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Fig. 2. Induction of IL-17-producing cells during infection with PbA. BSL (upper panel) or spleen cells (lower panel) isolated from mice that developed ECM were analyzed for
IL-17 (A) and IFN-y (B) production. Gated lymphocytes were plotted for CD4 and each cytokine. The numbers indicate the percentage of quadrants. Absolute numbers of the
indicated cells were also shown (C). Data represent the mean + SD of five mice. One representative of at least two repeated experiments is shown.
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Fig. 3. Induction of Th17 in mice infected with PbA. CD4" cells were purified from BSL and spleen cells of mice developing ECM and analyzed for the expression of mRNA
encoding IL-17 (A) and RORYt (B) as in Fig. 1A. One representative of at least two repeated experiments is shown.

induced by malaria parasites may therefore be independent of

IL-23 and IL-17, unlike other infectious diseases.

IL-23 and IL-17 are reported to be protective against some

infections [33], yet are responsible for inflammatory pathologies
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Fig. 4. ECM induced by PbA infection was independent of IL-17. Survival rates (A) or parasitemia (B) of WT and 17KO mice infected with 50,000 PbA-pRBC were monitored as
in Fig. 1C. Histological analysis of brain sections of WT (left panels) and 17KO mice (right panels) developing ECM was performed as in Fig. 1E.

in other situations. Parasitemia in P19KO or 17KO mice infected
with PbA was similar to that in infected WT mice. These findings
suggest that IL-23 and IL-17 do not contribute to the reduction of
parasite burdens in mice infected with PbA. However, those cyto-
kines have protective effects against infection with PbNK65 and
the lack of IL-23 shortened the survival of infected mice. IL-23 also
has anti-protozoan effects against Plasmodium yoelii XL (manu-
script in preparation). The protective effects of [L-23 and IL-17 dur-
ing malaria therefore appear to dependent on the species and
strain of malaria parasites.

In conclusion, IL-23 and IL-17 are not critical for the develop-
ment of ECM, a complicated pathology that is produced in associ-
ation with various immune cells, cytokines and chemokines. It
would also be of interest to investigate whether similar results
could be achieved using human patients. Such insights will poten-
tially further our understanding CM pathogenesis and help estab-
lish new therapeutic strategies.
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Abstract

CD4*CD25* regulatory T (Treg) cells cause immune suppression by inhibiting T cell effector
functions and play pivotal roles not only in self-tolerance but also in immune response to parasitic
microbial pathogens. Mycobacteria are major parasitic bacterial pathogens, but the role of
CD4*CD25" Treg cells in mycobacterial infection is not yet defined. In this study we found that, at the
early stage of infection, depletion of CD25™ cells reduced both bacterial load and granuloma
formation in mice infected with Mycobacterium tuberculosis strains, such as M. tuberculosis Erdman
or M. tuberculosis Kurono. However, at a later stage of infection, bacterial burden and histopathology
were similar regardless of depletion of CD25" cells. Severe combined immunodeficient (SCID) mice
reconstituted with CD4*CD25~ T cells alone or a combination of CD4*CD25* and CD4*CD25™ T cells
showed similar bacterial loads and survival kinetics after infection with M. tuberculosis Erdman.
Consistent with in vivo data, in vitro studies revealed that mycobacterial antigens, purified protein
derivative of tuberculin (PPD), failed to induce the suppressive function of CD4*CD25" Treg cells to
CD4*CD25~ effector T cells, as demonstrated by the lack of response of CD4*CD25* T cells to PPD, in
mice chronically infected with Mycobacterium bovis bacillus Calmette-Guérin and M. tuberculosis.
Our data show that CD4*CD25* Treg cells have a transient effect at the early stage of mycobacterial
infection but, contrary to the expectation, have little impact on the overall course of infection.

Keywords: bacterial, T cells, rodent, inflammation, lung

Introduction

Mycobacteria are intracellular bacterial pathogens, which
persistently infect eukaryotes, including mammals, and
cause diseases not only following primary infection but
also by reactivation from latent state. Several species
of mycobacteria, such as Mycobacterium tuberculosis and
Mycobacterium bovis, are known to cause human tuber-
culosis. The World Health Organization estimates that
M. tuberculosis infects one-third of the world’s population
and is responsible for 2 million deaths each year (1). While
the infection remains latent in 95% of the infected cases of
M. tuberculosis, 5-10% of those who initially controlled the
infection later develop active disease at some stage during

their lifetime. To suppress intracellular growth of mycobacte-
ria, macrophage activation by IFN-gamma is critical in both
mice (2, 3) and humans (2, 3).

The important role of the CD4"CD25" regulatory T (Treg)
cells in immune response has recently been recognized.
This T cell subset maintains immunologic self-tolerance and
suppresses the onset of autoimmune diseases (4). The vast
majority of Treg cells constitutively express CD25/IL-2 recep-
tor alpha chain in the physiological state (5, 6). CD4*CD25"
Treg cells also express cytotoxic T-lymphocyte-associated
protein 4 (CTLA-4; 7, 8), glucocorticoid-induced tumor necro-
sis factor receptor (GITR; 9, 10) and the transcription factor,
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FoxP3 (11, 12). Some subsets of CD4"'CD25* Treg cells also
produce effector cytokines, such as IL-10 and transforming
growth factor (TGF)-B (13, 14). The defining feature of
CD4'CD25" Treg cells is their ability to inhibit the proliferation
of T cells and IFN-gamma production through cell-cell con-
tact (15, 16), possibly mediated by CTLA-4, and/or through
the production of immunosuppressive cytokines, such as
TGF-B and IL-10 (13, 14).

