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Summary
Background/purpose—The present study explores whether photodynamic therapy (PDT)-
induced apoptosis can increase the number of tolerogenic regulatory T cells (Treg) and limit
collateral tissue damage.

Methods—BALB/c mice were vaccinated subcutaneously three times with PDT-induced
apoptotic or thaw-frozen, necrotic non-infected autologous macrophages (MΦ). Two weeks after
the last vaccination, mice were infected intradermally with 106 promastigotes of Leishmania
major.

Results—Mice that received PDT-induced apoptotic MΦ had fewer parasites and higher
numbers of Treg than mice vaccinated with thaw-frozen necrotic MΦ or phosphate-buffered saline
(PBS). Interleukin (IL)-4 and IL-6 were significantly suppressed, while IL-10 was increased in
mice that received the PDT-induced apoptotic MΦ. The role of Treg in this process was confirmed
through Treg transfer from vaccinated to naïve mice. Mice receiving CD4+CD25+ cells from mice
vaccinated with PDT-induced apoptotic MΦ showed smaller lesions 3 weeks after infection and
lower parasitic burdens than mice that received Tregs from mice of thaw-frozen necrotic MΦ or
PBS groups. These changes were mediated by the depletion of CD3+CD8+ and NKT cells and
increased levels of IL-12p70 and interferon-γ, IL-10, and TGF-β in the cutaneous leishmaniasis
lesions.

Conclusion—Vaccination with apoptotic MΦ-induced tolerogenic Treg cells that limited
collateral tissue damage and diminished parasitic burden.
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The mode of cell death and uptake of dead cell by antigen-presenting cells influences a
finely tuned balance between immune tolerance and a pathogenic auto-inflammatory
response (1). Photodynamic therapy (PDT) induces apoptosis via permeabilization of the
mitochondrial inner membrane by reactive oxygen species, which leads to mitochondrial
swelling, cytochrome C release into the cytosol, and a caspase cascade (2–4). The uptake of
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apoptotic cells by immature dendritic cells has been shown to promote immune tolerance,
whereas cell debris can elicit an inflammatory immune response (1). In the present study, we
intend to test whether PDT-mediated apoptosis is tolerogenic and can suppress collateral
tissue damage during infectious processes.

We chose cutaneous leishmaniasis (CL) in susceptible BALB/c mice as our experimental
model as in this model, an immune response is not only incapable of eliminating the
etiologic agent but also results in collateral tissue damage (5, 6). Progressive involvement of
the new tissues may lead to the complete destruction and self-amputation of the affected
parts of the host (7). The understanding of the mechanisms underlying the counter-
regulation of this inflammatory reaction may have therapeutic implications.

There is some evidence that tolerance following presentation of apoptotic cells is mediated
by CD4+CD25+Foxp3+ T regulatory (Treg) cells (8). Treg have been shown to control the
severity of an inflammatory response, preserving surrounding tissues from unnecessary
damage in many infectious diseases (9–11), including the early stage of CL (12, 13).

We found that vaccination with the apoptotic, but not necrotic non-infected macrophages
(MZ), was beneficial for the restriction of parasitic replication during an early stage of
Leishmania infection and was mediated by Treg activation. The adoptive transfer of spleen-
derived Treg from mice vaccinated with PDT-treated apoptotic, but not necrotic MZ
restrained disease progression. These changes were mediated by the depletion of CD3+CD8+

and NKT cells and increased levels of IL-12p70 and interferon (IFN)-γ, IL-10, and TGF-β in
the CL lesions.

Methods
Parasites

Leishmania major NIH Friedlin V1 strain (MHOM/IL/80/FN), isolated from a patient with
localized CL in Israel, was used in this study. All Leishmania parasites were cultured at 24
°C without CO2, in medium 199 (M199) supplemented with 20% heat-inactivated fetal calf
serum, 60 ng/ml penicillin G sodium salt, 100 ng/ml kanamycin sulfate, 50 ng/ml
flucytosine, 10 ng/ml chloramphenicol, 2 mM L-glutamine, 40 mM HEPES, 0.1 mM
adenine (in 50 mM HEPES), 5 mg/ml hemin (in 50% triethanolamine), and 1 mg/ml 6-biotin
(medium 199 complete; M199-C). Infective-stage metacyclic promastigotes were isolated
from stationary cultures (4 days old) using a uniform procedure based on a modification of a
recently described method of density gradient purification (14).

