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The intracellular bacterial pathogen Chlamydia trachomatis is a major cause of sexually transmitted disease
worldwide. While protective immunity does appear to develop following natural chlamydial infection in
humans, early vaccine trials using heat-Killed C. trachomatis resulted in limited and transient protection with
possible enhanced disease during follow-up. Thus, immunity following natural infection with live chlamydia
may differ from immune responses induced by immunization with inactivated chlamydia. To study this
differing immunology, we used murine bone marrow-derived dendritic cells (DC) to examine DC maturation
and immune effector function induced by live and UV-irradiated C. trachomatis elementary bodies (live EBs and
UV-EB, respectively). DC exposed to live EBs acquired a mature DC morphology; expressed high levels of
major histocompatibility complex (MHC) class II, CD80, CD86, CD40, and ICAM-1; produced elevated
amounts of interleukin-12 and tumor necrosis factor alpha; and were efficiently recognized by Chlamydia-
specific CD4™ T cells. In contrast, UV-EB-pulsed DC expressed low levels of CD40 and CD86 but displayed
high levels of MHC class II, ICAM-1, and CD80; secreted low levels of proinflammatory cytokines; and
exhibited reduced recognition by Chlamydia-specific CD4™ T cells. Adoptive transfer of live EB-pulsed DC was
more effective than that of UV-EB-pulsed DC at protecting mice against challenge with live C. trachomatis. The
expression of DC maturation markers and immune protection induced by UV-EB could be significantly
enhanced by costimulation of DC ex vivo with UV-EB and oligodeoxynucleotides containing cytosine phosphate
guanosine; however, the level of protection was significantly less than that achieved by using DC pulsed ex vivo
with viable EBs. Thus, exposure of DC to live EBs results in a mature DC phenotype which is able to promote
protective immunity, while exposure to UV-EB generates a semimature DC phenotype with less protective
potential. This result may explain in part the differences in protective immunity induced by natural infection
and immunization with whole inactivated organisms and is relevant to rational chlamydia vaccine design

strategies.

Chlamydia trachomatis is a major cause of sexually transmit-
ted disease worldwide and is estimated to cause over 90 million
cases annually (54). In women, more than 70% of cases are
asymptomatic, and if left untreated, the infection can spread
throughout the reproductive tract and cause complications,
including tubal factor infertility, ectopic pregnancy, chronic
pelvic inflammation, and fallopian tube scarring (5, 18). C.
trachomatis is an obligate intracellular pathogen with a devel-
opmental cycle that includes two distinct forms: a metabolically
inactive elementary body (EB) that infects epithelial cells and
a larger metabolically active reticulate body that divides and
differentiates into EBs.

Immunity to chlamydial infection involves both humoral and
cell-mediated immune responses (31). Studies in animal mod-
els have established that both Chlamydia-specific CD4™ T cells
producing gamma interferon (IFN-vy) (18, 38) and antibody
production (32, 55) are critically involved in the clearance of a
chlamydial infection and in resistance to reinfection, while the
role of CD8" T cells appears to be less important (32). Al-
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though immunoepidemiological studies suggest that similar
patterns of immunity occur in humans (4), the immune effector
mechanisms elicited in humans remain less well understood.
Observations of both humans and mice suggest that expo-
sure to live and dead chlamydia induce distinct immunological
effects in the mammalian host. After recovery from infection,
for example, patients usually develop a strain-specific but
short-lived resistance to reinfection (12, 50). However, individ-
uals immunized with whole heat-inactivated chlamydia de-
velop little protection and upon subsequent infections may
develop symptoms of disease exacerbation (12, 13). Similarly,
mice infected with C. trachomatis mouse pneumonitis (MoPn)
develop almost sterile protective immunity (23, 49), while im-
munization with killed chlamydia or with the chlamydial major
outer membrane protein (MOMP) induces responses ranging
from little to no protection (23, 43). Furthermore, under some
circumstances it appears that live chlamydia may actually im-
pair immune recognition of infected cells or alter antigen-
presenting cells by down-regulating both major histocompati-
bility complex (MHC) class I and MHC class II, thereby
promoting a state of persistent infection (56, 57). It is apparent
that seemingly opposite effects are induced by exposure of
mammalian hosts to live and dead chlamydia. However, to date
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a direct comparison of the effects of live and dead chlamydia
on cellular immunity has not been carried out.

Dendritic cells (DC) are key players in immunity that dictate
the type and quality of the immune response that is generated
to a particular antigen. DC are professional antigen-presenting
cells that have an extraordinary capacity to stimulate naive T
cells and initiate primary immune responses (1, 30). Although
the diverse functions of DC in immune regulation depend in
part on the diversity of DC subsets and lineages, it has also
become clear that the state of DC maturation is critical for the
initiation of immune responses (22, 47). Mature DC promote
efficient and specific protective immunity (11, 20), whereas
immature DC are associated with immunological unrespon-
siveness (8, 9) and tolerance to self antigens (46, 51).