Recently, it has been reported that CD4*CD25* Treg cells
are also involved in suppressive immune responses during
several infectious diseases. Depletion of CD4*CD25" Treg
cells enhances anti-microbial activity against diverse patho-
gens including the protozoan Leishmania major and Plasmo-
dium yoelii, viruses such as HIV and Herpes simplex virus
and bacteria such as Helicobacter pylori (17-21).

In spite of suggested importance of CD4*CD25* Treg cells
in parasitic pathogens, the knowledge in mycobacterial in-
fection remains controversial (22-25). Kursar et al. and
Scott-Browne et al. showed that Treg cells prevented protec-
tive immunity against M. tuberculosis infection by utilizing
reconstituted and chimeric mice, respectively (22, 25). In
contrast, Quinn et al. suggested minor role of CD4*CD25* in
both Mycobacterium bovis bacillus Calmette Guérin (BCG)-
induced protection and natural mycobacterial infection (23,
24). In order to elucidate the roles of CD4*CD25* Treg cells
in mycobacterial infection more precisely, we carried out the
experiments using Treg-deleted mice by antibody to CD25
molecule and SCID mice reconstituted with T cell subsets.
We found that mycobacterial antigen-specific CD4*CD25*
Treg cells were hardly developed after mycobacterial infec-
tion in mice and therefore the function of CD4*CD25" Treg
cells was limited after the infection was established. Thus,
CD4*CD25" Treg cells have little impact on the overall
course of mycobacterial infection.

Methods

Mice

Specific pathogen-free, female DBA/2 mice aged 6 weeks
were purchased from Japan SLC (Shizuoka, Japan). BALB/c
and SCID/BALB/c mice were purchased from Japan CLEA
(Tokyo, Japan). All mice were maintained under specific
pathogen-free conditions in the animal facilities of Osaka
City University Graduate School of Medicine and in a bio-
safety-level-3 facility at The Research Institute of Tubercu-
losis according to the standard guidelines for animal
experiments at each institute with approval of their ethical
committees.

Depletion of CD4*CD25" cells

A hybridoma cell line expressing anti-mouse CD25 monoclo-
nal IgM [a monoclonal antibody against mouse CD25 (7D4),
American Type Culture Collection, Manassas, VA, USA] was
expanded as ascites in pristine-primed SCID mice (Wako,
Osaka, Japan). The Ig-rich fraction was obtained by 30%
ammonium sulfate precipitation of ascitic fluid followed by
dialysis in PBS. An isotype-matched control IgM was pur-
chased from eBioscience (San Diego, CA, USA). The protein
concentration was determined by Bradford's method using

BSA (Sigma-Aldrich, St Louis, MO, USA) as a standard. For
depletion of CD25" cells in early stage of infection, mice
were injected with 1 mg of 7D4 or control IgM intraperitone-
ally (i.p.) 1 day before, and then 3 and 10 days after
M. tuberculosis infection. For depletion of CD25* cells in late
stage of infection, mice were injected (i.p.) with 1 mg of 7D4
or control IgM at 60, 65 and 70 days after M. tuberculosis
infection. Depletion of CD4*CD25" cells was assessed by
flow cytometry using a FACScan (Becton Dickinson, Franklin
Lakes, NJ, USA). Peripheral blood leukocytes (PBLs) were
obtained by incubation with 0.83% ammonium chloride solu-
tion at 37°C for 5 min to induce erythrocyte lysis. PBLs or
splenocytes were stained with PE-conjugated anti-CD4 mAb
(GK1.5, eBioscience) and FITC-conjugated anti-CD25 mAb
(PC61, eBioscience). The data were analyzed by flow cytom-
etry with using Cellquest™ software (Becton Dickinson).

Bacteria and infection

Mycobacterium bovis BCG Tokyo, M. tuberculosis H37Rv,
M. tuberculosis Kurono (ATCC 35812) and M. tuberculosis
Erdman were grown in 7H9 medium (Difco, Detroit, MI,
USA) supplemented with 10% BSA, dextrose and catalase
enrichment (Difco) and 0.05% Tween 80 at 37°C to mid-
logarithmic phase, then stored in frozen aliquots as previ-
ously described (26). For infection with M. tuberculosis
Kurono and M. tuberculosis Erdman, the nebulizer of a Mid-
dlebrook airborne infection apparatus (Glas-col, Terre Haute,
IN, USA) was filled with 5 ml PBS containing 5 x 10° colony-
forming units (CFU) of bacteria and the mice were airborne
infected for 90 min by Glas-Col aerosol generator. This pro-
cedure deposits ~10 CFU of bacteria into the lungs. At 0, 3
and 5 weeks (and also 2 weeks in some experiments) post-
infection, three to five mice per group were euthanized and
the lungs, livers and spleens were harvested. The organs
were homogenized in 1 ml sterile distilled water using a mor-
tar and pestle and serial dilutions were plated onto Middle-
brook 7H11 agar containing oleic acid, dextrose, albumin
and catalase enrichment (Difco) (7H11-OADC agar). Bacte-
rial numbers were counted using CFU after culturing at
37°C for 20-30 days. To investigate the role of CD4*CD25*
Treg cells in the late stage of infection, mice were airborne-
infected with M. tuberculosis H37Rv as the same method
described above and CD25* cells were depleted by 7D4
treatment on days 60, 65, and 70. At 75 days post-infection,
eight mice per group were euthanized and bacterial num-
bers in lungs and spleens were determined by CFU count
and histological evaluation were performed as the same pro-
cedures described above.

