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The efficiency of cross-presentation of exogenous antigens by dendritic cells (DCs) would seem to be related
to the level of antigen escape from massive degradation mediated by lysosomal proteases in an acidic
environment. Here, we demonstrate that a short course of treatment with chloroquine in mice during primary
immunization with soluble antigens improved the cross-priming of naive CD8* T lymphocytes in vivo. More
specifically, priming of chloroquine-treated mice with soluble ovalbumin (OVA), OVA associated with alum, or
OVA pulsed on DCs was more effective in inducing OVA-specific CD8* T lymphocytes than was priming of
untreated mice. We conclude that chloroquine treatment improves the cross-presentation capacity of DCs and
thus the size of effector and memory CD8™ T cells during vaccination.

Cross-presentation refers to the ability of antigen-presenting
cells (APCs) to present exogenous antigens to CD8" T cells.
This process has been shown to play a crucial role in priming
CD8™" T-cell-dependent responses against soluble, cell-associ-
ated, or pathogen-derived antigens which are not directly ex-
pressed by APCs (5, 7, 25, 55, 57). Among APCs, dendritic
cells (DCs) are the most efficient at inducing antigen-specific
immune responses and the only cells adept in cross-priming (3,
13, 41). They use receptor-independent pinocytosis, macropi-
nocytosis, and phagocytosis as well as a range of receptor-
mediated mechanisms to acquire and cross-present antigens
(37, 52). The intracellular pathways for exogenous antigen
presentation are strictly regulated in DCs, and several studies
have been aimed at dissecting these processes and character-
izing factors and potential modulatory mechanisms affecting
cross-presentation (2, 11, 12, 17, 18, 22, 24).

It has recently been demonstrated that cross-presentation of
soluble antigens to CD8" T cells was effectively improved by
inhibiting the endosomal acidification of DCs with NH,Cl or
chloroquine in vitro (1, 22). Both chloroquine and NH,CI are
lysosomotropic agents, which diffuse across the membrane and
inhibit intravesicular acidification, which is critical to activating
several acid proteases that induce proteolysis of antigens in the
endocytic compartments (52, 58). Chloroquine has long been
used to increase the efficiency of DNA transfection by inhib-
iting degradation of DNA absorbed by the cells (31) and has
been further reported to cause direct lysosomal membrane
permeabilization (6). Accapezzato et al. (1) have recently
shown that the administration of a booster dose of anti-hepa-
titis B virus vaccine, associated with a short course of chloro-
quine treatment in vivo, significantly enhanced the recall of
antigen-specific memory CD8" T cells in healthy individuals
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compared to the group not treated with chloroquine. Alto-
gether, these data highlighted that the efficiency of cross-pre-
sentation would seem to be directly related to the level of
antigen escape from destruction by endosomal/lysosomal pro-
teolysis and to the ensuing export of the appropriate protea-
some substrates into the class I processing pathway (1, 2, 12,
22, 39, 46, 56). However, the correlation of the antigen escape
from degradation mediated by drugs with the efficiency of
cross-priming of naive T cells remains to be assessed.

Here, we have evaluated the efficacy of chloroquine treat-
ment in inducing a primary immune response in mice upon
injection of soluble chicken ovalbumin (OVA) alone, OVA
associated with alum, or OVA pulsed on DCs. Overall, our
results clearly indicate for the first time that short-course treat-
ment of mice with drugs such as chloroquine, aimed at reduc-
ing antigen degradation in the endocytic compartments of
DCs, improves the priming of naive CD8" T-cell responses
against soluble antigens in vivo.

MATERIALS AND METHODS

Mice. Female C57BL/6] mice (H-2") were obtained from Charles River,
Calco, Italy, and maintained at the Istituto Superiore di Sanita according to the
institutional guidelines. The T-cell-receptor-transgenic mouse line OT-I, ex-
pressing a T-cell receptor recognizing an H-20-restricted OVA,s;.564 €pitope,
SIINFEKL, was kindly supplied by M. Bellone (San Raffaele Scientific Institute,
Milan, Italy). For all experiments, mice between the ages of 6 and 12 weeks were
used.