In the last few years, the role of DC in chlamydial immu-
nobiology has been actively investigated (16, 17, 25, 27, 34,
35, 43, 44). Both live (27, 34, 35) and dead (49) chlamydia
are effectively taken up by DC. However, after internaliza-
tion, inclusions harboring replicating chlamydia are not
formed within DC (27, 35); instead, chlamydia appear to be
killed within the first few hours postinfection by a mecha-
nism that involves fusion of the inclusion with host cell
lysosomes (34), an event that is normally inhibited in chla-
mydia-infected epithelial cells (41). In the murine model,
both live and dead chlamydia appear to activate and mod-
ulate DC function. For example, DC infected with live Chla-
mydia pneumoniae produce interleukin-12 (IL-12) through a
mechanism that involves TLR2 and TLR4 (35), while DC
pulsed with live C. trachomatis efficiently presented chla-
mydial antigen to T cells in vitro (27). Furthermore, DC
isolated from the lungs of mice infected with live MoPn pro-
moted a TH1 immune response to a model antigen (ovalbu-
min), whereas DC isolated from naive mice induced a TH2
immune response (16). Exposure to dead chlamydia similarly
affects DC function. DC exposed to either heat-killed or UV-
irradiated chlamydia expressed inflammatory and immuno-
modulatory molecules, including CCR-7, IL-12, and IFN-y-
induced protein 10 (44), and upon intravenous adoptive
transfer these DC conferred resistance to chlamydial challenge
(44, 49). Furthermore, intraperitoneal administration of UV-
inactivated chlamydia together with adenovirus expressing
granulocyte-macrophage colony-stimulating factor (GM-CSF)
resulted in the accumulation of DC in the peritoneum of in-
fected mice, which correlated with the development of protec-
tive immunity (23).

While it appears that both live and dead chlamydia modulate
DC immunobiology, it is not clear whether the DC maturation
statuses or the patterns of DC immunogenicity induced in
response to live and dead organisms are identical. The purpose
of this study was to examine the effect of live and dead chla-
mydia on the activation and maturation of bone marrow-de-
rived DC and to determine whether DC incubated with live
and dead chlamydia are equally able to induce protective im-
munity upon adoptive transfer. This study serves as the first
direct comparison of the effects of live and dead chlamydia on
DC maturation and immunogenicity and may shed light on why
candidate vaccines using inactivated chlamydia have thus far
proved unsuccessful.
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MATERIALS AND METHODS

Reagents and antibodies. Antibodies for fluorescence-activated cell sorting
(FACS) analysis and enzyme-linked immunosorbent assay (ELISA) were pur-
chased from Pharmingen (Mississauga, Ontario, Canada). The following mono-
clonal antibodies (MAbs) were used for FACS: rat anti-mouse FcR Ab (2.4G2);
phycoerythrin-conjugated hamster anti-mouse CD11c (HL3); fluorescein iso-
thiocyanate (FITC)-conjugated hamster anti-mouse CD40 (HM40-3); FITC-
conjugated hamster anti-mouse CD80 (16-10A1); FITC-conjugated rat anti-
mouse CD86 (GL1); FITC-conjugated hamster anti-mouse CD54 (3E2); and
FITC-conjugated rat anti-mouse I-A/I-E (2G9). The following capture and de-
tection antibody pairs were used for ELISA: IFN-y (R4-6A2 and XMG2.2),
IL-12 (C15.6 and C17.8), tumor necrosis factor alpha (TNF-a) (G281-2626 and
MP5-X13), and IL-10 (JES5-2A5 and SXC-1). Iscove’s modified minimal essen-
tial medium (IMDM), fetal calf serum (FCS), and GM-CSF were purchased
from Stem Cell Technologies, Vancouver, Canada. Hybridoma X63 producing
IL-4 was provided by F. Melchers, Basilea Institute, Basel, Switzerland. Oligode-
oxynucleotide (ODN) sequence 1826 (37) containing two cytosine phosphate
guanosine (CpG) motifs (TCCATGACGTTCCTGACGTT; the underlined
bases represent the CpG motifs) and control ODN sequence 1982 (TCCAGG
ACTTCTCTCAGGTT) without CpG motifs were purchased from Coley Phar-
maceutical group, Ottawa, Canada. LPS was from Sigma, St. Louis, Mo.

Generation and purification of DC. Myeloid DC were generated from bone
marrow progenitors in vitro by using GM-CSF and IL-4 as described previously
(19) with minor modifications. Briefly, bone marrow cells flushed from the
femurs of 8- to 12-week-old female C57BL/6 mice were cultured at a concen-
tration of 7 X 10° cells/ml in 10-cm-diamater dishes (Falcon). The DC growth
medium consisted of IMDM supplemented with 10% FCS, 15 ng of GM-CSF/ml,
2 mM L-glutamine, 2-mercaptoethanol, penicillin, streptomycin, and 5% IL-4
culture supernatant of Hybridoma X63 (see above). Fresh GM-CSF was added
to the cultures at day 4. On day 7, nonadherent cells were harvested and purified
by using anti-CD11c magnetic beads (Miltenyi Biotech Ltd.). Purities of >98%
CD11c* cells were routinely achieved, as determined by FACS (not shown).

Mice. Female C57BL/6 or BALB/c mice were purchased from Charles River
(St. Constant, Canada) and kept under pathogen-free conditions at the Animal
Facility of the Jack Bell Research Centre. All animal procedures used in the
study were approved by the animal care committee of the University of British
Columbia.