Isolation of CD4*CD25* T cells and CD4*CD25~ T cells

BALB/c mice were infected i.p. with 5 X 10* CFU of M. bovis
BCG Tokyo. CD4*CD25* T cells and CD4*CD25~ T cells
were purified from spleens of normal mice or chronically
BCG-infected (>6 months post-infection) BALB/c mice using
CD4*CD25" regulatory T cell isolation kit (Miltenyl Biotec,
Bergisch Gladgach, Germany) after depleting erythrocytes
with 0.83% ammonium chloride solution. Obtained cells were
labeled with PE-conjugated anti-CD25 mAb, stained with
FITC-conjugated anti-CD4 mAb (eBioscience) and analyzed
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by flow cytometer. The purity of selected populations was
confirmed as >96%. Expression of foxp3 in the CD4*CD25*
T cell population was confirmed using flow cytometer after
intracellular staining with anti-FITC-conjugated anti-mouse
foxp3 mAb (eBioscience). CD4"CD25" T cells stained by this
procedure were >90% foxp3-positive. Non-CD4" cells of nor-
mal mice retained in the MACS separation column were
flushed out and incubated for >2 h. Attached cells were
used as antigen-presenting cells (APCs) after treatment with
20-Gy radiation. T cell populations and APCs were also iso-
lated from DBA/2 mice chronically infected with M. tubercu-
losis as the similar procedure with BCG-infected mice
described above. However, in this case, to obtain APCs,
spleen cells of normal DBA/2 mice were incubated for >2 h
and attached cells were treated with mitomycin C
(50 pg zml~ ") for 30 min at 37°C instead of radiation.

In vitro T cell proliferation assay and measurement of
cytokines

CD4*CD25* T cells and CD4*CD25~ T cells were prepared
to be 1 x 10° cells mI~". Various ratios of CD4*CD25"* T cells
and CD4*CD25~ T cells were cultured for 5 or 7 days with
10 pg mi~" of purified protein derivative of tuberculin (PPD)
or anti-CD3 mAb (CEDARLANE, Canada) in the presence of
1 x 10° cells mI~" of APC in 96-well plates in RPMI 1640
supplemented with 10% FCS, 2 mM L-glutamine, penicillin
(100 U mI~ "), streptomycin (100 mg mi~") and 50 mM 2-mer-
captoethanol. Proliferation was evaluated by pulsing cells with
1 uCi (37 kBq) per well [®H]thymidine ([°*H]TdR) for 6 h and
[®H]TdR incorporation measured using a scintillation counter.
In the experiments to analyze the function of T cells derived
from M. tuberculosis-infected mice, proliferation was evalu-
ated by incorporation of 5-bromo-2’-deoxyuridine (BrdU)
using a commercially available kit (Cell proliferation ELISA,
BrdU colorimetoric, Roche, Germany). Production of IFN-
gamma, IL-10, IL-2 and IL-6 in the culture supernatant was
measured using a commercially available ELISA kit (R&D
System, Minneapolis, MN, USA).

Transfer of T cell population into SCID mice

CD4*CD25* T cells and CD4*CD25™ T cells were purified
from the spleens of BALB/c mice chronically infected with
BCG using CD4"CD25" Treg cell isolation kit. Totally, 7.5 X
10° CD4*CD25~ T cells or 7.5 X 10° CD4*CD25" T cells ei-
ther alone or in combination (7.5 X 10° CD4*CD25™ T cells
and 7.5 X 10* CD4*CD25* T cells) were transferred intrave-
nously to cognate SCID mice (17). One day after transfer, re-
cipient mice were infected aerogenically with M. tuberculosis
Erdman as described above. Three weeks post-infection,
five to eight mice were euthanized and bacterial burden
was counted. The survival time course of seven mice per
group was observed for up to 165 days post-infection.

Neutralization of IL-6 in culture supernatant

CD4*CD25 T cells, CD4*CD25" T cells and APCs were iso-
lated from chronically BCG-infected mice according to the
procedures described above. Anti-mouse IL-6-neutralizing
mAb (Biolegend, San Diego, CA, USA) or isotype-matched
control antibody (Southern Biotech, Birmingham, AL, USA)

Regulatory T cells in mycobacterial infection 3

was added to the culture of CD4*CD25 effector T cells
either alone or in combination with CD4*CD25" T cells at
concentration of 0.02 pg mi~' and cultured for 4 days in
the presence of PPD or anti-CD3 mAb. IFN-gamma produc-
tion and [PH]TdR incorporation were measured after 4 days
incubation.

