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Identification of Chlamydia pneumoniae
within human choroidal neovascular
membranes secondary to age-related
macular degeneration

Abstract Age-related macular de-
generation (AMD) is a leading cause
of blindness in the United States,
and increasing evidence suggests
that it is an inflammatory disease.
The prokaryotic obligate intracellular
pathogen Chlamydia pneumoniae is
emerging as a novel risk factor in
cardiovascular disease, and recent
sero-epidemiological data suggest that
C. pneumoniae infection is also asso-
ciated with AMD. In this study, we
examined choroidal neovascular
membrane (CNV) tissue from patients
with neovascular AMD for the pres-
ence of C. pneumoniae and deter-
mined whether the pathogen can
dysregulate the function of key cell
types in ways that can cause neo-
vascular AMD. Nine CNV removed
from patients with neovascular AMD
were examined for the presence of
C. pneumoniae by immunohisto-
chemistry (IHC) and polymerase
chain reaction (PCR); in addition, we
performed PCR on nine non-AMD
eyes, and IHC on five non-AMD

CNV, seven non-AMD eyes, and one
internal limiting membrane specimen.
Finally, human monocyte-derived
macrophages and retinal pigment
epithelial (RPE) cells were exposed to
C. pneumoniae and assayed in vitro
for the production of pro-angiogenic
immunomodulators (VEGF, IL-8, and
MCP-1). C. pneumoniae was detected
in four of nine AMDCNV by IHC and
two of nine AMD CNV by PCR, in-
duced VEGF production by human
macrophages, and increased produc-
tion of IL-8 and MCP-1 by RPE cells.
In contrast, none of the 22 non-AMD
specimens showed evidence for C.
pneumoniae. These data indicate that
a pathogen capable of inducing
chronic inflammation and pro-angio-
genic cytokines can be detected in
some AMD CNV, and suggest that
infection may contribute to the
pathogenesis of AMD.
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Introduction

Age-related macular degeneration (AMD) is a chronic, pro-
gressive disease that remains the leading cause of blindness
in Americans over the age of 55 years [14]. The majority of
vision loss is due to neovascular AMD, the advanced form
of the disease where immature vessels grow from the cho-
roid into the subretinal space [12]. Neovascular AMD is
characterized by the formation of a choroidal neovascular
membrane (CNV) in the macula and, subsequently, a se-

vere decrease in vision. Neovascular AMD is mediated by
specific pro-inflammatory and angiogenic cytokines se-
creted by relevant cell types [i.e., retinal pigment epithelial
(RPE) cells and choroidal macrophages]. Vascular endo-
thelial growth factor (VEGF), a key regulator of physio-
logical angiogenesis [11], is one such cytokine central to
the development of neovascular AMD. Data in support of a
central role for VEGF in AMD come from several lines of
evidence which indicate that VEGF is sufficient to induce
CNV [2, 11, 13, 15, 31–33, 38, 40, 43] . VEGF has been
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localized to CNV from AMD patients [31], and anti-VEGF
therapy leads to decreased angiographic leakage in exper-
imental models of CNV [27]. In addition, early data from
clinical trials suggest a beneficial effect of anti-VEGF ther-
apy on CNV leakage and vision [10] . Interleukin-8 (IL-8)
and monocyte chemotactic protein 1 (MCP-1), inflamma-
tory chemokines implicated in the pathogenesis of AMD
[16], also have the potential to lead to angiogenesis [4, 37].
However, although CNV formation appears to be mediated
by secretion of VEGF and other pro-angiogenic factors,
the inflammatory stimuli that induce these factors remain
poorly defined.