Chlamydiae. C. trachomatis MoPn strain Nigg (also known as Chlamydia
muridarum) was used in this study. MoPn was grown in HeLa 229 cells in Eagle’s
minimal essential medium (Invitrogen) supplemented with 10% FCS. EBs were
purified from HelLa cells on discontinuous density gradients of Renografin-76
(Nycomed Imaging, Brampton, Ontario, Canada) as described previously (23).
Purified EBs were aliquoted and stored at —80°C in sucrose-phosphate-glutamic
acid buffer. Infectivity and the number of inclusion-forming units (IFU) of
purified EBs were assessed by immunostaining. Briefly, HeLa cell monolayers
were infected with serial dilutions of EBs and incubated for 24 to 36 h at 37°C.
Cells were fixed in methanol and stained with an antibody raised against chla-
mydial MOMP (ViroStat, Portland, Maine). Detection was carried out as pre-
viously described (23). Inactivation of EBs was carried out either by heating to
56°C for 30 min (49) or by exposure to UV light from a G15T8 UV lamp (D.
William Fuller, Inc., Chicago, Ill.) at a distance of 5 cm for 45 min at room
temperature as previously described (23). To ensure that treated EBs were
completely inactivated, viability was tested on HeLa 229 cells as indicated above.
No recoverable IFU was found after incubation of inactivated EBs on HeLa cells
for a period of 24 or 36 h (data not shown). The IFU for both live EBs and
UV-irradiated EBs (UV-EB) were calculated from the titers determined on
original chlamydial purified stocks as described above. In preliminary experi-
ments, we found that heat-inactivated and UV-irradiated EBs induced similar
effects on DC activation in terms of expression of costimulatory molecules and
MHC class II (data not shown). Therefore, throughout this work UV-irradiated
EBs were used as the source of dead MoPn.

FACS analysis. DC were resuspended at a cell density of 5 X 10° cells/ml and
incubated on ice for 30 min with 10 pg of the murine anti-mouse immunoglob-
ulin G FcR Ab/ml. Cells were added to FITC- or phycoerythrin-conjugated
antibodies and incubated for 30 min. Cells were washed once with phosphate-
buffered saline (PBS) containing 2% FCS and then with PBS containing 1 pg of
propidium iodide/ml to stain dead cells (Sigma Chemicals). Analysis was carried
out on a FACS Calibur (Becton-Dickinson, San Jose, Calif.). Only live cells were
analyzed.

Allogeneic T-cell proliferation assays. Purified DC were incubated for 4 h with
medium alone, lipopolysaccharide (LPS), or either live EBs or UV-EB at a
multiplicity of infection (MOI) of 1. Unbound bacteria were washed away with
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PBS containing 2% FCS, and cells were incubated for a total of 48 h. DC were
harvested, washed once with IMDM, and irradiated with 1,500 rads for 10 min
(RT250 X-ray machine; Philips). DC were seeded into U-bottom 96-well plates
at concentrations ranging between 5 X 10° and 0.3 X 10° cells per well. Alloge-
neic T cells were purified from the spleens of BALB/c mice by negative selection
with the MACS CD4* T-cell isolation kit (Miltenyi Biotech Ltd.). T-cell density
was adjusted to 10° cells/ml in IMDM, and 100 wl of the cell suspension was
added to wells containing purified DC as described above. Plates were incubated
for 48 h at 37°C. Tritiated thymidine (1 wCi/well; New England Nuclear) was
added for 24 h, and cells were harvested for analysis of thymidine incorporation
by liquid scintillation counting.

Cytokine production by DC. Purified DC were cultured in 24-well plates at 10°
cells/ml in the presence of either live EBs or UV-EB at an MOI of 3. DC were
also incubated with either medium alone, LPS (1 pg/ml), or CpG (30 pg/ml).
After 48 h of incubation, cell supernatants were collected and stored at —80°C
for cytokine profiling. IFN-vy, IL-12 (p40/p70), TNF-c, and IL-10 determination
in culture supernatants was carried out by ELISA (Pharmingen) as previously
described (23) with minor modifications. Briefly, ELISA plates were coated with
capture antibody at 4 pg/ml in bicarbonate buffer for 16 h at 4°C. After being
washed three times with PBS containing 0.5% Tween 20, the plates were blocked
with 1% bovine serum albumin in PBS for 2 h at room temperature. Culture
supernatants were added, incubated for 3 h, and washed three times with PBS.
Detection was carried out by standard procedures as previously described (23).

Presentation of chlamydial antigens by DC. Presentation of antigens by DC
was determined as described previously (33). Chlamydia-specific CD4™ T cells
were generated by immunizing 8- to 12-week-old female C57BL/6 mice intra-
peritoneally (i.p.) with 10° live EBs and boosting 2 weeks later. Spleens were
isolated from mice 1 week after the second immunization, and CD4" T cells
were isolated with a MACS CD4" T-cell isolation kit (Miltenyi Biotech). As a
control, CD4" T cells from nonimmunized animals were isolated in parallel.
Freshly purified chlamydia-specific CD4" T cells or irrelevant control CD4" T
cells (4 X 10° T cells in 100 pl of medium) were added to DC prepared as
follows. Immature purified DC were incubated with either live EBs or UV-EB at
an MOI of 3 for 4 h. Cells were washed three times with PBS plus 2% FCS to
remove unbound bacteria and plated in 96-well dishes at a concentration of 10°
cells/well in 100 pl of IMDM containing 10% FCS. Cells were incubated for 48 h
at 37°C. The amount of IFN-y present in the supernatants as assayed by ELISA
was used as a measure of antigen-specific T-cell recognition.