DCs. DCs from spleens of naive mice were purified as described previously
(51). Briefly, spleen fragments were digested for 25 min at room temperature
with collagenase and DNase (Sigma). EDTA (5 mM, pH 7.2; Sigma) was added
for an additional 5 min to allow disruption of DC-T-cell complexes. After 2 h of
incubation at 37°C in tissue culture-treated dishes, nonadherent cells were re-
moved by gentle pipetting and the adherent cells were cultured overnight in DC
medium (RPMI 1640 containing 10% fetal bovine serum, 4 mM L-glutamine, 50 uM
2-mercaptoethanol, and 10 ng/ml of granulocyte-macrophage colony-stimulating
factor) (Peprotech, United Kingdom). DCs were purified by immunomagnetic bead
cell sorting using anti-CD11c-conjugated magnetic beads (N418 clone; Miltenyi
Biotec) according to the manufacturer’s instructions. The purity of the enriched
CD11c™ cell preparations was usually in the range between 85 and 90%.

Mouse immunization. (i) With free soluble protein. Mice were injected intra-
venously (i.v.) with different concentrations of soluble OVA and treated subcu-
taneously (s.c.) with 800 pg of chloroquine 2 h before and 6 h after priming.
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(ii) With alum-OVA. Mice were immunized once by intraperitoneal (i.p.)
injection of 200 pg of OVA protein adsorbed onto aluminum hydroxide adjuvant
(Alum; Sigma). These mice were treated s.c. with 800 pg of chloroquine 2 h
before and 6 h after priming.

(iii) With OVA-loaded DCs (OVA-DCs). Splenic DCs (5 X 10°ml) were
pretreated with 20 pM of chloroquine (Sigma Chemical Co.) for 30 min or
medium alone, followed by the addition of soluble OVA (3 to 5 mg/ml; grade V;
Sigma) or 1 pg/ml of SIINFEKL peptide. Alternatively, DCs were pretreated
with chloroquine, with 30 ng/ml of phorbol myristate acetate (PMA), or with
both chloroquine and PMA, followed by the addition of soluble OVA. After 1 h
of incubation at 37°C, extensive washes, and a 2-h chase, in the continuous
presence or absence of chloroquine, 5 X 10° cells were used to immunize mice
i.v. Mice receiving chloroquine-treated OVA-DCs were treated s.c. with 800 pg
of chloroquine 2 h before and 6 h after priming.

Cross-presentation assays in vitro. OT-I cells were isolated from the spleen
and lymph nodes of OT-I mice and further enriched for CD8" T cells by
treatment with monoclonal antibodies (MAbs) to CD4 (GK1.5) and major his-
tocompatibility complex (MHC) class II (TIB120), followed by sheep anti-mouse
and sheep anti-rat Dynabeads (Dynal A.S., Oslo, Norway). The final prepara-
tions from the lymphoid organs contained 75 to 85% CD8* T cells. For presen-
tation of soluble OVA, purified DCs were suspended in serum-free RPMI at a
concentration of 4 X 10° cells/ml and preincubated for 30 min at 37°C with or
without different concentrations of chloroquine (2 uM, 6.5 uM, and 20 uM),
followed by the addition of OVA (0.5 mg/ml) or 1 wg/ml of SIINFEKL peptide.
After 1 h of incubation at 37°C, the cells were washed, added to microtiter plates,
and coincubated with 10° OT-I cells, in the continued presence or absence of
chloroquine. The cells were incubated for 72 h, and 1 p.Ci/well [*H]thymidine
(Amersham Biosciences, United Kingdom) was added 12 to 15 h before harvest-
ing. Data are shown as mean cpm of triplicate wells minus mean cpm of corre-
sponding control wells in the absence of antigen.