Bone-marrow-derived macrophage (BMDM) generation
Bone marrow cells were flushed from femurs and tibias of 4-week-old mice using a standard
technique (15). A monoclonal antibody cocktail was used to deplete CD8+, CD45R+, I-A+,
CD4+, and Ly6C/Ly6G+ cells. The progenitor cells were incubated at 37 °C with 5% CO2 in
RPMI supplemented with 500 U/ml M-CSF, 10% fetal bovine serum, 100 U/ml penicillin
and 100 µg/ml streptomycin. On the seventh day of culture, the adherent cells (denoted MΦ,
for BMDMs) were harvested.

Animals
Six- to 8-week-old female BALB/c mice were obtained from Charles River Laboratories
(Wilmington, MA, USA) for this study. All animal procedures were performed according to
protocols approved by the Massachusetts General Hospital Subcommittee on Research
Animal Care.
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Infections
For in vitro infections, MΦ were co-incubated with metacyclic parasites at a ratio of 1 : 20
for 24 h (the infection rate was 98%, with 5–7 amastigotes/cell). For in vivo infection, 1×106

metacyclic parasites in 20 µl of phosphate-buffered saline (PBS) were inoculated
intradermally into the ear of 6–8-week-old BALB/c female mice using a 27.5 G needle. The
evolution of the lesion was monitored for 5 weeks. The following formula was used to
estimate the volume of the lesion:

where Dmax is the maximal diameter of the lesion; Dmin was the minimal diameter of the
lesion; and T was the thickness of the lesion. The diameters and thickness of the lesions
were measured using a dual gauge Vernier Caliper.

Preparation of the apoptotic or necrotic MΦ
0.25 × 10 MΦ were incubated for 1 h in the dark with 50 nM of 5-ethylamino-9-
diethylaminobenzo[a]phenol-selenazinium chloride (EtNBSe) in RPMI supplemented with
10% FCS at 37 °C. After centrifugation of the cell suspension at 400 g for 15 min at 4 °C,
the medium containing EtNBSe was removed; the MΦ were then washed with RPMI, and a
fresh medium was added. MΦ were transferred to 35 mm Petri dishes and then exposed to a
light source (HPD diode laser source model 7401, High Power Devices Inc., North
Brunswick, NJ, USA) with wavelength 635 nm and a fluence of 10J/cm2. The light intensity
was measured using a Coherent Lasermate power meter (Coherent Inc., Santa Clara, CA,
USA) and was 100 mW/cm2. Eighteen hours after PDT, the cellular debris was collected at a
concentration of 1 × 106 cell equivalent/100 µl of PBS. As the lysate of apoptotic MΦ could
not be stored, it was prepared freshly for each injection. The lysate of necrotic MΦ was
prepared by three consecutively repeated freeze/thaw cycles of 1×106 cells/100 µl of PBS.

Injections of the lysates
Each mouse received three subcutaneous injections of 100 µl of lysate containing 1 × 106

cell equivalents within a 2-week interval. The control group of mice received three
injections of PBS. For in vivo infections, 3 weeks after the last injection, 1×106 metacyclic
parasites in 20 µl of PBS were inoculated intradermally into the ear of 6–8-week-old BALB/
c female mice using a 27.5 G needle. The evolution of the lesion was monitored for 4–6
weeks.

Cytospin preparations
Cytospins were prepared using a Shandon Cytospin® 4 cytocentrifuge (Shandon Lipshaw,
Pittsburgh, PA, USA) set at 60 g for 10 min. After Quick-Dip staining (Mercedes Medical,
Sarasota, FL, USA), light microscopic analysis of the cells was performed on an Axiophot
(Göttingen, Zeiss, Germany).

Quantification of parasite loads
Parasite loads in the ears were determined as described previously (16). The number of
viable parasites in each tissue sample was determined from the highest dilution at which
promastigotes could be grown after 7 days of incubation at 24 °C.
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Histology
The excised ears or regional lymph nodes were fixed in 10% formalin and embedded in
paraffin. After de-waxing and rehydration, 5 µm thick paraffin sections were stained with
hematoxylin and eosin.