Phagocytosis and viability assays. Purified DC were incubated with various
MOIs of live EBs or UV-EB for 4 h at 37°C, and unbound bacteria were removed
by washing. Infected DC were incubated for another 2 h at 37°C. DC were fixed
with 2% paraformaldehyde and washed three times with permeabilization buffer
containing 0.5% saponin, 2% PBS, and 0.2% sodium azide in PBS. Nonspecific
sites were blocked with goat serum, and cells were stained with goat FITC-
labeled antichlamydia MAb (ViroStat) in permeabilization buffer. Analysis was
carried out by FACS. Results are expressed as the percentage of CD11c* cells
containing chlamydia. Less than 2% of DC were found to bind live EBs or
UV-EB, as determined by staining with FITC-labeled antichlamydia antibody
without permeabilization (data not shown). For DC viability, cells were incu-
bated for 2 h with either live EBs or UV-EB at various MOIs. Unbound bacteria
were removed by washing, and DC were incubated at 37°C for a total of 48 h. DC
were stained with trypan blue (Sigma), and 100 cells were counted by visualiza-
tion under a microscope. Results represent the percentage of living cells in the
experimental group compared with the untreated controls.

Immunization and challenge. Purified DC were incubated at 10° cells/ml with
one of the following: (i) normal medium, (ii) live EBs (MOI of 1), (iii) UV-EB
(MOI of 1), or (iv) UV-EB plus 30 wg of CpG/ml. Incubation was carried out for
4 h at 37°C prior to washing with PBS containing 2% FCS, and DC were
incubated for an additional 42 h in IMDM containing 10% FCS. CpG was
maintained in the culture medium for the duration of the 48-h incubation.
Treated and untreated DC were collected and washed three times with endo-
toxin-free PBS (Stem Cell Technologies). DC (0.5 X 10° in PBS) were injected
i.p. into C57BL/6 mice. Two groups of mice were immunized with 2 X 10° live
EBs or UV-EB as controls. Two weeks later, mice were given a second immu-
nization, and 7 days after the last immunization mice were challenged intrana-
sally with 3,000 live EBs. Protection was assessed by measuring body weight loss
on a daily basis. Eight days after the intranasal challenge, the lungs were removed
and homogenized in 5 ml of sucrose-phosphate-glutamic acid buffer, and the
suspension was used to determine the IFU numbers in HeLa cells as described
for EB titration (see above).

Statistical analysis. Statistical analysis was carried out by using Student’s ¢ test.
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FIG. 1. Effect of live EBs and UV-EB on viability and phagocytic
ability of DC. (A) DC were exposed to live EBs or UV-EB for 6 h at
the indicated MOlIs. Internalized bacteria were visualized by FACS
after intracellular staining with antichlamydia FITC-labeled antibody.
Results are given as the percentage of cells that were positive for both
chlamydia and CD11c. (B) DC viability was determined by trypan blue
exclusion and was calculated as the percentage of viable cells in the
experimental group divided by the number of viable cells in the unin-
fected controls. Results represent the means * standard deviations
(SD) from four experiments. *, P < 0.05; **, P < 0.001.

RESULTS

Effect of live EBs and UV-EB on DC. To examine the effect
of chlamydia on the maturation of DC, bone marrow-derived
DC were generated and incubated with either live EBs or
UV-EB. DC exposed to MoPn were evaluated for the follow-
ing: (i) the ability to phagocytose MoPn, (ii) the viability of DC
following phagocytosis, (iii) changes in morphology, and (iv)
the ability to support chlamydial replication. Figure 1A shows
that at low MOlIs, both live EBs and UV-EB were internalized
at relatively similar levels, while at MOIs greater than 6, DC
internalized live EBs slightly more efficiently. Figure 1B dem-
onstrates that low ratios of live EBs (MOIs of 1 to 3) did not
significantly affect DC viability, whereas at high ratios (MOI >
3), only exposure to live EBs resulted in a significant reduction
of DC viability (P < 0.001). At an MOI of 1 or 3, DC dem-
onstrated equivalent levels of phagocytosis, and these MOIs
had no discernible effect on DC viability when DC were ex-
posed to either live EBs or UV-EB; MOIs of 1 to 3 were used
throughout the rest of this work, as noted in the text. Micro-
scopic examination 48 h after incubation showed that exposure
to live EBs induced morphological features similar to the ones
induced by LPS and known to be displayed by mature DC (53),
namely, large floating cell aggregates, cells that were loosely
attached to the plastic, and cells with rounded shapes that
displayed large veils and long dendrites (data not shown). In
contrast, minimal morphological changes were observed in DC
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TABLE 1. Phenotypes of BM-DC pulsed with Chlamydia
trachomatis MoPn

Proportion of CD11c-positive cells expressing the marker”:

DC
treatment  cpgg CD8O cD40  1cAM-1 A (MHC
class II)
None 21 +3 74 =8 23+7 76+ 9 65 +7
Live EB 88 + 3 94 +7 89 +5 92 +8 86+9
UV-EB 384> 91+3 465 87+7 78 + 10
LPS 82+6 93 +5 92 + 10 94 +5 82+9

“ The proportions of CD11c-positive cells expressing the marker * the stan-
dard errors are given.
b P < 0.001.

incubated with UV-EB, and these DC more closely resembled
the uninfected DC controls (data not shown).

We next examined whether MoPn survived and formed in-
clusions within DC. Purified DC were incubated with live EBs
at an MOI of either 1 or 3 and incubated for between 1 and
72 h prior to harvesting and screening for inclusions. No in-
clusions were found within infected DC, and no infectious
progeny were observed within HeLa cells incubated with in-
fected DC lysates (data not shown). These results confirm
those of previous studies indicating that chlamydia do not
replicate within DC (34).