The obligate intracellular prokaryotic human pathogen
Chlamydia pneumoniae is emerging as a novel risk factor
in cardiovascular diseases [23]. Evidence to implicate this
pathogen in atherosclerosis, now appreciated to be an in-
flammatory disease [18], comes from a variety of epide-
miological, pathology-based, animal model, cell biology,
and human antibiotic treatment studies [23]. The hallmark
of chlamydial infections is their capacity to cause chronic
inflammation [18], and persistent C. pneumoniae infec-
tions may promote inflammatory age-related diseases other
than atherosclerosis. Indeed, AMD, which shares several
risk factors with cardiovascular disease, recently was asso-
ciated with C. pneumoniae by an epidemiological study
[20]; a subsequent report supported this association [17].
To further explore the association between C. pneumoniae
infection and AMD, we examined archival CNV specimens
surgically extracted from AMD patients for the presence of
C. pneumoniae and studied pro-angiogenic cytokine secre-
tion profiles in human RPE cells and macrophages in vitro
following infection with C. pneumoniae.

Methods

Reagents and chlamydiae

Unless otherwise noted, all reagents were purchased from
Sigma (St. Louis, MO). Density-gradient purified C. pneu-
moniae (strain AR-39) and C. trachomatis (serovar A)
were kindly provided by Dr. Gerald Byrne (Memphis, TN).

Tissue preparation

The use of human tissue was in accordance with the guide-
lines and approved by the Institutional Review Boards of
the Massachusetts Eye & Ear Infirmary and Massachusetts
General Hospital (Boston, MA). Sterile technique was used
to handle all specimens. Since most patients with ‘wet’
AMD undergo photodynamic therapy, surgical removal of
CNV from AMD eyes has become a very rare procedure.
We therefore were able to obtain only nine AMD CNV
specimens for immunohistochemistry (IHC) and polymer-

ase chain reaction (PCR) analysis. Formalin-fixed archival
CNV specimens surgically extracted from patients with
AMD were obtained from the Massachusetts Eye and Ear
Infirmary Eye pathology laboratory. CNV specimens were
obtained from patients who had severe vision loss due to
subfoveal CNV; each patient chose between surgery and
PDT after the risks, benefits and alternatives of each pro-
cedure had been explained in full. The nine patients with
AMD CNV were between 76 and 90 years old and con-
sisted of five males and four females. The five patients with
non-AMD CNV were between 12 and 50 years of age and
consisted of one male and four females. Surgical excision
of submacular CNV had been performed according to
previously described techniques [30]. Immediately after
surgical excision, CNV were placed in formalin overnight,
washed in phosphate-balanced salt solution (PBS) at 4°C
for 4 h, dehydrated with a series of graded alcohol solu-
tions, and embedded in paraffin. In addition, seven eyes
without AMD enucleated for uveal melanoma were for-
malin-fixed, paraffin-embedded and axially sectioned at
the optic nerve for IHC. Furthermore, nine frozen whole
eyes from patients without AMD (ages 70–85 years) were
obtained from the New England Eye Bank (Boston, MA).
Eyes were thawed, sectioned at the coronal equator, and
examined under a dissecting microscope to ensure absence
of drusen and CNV. Retina, choroid, and iris were metic-
ulously dissected under sterile conditions and placed in
separate tubes for DNA extraction. All eye-bank eyes were
frozen at −7°C within 24 h of death, and globes underwent
DNA extraction within 1 week of freezing. Sera were not
available for testing chlamydial titers in corresponding
archival specimens or eye-bank donor tissues. Most ar-
chival specimens were stored in formalin for less than 2
years.

For IHC, paraffin-embedded specimens were serially
sectioned at 4–5 μm thickness, placed on glass slides and
deparaffinized by xylene-alcohol treatment. Enough tissue
was available to obtain two to six sections per specimen.
When available, two to three adjacent sections were placed
on a single slide to be stained simultaneously.

For PCR of AMD CNV, 20–30 μm sections were ob-
tained from each specimen and total DNA was extracted
with the Qiamp DNA mini kit (Qiagen, Valencia, CA),
using a modification of the manufacturer’s protocol to re-
move paraffin [42]. For PCR of control eye-bank retina,
choroid, and iris specimens, DNA was extracted from ap-
proximately 1–2 mg of each specimen using the Qiamp
DNA mini kit.