In vivo proliferation assays. For analysis of in vivo proliferation, the enriched
OT-I cells were labeled with 5- (and 6-)carboxyfluorescein diacetate, succini-
midyl ester (CFSE), as previously described (32). Briefly, semipurified OT-I cells,
as described above, were resuspended in PBS containing 0.1% bovine serum
albumin (Sigma) at 107 cells/ml and incubated with CFSE (Molecular Probes) at
5 uM for 10 min at 37°C. Cells were subsequently washed in PBS and then
transferred via tail vein injection to C57BL/6 mice (2 X 10° cells/mouse) that
were subsequently primed 1 day later with different concentrations of soluble
OVA or OVA-DCs. Three days after priming, these mice were euthanized and
cells from pooled axillary, mediastinal, and inguinal lymph nodes were isolated
and stained with anti-CD8-phycoerythrin (PE) for flow cytometry analysis.

In vitro cytotoxic assays. Spleens were removed surgically 9 days after priming
and prepared as a single-cell suspension. Splenocytes were stimulated in vitro for
5 days with a 2:1 ratio of splenic APCs taken from naive mice that were pulsed
for 90 min with 0.1 mM SIINFEKL peptide and then washed and gamma
irradiated. Effector cells were then assayed for cytotoxic activity on >'Cr-labeled
ELA4 target cells pulsed or not with SIINFEKL peptide at the indicated effector/
target ratios. The amount of *'Cr released was determined by gamma counting,
and the percent specific lysis was calculated from triplicate samples as follows:
[(experimental cpm — spontaneous cpm)/(maximal cpm — spontaneous cpm)] X
100. Spontaneous release was determined from target cells incubated in the
absence of effector cells and was <5% in all experiments.

Detection of OVA-specific antibodies. Serum was collected from individual
mice on day 14 after immunization with alum-OVA, and anti-OVA antibody
titers were determined by enzyme-linked immunosorbent assay. Briefly, 96-well
plates (Nunc-Immuno) were coated by overnight incubation at 4°C with 100 pl
of PBS containing OVA at 40 pg/ml. Plates were blocked with 1% bovine serum
albumin in PBS for 2 h, and serial twofold dilutions of serum samples in PBS
were added to the wells. After a 2-h incubation, plates were then washed with
PBS containing 0.05% Tween 20 and incubated for 1 h at room temperature with
alkaline phosphatase-conjugated goat anti-mouse immunoglobulin G (IgG),
1gG1, or IgG2a antibodies (Southern Biotechnology Associates). After three
additional washes, the plates were then incubated with p-nitrophenyl phosphate
(Sigma) for 1 h at room temperature. Absorbance was read at 405 nm with a
microplate reader (Bio-Rad).

Virus challenge. The recombinant influenza A virus WSN/OVA-I, which ex-
presses the SIINFEKL epitope, was previously generated by reverse genetics
(50) and grown on Madin-Darby canine kidney cells. Mice were anesthetized
with 2,2,2-tribromomethanol (Avertin) before intranasal challenge with 8 X 10°
PFU of WSN/OVA-I virus and euthanized 7 days postinfection.

Intracellular IFN-y staining. Cells derived from spleens and pooled medias-
tinal lymph nodes (MLN) of infected mice were cultured for 2 h in 96-well
U-bottomed plates at 37°C in the presence or absence of 10 uM OVA,5; 544
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peptide (20). Brefeldin A (10 wg/ml) was added to each well, and the cells were
incubated for an additional 4 h. The responder cells were then washed twice in
brefeldin A-containing PBS (PBS-brefeldin A), treated with MAb to the Fc-
yII/II receptor to block nonspecific antibodies, and stained with a rat anti-
mouse CD8-fluorescein isothiocyanate (FITC) MAb (Pharmingen). The cells
were then washed again with PBS-brefeldin A, fixed in 1% formaldehyde in PBS
for 20 min., washed in PBS, placed in 0.5% saponin (Sigma) in PBS for 20 min,
and incubated with a rat anti-mouse IFN-y—PE MAb (Pharmingen) or a rat
1gG1-PE control MAb. Samples were then examined by FACSCalibur flow

cytometry.

Tetramer staining. The MHC class I peptide tetramer, SIINFEKL/K®, conju-
gated to PE, was synthesized by Proimmune Limited (Oxford, United Kingdom).
Bulk splenocytes (~5 X 10°) were stained with PE-conjugated SIINFEKL/K®
tetramer, an FITC-conjugated anti-CD62L antibody (Pharmingen), and a tricolor-
labeled anti-CD8 antibody (Caltag) for 30 min on ice (20). Samples were exam-
ined by FACSCalibur flow cytometry, and in the analysis CD8" T cells were
selected and the data plotted as tetramer (PE) versus CD62L (FITC), as indi-
cated.