Transfer of culture medium

T cell subsets were obtained from chronically BCG-infected
mice as described above. CD4*CD25 T cells/CD4"CD25"
T cells/APCs (1:0:0.1) or CD4'CD25~ T cells/CD4*CD25*
T cells/APCs (1:1:0.1) were cultured with PPD or anti-CD3
mAb for 7 days and each culture supernatant stored at
—80°C until later use. Freshly isolated CD4"CD25~ T cells/
CD4*CD25* cells/APCs (1:0:0.1) or CD4*CD25~ T cells/
CD4*CD25* T cells/APCs (1:1:0.1) were cultured with stored
supernatant:new medium (1:1) in the presence or absence
of anti-CD3 mAb. On day 4, [2H]TdR incorporation was mea-
sured as described above.

In vitro activation of CD4*CD25* T cells

CD4*CD25* T cells isolated from chronically infected BALB/c
mice with BCG or M. tuberculosis H37Rv were incubated
with Dynabeads Mouse CD3/CD28 T cell Expander (Invitro-
gen, Norway) at a bead:cell ratio of 2:1 adding 2000 U mi~’
of recombinant mouse IL-2 according to the manufacturer’s
protocol. Two days after incubation, the beads were
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Fig. 1. Selective loss of CD4*CD25" T cells by treatment with anti-
CD25 mAb, 7D4. (A) Flow cytometric analysis of PBLs obtained from
i.p.-injected mice with 1 mg of anti-CD25 mAb (7D4) or control IgM
(control) 1 day after injection. Cells were stained with FITC-
conjugated anti-CD25 mAb (PC61) and PE-conjugated anti-CD4
mAb (GK1.5). (B) Time course of the level of depletion of CD4*CD25*
T cell in PBL after a single dose of 7D4. Data are expressed as
percent depleted relative to the CD4*CD25" cell population in control
IgM-treated mice. Data are mean of three mice per time point.
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Fig. 2. The effect of CD25" cell depletion in Mycobacterium
tuberculosis Kurono infection in mice. DBA/2 mice treated with
1. mg of 7D4, anti-CD25 mAb or control IgM were aerogenically
infected with 5 X 10° CFU of M. tuberculosis Kurono. (A) Bacterial
numbers were counted in lungs (left panel) and spleens (right panel)
of mice treated with control IgM (open bars) or with 7D4, anti-CD25

removed from CD4"CD25" T cells by magnet. After washing
with medium, cells were used as activated CD4*CD25*
T cells. Freshly isolated CD4*CD25~ effector T cells were in-
cubated with activated CD4*CD25" T cells in the presence
of PPD.

Histological analysis

Tissues were removed from mice at various intervals, fixed in
10% formalin and embedded in paraffin blocks. Sections
(5 um) were stained with hematoxylin and eosin (H&E),
Ziehl-Neelsen or Giemsa methods. To evaluate the intensity
of inflammatory response of the lung, the mean diameters of
pulmonary granulomas were measured in three sections per
mouse using Microanalyzer (Poladigital, Tokyo, Japan).

Statistical analysis

Results were analyzed by one-way analysis of variance
(ANOVA) by SAS system R.8.1. Data were expressed as
mean values * standard deviation and considered signifi-
cant if P < 0.05.

Results

Depletion of CD25" cells in early stage of infection causes
transient effect on in vivo growth of M. tuberculosis Kurono
and M. tuberculosis Erdman

7D4 is a mAb against mouse CD25. Administration of 1 mg
7D4 into a mouse resulted in the loss of >96% of CD4*CD25*
T cells in the peripheral blood and spleens (Fig. 1A). Loss of
CD25" cells maintained at least for 5 days after 7D4 treat-
ment (Fig. 1B). Depletion of CD25" cells by 7D4 protects
mice from death caused by infection of Plasmodium yoelii,
suggesting a role for CD4*CD25" Treg cells in exacerbating
malaria (21).

Using 7D4, we first depleted CD25* cells of DBA/2 mice
and then infected animals with 5 x 10° CFU/mouse of
M. tuberculosis Kurono, which was clinically isolated strain
in Japan, by airborne infection. Bacterial load in lung and
spleen, and histopathology of the lung were monitored at
3 and 5 weeks post-infection. Mycobacterium tuberculosis
Kurono multiplied to approximately 2 x 10° CFU per lung
3 weeks post-challenge and maintained these bacterial
numbers 5 weeks post-challenge. In spleens, we detected
2 x 10* and 3 X 10* CFU per organ 3 and 5 weeks

