compared with PMP 21-treated untransfected or rAd.GFP-transfected HUVECs;

3P < 001, compared with PMP 20— or PMP 21-treated untransfected or rAd.GFP-transfected HUVECs.

to increase production of the cytokines. Last, we were able to
demonstrate that PMP 20 and PMP 21 induce their effects on
endothelial cell cytokine production by activation of the NF-
kB pathway, a major pathway of inflammatory activation. In
activated cells, translocation of NF-«B to the nucleus leads to
the increased transcription of several markers of inflammation,
including IL-6 and MCP-1 [9, 10, 19, 37]. Here we present
evidence that, in endothelial cells transfected with an IkBa-
adenovirus and thus overexpressing IkBa (an inhibitor of NF-
kB translocation to the nucleus [19]), production of IL-6 and
MCP-1 was not affected by either PMP 20 or PMP 21, whereas
endothelial cells transfected with a control adenovirus re-
sponded to treatment with these PMPs with an increase in
cytokine production similar to that seen in untransfected en-
dothelial cells. As mentioned above, it is not known whether
PMP 20 and PMP 21 interact with the same or different re-
ceptors on endothelial cells. Thus, differences in the pathway
of endothelial cell activation by PMP 20 and PMP 21 might
exist upstream from NF-«B, although our data showing that
the effects of the 2 PMPs on endothelial cells are neither additive

nor synergistic lead us to speculate that they act through the
same intracellular pathway.

In summary, our study has identified that specific chlamydial
proteins, namely particular members of the PMP family of C.
pneumoniae, are mediators of inflammatory activation of hu-
man endothelial cells in vitro via the NF-kB pathway. Thus,
one could speculate that this effect of PMP 20 and PMP 21,
in addition to the effect of chlamydial heat shock protein, could
contribute to NF-«B activation in endothelial cells induced by
live C. pneumoniae [7, 9-12, 21-24]. If such a proinflammatory
mechanism is also operative in vivo, C. pneumoniae could, by
interactions of its PMPs with the endothelium, contribute to
the process of vascular injury during the development and
progression of atherosclerotic lesions.
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