Statistical analysis. Comparisons between experimental groups were made by
using the two-tailed Student ¢ test. P < 0.05 was considered significant.

RESULTS

Chloroquine improves cross-presentation of soluble OVA to
naive OT-I cells in vitro and in vivo. Freshly isolated spleen
DCs are induced to mature through overnight culture in vitro,
so that they acquire the capacity to process and present newly
encountered antigens (54). Chloroquine and NH,Cl have been
shown to inhibit the intravesicular acidification and marked
proteolysis that occur in partially and fully mature DCs (1, 22)
and also in nonprofessional APCs (i.e., T2 cells deficient in
transporter associated with antigen processing) (40). Here, we
first assessed the effect of chloroquine treatment on the capac-
ity of splenic DCs to process and present exogenous soluble
OVA by using an in vitro proliferation assay of OVA-specific
transgenic CD8" T cells (OT-I cells). The presence of low
concentrations of chloroquine, 6.5 uM and 2 pM, throughout
the duration of the proliferative assay improved the cross-
presentation to naive T cells (Fig. 1A). Chloroquine treatment
did not affect the peptide presentation of splenic DCs loaded
with the SIINFEKL peptide (OVA,s5;.554) to CD8" T cells at
these low concentrations. By contrast, the highest dose of chlo-
roquine (20 uM) showed an inhibitory effect on T-cell prolif-
eration in both systems, as cell numbers similar to those of the
non-chloroquine-treated cells in the absence of antigen were
observed. Thus, chloroquine treatment improved the cross-
presentation of antigens in maturing DCs, otherwise suscepti-
ble to rapid endosomal protease degradation, sustained by the
acidic pH (1).

We then examined the efficiency of cross-presentation of
soluble OVA in vivo in the presence of chloroquine. In vivo
cross-presentation of a soluble antigen that is not cell associ-
ated is more strictly dose related (35). It has been reported that
very small amounts of cell-associated OVA are able to stimu-
late OT-I cells in vivo (29). On the other hand, free soluble
OVA is presented much less efficiently than cell-associated
OVA to OT-I cells. In our system, CFSE-labeled OT-I cells
were transferred into recipient mice treated 1 day later with a
single i.v. injection of various concentrations of OVA diluted in
PBS and in the presence or absence of chloroquine. The pro-
liferative responses of these cells derived from the lymph
nodes were analyzed 3 days after adoptive transfer by flow
cytometry (Fig. 1B). An evident in vivo OT-I proliferative
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FIG. 1. Effect of chloroquine on cross-presentation of soluble
OVA in vitro and cross-priming of OT-I cells in vivo. (A) OVA- or
SIINFEKL-DCs were incubated with OT-I cells in the absence or
presence of different concentrations of chloroquine. T-cell prolifera-
tion was measured by [*H]thymidine incorporation and expressed as
mean (* standard deviation) cpm of triplicate cultures. (B) CFSE-
labeled OT-I cells were adoptively transferred into naive mice that
were subsequently primed 1 day later with different concentrations of
soluble OVA. Lymph nodes were analyzed 3 days later. All profiles
obtained were gated on CD8" T cells, and the frequencies of cells that
had undergone one or more divisions are indicated (average of n = 6
mice/group; data are represented as means = standard deviations).

response was seen in the lymphoid organs of mice given 200 pg
of OVA, whereas low levels of proliferation were seen in mice
given the lowest concentration (2 ng of OVA), independently
from the chloroquine treatment. In mice given an intermediate
dose (20 pg OVA), those receiving chloroquine during priming
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showed a higher proliferation of CFSE-labeled OT-I cells than
did the untreated mice (P < 0.05), thus confirming the ability
of chloroquine treatment to improve cross-presentation of sol-
uble antigens to naive CD8™" T cells in vivo.

