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Immunization with dendritic cells pulsed ex vivo with antigens has been successfully used to elicit primary
antigen-specific immune responses. We report that mouse bone marrow-derived dendritic cells pulsed with
inactivated chlamydial organisms induced strong protection against live chlamydial infection in a mouse lung
infection model. Either the dendritic cells or chlamydial organisms alone or macrophages similarly pulsed with
chlamydial organisms failed to induce any significant protection. These observations suggest that dendritic
cells can efficiently process and present chlamydial antigens to naive T cells in vivo. Mice immunized with the
chlamydia-pulsed dendritic cells preferentially developed a Th1 cell-dominant response while mice immunized
with the other immunogens did not, suggesting a correlation between a Thl cell-dominant response and
protection against chlamydial infection. We further found that dendritic cells produced a large amount of
interleukin 12 (IL-12) upon ex vivo pulsing with inactivated chlamydial organisms, which may allow the
dendritic cells to direct a Th1 cell-dominant response. Dendritic cells from mice deficient in the IL-12 p40 gene
failed to produce IL-12 after a similar ex vivo pulse with chlamydial organisms, and more importantly,
immunization with these dendritic cells failed to induce a Thl cell-dominant response and did not induce
strong protection against chlamydial infection. Thus, the ability of dendritic cells to efficiently process and
present chlamydial antigens and to produce IL-12 upon chlamydial-organism stimulation are both required for
the induction of protection against chlamydial infection. This information may be useful for the further design

of effective chlamydial vaccines.

Chlamydia trachomatis is an obligately intracellular bacterial
pathogen that causes various human diseases (7, 23). Urogen-
ital-tract infection with C. trachomatis is the leading cause of
many important sexually transmitted diseases. For instance,
chlamydia-induced sexually transmitted diseases in women in-
clude chronic pelvic pain, life-threatening ectopic pregnancy,
and pelvic inflammatory disease, which often results in invol-
untary sterility. Ocular infection with C. frachomatis can result
in trachoma, which is one of the major causes of preventable
blindness in many developing countries. Therefore, efficient
immune intervention strategies for preventing chlamydial in-
fection are badly needed. However, no successful chlamydial
vaccine is yet available, despite the tremendous amount of
effort that has been made by many research groups (4, 28,
32-35, 38).

The dendritic cell (DC) network is a specialized system for
presenting antigen to naive T cells and consequently plays a
central role in the induction of T-cell and B-cell immunity in
vivo (26). One of the characteristics of DCs is their distinct
development stages (1, 21). The immature dendritic cells are
highly active in phagocytizing and processing microbial anti-
gens (10, 22). During the maturation process, DCs can migrate
to draining lymph node, and the matured DCs express high
levels of costimulatory and major histocompatibility complex
(MHC) molecules that may allow the mature DCs to efficiently
present antigens and to induce primary antigen-specific im-
mune responses. As generation of large quantities of relatively
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pure DCs became possible (11), DCs have been successfully
used to induce antigen-specific immune responses and protec-
tive immunity against various cancers and infectious diseases
(15, 19, 24), including chlamydial infections (29). In many of
these studies, DCs were pulsed ex vivo with either peptide or
whole-protein antigens and delivered in vivo to syngeneic
hosts. The protection thus induced often correlates with a
strong, antigen-specific T-cell response (12, 29). DCs were
found to produce a large amount of interleukin 12 (IL-12) in
both CD40 ligand-dependent and -independent manners (2,
25). The IL-12 production by DCs may allow the DCs to direct
the development of Thl cells from naive CD4™ T cells (16). A
Th1 cell-dominant immune response is often required for the
control of many intracellular infections (6, 9). Thus, DCs not
only possess the ability to prime an antigen-specific response
but also are able to direct a protective immune response
against infections.