Adoptive cell transfer
Mice (10 per group) were immunized with the apoptotic or necrotic MΦ according to the
protocol described above. Two weeks after the last immunization, the spleens were
harvested. CD4+ T cells were pre-enriched by negative selection using magnetic beads, and
CD4+ CD25+ and CD4+CD25− were purified by MACs® separation using the CD4+ CD25+

Regulatory T cell isolation Kit (Miltenyi Biotec Inc., Auburn, CA, USA). The cells were
routinely analyzed by flow cytometry, and the purity of the CD4+ CD25+ and CD4+ CD25−

T cell populations was > 90%. Ninety-five percent of CD4+ CD25+ Treg were Foxp3+ in all
the groups as confirmed by flow cytometry. 1×106 cells/ mouse were infused into a non-
infected non-immunized recipient. The day after adoptive transfer, all mice were infected
with 1×106 L. major. After 3 weeks, mice were sacrificed and the number of parasites was
established in a serial dilution assay.

CD25 depletion experiment
BALB/c mice were infected with 1×106 L. major intradermally in the ears. Three weeks
after infection, mice received three intravenous injections every 4 days of 400 mg/mouse
anti-CD25 mAb derived from hybridoma PC 61 5.3 (ATCC, Manassas, VA, USA) purified
using T- and Melon Gel Kits (Pierce, Rockford, IL, USA) according to the manufacturer’s
instructions. Control groups for this experiment were (a) infected mice that received PBS
injections, (b) infected mice that received serum-derived irrelevant IgG, and (c) infected
mice without any treatment. Scarification of mice had been carried out 12 days after the first
injection of mAb to prevent an immune response to foreign proteins.

Flow cytometry
The ventral and dorsal dermal sheets of the ears were separated and incubated for 1 h dermal
side down in RPMI 1640 with penicillin/ streptomycin containing 125 U/ml collagenase A
(Sigma-Aldrich, St. Louis, MO, USA). The dermal sheets from five animals were pooled,
homogenized by tissue grinders (PowerGen 125, Fisher Emergo, Pittsburgh, PA, USA and
Kontes Duall Tissue Grinder, Fischer Scientific, Pittsburgh, PA, USA), and filtered through
a 70 µm nylon cell strainer, and washed twice in RPMI 1640 with 10% FCS. The cells were
washed, fixed in 2% paraformaldehyde, and stained with antibodies directly conjugated to
fluorescent dye. The following antibodies were used: anti-CD11c-PE (N418) for dendritic
cell recognition from eBioscience (San Diego, CA, USA), anti-F4/80-Pe-Cy5 (BM8) for
MΦ recognition from Caltag Laboratories, anti-CD3e-Alexa Fluor 647 (17A2) for T-
lymphocyte recognition from eBioscience, anti-CD4-FITC (H129.19) for T helper/inducer
lymphocyte recognition from BD Pharmingen (San Diego, CA, USA), anti-CD8a-FITC (53–
6.7) for T cytotoxic/suppressor lymphocytes recognition from BD Pharmingen, anti-CD25-
PE (PC61.5), anti-CD94-PE (18d3) for NK and NKT cells recognition from eBioscience,
and anti-Foxp3-Pe-Cy5 (7979) for Treg recognition from eBioscience. The samples were
also incubated with rat IgG2a-FITC and rat IgG2a-PE-Cy5, which served as isotype controls.
The cells were analyzed using a FACSCalibur flow cytometer equipped with CellQuest Pro
software (Becton Dickinson, Heidelberg, Germany). FlowJo software (Tree Star Inc.,
Ashland, OR, USA) was used for the analysis of data obtained during flow cytometry.
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Evaluation of necrosis and apoptosis
To detect DNA fragmentation, terminal deoxynucleotidyl transferase-mediated uridine 5′-
triphosphate-FITC nick end-labeling (TUNEL) was performed according to the
manufacturer’s instruction (In Situ Cell Death Detection Kit, Fluorescein, Roche
Diagnostics GmbH, Mannheim, Germany). The ability of annexin V to bind to
phosphatidylserin on the external surface of the cells and DNA-intercalation by propidium
iodide were also evaluated using the Annexin-V-FITC Kit (Beckman Coulter, Fullerton,
CA, USA).