Live EBs and UV-EB induce different patterns of expression
of DC activation markers. It has been previously shown that
mature DC express high levels of MHC class I and costimu-
latory molecules (15). Therefore, we examined whether expo-
sure to MoPn alters DC surface marker expression. Purified
DC were either left untreated or exposed to live EBs, UV-EB,
or LPS. Table 1 shows that the expression of ICAM-1 and
MHC-II was slightly higher in DC infected with live EBs than
in cells incubated with UV-EB; however, this difference was
not statistically significant. In contrast, the expression of CD40
and CD86 was highly up-regulated in response to live EBs and
was nearly equivalent to levels found in LPS-stimulated DC
(Table 1), while CD40 and CD86 expression was significantly
lower following exposure to UV-EB (P < 0.001). In addition,
increasing the MOI of UV-EB to 6 had no effect on the
expression of CD40 and CD86 (data not shown). Importantly,
all DC markers examined were expressed at relatively low
levels in untreated, control DC and were highly expressed
upon LPS stimulation (Table 1). This result demonstrates that
exposure of DC to live EBs but not UV-EB induced full ex-
pression of costimulatory molecules and suggests that live EBs
generated a fully mature DC phenotype, whereas exposure to
UV-EB generated a semimature DC phenotype.

Functional maturation of DC upon exposure to live EBs or
UV-EB. Mature DC are able to provide effective signals to T,
B, and NK cells and to produce proinflammatory cytokines
(15). Three sets of functional assays were performed to exam-
ine the functional maturation status of DC upon incubation
with live EBs or UV-EB. First, chlamydia-treated DC were
tested for their ability to induce allogeneic T-cell proliferation
(42). Purified DC were incubated with live EBs or UV-EB and
cocultured with allogeneic T cells purified from the spleens of
BALB/c mice, and T-cell proliferation was assessed by incor-
poration of tritiated thymidine. As shown in Fig. 2A, DC
pulsed with live EBs induced proliferation of allogeneic T cells,
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comparable to the proliferation induced by LPS-treated DC.
In contrast, proliferation induced by DC treated with UV-EB
was significantly lower and not different from the negative
control.

Second, live EBs and UV-EB were tested for their ability to
induce secretion of proinflammatory (IL-12, TNF-a, and
IFN-v) or regulatory (IL-10) cytokines by DC (14, 39, 48, 52).
Figure 2B shows that the secretion levels of IL-12 and TNF-a
by DC in response to live EBs were 16 = 1.5 and 1.5 = 0.1
ng/ml, respectively. These amounts were 3 (P < 0.01) and 15
(P < 0.001) times higher than the corresponding cytokine
levels produced by DC in response to UV-EB. Interestingly,
both live EBs and UV-EB induced similarly low levels of IL-10
(Fig. 2B). No IFN-y production was detected in response to
either live EBs or UV-EB (data not shown). Production of
IL-12 and TNF-a by DC in response to LPS was similar to the
production induced by UV-EB and far less than the amounts
induced by live EBs. In contrast, LPS was a much more potent
inducer of IL-10 than was chlamydia (P < 0.001) (Fig. 2B).

Third, we compared the abilities of live EB- and UV-EB-
pulsed DC to process and present antigens to chlamydia-spe-
cific CD4" T cells (33). DC exposed to live EBs or UV-EB
were incubated with chlamydia-specific CD4* T cells isolated
from mice immunized against MoPn. Production of IFN-y was
used to measure an antigen-specific TH1 response. In terms of
IFN-y production, chlamydia-specific CD4™ T cells recognized
DC pulsed with live EBs significantly more efficiently (14.3 +
1.1 ng/ml) than did DC pulsed with UV-EB (7.1 = 1.3 ng/ml)
(P < 0.01). IFN-y production required immune T cells, since
neither naive DC nor DC pulsed with either live EBs or
UV-EB produced IFN-y. Similarly, naive CD4 " T cells did not
secrete IFN-y upon coculture with live EB- or UV-EB-pulsed
DC (Fig. 2C).

Collectively, these data show that live EBs induced func-
tional maturation of DC compared to UV-EB. These findings
suggest that live EB-pulsed DC might be more effective at
inducing protective immunity in vivo than DC pulsed with
UV-irradiated or otherwise inactivated EBs.

Resistance to chlamydial infection induced by live EB- or
UV-EB-pulsed DC. To determine whether DC pulsed with live
EBs induced better protective immunity in vivo than UV-EB-
pulsed DC, unstimulated DC or DC pulsed with either live
EBs or UV-EB were adoptively transferred by intraperitoneal
injection into naive mice. Protection was assessed by monitor-
ing body weight loss after intranasal challenge with a lethal
dose of MoPn. Mice were sacrificed at 8 days postchallenge,
and pulmonary bacterial load was determined. As shown in
Fig. 3A, mice adoptively immunized with live EB-pulsed DC
developed a mild course of disease as determined by body
weight loss. The disease was rapidly controlled, and by day 7
the mice had completely recovered their original body weights.
As shown in Fig. 3B, 0.3 X 10° IFU were detected in the lungs
of these mice 8 days after challenge. In contrast, mice immu-
nized i.p. with UV-EB-pulsed DC exhibited progressive weight
loss (P < 0.001) during the 8-day period (Fig. 3A), and 4.8 X
10° IFU were detected in their lungs (P < 0.001 compared to
live EB-pulsed DC) (Fig. 3B). Of note, mice i.p. immunized
with live EBs and allowed to recover for 2 weeks prior to
pulmonary challenge lost more weight and also had a higher
pulmonary IFU count than mice immunized i.p. with live EB-
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pulsed DC (P < 0.01 and P < 0.001) (Fig. 3A and B, respec-
tively). Taken together, these results suggest that live EB-
pulsed DC are more effective than UV-EB-pulsed DC in
conferring protective immunity when administered by i.p.
adoptive transfer.