Immunohistochemistry

Antigen retrieval was performed by treatment with target
retrieval solution (Dako S1700; Dako, Carpinteria, CA) in
a water bath at 95°C for 20 minutes. Sections were in-
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cubated for one hour at room temperature with RR-402
mouse monoclonal anti-C. pneumoniae antibody (1:50
dilution; Dakocytomation, Carpinteria, CA). Negative con-
trols either omitted the primary antibody or substituted an
isotype-specific monoclonal antibody at a similar concen-
tration. Positive controls consisted of human RPE cells or
human monocyte-derived macrophages infected with C.
pneumoniae and fixed in formalin. A standard IHC pro-
tocol was then performed with the HRP-AEC anti-mouse
cell and tissue staining kit (Dako AP EnVision System;
Dakocytomation) according to the manufacturer’s recom-
mendations. All incubations were carried out in a humid-
ifier chamber. After incubation, slides were washed in PBS
or TBS, counterstained with Mayer’s hematoxylin (Sigma),
mounted with aqueous mounting medium (Farmount;
Dakocytomation), and examined by light microscopy.

PCR and automated sequencing

Meticulous care was taken to prevent contamination and
amplicon carryover. All PCR was done under sterile con-
ditions. Positive control DNAwas dispensed only after all
other specimen tubes were capped-on and removed from
the culture hood. All PCR tubes, Qiamp DNA extraction
kit reagents and spin columns were treated with UV light
(Stratagene UV crosslinker, Stratagene, La Jolla, CA) to
ensure absence of amplifiable DNA; PCR did not amplify
any product from UV-treated tubes and reagents when tar-
geting a universal bacterial 16S ribosomal RNA sequence
[34].

DNA was amplified with touchdown-nested PCR with
primers targeting the C. pneumoniae major outer mem-
brane protein sequence (CP1-CP2/CPC-CPD) [39]. Bovine
serum albumin 0.1–1% was used in each reaction to allow
amplification in the presence of melanin, a PCR inhibitor
present in uveal tissue [9]. Samples were electrophoresed
on 1.5% agarose gels, stained with ethidium bromide, and
visualized under ultraviolet light.

Ethidium bromide-stained gel bands were cut with a
sterile razor blade, and the band DNA was extracted and
purified with a Qiagen gel extraction kit (Valencia, CA).
Purified DNAwas analyzed using an automated sequencer
at the DNA Sequencing Center for Vision Research (DSCVR;
Massachusetts Eye and Ear Infirmary, Boston, MA). Se-
quencing was performed first with the CPD primer, and
sequence identity was confirmed by re-sequencing with the
CPC primer. Sequences were analyzed with Chromas soft-
ware (Technelysium, Helensvale, Australia) and compared
with sequences in the National Center for Biotechnology
Information database using Basic Local Alignment Search
Tool (BLAST). Data are representative of at least two
separate experiments.

Cell culture

Human peripheral blood mononuclear cells were isolated
by Ficoll-Hypaque centrifugation from healthy donor blood.
Monocytes were separated from lymphocytes by incubat-
ing cells at 37°C for 1 h in RPMI-1640 medium (Sigma),
followed by washing 5 times with HBSS (Sigma). In sep-
arate experiments, isolated cells were >90% monocytes by
anti-CD14 staining [19] and viability was >95% as
assessed by trypan-blue dye exclusion. Monocytes were
cultured at 37°C for 5–7 days in RPMI-1640 medium sup-
plemented with 10% FBS, 10 μg/ml gentamycin and 25
mM HEPES buffer to allow maturation into macrophages.
Human RPE cells (ARPE-19 cell line; ATCC, Manassas,
VA) were propagated in 1:1 DMEM/Ham’s F12 medium
(ATCC) supplemented with 10% FBS and 10 μg/ml gen-
tamycin. All cells were plated in 96-well microtiter wells or
LabTek slides for the experiments (Nalge Nunc Interna-
tional, Rochester, NY). Cells were mock-infected or in-
fected with varying doses of C. pneumoniae by incubating
for 2 h at 37°C in 50 μl medium, then cultured for 10–64 h
in 200 μl medium. Media were assayed by commercially
available ELISA kits for the presence of VEGF (R&D
Systems), IL-8, and MCP-1 (Anogen, Mississauga, Ontar-
io). Separate cell protein assays indicated that infection did
not globally increase protein secretion by the tested cell
types (not shown). Cells were fixed in methanol and stained
with the Pathfinder FITC-conjugated anti-chlamydial mono-
clonal antibody (Bio-Rad Laboratories, Hercules, CA).
Assays were conducted in triplicate and data are repre-
sentative of at least two similar experiments.