Since it has been demonstrated that a Thl cell-mediated
immune response played a critical role in controlling intracel-
lular chlamydial infection (20, 27), we have used the DC-based
immunization approach for inducing protective immunity to
chlamydial infection in the present study. We found that
mouse bone marrow-derived DCs pulsed ex vivo with inacti-
vated chlamydial organisms induced strong protection against
chlamydial respiratory-tract infection, which confirms a recent
observation made in a genital-tract infection model by Su et al.
(29). Either DCs or chlamydial organisms alone or bone mar-
row-derived macrophages similarly pulsed with chlamydial or-
ganisms failed to induce any significant protection. Further-
more, using DCs from IL-12 knockout mice, the present study
has extended the previous observations by Su et al. (29) by
demonstrating that the protection induced by the chlamydia-
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pulsed DCs required the donor DCs to produce IL-12 and to
direct a Th1 cell-dominant immune response.

MATERIALS AND METHODS

Animals and organisms. Six- to eight-week-old female C57BL/6 and IL-12p40
knockout mice on a C57 background were purchased from the Jackson Labora-
tory (Bar Harbor, Maine). The mice were housed at the University of Manitoba
animal facility, and all animal procedures used in this study were approved by the
Protocol Review Committee of the University of Manitoba.

A C. trachomatis murine strain designated the mouse pneumonitis (MoPn)
strain was used in this study. The chlamydial organisms were grown in HeLa 229
cells, and elementary bodies (EBs) were purified on discontinuous gradients of
Renografin-76 (Squibb Canada Inc., Montreal, Canada) as described elsewhere
(38). The purified chlamydial EB organisms were aliquoted in a sucrose-phos-
phate-glutamic acid (SPG) buffer and stored at —80°C. The infectivity of the
purified EBs was titrated by counting chlamydial inclusion-forming units (IFUs)
on monolayers of HeLa 229 cells grown in 96-well plates. Portions of the purified
EBs were inactivated by UV-light (G15T8 UV lamp; D. William Fuller Inc.,
Chicago, Ill.) irradiation at a distance of 5 cm for 1 h at room temperature. The
UV-inactivated EBs (UV-EBs) were checked for infectivity. No chlamydial
growth was detected when the UV-EBs were inoculated onto HeLa monolayers
at a dose equivalent to 10® IFUs per 10° HeLa cells. For convenience, the
number of UV-EBs used in all experiments was calculated based on the number
of IFUs of the corresponding live EBs prior to UV-light treatment.

Generation of bone marrow-derived DCs and (Mds). A procedure described
by Inaba et al. (11) was followed for the generation of bone marrow-derived DCs
and macrophages (Mds) from mice. Briefly, mouse bone marrow was collected
from both tibias and femurs. Erythrocytes were lysed by ammonium chloride
treatment, and lymphocytes, granulocytes, and MHC-positive cells were killed
with a cocktail of monoclonal antibodies (MAbs) (see below) and rabbit com-
plement (Sigma, St. Louis, Mo.). The MAbs were GK1.5 anti-CD4, 2.43 anti-
CD8, RA3-3A1/6.1 anti-B220/CD45R, and 25-9-17s11 anti-MHC (TIB 207, 210,
and 146 and HB26, respectively; American Type Culture Collection, Manassas,
Va.) and RB6-8¢5 anti-GR1 (PharMingen, San Diego, Calif.). The cells were
plated in 6-well culture plates (Costar, Cambridge, Mass.) in RPMI-1640 me-
dium (Gibco Laboratories, Grand Island, N.Y.) supplemented with 5% heat-
inactivated fetal calf serum (FCS; Intergen Company, Purchase, N.Y.), 5 mM
2-mercaptoethanol, and 5 ng of recombinant mouse granulocyte-macrophage
colony-stimulating factor (PharMingen)/ml. At day 3 of culture, floating cells
were gently removed and fresh medium was added. Thereafter, cells were refed
every 2 days. At day 6 to day 8 of culture, nonadherent cells and loosely adherent
proliferating DC aggregates were collected. After DCs were harvested, the cul-
ture dishes were vigorously washed to further remove any nonadherent or loosely
adherent cells. The residual adherent cells were then dislodged after incubation
with 1X trypsin-EDTA solution (Gibco Laboratories) at 37°C for 30 min and
collected as bone marrow derived-Mds. The DC fraction contained 80 to 90%
DCs based on the culture characteristics, morphology, and MHC class II and
CD11c¢ phenotype. More than 90% of cells in the M fraction were CD11b™ and
CDllc™.