CpG enhances the DC maturation levels induced by UV-EB
alone. Oligodeoxynucleotides containing CpG motifs have
been used as adjuvants to induce TH1 type immune responses
(36, 37). We examined whether UV-EB-pulsed DC could be
induced to mature by costimulation with CpG ODN sequence
1826 (37). Purified DC were either untreated, incubated with
UV-EB (MOI of 3) and CpG (30 pg/ml), or incubated with
CpG alone. Cells were then tested for the expression of CD40
and CD86, cytokine secretion, and the ability to induce allo-
geneic T-cell proliferation. As shown in Fig. 4, CpG alone was
effective at promoting DC maturation according to all three
criteria and also induced a mature DC morphology (data not
shown). Thus, in contrast to UV-EB-pulsed DC, the combina-
tion of UV-EB and CpG enhanced the expression of both
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FIG. 2. Phenotypic and functional maturation of DC upon expo-
sure to live EBs and UV-EB. (A) Allogeneic T-cell proliferation as-
says. DC from C57BL/6 mice were left untreated, incubated with LPS
(1 pg/ml), or exposed to either live EBs or UV-EB for 48 h prior to
irradiation. Irradiated DC were cocultured with purified BALB/c T
cells for 48 h, and tritiated thymidine was added for an additional 24 h
prior to harvesting and analysis for thymidine incorporation. Results
represent the number of counts per minute (cpm) calculated per 100
DC. (B) Cytokine profiling. DC were untreated, incubated with LPS (1
pg/ml), or exposed to live EBs or UV-EB for 48 h before the super-
natants were analyzed for cytokine production by ELISA. (C) IFN-y
production by Chlamydia-specific T cells. CD4" T cells isolated from
mice immunized against MoPn were cultured in isolation or cocultured
with DC pulsed with either live EBs or UV-EB. Naive DC and DC
exposed to either live EBs or UV-EB were cultured in the absence of
T cells to serve as DC negative controls. T cells isolated from naive
mice were either cultured alone or cocultured with DC pulsed with
either live EBs or UV-EB and represent T-cell negative controls. Cells
were incubated for 48 h, and the amount of IFN-vy secreted by T cells
was determined by ELISA. All experiments were performed in tripli-
cate and repeated on three separate occasions, with similar results.
Results represent the mean = SD from one representative experiment.
* P <0.01; **, P < 0.001; ***, P < 0.01.

CD86 and CD40 (P < 0.01) (Fig. 4A) and significantly stimu-
lated allogeneic T-cell proliferation (P < 0.01) (Fig. 4B). Fur-
thermore, in contrast to UV-EB-pulsed DC, costimulation
with CpG and UV-EB promoted the production of IL-12 (P <
0.01) and TNF-a (P < 0.001) but not IL-10 (Fig. 4C). Surpris-
ingly, UV-EB appeared to interfere with the ability of CpG to
induce full DC maturation, since CpG-induced expression of
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FIG. 3. Body weight loss and pulmonary bacterial load of mice
immunized with live EB- or UV-EB-pulsed DC. DC were left un-
treated or incubated with either live EBs or UV-EB for a total of 48 h
at 37°C. DC were washed with endotoxin-free PBS, and a total of 0.5
X 10° DC were injected into the intraperitoneal cavities of mice, which
were separated into experimental groups of five mice. Two groups of
mice were immunized intraperitoneally with either 2 X 10° live EBs or
UV-EB as controls. Animals were boosted with an identical dose of
DC or EBs on day 14 and finally challenged intranasally on day 21 with
3,000 IFU of live EBs. Immune protection was determined by daily
measurement of body weight after the final challenge (A) and the
determination of pulmonary IFU counts on day 8 postchallenge (B).
All experiments were performed on three separate occasions, with
similar results. Results represent the mean * SD from one represen-
tative experiment. *, P < 0.001 (comparing live EB-pulsed DC and
UV-EB-pulsed DC); **, P < 0.01; and ***, P < 0.001 (comparing live
EBs and live EB-pulsed DC).

CDS86 or production of IL-12 and TNF-a were significantly
lower when DC were coincubated with both CpG and UV-EB
than when DC were incubated with CpG alone (Fig. 4C).
Nevertheless, these results suggest that DC activation by
UV-EB can be enhanced by adjuvants such as CpG.
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Adoptive transfer of DC exposed to UV-EB and CpG en-
hances immune protection. In order to test the immunogenic-
ity conferred by CpG to UV-EB-pulsed DC, cells were co-
stimulated ex vivo with UV-EB plus CpG for a total of 48 h and
injected i.p. into naive mice. Control groups received unstimu-
lated DC, DC pulsed with UV-EB, or DC treated with CpG
alone. Protection was measured by body weight loss and bac-
terial load in the lungs 8 days postchallenge. Mice immunized
with DC costimulated with UV-EB and CpG showed signifi-
cantly less body weight loss than mice given DC pulsed with
UV-EB (P < 0.01) (Fig. 5A). As shown in Fig. 5B, the pulmo-
nary bacterial loads of these mice by day 8 were somewhat
reduced (1 X 10°), whereas those of mice immunized with
UV-EB-pulsed DC were significantly higher (5.7 X 10°) (P <
0.001). Thus, although the immunogenic potential of DC in-
duced by UV-EB can be enhanced by CpG, this only margin-
ally enhanced protective immunity.