Results

Detection of C. pneumoniae in CNV by IHC

Serial sections of the CNV specimens (Tables 1, 2, 3, 4)
were stained with anti-C. pneumoniae monoclonal anti-
body (RR-402) for IHC. Four of nine specimens showed
evidence of C. pneumoniae [specimens 1.3 (Fig. 1a–d), 1.5
(Fig. 1e, f), 1.6 (Fig. 1g–j), and 1.9 (Fig. 1k)]. Most
specimens had an adjacent serial section available on the
same slide, and were considered positive only if intracel-
lular staining was observed in corresponding locations of
the two adjacent sections (compare Fig. 1a to b, e to f, and h
to i). Staining was not noted in CNV specimens incubated
with an isotype-specific control antibody or without pri-
mary antibody. In addition, an internal limiting membrane
(ILM) peel specimen that was incubated with anti-C. pneu-
moniae antibody as a negative control did not show evi-
dence of staining. Furthermore, no staining was observed
in serial sections of five CNV surgically extracted from
patients without evidence of AMD (Table 3), or from axial
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sections of seven non-AMD eyes enucleated for uveal
melanoma (Table 4). Some staining in AMD CNV spec-
imens localized within lipofuscin-laden cells (Fig. 1e, f)
characteristic of RPE. Two of the four positive specimens

(1.6 and 1.9) were extracted from patients previously
treated with photodynamic therapy. Since CNV resulting
from non-AMD disease tend to occur in younger patients
than AMD CNV, IHC control specimens were not age-
matched to AMD CNV (compare Table 3 to Table 1). Sur-
gically extracted CNV specimens are very small, and
therefore no extra tissue was available to perform double
staining to determine which cell types are preferentially
infected with C. pneumoniae. We did not notice a cor-
relation between C. pneumoniae infection and the amount
of inflammatory activity within CNV specimens.

Detection of C. pneumoniae in CNV by PCR

To further substantiate the presence of C. pneumoniae in
AMD CNV, several sections of each archival AMD CNV
specimen (Table 1) were examined by touchdown-nested

Table 1 Demographics of
patients with AMD CNV

Patient Age Gender Eye PDT DM CAD HTN Smoking Other history

1.1 82 M OD Yes No No Yes Never Cataract
1.2 78 F OS No No No No Never No
1.3 87 F OS No No No Yes Never No
1.4 90 F OD No No No Yes Never Breast CA
1.5 87 F OD No No No Yes Never Cataract
1.6 76 M OS Yes No Yes Yes Never s/p CABG
1.7 83 M OD Yes No No Yes Never Cataract
1.8 77 M OS Yes No No Yes Never No
1.9 83 M OS Yes No Yes Yes (Occasional) s/p Hernia repair

Table 2 Demographics of
non-AMD eye-bank donors

Patient Age Gender Eye Cause of death Death-preservation
time

2.1 72 M OD MI 13 h 31 min
2.2 75 M OD CVA 10 h 55 min
2.3 81 M OS Throat Cancer 4 h 50 min
2.4 75 M OD MI 17 h 20 min
2.5 73 M OS MI 23 h 15 min
2.6 74 F OD Respiratory Failure 11 h 30 min
2.7 73 M OD MI 20 h 20 min
2.8 71 M OD MI 8 h 38 min
2.9 73 M OS MI not known