mAb (closed bars). (B) Histopathological features of lungs from
M. tuberculosis Kurono-infected mice. Lung sections were stained with
H&E (a-d), Ziehl-Neelsen (e and f) and Giemsa (g and h). Granulomas
mainly consisted of epithelioid macrophages (g and h). Numerous
acid-fast bacteria were observed in granulomas of both control IgM-
treated and anti-CD25 mAb-treated (7D4) mice. (a, ¢, e and g) Lungs
sections from mice treated with control IgM. (b, d, f and h) Lungs
sections from mice treated with 7D4. (a, b and e-h) Three weeks after
infection. (c and d) Five weeks after infection. Bars, 500 pm (a-d),
10 um (e-h). (C) The diameter of granulomatous lesions was measured
in the lung sections from mice treated with control IgM (open bars)
or with 7D4, ant-CD25 mAb (closed bars). Bars represent
mean *standard deviation of three to five mice. *P < 0.05 versus
control mice; **P < 0.01 versus control mice.
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Fig. 3. The effect of CD25" cell depletion in Mycobacterium
tuberculosis Erdman infection. (A) Control IgM-treated mice (open
bars) and 7D4 anti-CD25 antibody-treated-mice (closed bars) were
aerogenically infected with 5 X 10° CFU of M. tuberculosis Erdman.
Bacterial numbers of lungs and spleens were measured at 2, 3 and
5 weeks post-infection. **P < 0.01 versus control mice. (B) CD4*
T cells from non-infected mice with 7D4 treatment (7D4-cont),
M. tuberculosis-infected mice with 7D4 treatment (7D4-Infec), non-
infected mice with control IgM treatment (IgM-cont) or M. tuberculosis-
infected mice with control IgM treatment (IgM-Infec) were cultured with
APC in the presence (PPD) or absence (—) of 10 pg mi~" PPD for
7 days. Production of IFN-gamma in the culture supernatants was
analyzed. **P < 0.01: Mycobacterium tuberculosis-infected mice with
control IgM treatment (IgM-Infec) versus M. tuberculosis-infected mice
with 7D4 treatment (7D4-Infec).

post-challenge, respectively (Fig. 2A). Depletion of CD25"
cells resulted in significantly lower bacterial number in both
lung and spleen 3 weeks after challenge; however, this
effect became marginal 5 weeks post-challenge (Fig. 2A).
Numerous bacteria were observed in granulomas of 7D4-
treated and control mice after infection (Fig. 2B, e and f),
consistent with higher bacterial burdens revealed by plating
of organ homogenates (Fig. 2A). Histological examination of
the lung correlated with the CFU results; 3 weeks post-
infection, depletion of CD25" cells resulted in decreased
granuloma formation compared with mice treated with con-
trol IgM, but normalized 5 weeks after challenge [Fig. 2B(a—d)
and C]. Histopathology showed that granuloma cellular com-
position did not differ between 7D4-treated mice and control
mice, which consisted predominately of epithelioid macro-
phages (Fig. 2B, g and h). Thus in M. tuberculosis Kurono in-
fection, the effect of CD25" cell depletion was limited to the
early phase of infection only.

To determine whether the transient effect of CD25" cells
is specific for M. tuberculosis Kurono, we performed similar
experiments employing another commonly used mycobac-
terial strain, M. tuberculosis Erdman. Similar results were
observed in bacterial burdens: 7D4-treated mice revealed
significantly lower bacterial numbers than those of IgM-
treated mice at early stage (2 weeks post-infection), but
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Fig. 4. The effect of depletion of CD25" cell in chronically infected
mice with M. tuberculosis. DBA/2 mice were aerogenically infected
with 5 X 108 CFU of M. tuberculosis H37Rv. Two months after
infection, mice were treated with 1 mg of 7D4 or control IgM three
times with 4 days interval. Five days later from final treatment, mice
were sacrificed and analyzed. (A) Bacterial numbers in lungs (left
panel) and spleens (right panel) of mice treated with control IgM
(open bars) or 7D4 (closed bars). (B) Lung sections were stained with
H&E (a and b), Ziehl-Neelsen (¢ and d) and Giemsa (e and f).
Granulomas mainly consisted epithelioid macrophages (e and f).
Numerous acid-fast bacteria were observed in granulomas of both
control IgM- and 7D4-treated mice. (a, ¢ and e) Lungs sections from
mice treated with control IgM. (b, d and f) Lungs sections from mice
treated with 7D4. Bars, 500 um (a and b), 10 pm (c-f). Bars represent
mean *+standard deviation of eight mice.

not 3 weeks or 5 weeks post-challenge (Fig. 3A). Splenic
CD4* T cells derived from 7D4-treated mice at this time
point produced significantly higher levels of IFN-gamma
than those of IgM-treated mice when stimulated with PPD
(Fig. 3B). :

We also examined the effects of depletion of CD25" cells on
the survival of another mycobacterial strain, Mycobacterium
bovis bacillus Calmette-Guérin (BCG). DBA/2 or BALB/c
mice depleted of CD25" cells by 7D4 were challenged with
BCG intravenously and the survival of BCG in the lungs
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Fig. 5. Bacterial burden and survival kinetics of reconstituted SCID
mice with T cell subsets after infection of Mycobacterium tuberculosis
Erdman. (A) T cell subsets were isolated from spleens of chronically
BCG-infected mice. SCID mice were reconstituted with 7.5x10° of
CD4*CD25" T cells only (CD25%), 7.5x10° of CD4*CD25™ T cells and
7.5x10% of CD4*CD25* T cells (CD257/CD25%), untransferred (Non),
and 7.5%10° of CD4*CD25~ T cells only (CD257). One day after
reconstitution, naive or T cell subset-reconstituted SCID mice were
aerogenically infected with 5 X 10° CFU M. tuberculosis Erdman. (B)
Survival rates of naive or reconstituted SCID mice after infection. Time
course of survival was examined up to 165 days post-infection. Five to
eight mice per group were analyzed.

post-challenge was monitored. Unlike M. tuberculosis, there
was no marked increase in BCG levels in the mouse lungs.
Depletion of CD25* cells did not alter the survival ratio of
BCG in the lungs of DBA/2 and BALB/c mice 3 and 5 weeks
post-infection, although in vitro stimulation with PPD, lympho-
cytes derived from 7D4-treated mice at 3 weeks after chal-
lenge produced higher amount of IFN-gamma than those
from control IgM-treated mice (data not shown).