Chloroquine improves induction of OVA-specific CTLs
upon alum-OVA immunization in vivo. Then we wondered
whether chloroquine was capable of improving cross-priming
of not only an enriched population of transferred OT-I cells
but also naive OVA-specific cytotoxic T-lymphocyte (CTL)
precursors in vivo. It has been previously shown that adjuvants
are required for priming CTLs with native OVA and some
particulate forms of OVA. In particular, OVA in complete
Freund’s adjuvant (27), OVA incorporated into immunostimu-
lating complex adjuvant (21) or into liposomes (10), or OVA
adsorbed onto alum and mixed with a saponin surfactant (QS-
21) (36) primed CTLs in vivo. There is very little evidence that
aluminum adjuvants generate MHC class I cytotoxic T cells
(30). Alum alone is a poor inducer of Thl cellular immune
responses and stimulates the production of IgE and IgG1 an-
tibodies in mice, which is consistent with a dominant profile of
Th2 lymphocyte immune response (19). Here, we examined if
chloroquine treatment could improve the induction of CTLs
specific for the immunodominant epitope SIINFEKL, by a
single inoculation of mice with alum-OVA. To this end, spleen
cells from mice primed with alum-OVA 9 days earlier were
cultured with irradiated peptide-loaded syngeneic cells for 5
days and then assayed for cytolytic activity. As shown in Fig.
2A, only mice immunized in the presence of chloroquine gen-
erated detectable OV A-specific CTLs, whereas those immu-
nized in the absence of the drug did not (P < 0.01 at the
effector/target ratio of 100:1). Although the increase in anti-
gen-specific CTL activity was not substantially high, it was
nonetheless relevant, considering the poor induction of CTLs
by alum-based adjuvants. We also tested the primed mice for
the presence of OVA-specific IgG antibodies: in both treated
and untreated groups, the antibody levels were comparable
(P > 0.05), and IgG1 was the dominant isotype, independently
of the chloroquine treatment (Fig. 2B).

Chloroquine treatment during priming with alum-OVA im-
proves the induction of memory CD8™ T cells. It was necessary
to determine whether the increased numbers of primed CTLs
due to the combination of a single dose of alum-OVA and
chloroquine treatment have the capacity to develop effective
long-term memory T cells. The magnitude of a secondary im-
mune response correlates with the size of memory T cells
induced by the cross-presented antigen during priming (28,
34). To this end, mice were vaccinated with alum-OVA in the
presence or absence of chloroquine and 8 weeks later we
elicited a recall response by boosting them with WSN/OVA-I
virus bearing the T-cell epitope SIINFEKL in the stalk region
of the viral neuraminidase (50). Seven days after the boost, we
determined the proportion of OVA-specific CD8* T lympho-
cytes in the pooled MLN and the spleens that were functional
by intracellular IFN-y staining. Approximately 7.6% and 6.6%
of CD8™ T cells in MLN and bulk splenocytes, respectively, of
chloroquine-treated mice produced IFN-y after stimulation
with OVA peptide, versus approximately 2.8% and 2.5% of
CD8™" T cells from the untreated mice (P < 0.01) (Fig. 3A).
Lower levels of antigen-specific CD8" T cells were found at
this time of infection in the unprimed mice. Moreover, lym-
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FIG. 2. Effect of chloroquine treatment during immunization of
mice with a single dose of alum-OVA. (A) Induction of CTL responses
in mice. Groups of chloroquine-treated (squares) and untreated (cir-
cles) mice (n = 4) were immunized i.p. with 200 pg of alum-OVA, as
described in Materials and Methods. Nine days later, spleens were
removed and stimulated in vitro with SIINFEKL-loaded, irradiated
splenocytes. After 5 days, a >'Cr release assay using SIINFEKL-pulsed
ELA4 (closed symbols) and EL4 (open symbols) targets was performed.
The results are expressed as the means * standard deviations. #*, P <
0.01 in comparison of untreated with chloroquine-treated mice. (B) Hu-
moral immune responses. Sera from mice (n = 5) were obtained 2 weeks
after immunization, and OVA-specific I1gG isotypes in the samples of
individual mice were detected by enzyme-linked immunosorbent assay, as
described in Materials and Methods. The values shown represent the
means (= standard deviations) of 1:100-diluted sera.

phocytes that were not stimulated with peptide showed back-
ground staining similar to that of the isotype control immuno-
globulin (<1%; data not shown). The higher proportion of
CD8™" T cells in bulk splenocytes of chloroquine-treated mice
that showed as MHC class I-SIINFEKL tetramer positive and
CD62L"° (Fig. 3B) further indicates that priming of mice in
the presence of this drug induces larger CD8" T-cell memory
responses.