DISCUSSION

Observations from both clinical data from human infections
and studies using murine infection models suggest that expo-
sure to live and dead chlamydial EBs generate distinct immune
responses. While both humans and mice demonstrate protec-
tive immunity following infection (4, 31), murine immunization
studies using whole inactivated chlamydia organisms resulted
in little or no protection against infection (23), and related
human vaccine trials were similarly unsuccessful (7, 12). Since
DC are decisive effectors of innate immunity and dictate the
type of acquired immune response to a particular antigen, and
this ability depends in part on the maturation status of DC (11,
20), we reasoned that live and dead chlamydia could induce
different patterns of DC immunogenicity by differentially in-
ducing DC maturation. This could explain, in part, the appar-
ent disparate immune effects induced by live and dead chla-
mydia in vivo.

In this study, we compared the DC maturation statuses and
immune effector functions induced by exposure to live or dead
C. trachomatis MoPn EBs. We found that although both live
and dead chlamydia are efficiently phagocytosed by DC, live
EBs were more effective than UV-EB at inducing optimal
phenotypic and functional maturation of DC as determined by
the following results: (i) the induction of mature DC morphol-
ogy; (ii) an increased ability to induce allogeneic T-cell prolif-
eration; (iii) increased expression of CD40, CD80, CD86,
MHC class II, and ICAM-1; (iv) enhanced production of
proinflammatory cytokines IL-12 and TNF-a but not IL-10;
and (v) an enhanced ability to promote protective immunity to
challenge infection upon adoptive transfer. According to the
criteria defining DC maturation types outlined by Lutz and
Schuler (26), these observations indicate that exposure to
UV-EB induces a semimature DC phenotype, while exposure
to live EBs generates a mature DC phenotype.

However, the question remains as to why live EB-pulsed DC
produce a more effective protective immune response upon
adoptive transfer than UV-EB-pulsed DC. We found that live
EB-pulsed DC displayed significantly higher levels of the co-
stimulatory molecules CD86 and CD40 and produced a stron-
ger allogeneic T-cell response than UV-EB-pulsed DC. As the
expression of DC costimulatory molecules is critical for effec-
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tive DC-mediated T-cell activation (15), it stands to reason
that live EB-pulsed DC would be more effective at stimulating
a T-cell response due to increased surface expression of CD40
and CDS86. In addition, live EB-pulsed DC may be better
immune effectors than UV-EB-pulsed DC due to their ability
to produce elevated levels of the proinflammatory cytokines
IL-12 and TNF-« (Fig. 2B). Both populations of DC produced
similar, low levels of IL-10, which has been found to suppress
protective immunity against chlamydial infections (17). How-
ever, IL-12 is required to effectively control chlamydial infec-
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FIG. 4. CpG induces maturation of UV-EB-pulsed DC. (A) Effect
of CpG on the surface expression of CD40 and CD86. DC were left
untreated or incubated with either UV-EB, UV-EB and CpG, or CpG
alone. After 48 h, DC were stained for CD11c and either CD40 or
CDS86 and analyzed by FACS. Results shown are the percentage of
CD11c" cells expressing either CD40 or CD86. Results represent the
mean = SD from five independent experiments. (B) Allogeneic T-cell
proliferation induced by DC upon exposure to UV-EB and CpG.
Purified DC were left untreated or incubated with CpG (30 pg/ml),
UV-EB alone, or UV-EB and CpG (30 pg/ml) and incubated for 48 h.
Tritiated thymidine was added for an additional 24 h before cells were
harvested and analyzed for thymidine incorporation. Experiments
were performed on three separate occasions, with similar results. Re-
sults represent the mean = SD from one experiment and show the
number of cpm calculated per 100 DC. (C) Cytokine production by DC
upon exposure to UV-EB and CpG. DC were left untreated or incu-
bated with CpG (30 pg/ml), UV-EB, or UV-EB and CpG (30 wg/ml)
for 48 h before the supernatants were analyzed for cytokine production
by ELISA. Experiments were performed on three separate occasions,
with similar results. Results represent the mean = SD from one rep-
resentative experiment. *, P < 0.01; **, P < 0.001 (both comparing
UV-EB-pulsed DC and DC exposed to UV-EB and CpG).

tions (24), and TNF-a is known to promote DC migration (48).
Therefore, these cytokine profiles and maturation phenotypes
are consistent with live EB-pulsed DC being more immuno-
genic and therefore more effective at promoting an anti-
chlamydial immune response than UV-EB-pulsed DC.

Our results are consistent with those of studies of other
pathogens demonstrating that exposure to live microorganisms
generates mature DC phenotypes and that these DC are highly
immunogenic and generate a protective immune response
upon adoptive transfer (28, 29). In particular, one study pub-
lished while the manuscript was in preparation demonstrated
that DC isolated from mice infected with Listeria monocyto-
genes expressed elevated levels of costimulatory molecules and
produced IFN-vy and IL-12. Furthermore, upon adoptive trans-
fer, DC exposed to live L. monocytogenes but not DC exposed
to killed L. monocytogenes promoted resistance to a subse-
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FIG. 5. Body weight loss and pulmonary bacterial load of mice
immunized with UV-EB- and CpG-pulsed DC. DC were left untreated
or incubated with live EBs, UV-EB, CpG, or UV-EB and CpG for a
total of 48 h at 37°C. DC were washed with endotoxin-free PBS, and a
total of 0.5 X 10° DC were injected into the intraperitoneal cavities of
mice, which were separated into experimental groups of five mice.
Animals were boosted with an identical dose of DC on day 14 and
finally challenged intranasally on day 21 with 3,000 IFU of live EBs.
Immune protection was determined by daily measurement of body
weight after the final challenge (A) and the determination of pulmo-
nary IFU counts on day 8 postchallenge (B). All experiments were
performed on three separate occasions, with similar results. Results
represent the mean * SD from one representative experiment. *, P <
0.01; and **, P < 0.001 (both comparing UV-EB-pulsed DC and
UV-EB- and CpG-pulsed DC).

quent lethal infection through a mechanism that involves both
CD4™" and CD8™ T cells (40). However, it should be noted that
in contrast to our results and those observed with L. monocy-
togenes are observations with Bordetella bronchiseptica (45) and
Legionella pneumophila showing that DC pulsed with killed
microorganisms induced a more effective protective immune
response than DC pulsed with live microorganisms (21). Over-
all, these findings suggest that the effects of live and dead
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bacteria on DC maturation are pathogen specific and are not
easily predictable.