Table 4 Demographics of patients without AMD enucleated for
uveal melanoma

Patient Age Gender Eye

4.1 68 F OS
4.2 83 F OS
4.3 56 F OD
4.4 64 M OD
4.5 51 M OD
4.6 71 F OD
4.7 83 M OS

Table 3 Demographics of patients with non-AMD CNV

Patient Age Gender Eye CNV Cause PDT/Laser DM CAD HTN Smoking Other history

3.1 43 F OD Idiopathic No No No Yes Never None
3.2 50 F OD Idiopathic No No No No Never Cataract
3.3 42 F OD Idiopathic No No Yes Yes Never Mitral valve prolapse
3.4 41 F OS Multifocal choroiditis No No Yes Yes Never None
3.5 12 M OS Post-trauma No No No Yes Never Choroidal ruptures
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Fig. 1 Detection of C. pneumoniae in AMD CNV by IHC. A
horseradish peroxidase method using monoclonal antibody (RR-
402) to the C. pneumoniae major outer membrane protein and AEC
(red) as substrate was used to detect the pathogen in CNV sections
from four separate specimens [1.3 (a–d), 1.5 (e, f), 1.6 (g–j), and 1.9
(k)]. Adjacent serial sections (a and b, e and f, and h and i) were
used to ensure specific staining of positive samples with RR-402.
Negative controls incubated with an isotype-specific monoclonal
antibody or by omitting the primary antibody did not show staining.
a 10× magnification of specimen 1.3 showed staining with RR-402.
b 10× magnification of the adjacent serial section shown in (a) with
staining at the specimen’s corresponding location (arrow). c 100×

magnification of the area indicated by the arrow in (b) showing
intracellular staining. d 40× magnification of (a) showing intracel-
lular staining. e 40× magnification of specimen 1.5, and f its
adjacent serial section showing staining at corresponding locations.
g 10× magnification of CNV 1.6 with positive staining (arrow).
h 63× magnified view from (f) showing staining with RR-402, and i a
100× view of the adjacent serial section showing staining at the
corresponding location. j RR-402 staining of a separate area in CNV
1.6 showing intracellular staining reminiscent of an inclusion. k 100×
magnification of a section from specimen 1.9 stained with RR-402
shows a pigmented cell with distinct intracellular staining. No
adjacent serial section was available for this specimen
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PCR [39] for the presence of C. pneumoniae DNA. Me-
ticulous care was taken to prevent contamination and
amplicon carry-over, including use of sterile technique,
UV-irradiation of all DNA extraction reagents and tubes,
and use of low C. pneumoniae DNA levels for positive
controls (see Methods). Since formalin fixation degrades
DNA, we chose as control tissues nine fresh, frozen eye-
bank eyes without evidence of AMD (Table 2); retina, iris,
and choroid tissue were dissected from each of these eyes
and the extracted DNA from each tissue was amplified
individually (Fig. 2a) or in combination (Fig. 2b). C.
pneumoniae DNA was not detected from any tissue iso-
lated from the nine control eyes (Fig. 2a, b), even though
the tissue was fresh and frozen (e.g. not fixed in formalin).
In contrast, DNA extracted from two of the nine archival

AMD CNV specimens (25 μm sections, specimens 1.7 and
1.9) amplified the expected C. pneumoniae major outer
membrane gene segment (Fig. 2c). A negative control
(Chlamydia trachomatis serovar A DNA) and positive
control (C. pneumoniae AR-39 DNA) gave expected re-
sults in each reaction. In addition, the original primer pair
produced products of the expected size for each positive
reaction (not shown), indicating that the final products
did not result from amplicon carryover during nested PCR.
For additional confirmation of the specificity of the PCR,
the amplified product bands were extracted from the gel,
purified and subjected to automated sequencing, revealing
100% identity to the expected C. pneumoniae major outer
membrane gene segment (not shown).

Fig. 2 Detection of C. pneumoniae in AMD CNV by PCR. a The
iris, retina and choroid of an eye bank globe without AMD (Donor
2.1) were separated by dissection and amplified by touchdown-
nested PCR [39] with primers specific for the C. pneumoniae major
outer membrane protein. Position of expected product (207 bp) is
shown to the left of the 100 bp ladder (arrow). No signal was
detected from the iris, retina, choroid, or control sample (water)
(lanes 1–4). Each sample was then spiked with C. pneumoniae DNA
(equivalent of 10 IFU, lanes 5–8) to demonstrate absence of
inhibitors of PCR in the tissue. b DNA extracted from the iris,
retina, and choroid of each globe was mixed in equivalent volumes
(2 ul each) and amplified for the presence of C. pneumoniae DNA.