Opverall, these results show that concurrent immunization of
mice with alum-OVA and chloroquine treatment supports
higher CD8" T-cell expansion of primary effectors and thus a
large population of memory CD8™ T cells that undergo a rapid

CLIN. VACCINE IMMUNOL.

( A) chloroquine treatment

Unprimed -
2 2.8

MLN

6.6+0.6 spleen

IFN-y

V]

CD8

chloroquine treatment

Unprimed - +

spleen

—
SIINFEKL/KP tetramer g

CD62L

FIG. 3. CD8" T-cell recall responses in mice primed with alum-
OVA. Groups of five mice were primed i.p. with 200 g of alum-OVA,
in the presence or absence of chloroquine. Eight weeks later, they were
intranasally infected with 8 X 10° PFU of WSN/OVA-I virus. Seven
days postchallenge pooled MLN and spleen cells from individual mice
were tested for IFN-y production (A). The values shown are percent-
ages (= standard deviations) of CD8" T cells that were IFN-y positive.
Splenocytes were also stained with SIINFEKL/K® tetramer and anti-
bodies to CD8 and CD62L (B). Only CD8™" T cells are included in the
plots. The values shown are percentages (*+ standard deviations) of
CD8™ T cells that were SIINFEKL/K" tetramer positive and activated
(CD62L). The results from one out of three experiments with similar
outcomes are shown.

expansion and recruitment following pulmonary infection with
the recombinant influenza virus.

Chloroquine improves cross-priming via its effect on DCs.
To ascertain that the improvement in cross-priming through
chloroquine in vivo was related to chloroquine’s capacity to
increase cross-presentation by DCs, as observed in our studies
in vitro (Fig. 1A), CFSE-labeled transgenic OT-I cells were
transferred into C57BL/6 mice primed 1 day later with OVA-
DCs, which had been treated with chloroquine. In particular,
splenic DCs cultured overnight were pretreated in vitro with
chloroquine or medium alone for 30 min followed by the ad-
dition of 3 mg of soluble OVA or 1 g of SIINFEKL peptide
for 1 h and extensively washed. After a 2-hour chase, chloro-
quine-treated OVA-DCs were injected into mice, who received
chloroquine s.c. (in order to guarantee a continuous presence
of chloroquine during antigen processing in vivo), whereas the
untreated OVA-DCs were injected into chloroquine-untreated
mice. Three days after priming, recipients were euthanized and
the lymphoid organs were analyzed by flow cytometry. As
shown in Fig. 4, OT-I cells proliferated more in the lymphoid
organs of chloroquine-treated mice than in untreated mice
which had received OVA-DCs (P < 0.05), thus confirming that
chloroquine treatment improves in vivo cross-priming of naive
CD8™" T cells by maturing DCs. It is improbable that cross-
priming was due to contaminating soluble OVA, because
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FIG. 4. Effect of chloroquine on cross-priming in vivo by OVA-
DCs. CFSE-labeled OT-I cells were adoptively transferred into mice,
which were inoculated 1 day later with OVA-DCs or SIINFEKL-DCs,
in the presence or absence of chloroquine, as described in Materials
and Methods. Lymph nodes were analyzed 3 days later. All profiles
obtained were gated on CD8" T cells, and the frequencies of cells that
have undergone one or more divisions are indicated (average of n = 6
mice/group; data are represented as means = standard deviations).

OVA-DCs were extensively washed and chased before the
immunization procedures and because cross-priming by solu-
ble antigens (including OVA) generally requires high antigen
concentrations (Fig. 1B) (29). Similar percentages of prolifer-
ating OT-I cells induced upon immunization with SIINFEKL-
DCs were measured independently of the chloroquine treat-
ment.