Flow cytometry analysis. Cell surface markers of the bone marrow-derived cell
samples were analyzed by antibody staining and flow cytometry. All antibodies,
including isotype controls, were purchased from PharMingen. The following
antibodies conjugated with fluorochromes were used: red-phycoerythrin (PE)-
conjugated anti-mouse I-A® (catalog no. 6045A), fluorescein isothiocyanate
(FITC)-conjugated anti-mouse CD1lc (9714D), and FITC-conjugated anti-
mouse CD11b (1714D). The corresponding isotype controls used were PE-
mouse immunoglobulin G2A (IgG2A) (3025), FITC-hamster IgG (11144L), and
FITC-rat IgG2B (11034C). After the cell samples were incubated with the ap-
propriate antibodies for 30 to 60 min on ice, the stained cells were analyzed by
using a FACScalibur equipped with CellQuest software (Becton Dickinson,
Mountain View, Calif.). Propidium iodide staining and scatter gating were used
to exclude dead cells and debris.

Ex vivo pulse of DCs and M s with chlamydial organisms. The collected bone
marrow-derived DCs and Mds were pulsed ex vivo with UV-EBs at a multiplicity
of infection (MOI) of 1 in the RPMI culture medium described above. The cell
concentration was kept at 10%ml, and the antigen pulse was carried out at 37°C
for various times as specified for individual experiments. For studying the time of
IL-12 production, the parallel cell samples were pulsed ex vivo with UV-EBs for
2 h, 6 h, 18 h, 2 days, and 3 days. At each time point, the supernatants were
collected for IL-12 measurement as described below. For studying the duration
of IL-12 production, the cells were pulsed for 18 h. The supernatants were
harvested for IL-12 measurement (designated the day-0 sample), while the cells
were washed to remove free UV-EBs and resuspended in the same amount of
fresh medium, and culture was continued for another 24 h. The supernatants
were harvested (designated the day-1 sample), and the cell pellet was again
resuspended in fresh medium. After further culturing for 48 h, the supernatants
were collected (day-3 sample) and the cells were resuspended in fresh medium
for a final 72-h culturing. The final supernatants were collected (day-6 sample).
Supernatants from DCs and M¢s similarly cultured in the absence of UV-EBs
were also collected. All the supernatants collected were measured for IL-12
levels.

INFECT. IMMUN.

Mouse immunization and protection protocol. The bone marrow-derived DCs
and Mds, with or without UV-EB ex vivo pulsing for 18 h as described above,
were washed twice with phosphate-buffered saline (PBS). Cells (10° in 50 pl of
sterile PBS) were injected subcutaneously into the hind footpads (25 pl for each
footpad). Since the pulsed cell samples were incubated with UV-EB at an MOI
of 1, 10° IFUs of UV-EBs alone in PBS was also used to immunize a group of
mice as a control. In addition, a separate PBS-only control group was set up.

Ten days after the footpad injection, mice were intranasally challenged with
2 X 10* IFUs of live EBs in 50 wl of SPG buffer. After the live-organism
challenge, mouse body weight was measured and mortality was monitored on a
daily basis. Ten days after the challenge, the surviving mice were sacrificed and
lung tissues were aseptically removed for titration of infectious chlamydial or-
ganisms. Each lung was homogenized with a cell grinder in 4 ml of cold SPG
buffer. The lung tissue suspensions were centrifuged at 500 X g for 10 min at 4°C
to remove coarse tissue debris and were frozen at —80°C until they were tested.
For quantitation of infectious EBs, a HeLa monolayer was inoculated with a
twofold serially diluted lung tissue supernatant for 2 h at 37°C. After the 2-h
attachment, the HeLa cells were further cultured in Dulbecco’s modified Eagle’s
medium containing 10% FCS, 1.5 pg of cycloheximide (Sigma)/ml, 100 wg of
vancomycin (Sigma)/ml, and 12 pg of gentamicin (Sigma)/ml for 2 days. For
visualization of the chlamydial inclusion bodies, the infected cell monolayer was
stained with an anti-chlamydial lipopolysaccharide (LPS) MAb (EV1-H1, mouse
1gG2A; kindly provided by Harlan Caldwell at the Rocky Mountain Laborato-
ries, National Institutes of Health) after the appropriate fixation and permeabi-
lization. A rabbit anti-mouse IgG conjugated with horseradish peroxidase (Ce-
darlane, Hornby, Ontario, Canada) and an insoluble substrate, 4-chloro-1-
naphthol (Sigma), were used to probe the first-antibody binding. The number of
chlamydial inclusion bodies was counted in five fields under a reverse micro-
scope. The chlamydial infectious titers were calculated based on the number of
inclusions per field, the dilution factors, and the magnification of the lenses used
and were expressed as IFUs per lung (31).