No detectable DNAwas present from donors 2.2–2.9. Lane P, DNA
from sample 2.9+C. pneumoniae DNA (positive control DNA from
10 IFU, shown by arrow). c DNA extracted from CNV isolated from
AMD samples 1.4–1.9 was amplified for the presence of C.
pneumoniae DNA. Sample 1.7 and 1.9 showed amplified product of
the expected size, which was cut from the gel for sequencing.
Samples 1.1–1.3 (not shown) did not amplify a product in separate
experiments. Lane N, negative control (C. trachomatis serovar A, 10
IFU); Lane P, positive control (C. pneumoniae AR-39 DNA, 10
IFU). The position of the expected product (207 bp) is shown by an
arrow. Lane L, 100 bp ladder
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C. pneumoniae infects human macrophages
and RPE cells, and exposure to C. pneumoniae
induces production of pro-angiogenic cytokines
by these cell types

To determine whether the pathogen can also alter cell
function in ways that may cause neovascular AMD, human
monocyte-derived macrophages and ARPE-19 cells were
infected with varying doses of C. pneumoniae and assayed
for the production of pro-angiogenic cytokines. C. pneu-
moniae was found to infect both human macrophages and
ARPE-19 cells, establishing large, multiple inclusions
within ARPE-19 cells at relatively low multiplicities of

infection [1 infection forming unit (IFU)/cell] (Fig. 3).
Cells also were assayed for increased production of angio-
genic cytokines. Exposure to C. pneumoniae induced
VEGF by macrophages in a dose-dependent (Fig. 4a) and
time-dependent (Fig. 4b) manner. Higher doses of C.
pneumoniae led to an approximately 50-fold increase in
VEGF secretion, and stimulation was evident within 24 h
of infection. As expected, ARPE-19 cells secreted high
basal levels of VEGF, similar to native RPE [26], and C.
pneumoniae did not appreciably increase VEGF produc-
tion by this cell type (not shown). However, C. pneumo-
niae-mediated dysregulation of RPE function was evident
by a dose- and time-dependent increase in IL-8 (Fig. 5a, b)
and MCP-1 (Fig. 5c, d) by infected ARPE-19 cells. Higher
doses of C. pneumoniae led to a 10- to 20-fold increase
(P<0.05) in IL-8 levels and a twofold increase (P<0.05) in
MCP-1 production by ARPE-19 cells. Specific pathogenic
mechanisms (i.e., a role for virulence determinants such as
chlamydial heat shock protein 60 and lipopolysaccharide,
or requirement for live vs. heat- or UV-killed organisms)
were not investigated in this initial set of experiments.

Discussion

Data presented in these experiments show that an in-
fectious agent capable of inducing pro-angiogenic cyto-
kines is present in some AMD neovascular membranes.
C. pneumoniae was detected in four of nine CNV by IHC
(specimens 1.3, 1.5, 1.6, and 1.9), induced VEGF by mac-
rophages, and increased production of IL-8 and MCP-1 by
ARPE-19 cells. In contrast, five CNV surgically extracted
from patients without AMD (Table 3), and sections from
seven non-AMD eyes enucleated for uveal melanoma
(Table 4), did not show evidence for C. pneumoniae by
IHC. These data indicate that an infectious agent may con-

Fig. 3 Infection of ARPE-19 cells by C. pneumoniae. Human RPE
cells (ARPE-19 cell line) were infected with C. pneumoniae (1 IFU/
cell), incubated for 68 h, and fixed for immunofluorescent staining.
Note the well-defined, multiple reticulated chlamydial inclusions in
ARPE-19 cells. Approximately 70% of RPE cells were infected at
this dose (1 IFU/cell)