Cytometric bead array (CBA)
The level of cytokines (IL-6, IL-10, IFN-γ, TNF-α and IL-12p70) was measured in the CL
lesion and draining lymph nodes using a BD™ Mouse Inflammation CBA kit (Becton
Dickinson, San Diego, CA, USA). The assays were performed according to the
manufacturer’s instructions.

ELISA
The amounts of TGF-β1, IL-4 and granzyme B were evaluated in the CL lesions by
Qunatikine® according to the manufacturer’s instructions (R&D Systems, Minneapolis, MN,
USA).

Statistical analyses
Statistical analysis was based on the calculation of the arithmetic mean and standard
deviation. One-way ANOVA was used for group comparisons. Bonferroni’s multiple
comparison test was chosen when certain pairs had to be analyzed. The relationship between
two or more variables was measured by correlation analysis (Pearson’s coefficient). A P-
value of < 0.05 was considered statistically significant.

Results
MΦ treated with PDT underwent apoptosis

PDT induces apoptosis efficiently in non-infected MF (Fig. 1a and b). PDT yields a pure
cellular lysate without any residual toxins. The PS induces apoptosis only during light
irradiation, and is not harmful for cells under dark conditions. In contrast, trace amounts of
apoptosis-inducing chemicals (e.g., camptothecin) in the vaccination lysate can cause
leukopenia (17, 18) and may interfere with host immune response. For comparison, three
freeze/thaw cycles were used. We acquired necrotic cells of 97.9% purity, without any
features of apoptosis, while 3 h after PDT treatment, 91.1% of the cells were apoptotic as
evident with annexin V and TUNEL-positive staining (Fig. 1a). Morphologically, necrotic
cells lost their cellular integrity, while apoptotic cells exhibited typical features of chromatin
condensation (Fig. 1b). CBA of the supernatant revealed a significantly higher amount of
IL-10 and a lower level of MCP-1 in the PDT-treated, apoptotic MΦ in comparison with the
necrotic MΦ (Fig. 1c), indicating that PDT induces apoptosis and stimulates the release of
IL-10.

Vaccination with PDT-induced apoptotic MΦ diminished the load of L. major in CL lesions
BALB/c mice received three vaccinations with PDT-treated or thaw/ frozen Leishmania
parasites, MΦ, or L. major-infected MΦ (1×106 cells in 100 µl of PBS per mouse
subcutaneously) over an interval of 2 weeks. Two weeks after the final booster, mice were
infected with L. major. Measurable lesions were observed at week 1 in all groups. At week
3, the lesions in the mice vaccinated with Leishmania parasite or necrotic cells were
significantly larger than those of the PBS control mice (Fig. 2a). Only the group of mice
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receiving the PDT-treated, apoptotic MΦ had the same level of inflammation as the control
mice. By contrast, after vaccination with necrotic MΦ, the CL lesions exhibited a severe
inflammatory reaction with hemorrhagic crusting on top of ulcerative lesions (Fig. 2c). The
overall health of mice that received necrotic cells deteriorated to the point of cachexia, and
by week 5 all of these mice had to be sacrificed due to the polyorgan pathology.

The average parasite number in the group of PDT-treated, apoptotic MΦ was 60.7 times less
than that in the PBS group (P < 0.01) (Fig. 2b). Vaccination with the necrotic cells was not
protective: the same level of parasites was observed after vaccination with necrotic MΦ and
an even higher parasite burden was found after inoculation with necrotic Leishmania cells or
necrotic infected MΦ. Histologic analysis of the draining (submandibular) lymph nodes
confirmed these findings (Fig. 2d): in relation to PBS-treated mice, the number of infectious
granulomata was visually lower with PDT-treated, apoptotic MΦ and higher after necrotic
MΦ. We concluded that vaccination with PDT-treated, apoptotic MΦ was beneficial in
reducing parasitic burden with some effect on the overall local inflammation.