Measurements of chlamydia-specific antibody in mouse sera. An enzyme-
linked immunosorbent assay (ELISA) was used for measuring serum antibody
levels (31). Briefly, a 96-well ELISA plate (catalog no. 25805; Corning Glass
Works, Corning, N.Y.) was coated with 10° IFUs of chlamydial EBs in 50 wl of
SPG buffer at 4°C overnight. After blocking with 1% bovine serum albumin-PBS
solution for 2 h at room temperature, the serially diluted sera were added to the
appropriate wells and the plates were incubated for 4 h at room temperature.
After washing, a biotin-conjugated goat anti-mouse IgG1 (Southern Biotechnol-
ogy Associates, Inc., Birmingham, Ala.) or goat anti-mouse IgG2A (Caltag,
Burlingame, Calif.) was added to the plates. The immobilized biotin was detected
with an alkaline phosphatase-conjugated streptavidin (Sigma) and a soluble
substrate, p-nitrophenyl phosphate (Sigma). The optical density (OD) was read
at 405 nm. Triplicate wells were used in each assay.

Cytokine concentration measurement. Various culture supernatants were
collected and assayed for IL-2, IL-4, gamma interferon (IFN-v), or IL-12. A
sandwich ELISA protocol described in the PharMingen catalog was used for
measuring these cytokines. The capture antibodies were R4-6A2 (for IL-2),
JES6-1A12 (for IL-4), BVD4-1D11 (for IFN-y), and C15.6 (for I1L-12p40), and
the biotinylated detection antibodies were XMG1.2 (for IL-2), JES6-5H4 (for
IL-4), BVD6-24G2 (for IFN-y), and C17.8 (for IL-12). All antibodies were
purchased from PharMingen. The biotin was detected as described above in the
serum antibody ELISA. The OD was read at 405 nm. The standard murine
cytokines, including IL-2, IL-4, IFN-y, and IL-12, were also purchased from
Pharmingen. The levels of cytokines were expressed in picograms per milliliter or
units per milliliter of supernatants, depending on the standards. Triplicate wells
were used in each assay.

Statistics. All data were expressed as means * standard errors. Student’s ¢ test
was used for analysis of statistical significance (P value).

RESULTS

Bone marrow-derived DCs but not Mcs pulsed ex vivo with
inactivated chlamydial organisms induced protection against
chlamydial infection. We first compared the ability of the an-
tigen-pulsed DCs and Mds to induce protective immune re-
sponses against chlamydial infection in a mouse lung infection
model. The protection was evaluated by monitoring mouse
body weight change and measuring the infectious chlamydial-
organism recovery from mouse lung tissues. Mice immunized
with the DCs pulsed with UV-EBs (designated DC/UV-EB)
displayed significantly less body weight reduction than other
treatment groups (Fig. 1A). The DC/UV-EB-immunized mice
experienced only minimal body weight loss and started to re-
gain body weight on day 7 after the chlamydial challenge in-
fection. However, mice from other groups, including the group
immunized with the chlamydial EB-pulsed Mds (M¢/UV-EB)
displayed a progressive body weight reduction until the time of

6002 ‘2T AInc uo Aq 610 wise el wolj papeojumoq


http://iai.asm.org

VoL. 67, 1999

A

N

Body weight change (grams)