To further corroborate the finding that chloroquine was
capable of improving the primary antigen-specific response of
CTL precursors in vivo by boosting the cross-presentation ca-
pacity of DCs (Fig. 1A), we tested the additive effect of PMA
and chloroquine because the former has already been demon-
strated to improve cross-presentation (37, 38) and to function
as a nonspecific Rho GTPase activator capable of promoting
endocytosis and antigen presentation by murine DCs (47). The
presence of OVA-specific CTL effector cells in the spleens was
determined on day 9 by >'Cr release assay, after one round of
restimulation in vitro in the presence of peptide-loaded synge-
neic cells (Fig. 5). Groups of mice injected with SIINFEKL-
pulsed DCs were used in these assays to make sure that the
chloroquine treatment in vivo did not affect the ability of DCs
to present the synthetic peptide. Mice treated with chloroquine
and receiving chloroquine-treated OVA-DCs efficiently in-
duced SIINFEKL-specific CTLs, whereas the untreated group
of mice did not. Furthermore, the combined use of chloro-
quine and PMA in vitro and subsequent injection in chloro-
quine-treated mice determined an additive effect that more
closely correlates the functional role of the chloroquine with
the reduced antigen proteolysis and enhanced cross-presenta-
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FIG. 5. Induction of OVA-specific CTLs by DCs. DCs were incu-
bated with soluble OVA in the absence (circles) or presence of chlo-
roquine (squares), PMA (triangles), or both chloroquine and PMA
(diamonds). Alternatively, DCs were loaded with the SIINFEKL pep-
tide in the absence (circles) or presence of chloroquine (squares) and
injected into groups of four mice, as described in Materials and Meth-
ods. Nine days later, spleens were removed and stimulated in vitro with
SIINFEKI-loaded, irradiated splenocytes. After 5 days, a *'Cr release
assay using SIINFEKL-pulsed EL4 (closed symbols) and EL4 (open
symbols) targets was performed. The results are expressed as the
means * standard deviations. *, P < 0.05, or **, P < 0.01, versus
untreated mice.

tion which occurs in maturing DCs. As expected, the injection
of splenic DCs stimulated with PMA alone in the presence of
OVA gave lower levels of antigen-specific CTL induction than
those obtained with the combined use of both the drugs, thus
being similar to levels obtained by the use of chloroquine alone

(Fig. 5).

DISCUSSION

To investigate whether chloroquine treatment had some ef-
fect on cross-priming CD8" T-cell-mediated responses in vivo,
we explored vaccination strategies based on OVA as soluble
protein, alum-adsorbed OVA, or OVA pulsed on DCs in
C57BL/6 mice. Our data demonstrate that in all these cases,
and independently of the presence of adjuvants, concurrent
chloroquine treatment improved the priming provided by these
immunogens. These results further corroborate the previous
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evidence that chloroquine enhanced human CD8™" T-cell recall
responses against viral antigens (1). Here, we used overnight
cultured murine splenic DCs, which showed higher cross-pre-
sentation of the immunodominant CTL epitope of OVA to
OT-I cells in the presence of chloroquine, in both in vitro and
in vivo proliferative assays. Although our studies do not pro-
vide direct evidence on the mechanisms responsible for an
enhanced CD8" T-cell response, this effect can probably be
explained by the chloroquine-mediated rescue of OVA protein
from the endocytic degradation that occurs in maturing DCs,
as well as facilitating export of the antigen to the cytosol for
proteasome-dependent processing (1).