Vaccination with PDT-induced apoptotic MΦ increased the number of MΦ in CL lesions
and diminished T helper type-2 (Th2) cytokines

A higher number of MΦ was observed in spleens and CL lesions of mice that received the
PDT-treated, apoptotic MΦ than in mice receiving necrotic MΦ or PBS (Fig. 3a and b). The
histological assessment of CL lesions confirmed our findings, revealing a dense neutrophilic
infiltrate in the lesions of mice vaccinated with necrotic MΦ, in contrast to the almost
homomor-phous macrophagal infiltrates in the case of vaccination with PDT-treated,
apoptotic MΦ. Control mice receiving PBS only demonstrated typical mixed lymphocytic-
macrophagal granulomatous infiltrate (Fig. 3c).

An increase in the number of MΦ was accompanied by changes in the ratio of parasites to
MΦ. After vaccination with PBS or necrotic MΦ, there were 10–15-fold more parasites than
MΦ (15 : 1) in CL lesions. Conversely, after vaccination with PDT-treated, apoptotic MΦ,
there were more MΦ in the CL lesions than parasites (Fig. 3d): mice that received three
injections of PDT-treated, apoptotic MΦ had 554.5±30.6 MΦ for every parasite (1 : 0.06).

While the mice of the PDT-treated, apoptotic MΦ group revealed no changes in the level of
IL-12p70 and IFN-γ, significantly lower levels of IL-4 and IL-6 were observed, when
compared with the necrotic MΦ or the PBS groups (Fig. 3e). A twofold increase in the level
of IL-10 was also observed in mice that received PDT-treated, apoptotic MΦ compared with
the PBS group. We have measured the level of IL-17 in the CL lesions obtained 3 weeks
after a different regimen of vaccination. The amount of IL-17 was 1.5 ± 0.5 pg/ml in the
control group of mice receiving PBS, IL-17 was 0.8 ± 0.5 pg/ml in the group of mice
vaccinated with PDT-treated, apoptotic MΦ, and IL-17 was 38.9 ± 3.2 pg/ml in the group of
mice vaccinated with necrotic MΦ.

Vaccination with PDT-treated, apoptotic MΦ increased the number of Treg and decreased
the percentage of CD8 T and NK cells

We found twice as many CD4+ CD25+ Foxp3+ (Treg) cells in the group of mice that
received the PDT-treated, apoptotic MΦ than in the PBS group (Fig. 4a). The CL lesions of
mice that received apoptotic MΦ accumulated more CD4+ CD25+ Foxp3+ cells than the
groups of comparison (Fig. 4b). A positive correlation was established between the number
of Treg and the number of MΦ in the skin (r = 0.93, P < 0.001).

CCR4 and CCR6 signaling has been demonstrated to guide Treg to sites of inflammation,
where they can attenuate T-cell activation (19, 20). Lesional Langerhan’s cells and
macrophages are the source of the chemokines CCL17 and CCL22, the ligand for CCR4
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(19). Virtually all peripheral blood CD4+ CD25+ Foxp3+ Treg express high levels of the
chemokine receptor CCR4, and 73% of Treg express CCR6 (20). Supernatants from the CL
lesions revealed significantly higher level of CCL20 (ligand for CCR6) and CCL17 (but not
CCL22) in the group of mice that received the apoptotic MΦ, than in the control group that
was injected with PBS (Fig. 4c).

Mice vaccinated with PDT-treated, apoptotic MΦ displayed a 2.3-fold decrease in the
percentage of CD8+ T cells and a 2.6-fold decrease in the percentage of NK cells in the
spleen as compared with the necrotic MΦ group (Fig. 4d and e). No difference was observed
in the percentage of CD3+ γSTCR+ cells (data not shown). The low level of Granzyme B in
the CL lesions was found to be 295.43 ±35.94 pg/ml in the apoptotic MΦ mice as compared
with 401.61 ± 15.00 pg/ml in infected non-treated mice.

A significant increase in the load of Leishmania parasites in CD25-depleted mice was
associated with an increase of CD8+ T cells in the leishmanial granulomata (Fig. 4f and g),
which was accompanied by a 1.86-fold increase in the amount of Granzyme B (Fig. 4h).