—=— UV-EB 7
-5 1 —a— M¢/UV-EB I

—=— DC/UV-EB 3
-6 | | [ | 1 u 1 i

1 2 3 4 5 6 7 8 9
Days post-infection

IMMUNIZATION WITH DENDRITIC CELLS FOR CHLAMYDIA INFECTION

Number of infectious chlamydial organisms

1765

40
B
30 -
—
=
. 20
o
g
=
)
L
10 4
Ov
DC/ Mé/ UV-EB PBS
UV-EB UV-EB

FIG. 1. (A) Mouse body weight change after chlamydial challenge infection. Groups of mice were immunized with either DC/UV-EB (n = 8) or M$/UV-EB (n =
8), UV-EBs alone (n = 8), or PBS alone (n = 7). Ten days after the immunization, mice were challenged with a sublethal dose of live chlamydial organisms, and mouse
body weight was monitored on a daily basis for 10 days. (B) Titers of chlamydial infectious particles recovered from mouse lung tissues. Groups of mice as described
for panel A and shown along the x axis were sacrificed 10 days after challenge infection. The infectious chlamydial organisms recovered from lung tissues were

quantitated on HeLa cell monolayers as described in Materials and Methods.

sacrifice. One mouse from the PBS treatment group died on
day 7. This observation suggests that immunization with the
DC/UV-EB greatly improved the overall resistance of the an-
imals to the toxicity of the chlamydial challenge infection,
while immunization with the Md/UV-EB failed to do so.

To evaluate whether this overall improvement in resistance
was due to the decreased chlamydial infection as a result of the
DC/UV-EB immunization, we further quantitated the infec-
tious chlamydial organisms recovered from mouse lung tissues.
As shown in Fig. 1B, mice immunized with the DC/UV-EB
indeed had significantly fewer infectious chlamydial organisms
in their lung tissues (2.2 X 10* IFUs) than mice treated with
PBS alone (28 X 10* IFUs). This strong protection was not
likely due to the effect from the free UV-EBs potentially car-
ried in the DC/UV-EB preparation, since the DC/UV-EB
preparation was washed before injection and nearly all chla-
mydial EB particles were localized inside DCs after the DCs
were incubated with UV-EBs for 18 h (data not shown). More
importantly, immunization with UV-EBs alone was not pro-
tective (Fig. 1). The DC/UV-EB immunization-induced pro-
tection may not be caused by the nonspecific cellular particle
effect either, since Ms similarly pulsed with UV-EBs did not
induce any protection (Fig. 1). Furthermore, injection of a
similar amount of DCs alone or DCs pulsed with unrelated
antigens was found to confer no protection against chlamydial
infection (data not shown). These observations together sug-
gest that the DCs but not Més pulsed ex vivo with inactivated
chlamydial organisms can induce a protective response against
chlamydial challenge infection.

DCs but not Mbs pulsed ex vivo with inactivated chlamydial
organisms induced a Thl cell-dominated response. We have
demonstrated that DCs but not Més pulsed ex vivo with chla-
mydial organisms can induce a strong protective response
against the subsequent chlamydial infection. We next tested
whether the protection induced by the DC/UV-EB immuniza-
tion was due to the ability of the DCs to preferentially direct a
Thl cell-dominated response. T-cell functional phenotypes

(Th1 versus Th2) can be conveniently evaluated by typing the
serum Ig isotypes and directly measuring the representative
cytokine levels. We found that mice immunized with DC/
UV-EB preferentially developed high titers of chlamydia-spe-
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FIG. 2. Levels of chlamydia-specific IgG2A (A) and IgG1 (B) antibodies in
sera of mice immunized with either DC/UV-EB (n = 15), M$/UV-EB (n = 8),
UV-EBs alone (n = 8), or PBS alone ((n = 7) as described in the Fig. 1A legend.
Ten days after immunization, mouse blood was collected from mouse tails, and
the serum antibodies were titrated in an ELISA as described in Materials and
Methods.
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FIG. 3. Cytokine production by spleen cells from either naive mice (n = 5) or mice immunized with DC/UV-EB (n = 7) as shown along the x axis. IL-2 (A), IL-4
(B), and IFN-y (B) production by the spleen cells was measured with (hatched bars) or without (open bars) in vitro restimulation by inactivated chlamydial organisms.
The concentration of IL-2 was expressed in units per milliliter, while the concentrations of IL-4 and IFN-y were expressed in picograms per milliliter based on the

corresponding cytokine standards.