Depletion of CD25" cells in the chronic stage of infection does
not affect the bacterial burdens and pathology

We next examined the effects of depletion of CD25* cells in
the late stage of mycobacterial infection. DBA/2 mice were
airborne-infected with M. tuberculosis H37Rv and CD25*
cells were depleted by 7D4 treatment after 60, 65 and 70
days later. Five days later from the final treatment of 7D4, we
analyzed the bacterial burden and histology in the organs.
Bacterial numbers of lungs and spleens in 7D4-treated
mice were rather slightly higher than those in control
IgM-treated mice; however, significant differences were not
observed (Fig. 4A). Pulmonary granuloma formation was
conspicuous in both 7D4-treated mice and control IgM-
treated mice (Fig. 4B, a and b). Cellular composition of
granuloma did not differ between 7D4-treated mice and

control mice and numerous bacteria were observed in both
groups of mice (Fig. 4B, c—f).

CD47CD25" T cells do not suppress protection induced by
CD47CD25" T cells against M. tuberculosis infection in
reconstituted mice

To further evaluate the role of CD4*CD25* Treg cells in my-
cobacterial infection at late stage (after developing acquired
immunity), the following experiment was conducted.
CD4'CD25™ T cells and CD4"CD25* T cells were purified
from chronically BCG-infected mice: >90% of the
CD4*CD25" T cells obtained expressed FoxP3 as estimated
by FACScan (data not shown). Each T cell subset, either
alone or in combination, was then transferred into SCID mice
and mice were infected with M. tuberculosis Erdman by air-
borne exposure. Three weeks post-infection, the bacterial
number in lungs (Fig. 5A) and survival kinetics of mice (Fig.
5B) were analyzed.

Observed increases in M. tuberculosis were similar in both
naive SCID mice and SCID mice reconstituted with
CD4*CD25* T cells alone, suggesting that CD4*CD25*
T cells offer no protection against M. tuberculosis. In con-
trast, SCID mice reconstituted with CD4*CD25~ T cells con-
trolled M. tuberculosis infection, at a similar level to that of
mice reconstituted with the combination of CD4*CD25~
T cells and CD4*CD25"* T cells (Fig. 5A). The survival kinet-
ics showed similar outcomes between mice reconstituted
with CD4*CD25~ T cells plus CD4*CD25* T cells and
CD4"CD25" effector T cells alone (Fig. 5B). These data sug-
gest that the role of CD4*CD25* Treg cells in host protection
is marginal against M. tuberculosis in the overall course of
infection (Fig. 5B).

Stimulation with mycobacterial antigens fails to express the
function of CD4*CD25* Treg cells in vitro

To ascertain why CD4*CD25" Treg cells have only a minor
role in the late stage of mycobacterial infection, we com-
pared the action of CD4'CD25* T cells to CD4*CD25
T cells in vitro. CD4*CD25" and CD4*CD25~ T cells were
isolated from normal mice or mice chronically infected with
BCG or M. tuberculosis and stimulated with PPD or anti-
CD3 mAb in the presence of APCs. CD4*CD25* T cells
alone showed characteristics of Treg cells, which neither
proliferate nor produce cytokines in response to neither
PPD nor anti-CD3 mAb (Fig. 6, A-J and a-e). Culture experi-
ments using a combination of CD4*CD25" and CD4*CD25~
T cells showed that CD4*CD25* T cells derived from both
normal and infected mice suppressed proliferation of
CD4"CD25 T cells and production of cytokines, such as
IFN-gamma and IL-10, in a dose-dependent manner follow-
ing stimulation with anti-CD3 mAb, showing the characteris-
tics in Treg cells. However, following stimulation with PPD,
CD4*CD25" T cells failed to suppress both proliferation and
production of cytokines. In contrast, IL-2 production was
suppressed in a dose-dependent manner in the presence
of PPD. Definitive IL-6 production was observed when
CD4"CD25™ T cells were incubated alone or combination
with CD4*CD25" T cells in the presence of PPD (Fig. 6, I, J
and e).
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analyzed at day 5 (A, B and a). Cytokine production in culture supernatants was measured at day 7 (C, E, |, J and b-e) or day 5 (D, F, G and H).