Treg are responsible for suppression of inflammation and reduction of parasitic burden
after vaccination with PDT-treated, apoptotic MΦ

To test our hypothesis that Treg induced by PDT-treated, apoptotic MΦ had a protective
effect on the course of CL, we isolated CD4+ CD25− and CD4+ CD25+ cells from the
spleens of mice that received vaccinations with necrotic or PDT-treated, apoptotic MΦ. The
cells were adoptively transferred (1×106 cells/mouse) into naïve BALB/c mice followed by
L. major infection a day later (Fig. 5a). Mice receiving Treg from the mice vaccinated with
PDT-treated, apoptotic MΦ showed significantly smaller CL lesions 3 weeks after infection
(Fig. 5b and c) and lower parasitic burden (Fig. 5d) than mice that received necrotic MΦ or
PBS injection.

Consistent with our previous findings, the percentage of CD8+ T cells was significantly
reduced after the adoptive transfer of MΦ apoptosis-induced Treg in comparison with mice
that received CD4+ CD25− cells from the same group of mice vaccinated with apoptotic MΦ
(Fig. 5e and f). While the number of NK cells remains to the same in the group of CD4+

CD25− and CD4+ CD25− cells, the number of NKT cells was reduced 4.5 times.

The statistically higher level of IL-10 and TGF-β was observed in the group of PDT-treated,
apoptotic MΦ (Fig. 5g). Suppression of Th2 cytokines (IL-4 and IL-6) was presented in both
experimental groups, while an activation of Th1 cytokines (IL-12p70 and IFN-γ) was a
feature only of the PDT-treated, apoptotic MΦ group.

Taken together, these results confirmed that Treg induced by PDT-treated, apoptotic MΦ but
not necrotic MΦ were responsible for diminishing the inflammation and parasitic burden in
mice infected with L. major.

Discussion
In the present study, we found that vaccination with apoptotic MΦ was beneficial for the
limitation of CL progression by induction of Treg. The use of a vaccine that is unrelated to
Leishmania parasites to induce a protective immune response is unique in its creation of an
environment conducive to the development of Treg. In our study, vaccination with PDT-
treated, apoptotic MΦ appeared to increase the number of Treg. Partial protection was
conferred by the inhibition of IL-4, and IL-6 cytokines and the depletion of CD3+CD8+ and
NKT cells.
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What becomes evident from this study is the influence of Treg on Th1/Th2 dichotomy.
Vaccination with PDT-treated, apoptotic MΦ had a protective effect due to its inhibition of
Th2 cytokine production. While an activation of the Th1-immune response was observed in
an adoptive transfer experiment with CD4+CD25+ splenocytes from mice vaccinated with
PDT-treated, apoptotic MΦ, direct vaccination did not result in a bust of Th1. Treg have
been shown to control Th1 immune response in C57BL/6 mice (12), or Th2 cell response in
BALB/c (21). For the successful inhibition of the cytokine production and proliferation of
differentiated and established T cells, Treg should be pre-activated (22). Because of the non-
specific nature of our vaccine (MΦ were not exposed to Leishmania parasites), we
hypothesize that the suppression observed after Treg induction may also be non-specific for
an active immune response. BALB mice develop non-protective Th2 responses and suffer
progressive disease after infection with L. major. These outcomes depend on the production
of IL-4 and IL-13 (23–25). IL-4 inhibits leishmanicidal activity of infected MΦ by
decreasing nitric oxide generation (26). In contrast, the Th1 host immune response is an
essential prerequisite for protection against Leishmania (27, 28). IL-12p70 stimulates NK
and T cells to produce IFN-γ, which induces leishmanicidal nitric oxide (29, 30). It would be
valuable to see whether after vaccination with apoptotic MΦ, C57BL/6 mice would still
maintain a resistance to Leishmania infection.

A high level of TGF-β was observed in the CL lesions after the adoptive transfer of CD4+

CD25+ cells isolated from mice vaccinated with PDT-treated, apoptotic MΦ. Previous
reports have emphasized that tolerogenic Treg cells require TGF-β in vivo to carry out their
suppression of the Th2 immune response (31), while the blockage of membrane-bound
TGF-β nullifies its protective effect (32). This effect has also been observed in the low-dose
peptide tolerance therapy of lupus, where the low-dose peptide simultaneously induced Treg
cells and suppressed Th17 cells by increasing TGF-β and decreasing IL-6 production (33).
Thus, in our case, TGF-β that was induced by vaccination with the apoptotic (but not
necrotic) MΦ could be responsible for the suppression of Th2 cytokines in the CL lesions.
Comparing the protective potential of Th2 cytokines and TGF-β in adoptive immunity
against Salmonella, Kochetkova et al. (34) found that the introduction of anti-TGF-β mAb
nearly completely neutralized the effect provided by the adoptively transferred CD4+ T
cells, while anti-IL-4 monoclonal antibody treatment was beneficial only on 60%. Thus,
while TGF-β seems to be essential for protection, other mechanisms may exert an additive
effect in restraining pathogens.