cific IgG2A antibodies (Fig. 2A), while M¢/UV-EB immuni-
zation induced high titers of chlamydia-specific IgG1 and
minimal levels of IgG2A antibodies (Fig. 2B). Immunization
with UV-EBs or PBS alone did not induce any significant levels
of chlamydia-specific antibodies (Fig. 2). These observations
suggest that DCs pulsed ex vivo with chlamydial organisms may
selectively induce production of IFN-v, since IFN-vy is respon-
sible for promoting B-cell Ig class switching towards the [gG2A
isotype. Conversely, Mds similarly pulsed with chlamydial or-
ganisms appeared to preferentially induce an IL-4-dominant
response, since IL-4 is responsible for promoting IgG1 isotype
production.

To test whether DC/UV-EB immunization can indeed se-
lectively induce a Thl-like, IFN-y-producing, T-cell-dominant
response, we measured the cytokines produced by spleen cells
from mice immunized with DC/UV-EB. The DC/UV-EB-im-
munized spleen cells produced high levels of IL-2 upon in vitro
restimulation with chlamydial antigens, while the naive spleen
cells failed to produce any measurable IL-2 regardless of the
stimulation (Fig. 3A), suggesting that DC/UV-EB immuniza-
tion primed chlamydial-antigen-specific T cells in vivo. More
interestingly, the DC/UV-EB-immunized spleen cells pro-
duced high levels of IFN-y but only minimal amounts of IL-4
upon in vitro chlamydial restimulation (Fig. 3B). Together,
these observations clearly suggest that DCs pulsed ex vivo with
inactivated chlamydial organisms can induce a chlamydial-an-
tigen-specific and Th1 cell-dominated response in vivo.

DCs but not Mbs pulsed ex vivo with inactivated chlamydial
organisms produced IL-12. To further understand why DCs
pulsed with chlamydial organisms preferentially directed a Th1
cell-dominated response while similarly pulsed Mds failed to
do so, we compared the abilities of DCs and M¢s to produce
IL-12 upon chlamydial stimulation in vitro (Fig. 4). DCs pro-
duced a large amount of IL-12 (as high as 2,500 pg/ml) after ex
vivo stimulation with chlamydial organisms for 18 h (Fig. 4A).
However, Mds similarly stimulated failed to produce any sig-
nificant amount of IL-12 even after 48 h of stimulation (Fig.
4A). These observations confirm that only DCs but not Mds

can produce significant amounts of IL-12 upon microbial stim-
ulation. We further evaluated the duration of IL-12 production
by DCs after they were exposed to UV-EBs for 18 h. The
DC/UV-EB can continue to secrete IL-12 for at least 6 addi-
tional days, although the level of IL-12 gradually declined (Fig.
4B). Since any excess chlamydial organisms were washed off
the DCs after the 18-h pulse and the previously produced and
accumulated IL-12 was washed off on three different days in
this experiment, the continued IL-12 production on day 6 sug-
gests that chlamydial organisms can induce sustained IL-12
production by DCs.

IL-12 production by the donor DCs is required for inducing
strong protection. Although we have demonstrated that DCs
can produce IL-12 upon ex vivo chlamydial organism stimula-
tion, it is not known whether the IL-12 production is necessary
for the DC/UV-EB-induced protection against chlamydial in-
fection. We next evaluated the ability of DCs from mice defi-
cient in IL-12p40 expression to induce antichlamydial immune
responses. These IL-12p40-deficient DCs (designated DC-
IL12p40~/") failed to produce detectable levels of IL-12 after
ex vivo stimulation with chlamydial organisms (data not
shown). Immunization with DC-IL12p40~/~ pulsed ex vivo
with chlamydial organisms induced only minimal protection
(15 X 10* IFUs per lung versus 28 X 10* IFUs per lung in the
PBS control group), although it was still statistically significant
(P < 0.05). However, the similarly pulsed wild-type DCs in-
duced more than 10-fold protection compared with the PBS
control group (2.2 X 10* versus 28 X 10* IFUs per lung; P <
0.001) (Fig. 5A). The reduced protection by the DC-
IL12p40~/~ immunization seemed to correlate with its inabil-
ity to direct a Th1-like cell-dominant response, since mice thus
immunized produced higher titers of chlamydia-specific IgG1
but lower titers of IgG2A antibodies (Fig. 5B).