Fig. 4 C. pneumoniae infects
human monocyte-derived mac-
rophages and induces VEGF
production. Human peripheral
blood monocyte-derived macro-
phages were infected with
varying doses of C. pneumoniae
and assayed for VEGF produc-
tion within 2 days. C. pneumo-
niae induces VEGF production
by macrophages in dose-depen-
dent (a) and time-dependent
(b) manner. *, Statistically sig-
nificant difference (P<0.05)
compared with uninfected cells.
Results are representative of
three separate experiments
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tribute to the pathogenesis of AMD and strengthen the
hypothesis that chronic inflammation promotes progression
to neovascular AMD. However, data provided in these
experiments do not negate the “innocent bystander hypoth-
esis”, which argues that inactive C. pneumoniae arrives at
inflamed tissues within macrophages and that its presence
is a marker of macrophage recruitment but not a trigger for
inflammation. Furthermore, since C. pneumoniae was not
detected in all CNV, these data suggest that C. pneumoniae
infection is insufficient to cause CNV. However, the pres-
ence of a pathogen—one capable of establishing chronic
infection and inducing chronic inflammation—at the site
of the disease process may accelerate AMD in some
individuals.

Even though specimens were preserved in formalin for
extended periods, PCR was also attempted on the archival
CNV. PCR showed that two of nine AMD CNV were pos-
itive by PCR (specimens 1.7 and 1.9). However, PCR data

may be less reliable than IHC given that these archival
specimens were preserved in formalin, which degrades
DNA. Indeed, overlap between PCR and IHC was ob-
served only in one positive specimen (1.9). Extraction of
DNA from formalin-fixed samples significantly degrades
amplifiable DNA [41], especially if the amplified segment
is larger than 300 bp [5]. We picked a small DNA fragment
to amplify and used a modified DNA extraction technique
[42] to increase yield; even so, it is unlikely that PCR
would amplify DNA from all formalin-fixed specimens
containing C. pneumoniae. Difficulty in extracting and
amplifying chlamydial DNA from formalin-fixed athero-
sclerotic plaques may also have resulted in lower detection
rates with PCR than IHC [28], similar to our study (2/9
positive by PCR versus 4/9 positive by IHC). In contrast,
high levels of amplifiable DNA can be extracted from
unfixed, frozen specimens such as eye-bank eyes without
AMD (negative controls, Table 2), and lack of PCR prod-

Fig. 5 C. pneumoniae infects
human RPE cells and induces
IL-8 and MCP-1 production.
Human RPE cells (ARPE-19
cell line) were infected with
C. pneumoniae at varying doses,
incubated for 68 h, and assayed
for the production of IL-8 and
MCP-1. a, bC. pneumoniae
induces production of IL8 in a
dose-dependent (a) and time-
dependent (b) manner. c, d C.
pneumoniae also induces
production of MCP-1 in a dose-
dependent (c) and time-depen-
dent (d) manner. *, Statistically
significant difference (P<0.05)
compared with uninfected cells
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ucts from these specimens likely indicates absence of C.
pneumoniae in these tissues. In addition, PCR and IHC
should both be positive for specimens containing an abun-
dant number of chlamydiae; however, if the specimen
contained few organisms with patchy distribution, a spec-
imen would be unlikely to be positive by both PCR and
IHC, since sections assayed by PCR cannot be stained with
IHC (and vice versa). Indeed, PCR and IHC have corre-
lated poorly in detecting C. pneumoniae from atheroma-
tous lesions [28], in part because the distribution of the
pathogen in these lesions is patchy [29]. Our IHC studies
indicate that the distribution of organisms in CNV also is
patchy (Fig. 1), since only some sections from positive
CNV stain positive for the pathogen. Future studies with
freshly isolated AMD tissues will probably help detect C.
pneumoniae and other pathogens by PCR.

We detected C. pneumoniae in specimens 1.3, 1.5, 1.6,
1.7 and 1.9. Table 1 shows that none of the five donors had
diabetes, only one (1.9) was an occasional smoker, only
two (1.6 and 1.9) had evidence of coronary artery disease,
all had a history of hypertension, and three (1.6, 1.7, 1.9)
had been previously treated with PDT. Unfortunately, too
few specimens were available to study further the possi-
bility that hypertension and PDT may promote infection
and inflammation in neovascular AMD.