We found a hyperergic immune response in case of vaccination with necrotic MΦ. The CL
lesions developed quickly with massive purulent exudation and tissue destruction.
Moreover, the overall health of mice that received necrotic cells deteriorated to the point of
cachexia, and by week 5 all of these mice had to be sacrificed due to the polyorgan
pathology. A dense monomorphous neutrophilic infiltrate was observed in the lesions of
mice vaccinated with necrotic MΦ. While IL-6 was reduced in comparison with the control,
overall the cytokines IL-12p70, IFN-γ and IL-4 were at a similar level. IL-17 was
upregulated in this case, which could explain the recruitment of neutrophils at the place of
inflammation. Treg may interfere with this process (35, 36). Recent publications indicate
that IRF4 may play an important role in the development of both Th2 and Th17 cells (37). It
was shown that IRF4 expression segregates in Th2 cells between IL-10 high and low cells
(38). The discrepancy in IL-10 and IL-4 secretion between the two groups in our
experiments (high level of IL-10 and low level IL-4 in the group of PDT-treated, apoptotic
MΦ vs. low level of IL-10 and high level of IL-4 in the group of necrotic MΦ) could be
explained by different IRF4 expression, and future study will be required to prove this
hypothesis.
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It was interesting to learn that apoptotic MΦ not exposed to Leishmania could induce Treg.
Such a finding had not been reported previously for Leishmania infection. As the main
function of Treg is to suppress the immune response, their final effect will strictly depend on
the environment in which they arise. The Th2 immune response dominates in BALB/c mice
during CL; hence, Treg activation would be beneficial, while suppression of the protective
Th1 immune response in C57BL/6 mice may delay parasite clearance.

In this study, we found an increase of CD4+CD25+Foxp3+ Treg cells and MΦ, along with a
decrease of CD8+ T cells and NKT cells after vaccination with PDT-treated, apoptotic non-
infected MΦ. It has been shown previously that Treg can suppress the proliferation of CD8+

cells in vitro (39–42), and that in vivo Treg are capable of interfering with the proliferation
of CD8+ cells (21). As we demonstrated, the removal of Treg transiently aggravated the
disease by releasing CD8+ cells from Treg suppression for MΦ killing, which was in
accordance with previous publications (43).

The induction and maintenance of the tolerance is a highly developing field in the therapy of
autoimmune conditions (33). While the significance of an autoimmune component in CL is
disputable, the field of infectious immunology may offer some new insights into the
mechanisms of immune surveillance and immuoregulation. We have shown that apoptotic
MΦ could be potent Treg elicitors. This strategy could be suitable for developing supportive
therapy for transplant patients, where induction of Treg cells would be beneficial for the
suppression of donor-organ rejection.

In summary, we demonstrated that PDT-treated, apoptotic MΦ have a protective effect on
BALB/c mice by diminishing the load of parasites during experimental murine CL. While a
significant role in Leishmania control is played by the timely switch between Th1 and Th2,
this change may be under the regulation of Treg cells.