Soluble mediators are not suppressive factors of CD4*CD25*
Treg cell function when stimulated with PPD

Because IL-6 allows effector T cells to overcome suppression
by CD4*CD25* Treg cells (27), we considered the possibility
that IL-6 inhibits the function of CD4*CD25" Treg cells when
stimulated with M. tuberculosis-derived mycobacterial anti-
gen, PPD. Therefore, we neutralized IL-6 by neutralizing
mAb:; however, neutralization of IL-6 did not recover sup-
pressive activity of CD4*CD25" Treg cells (Fig. 7A and B).
To determine whether soluble factors beside IL-6 abrogate
the suppressive function of CD4*CD25" Treg cells upon
PPD stimulation, we examined the effects of soluble factors

released from T cells and APCs. The culture supernatants
from CD4*CD25* T cells cultured with both CD4"CD25~
T cells and APCs in the presence of PPD or anti-CD3 mAb
were collected and then transferred to fresh culture of
CD4*CD25™ T cells, CD4*CD25* T cells and APCs in the
presence or absence of anti-CD3 mAb. The proliferative re-
sponse of CD4*CD25™ effector T cells was analyzed by in-
corporation of [PH]JTdR. The results showed that the
supernatants of combined CD4*CD25~ and CD4'CD25*
T cell culture failed to diminish suppressive activity of prolif-
erative response of CD4*CD25™ T cells by CD4*CD25" T cell
stimulated with anti-CD3 mAb (Fig. 8). These results show
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Fig. 7. Neutralization of IL-6 does not affect the CD4*CD25* T cell-
mediated suppression of the function of effector T cells. CD4*CD25~
T cells and CD4*CD25" T cells were isolated from mice chronically
infected with BCG. CD4'CD25~ effector T cells alone (1:0) or
combination of CD4*CD25~ effector T cells and CD4*CD25* T cells
(1:1) were cultured with APCs in the presence of PPD (PPD), anti-CD3
mAb (CD3) or absence of these (—). In each well, 0.02 ug mI~" of anti-
IL-6 mAb or control IgG were added. IFN-gamma production in
culture supernatant (A) and proliferative responses of T cells (B) were
analyzed at day 4.

that the defective function of CD4*CD25* Treg cells following
PPD stimulation was not dependent on soluble factors re-
leased from T cells and APCs.

Activated CD4*CD25* Treg cells suppress the function of
PPD-stimulated CD4*CD25 effector T cells

Two possibilities could explain the lack of effect of PPD-
stimulated CD4*CD25* Treg cells on the function of CD4*
CD25™ T cells. First, that activated CD4*CD25* Treg cells fail
to suppress the function of CD4*CD25~ T cells by mycobac-
terial antigens, and second that CD4*CD25* Treg cells are
not activated by mycobacterial antigens at the late stage of
infection. To investigate these possibilities, we purified
CD4*CD25" T cells from chronically infected mice with BCG
or M. tuberculosis, then activated in vitro with anti-CD3/
CD28 mAb-coated beads in the presence of recombinant
IL-2. The cells were then cultured with CD4*CD25~ T cells
derived from BCG- or M. tuberculosis-infected mice in the
presence of PPD. We found that activated CD4*CD25*
T cells unequivocally suppressed both proliferation and pro-
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Fig. 8. Soluble mediators upon PPD stimulation do not abrogate
CD4*CD25" T cell-mediated suppression. CD4*CD25~ effector T cells
(CD257) and CD4*CD25* T cells (CD25*) were isolated from spleens
of chronically BCG-infected mice. CD4*CD25~ T cells/CD4*CD25*
T cells/APC (1:0:0.1) or CD4*CD25~ T cells/CD4*CD25* cells/APC
(1:1:0.1) were cultured with PPD (Sup, PPD), anti-CD3 mAb (Sup,
CD3) or alone (Sup, non), for 7 days. Each culture supernatant was
stored. Freshly isolated CD4*CD25~ T cells/CD4*CD25* cells/APC
(1:0:0.1) or CD4*CD25™ T cells/CD4*CD25* cells/APC (1:1:0.1) were
cultured 1:1stored supernatant: fresh culture medium in the presence
(Ag, CD3) or absence (Ag, non) of anti-CD3 mAb. Proliferative
responses were analyzed at day 4.

duction of IFN-gamma of CD4*CD25~ T cells stimulated with
PPD (Figs 9 and 10). Thus, our data show that both BCG
and M. tuberculosis infection activate antigen-specific
CD4*CD25~ effector T cells, but not CD4*CD25* Treg cells,
at the late stage of infection.

Discussion

CD4'CD25" Treg cells play a pivotal role in self-tolerance
and autoimmune diseases and also in the progression of in-
fectious diseases. It has been shown that CD4*CD25* Treg
cells are preventive against eradication of persistent patho-
gens, such as Leishmania protozoa, herpes simplex virus
and HIV (17-20). Mycobacteria are major parasitic bacteria
for eukaryotes (28). In this study, we investigated the role of
CD4*CD25* Treg cells in mycobacteria infection in mice.

We first studied the effects of Treg cell depletion against
infection of mycobacteria. At the early stage of infection, de-
pletion of CD25" cells significantly suppressed the growth
of virulent M. tuberculosis strains, such as Kurono and
Erdman, suggesting a role for CD4*CD25" Treg cells in ex-
acerbation of tuberculosis at the early stage of infection. This
is consistent with the previous study performed by Kursar
et al. (22). This effect of CD4*CD25* Treg cells is presum-
ably mediated through naturally occurring CD4*CD25* Treg
cells, which can be activated through Toll-like receptor
(TLR)-mediated signaling (29-32). Mycobacterial DNA
[TLR9 ligand (33)] and lipoproteins [TLR2 ligand (34)] may
participate in activation of naturally occurring CD4*CD25*
Treg cells at this stage.