Serological analysis of these patients may have shown a
correlation between C. pneumoniae seropositivity and CNV
positivity and strengthened our observations. However, the
CNV specimens were formalin-preserved archival samples
collected and stored for several years, and sera from these
patients had not been collected at the time of surgery. We
did not attempt to re-contact these individuals for serolog-
ical analysis, for two reasons. Antibody titers to C. pneu-
moniae fluctuate over time, so that prior infection may
subside by the time of the sampling [7]. In addition, serol-
ogy correlates poorly with detection of C. pneumoniae
within atheromatous tissues, casting doubt on the reliability
of IgG titers for predicting the presence of the pathogen
within CNV [8].

The hallmark of chlamydial infections is their capacity
to cause chronic inflammation, and C. pneumoniae is
equipped with several virulence determinants that allow
the pathogen to cause such inflammation [22]. C. pneu-
moniae can establish persistent infection [3], induce pro-
inflammatory cytokines [25], dysregulate host-cell lipid
metabolism [19, 21, 24], and modulate apoptotic path-
ways [6] in several cell types. Many of these mechanisms
may promote AMD and atherosclerosis, two chronic, age-
related diseases mediated in part by inflammation [1, 35].
The observation that C. pneumoniae can infect RPE cells
(Fig. 3) and macrophages [23], cell types central to the
pathogenesis of AMD, itself indicates that C. pneumoniae
may dysregulate their function to promote AMD. Indeed,

C. pneumoniae was found to induce key angiogenic cyto-
kines by ARPE-19 cells and macrophages in a dose- and
time-dependent manner (Figs. 4 and 5). One of these cyto-
kines, VEGF, has been localized to surgically extracted
CNV from AMD patients [31]. Furthermore, adenovirus-
mediated overexpression of VEGF in the retina is suffi-
cient to induce CNV in animal models [2], and treatment
with anti-VEGF drugs dramatically reduces angiogenesis
and vascular leakage in animal models of AMD [2]. Bac-
terial lipopolysaccharide (LPS) can induce VEGF by human
macrophages through CD14/NFκβ-mediated activation;
however, chlamydial LPS contains a modified lipid A moi-
ety [36], which predicts that it should have low biologic
activity. The observed dramatic increase in macrophage
VEGF post-infection suggests that virulence determinants
other than cLPS may mediate VEGF secretion. Future ex-
periments will determine which chlamydial virulence de-
terminants mediate the induction of VEGF by human
macrophages.

It is not yet known whether C. pneumoniae can induce
VEGF in vivo to levels sufficient to cause angiogenesis;
however, the finding that a pathogen capable of inducing
pro-angiogenic factors can be detected within AMD CNV
does implicate C. pneumoniae in the pathogenesis of AMD.
Importantly, it is also not clear whether the pathogen ini-
tiates inflammation within choroidal tissues to cause CNV
de novo; an alternative explanation is that C. pneumoniae is
delivered to CNV by infected monocytes that are recruited
to the lesion by inflammatory stimuli.

Such questions must be addressed to strengthen the
association between C. pneumoniae infection and AMD,
and require additional pathology-based, animal model, and
cell culture studies. For example, future IHC studies will
use multiple monoclonal antibodies to localize chlamydial
antigens to specific CNV cell types and to determine
whether pathogen-laden CNV has increased expression
of VEGF compared with uninfected CNV. Unfortunately,
such studies are challenging in light of the difficulty in
obtaining primary AMD CNV tissue, the scarcity of donor
eyes available for AMD research from eye banks, and the
unavailability of suitable AMD animal models capable of
supporting persistent chlamydial infection. Nevertheless,
such studies are needed to establish a definitive role for
infection in AMD. If additional work supports the asso-
ciation, then human antibiotic treatment trials may deter-
mine a role for anti-infective therapy in AMD patients.
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