The additive effect of inducing antigen-specific CTLs in vivo
following immunization with OVA-DCs treated with chloro-
quine combined with PMA further supports this evidence.
PMA has been shown to promote antigen presentation of
murine DCs through enhanced endocytosis mediated by Rho
family GTPases (38, 47). In addition, PMA stimulates a
NOX2-mediated production of reactive oxygen species which
results in proton consumption in DC phagosomes, reduced
antigen degradation, and ultimately improved cross-presenta-
tion (43). Thus, it may be speculated that the observed additive
effect of chloroquine in conjunction with PMA may be ex-
plained by increased cytosolic availability of antigen mediated
by a more efficient uptake, reduced endosomal degradation,
and facilitated export of the endocytosed soluble OVA to the
cytosol. Recent findings highlight several questions concerning
the relative contributions of endocytosis and DC subpopula-
tions in determining the ability for cross-presentation (13-15,
44). In this context, Burgdorf et al. (8) described in CD8«™
DCs a mannose receptor-mediated internalization of soluble
OVA into a stable early endosomal compartment for subse-
quent cross-presentation through a proteasome-dependent
mechanism, whereas the constitutively pinocytosed antigen
was exclusively transported into lysosomes for MHC Il-re-
stricted presentation. Thus, it would be of interest to deter-
mine whether chloroquine improves cross-presentation of
soluble OVA sampled by receptor-mediated endocytosis,
constitutive pinocytosis, or both.

The magnitude of the primary immune response, as well as
the extent of memory T-cell populations, is dependent on the
dose of antigen used for immunization (28, 34, 35, 53). It has
also been demonstrated that the size of the memory T-cell pool
is the major determinant for the magnitude of secondary im-
mune responses, in addition to the effective antigen dose dur-
ing challenge (23, 28, 34). In this study, mice were immunized
only with a single dose of antigen, in the presence or absence
of chloroquine. Then, we boosted them with WSN/OVA-I vi-
rus to fully establish a secondary SIINFEKL-specific T-cell
stimulation. By this means, we could clearly show a higher
recall response in mice that were primed in the presence of
chloroquine. Although our analysis was exclusively focused on
numbers and functions of CD8" T cells specific to the immu-
nodominant epitope OVA,s, ,64, it may be envisioned that
these results could also be extended to subdominant epitopes
of OVA protein (48).

Chloroquine is known to block MHC class II-dependent
antigen processing and presentation by affecting lysosomal
acidification and invariant chain dissociation from the MHC
class II molecules (42). Continuous treatment with high doses
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of chloroquine in vivo is an established immunosuppressive
therapy for autoimmune diseases (16). In our proliferative
assay in vitro, we found an inhibitory effect by using 20 uM,
and some concerns may arise about the dosage of chloroquine
that we used in our experiments in vivo for priming mice.
Indeed, mice treated with the drug did not show any distress or
change in animal behavior. The improved CD8" T-cell re-
sponses observed in all experiments in chloroquine-treated
mice provide evidence that both a short course treatment of
chloroquine during priming and the rapid clearance of the
drug in normal mice (9) may account for the beneficial effects
in vivo. This immunization setting implies that chloroquine
favorably affects antigen uptake and processing, whereas main-
taining high levels of the drug throughout the proliferative and
CTL assays in vitro could negatively affect priming and effector
function activities (33, 45). It has been reported that OVA-
specific CD8™" T-cell responses are dependent on CD4 ™" T cells
(4) and that generating stable and functional CD8" T-cell
memory relies critically on the help of CD4™ T cells at priming
(26, 49). In this context, the improved antigen-specific CD8™
T-cell response associated with established long-term T-cell
memory in chloroquine-treated mice indicates that T-cell
helper functions were preserved and effective during immuni-
zation. Additionally, the levels of OVA-specific antibodies
measured in chloroquine-treated and untreated mice after a
single injection of antigen were comparable, as also reported
for the antigen-specific antibody response measured in im-
mune healthy individuals boosted with the hepatitis B virus
vaccine (1).

In summary, our data provide further evidence that drugs
capable of inhibiting endosomal acidification of DCs could
improve the cross-presentation of exogenous soluble antigens
to specific CD8" T cells in vivo. Improving cross-presentation
in generating immune responses after prophylactic or immu-
notherapeutic immunization is of significant interest for the
development of optimal vaccination strategies. In this context,
our results encourage further studies to evaluate the possible
use of drugs combined with a variety of soluble antigens in the
attempt to inhibit excessive antigen degradation and thus fa-
cilitate the induction of antigen-specific CD8" T cells by these
immunogens.
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