Our results demonstrating that UV-EB-pulsed DC induce
poor protection upon adoptive transfer differ from those of a
previous study by Su et al. (49), who demonstrated that DC
exposed to heat-killed C. trachomatis and adoptively trans-
ferred intravenously induced effective protection against intra-
vaginal chlamydial challenge. The present study used an intra-
peritoneal route for adoptive transfer, examined pulmonary
chlamydial titers, and compared DC loaded with inactivated
EBs to DC loaded with live EBs. These differences in experi-
mental design likely explain the differences in the reported
observations. In addition, we have observed that while intra-
venous adoptive transfer of UV-EB-pulsed DC protects
against body weight loss after subsequent MoPn infection,
pulmonary IFU titers were significantly higher than in animals
immunized in a similar manner with live EB-pulsed DC (data
not shown). Thus, while the route of adoptive transfer of
loaded DC may play a role in the induction of effective pro-
tective immunity, our results demonstrate that factors associ-
ated with DC maturation status are also important for optimal
protective effects.

In light of the critical importance of DC maturation for
effective T-cell priming (1), the findings that live EBs and
UV-EB induce differential DC maturation and distinct immu-
nogenicity profiles have practical implications. For example, it
has been recently shown that intravenous adoptive transfer of
DC pulsed ex vivo with chlamydial MOMP generated a TH2
type of response and that immunized mice were not protected
following vaginal challenge (43). Similarly, adoptive transfer of
DC exposed to leishmania antigens did not protect mice upon
subsequent challenge. However, adoptive transfer of DC
pulsed with leishmania antigen in combination with CpG did
result in protection against leishmanial challenge (36). In our
studies, although UV-EB-pulsed DC showed partial DC mat-
uration and partial protection against MoPn upon adoptive
transfer, costimulation of these DC with CpG increased DC
maturation to levels higher than those achieved with UV-EB
alone, increased their ability to induce allogeneic T-cell pro-
liferation, increased production of IL-12 and TNF-a, and con-
ferred enhanced protection to challenge infection after adop-
tive transfer. However, CpG treatment did not induce full
activation of UV-EB-treated DC and was not as efficient in
protecting against chlamydial challenge as live EB-pulsed DC
(Fig. 4 and 5). Overall, this result indicates that the choice of
an appropriate adjuvant will be an important consideration for
future efforts in chlamydial vaccine design and reinforces the
fact that the examination of DC maturation markers is not
sufficient for the identification of an efficacious candidate pro-
tein-adjuvant combination: the ultimate test remains protec-
tive studies.

This study raises several interesting questions as to the effect
of chlamydia on DC and as to which bacterial proteins or
components are responsible for the induction of either a
tolerogenic or a protective immune response. The purpose of
using UV-irradiated EBs as opposed to heat-inactivated EBs
in this study was to maintain chlamydial surface proteins in a
native conformation so that the interaction of the EB with the
DC would be as similar as possible between the two treatment
conditions. Therefore, it would be expected that a live EB
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would affect a DC in a manner similar to a UV-EB. The fact
that the immune responses initiated by DC exposed to UV-EB
and CpG are attenuated in comparison to those of DC pulsed
with CpG alone suggests that UV-EB may induce repressive
effects that cannot be overcome by CpG. Live EBs, on the
other hand, promoted full DC maturation and efficiently pro-
moted protective immunity. Even though our study and others
have not found chlamydia to survive or replicate within DC, it
is possible that upon infection, chlamydial proteins and/or fac-
tors are released intracellularly, which potentially activates
DC. These include chlamydial type III secreted proteins (10),
chlamydial chaperonins, and early chlamydial secreted factors
used by the bacteria to survive inside the host cell (2). In fact,
early events occurring in HeLa cells as a consequence of chla-
mydial infection include reorganization of the host cell cy-
toskeleton (6) and chlamydia-dependent phosphorylation of
host cell proteins (3). These events are not entirely dependent
on de novo chlamydial protein synthesis, suggesting that they
are induced by preformed chlamydial factors. Whether similar
events happen in chlamydia-infected DC but not in UV-EB-
treated DC needs further investigation.

In conclusion, our results demonstrate that DC exposed to
live EBs are phenotypically and functionally distinct from
those generated upon exposure to UV-EB. Furthermore, live
EB-pulsed DC are immunologically more effective than UV-
EB-pulsed DC, as they strongly promoted protective immunity
to chlamydial infection. These results suggest that live and
dead chlamydia may differently stimulate endogenous DC in
vivo and may explain the distinct outcomes observed between
infection with live chlamydia and immunization with inacti-
vated microorganisms. The study indicates that future direc-
tions for rational vaccine design require the use of strategies
that cause full DC activation and that the ideal antigen-adju-
vant combination would mimic the DC maturation effects in-
duced by live EBs.
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