DISCUSSION

We have demonstrated that a single immunization at the
footpad with DCs pulsed ex vivo with inactivated chlamydiae

6002 ‘2T AInc uo Aq 610 wise el wolj papeojumoq


http://iai.asm.org

VoL. 67, 1999 IMMUNIZATION WITH DENDRITIC CELLS FOR CHLAMYDIA INFECTION 1767

3000
—&— DC A

2500 -| —®— DC/UV-EB

€ — M
E’ 2000 1 —4— M¢/UV-EB
oy
S
S 1500 -
©
o
Q.
o 1000
=

500 -

0 T i T T T T

0 2 6 12 18 36 48
Hours of DC or M¢ exposed to UV-EB

3000
B —=— DC
2500 —m— DC/UV-EB

z g
B A .
2 2000 | M¢/UV-EB
c
2
©
£ 1500 -
@
o
C
S
© 1000 +
N
=

500

0 A—— 5 &
[ T I T

0 1 3 6

Duration (days) of IL-12 production by DC or
Mo stimulated ex vivo with UV-EB for 18 hours

FIG. 4. Production of IL-12 by bone marrow-derived DCs or M¢s alone or by DC/UV-EB or M¢/UV-EB. (A) Time course of IL-12 production. Bone
marrow-derived cells were stimulated in vitro with UV-EBs for various periods as indicated along the x axis, and the supernatants were collected at each time point
for evaluation of the IL-12 concentration. (B) Duration of IL-12 production by DCs stimulated in vitro with UV-EBs for 18 h. Supernatant collected from the
18-h-stimulated culture was designated the day-0 sample. After excess chlamydial organisms were washed off and the stimulated cells were cultured again in fresh
medium for another 24 h, the supernatant was collected as the day-1 sample. After washing, culturing of the cells was continued as described in Materials and Methods.
Three to five separate experiments were performed; each experiment was performed in triplicate.

induced strong protection against chlamydial respiratory-tract
infection. Using a similar approach with model antigens, Inaba
et al. (12) have shown that DCs pulsed ex vivo with various
protein antigens can efficiently prime antigen-specific T-cell
responses in draining lymph node, while other antigen-present-
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FIG. 5. (A) Effect of immunization with either DC-IL12p40~/~ (n = 7) or wild-type DCs (n = 8) pulsed ex vivo with UV-EBs or with UV-EBs alone (7 = 8) on

ing cells (APCs), such as peritoneal macrophages, failed to do
so when similarly pulsed, suggesting that DCs have the unique
ability to prime naive T cells in vivo. This approach has since
been successfully used to evaluate the roles of DCs in inducing
protective immunity against various tumors and microbial in-
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the recovery of infectious chlamydial organisms from mouse lung tissues following a challenge infection. Mice were immunized and challenged as described in the Fig.

1 legend. (B) Mice (n = 7) were immunized with the DC-IL12p40~/~ pulsed ex vivo with UV-EBs as described above. Ten days after the immunization, mouse blood
was collected and chlamydia-specific IgG2A and IgG1 antibodies in the sera were measured as described in Materials and Methods. Results are expressed in the same

format as in Fig. 2.
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fections (15, 19, 24). Su et al. (29) reported that intravenous
injection of DCs pulsed ex vivo with nonviable chlamydiae
induced profound protection against chlamydial genital-tract
infection, which is consistent with our finding in the lung in-
fection model. All these findings suggest that DCs are able not
only to present chlamydial antigens in vitro (18) but also to
prime T cells in vivo. It is interesting that in the present study,
footpad injection of antigen-pulsed DCs induced a protective
response against respiratory-tract infection. This can be ex-
plained by a previous finding that footpad injection of antigen-
pulsed DCs induced antigen-specific T cells not only in the
immediate draining lymph node but also in brachial lymph
nodes (12). These observations suggest that local immuniza-
tion with DCs pulsed ex vivo with a defined antigen can induce
a systemic protective response, which may be useful for devel-
oping the DC-based vaccines, since in many cases, the infection
sites may not be the sites convenient for delivering vaccines.