Summary statement
Tolerance is a state of immunological non-reactivity to an antigen resulting from a previous
exposure to the same antigen. While it protects from attacks of the immune system against
self-antigens, in case of intracellular parasitism tolerance, it could be a beneficial for
parasites facilitating their escape from the immune surveillance. We found that vaccination
with the apoptotic, but not necrotic non-infected macrophages was beneficial for the
restriction of parasitic replication. This anti-tolerogenic process was mediated by Treg
activation and by the depletion of CD3+CD8+ and NKT cells.
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Fig. 1.
Photodynamic therapy (PDT) induces apoptosis in MΦ. (a) FACS analysis of the MΦ
prepared by freeze/thaw cycles or by PDT. First row: Double staining with Annexin V and
propidium iodide; Second row: FACS analysis of TUNEL-positive cells. □, control for
autofluorescence of cells, without incubation with label solution; ■, negative control,
incubated with label solution; ░, test sample, incubated with TUNEL reaction mixture. (b)
Cytologic changes in MΦ f/t or MΦ+PDT. Non-treated MΦ are showed as control (MΦ).
Cytospin preparation. Diff-Quick staining, × 1000. (c) Cytokine profiles of the supernatant
of the MΦ f/t or the MΦ+PDT lysates. Non-treated MΦ provided as a control group (MΦ)
(BD CBA). Data presented are representative of three experiments. *p < 0.05.
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Fig. 2.
The lysate of PDT-treated, apoptotic MΦ. diminishes the load of Leishmania major. (a) The
volume of CL lesions 3 weeks after infection in mice of the vaccine group. Mice were
vaccinated with PDT-treated or thaw/frozen cells. Each mark represents an individual ear,
and the dash represents the mean for each group. Two independent experiments.*P < 0.05,
**P < 0.01 (b) The parasitic burdens were assessed by a serial dilution assay 3 weeks
postinfection. Each mark represents an individual ear, and the dash represents the mean for
each group. **P < 0.01. (c) Representative photos of mouse ears at 3 weeks post-infection in
mice of the vaccine groups. (d) Histological picture of the draining (submandibular) lymph
nodes demonstrates a different number of the infectious granulomata. H&E, × 100.

Akilov et al. Page 14

Photodermatol Photoimmunol Photomed. Author manuscript; available in PMC 2013 October 08.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
Vaccination with PDT-treated, apoptotic MΦ increased the number of MΦ and suppressed
Th2 immune response. (a) Dot plots for F4/80 and CD11c expression in the spleens of
vaccinated non-infected mice. (b) Absolute numbers of F4/804cells in and ears with the CL
lesions in vaccinated non-infected or infected mice. Mean ± SD for each group. ** P < 0.01
in comparison with MΦ f/t. (c) Histological picture of the CL lesions of vaccinated mice 3
weeks after infection. H&E, × 800. (d) Ratio of parasites to macrophages in the CL ears of
vaccinated mice 3 weeks after infection. (e) Cytokine production in the CL lesions of
vaccinated mice 3 weeks after infection. **P < 0.05, ** P < 0.001 in comparison with PBS.
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Fig. 4.
Vaccination with PDT-treated, apoptotic MΦ affected the number of Treg, CD8 Tand NKT
cells (vaccinated mice 3 weeks after infection). (a) Percentage of CD4+ CD25high in the
spleens. (b) The absolute number of CD4+ CD25+ in the spleen and skin. **P < 0.01, ***P
< 0.001. Five mice per groups of three independent experiments. (c) Chemokines in the CL
lesions. *P < 0.05. (d) CD3 and CD8 in the spleens of vaccinated non-infected mice. Five
mice per group. (e) CD3 and CD94 in the spleens of vaccinated non-infected mice. CD25-
depletion in infected mice. (f) Parasite load. *P < 0.001 (g) CD3 and CD8a in the CL lesions
after CD25 depletion. (h) The granzyme B in the CL lesions after CD25 depletion. Ten ears
per sample. *P < 0.05.
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Fig. 5.
Adoptive transfer of Treg from mice vaccinated with apoptotic MΦ decreased the parasite
burden and overall inflammation. (a) Schema of experiment. (b) The CL lesions of mice that
underwent adoptive transfer. (c) The volume of CL lesions. ***P < 0.001 in comparison
with CD4+ CD25−. (d) The parasitic burden. (e) CD3, CD8, and CD94 in the spleen after the
adoptive transfer of cells from mice vaccinated with PDT-treated, apoptotic MΦ. (f) The
absolute number of effector cells in the CL lesions in mice of adoptive transfer group. ***P
< 0.001 in comparison with CD4+ CD25−. (g) Cytokines in the CL lesions after the adoptive
transfer of CD4+ CD25+. *P < 0.05, ***P < 0.001 in comparison with PBS; †P < 0.05, †††P
< 0.001 in comparison with MΦ f/t.
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