It is known that a Thl-like cell-dominant response is usually
beneficial in controlling many intracellular infections (6, 20).
The intracellular chlamydial infection is no exception. First,
studies based on gene knockout mice have demonstrated that
an MHC class II-restricted response was most critical for con-
trolling chlamydial infection (17). Second, passive transfer of a
chlamydia-specific T-cell clone that secretes Thl types of cy-
tokines can offer protection against chlamydial challenge in-
fection in recipient mice (9). Third, injection of exogenous
IFN-y into mice can enhance mouse resistance to chlamydial
challenge infection (36), while IFN-y knockout mice (3) or
mice treated with an anti-IFN-y neutralizing antibody (37)
displayed more severe and disseminated chlamydial infection.
Fourth, IL-12, a potent Th1-promoting cytokine, was found to
be important in limiting chlamydial infection (20). Finally,
mouse strains that respond to chlamydial infection with pref-
erential production of IFN-vy displayed significantly less-severe
infection than the strains with preferential production of IL-10,
a Th2 phenotype-promoting cytokine (30). The present study
demonstrated a correlation between a Thl cell-dominant re-
sponse and protection against chlamydial infection. DC/UV-
EB immunization preferentially induced a Thl cell-dominant
response and conferred protection, while M$/UV-EB immu-
nization failed to induce a Th1 response and did not provide
protection against chlamydial infection. A similar correlation
between Thl response and protection was also demonstrated
in the study by Su et al. (29).

Why did the DC- but not the Md-based immunization in-
duce a Th1 cell-dominant response? It is well known that IL-12
is very efficient in directing Thl cell development from ThO
precursors (14). Therefore, the availability of sufficient 1L-12
during the initial interactions between APCs and CD4 " T cells
may determine the functional phenotypes of the T cells in-
volved. Sousa et al. (25) have recently shown that DCs but not
unprimed Mds can produce IL-12 in a CD40 ligand-indepen-
dent manner upon stimulation with microbial components
such as LPS, which may allow the DCs to direct the develop-
ment of a Thl phenotype from the ThO precursors while the
DCs present microbial antigens. The chlamydial outer mem-
brane contains LPS, and furthermore, chlamydial organisms
have been found to stimulate the production of many other
inflammatory cytokines. We indeed found that ex vivo stimu-
lation of DCs but not of unprimed Mds by inactivated chla-
mydial organisms can lead to a high level of production of
IL-12 in the culture supernatants, which is consistent with the
recent observation by Su et al. (29). The present study further
demonstrated that DCs exposed to the chlamydial organisms
for 18 h can continue to produce IL-12 for at least another 6
days. We therefore hypothesize that DCs pulsed ex vivo with
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chlamydial organisms may still be able to produce IL-12 when
migrating to draining lymph node and presenting chlamydial
antigens to lymph node T cells. Such direct IL-12 production
may be both necessary and sufficient for promoting the devel-
opment of the T cells involved towards a Th1 phenotype. This
is supported by the observation that the antigen-pulsed DCs
from IL-12 knockout mice failed to induce a Thl-dominant
response.

Since IL-12 can also effectively stimulate NK cells and mac-
rophages to secrete IFN-y (14), it is possible that the direct
IFN-y production stimulated by IL-12 secreted by DC/UV-EB
contributed to the protection against chlamydial infection in
the DC/UV-EB-immunized mice. This innate immunity occurs
sooner than adaptive immunity and may be important in con-
trolling infection during the early stage of the live-pathogen
infections. It was demonstrated that acute infection with Tox-
oplasma gondii stimulated early IFN-y synthesis, which en-
hanced host resistance to the infection (5). However, both the
present study and the study by Su et al. (29) suggest that a
DC-primed Th1 response rather than the direct early IFN-y
production was likely to be responsible for the protection,
observed, since mice were challenged 10 to 14 days after the
final DC immunization. From the point of view of vaccination,
induction of an antigen-specific Thl cell-dominant response is
more important, since only the antigen-specific response can
produce a long-lasting and recallable protection.
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