Two to three weeks post-infection, acquired immunity is
evident (35). IFN-gamma producing T-helper 1 cells (T,1)
are major effectors in suppressing intracellular survival of
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Fig. 9. In vitro activation of CD4*CD25" T cells derived from BCG-
infected mice inhibits the function of PPD-stimulated CD4*CD25~
effector T cells. CD4*CD25* T cells obtained from chronically
BCG-infected mice were activated by incubation with anti-CD3/
CD28 mAb-coated beads at a bead:cell ratio 2:1 in the presence of
2000 U mi~' of recombinant mouse IL-2 for 48 h. Activated
CD4*CD25* T cells were co-cultured with freshly isolated CD4*CD25~
effector T cells in the presence of PPD (filled column), anti-CD3 mAb
(open column) or alone (gray column). (A) Proliferation of CD4*CD25™
effector T cells wase analyzed at day 4. (B) IFN-gamma production in
the culture supernatant as measured at day 7.

mycobacteria (36-38). In the CD25" cell-depletion experi-
ments, the advantages of CD25* cell depletion were dimin-
ished 3 and 5 weeks after the challenge of M. tuberculosis
Erdman and Kurono, respectively (Figs 2 and 3). We also
found that persistence of BCG in mice is not altered by de-
pletion of CD25" cells by 7D4 (data not shown). These data
can be explained by the short-action profile of antibodies.
However, we could not find any effect of depletion of CD25*
cells at the chronic stage of infection (Fig. 4), when bacterial
numbers were sustained at the same level (39). Similar results
were obtained using another anti-CD25 mAb PC6C1, which
causes significant reduction of the number of persistent
Leishmania major in mice by suppressing CD4"CD25" Treg
cells (personal communication with Dr Alan Sher). Further-
more, our in vivo experiments in reconstituted SCID mice fur-
ther suggest that the role of CD4*CD25* Treg is minimal after
infection is established (Fig. 5). The survival kinetics of mice
reconstituted with CD4*CD25~ T cells alone are comparable
to those in mice reconstituted with both CD4"CD25~ effector
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Fig. 10. /n vitro activation of CD4*CD25" T cells derived from
Mycobacterium tuberculosis-infected mice inhibit the function of
PPD-stimulated CD4*CD25~ effector T cells. CD4*CD25" T cells
obtained from chronically M. tuberculosis H37Rv-infected mice were
activated by incubation with anti-CD3/CD28 mAb-coated beads at
a bead:cell ratio of 2:1 in the presence of 2000 U mi~" of recombinant
mouse IL-2 for 48 h. Activated CD4*CD25" T cells were co-cultured
with freshly isolated CD4*CD25~ effector T cells in the presence of
PPD (filled column), anti-CD3 mAb (open column) or alone (gray
column). (A) Proliferation of CD4*CD25™ effector T cells was analyzed
at day 4. (B) IFN-gamma production in the culture supernatant as
measured at day 7.

T cells and CD4*CD25" Treg cells (10:1). These data indicate
that CD4*CD25" Treg cells have no impact on the overall out-
come of M. tuberculosis infection. Kursar et al. suggested
that CD4*CD25" Treg cells prevent the bactericidal immune
response based on data analyzed in RAG-KO mice reconsti-
tuted with each T cell subset (22). However, they reconstituted
mice with T cells from naive animals at an unphysiological ra-
tio of CD4*CD25~ T cells to CD4*CD25* T cells (2:1). These
differences may explain the discrepancy between studies.

In order to elucidate the cellular mechanisms of the mini-
mal effect of CD4*CD25* Treg cells in M. tuberculosis infec-
tion after the infection was established, we evaluated the
function of CD4*CD25" Treg cells in vitro. We activated each
population of CD4* T cells derived from naive and BCG- or
M. tuberculosis-chronically infected mice with anti-CD3 mAb
or M. tuberculosis-derived antigens, PPD. BCG has >99.5%
identical genome with that of M. tuberculosis (40) and there-
fore BCG and M. tuberculosis share almost identical anti-
gens. CD4*CD25* T cells suppressed anti-CD3-induced
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activation (proliferation, production of IFN-gamma and IL-10)
of CD4*CD25~ effector T cells whereas, reflecting our in vivo
data, PPD stimulation failed to suppress the function of
CD4*CD25 effector T cells. Both CD4*CD25~ and
CD4*CD25" T cells consume IL-2 to proliferate or maintain
the state but only CD25'CD25~ effector T cells produce
IL-2. Thus, the level of IL-2 inversely correlated with the num-
ber of CD4*CD25" T cells (Fig. 6G, H and d) is considered
the results of consumption of IL-2 by CD4*CD25* T cells but
not functional suppression.

One of mechanisms of diminished Treg cell function is me-
diated by IL-6, which is produced by activated APC through
TCR signaling (27). We observed obvious production of IL-6
with PPD stimulation, although which cells produced IL-6
was unknown (Fig. 6, |, J and e). However, neither IL-6 nor
other soluble factors released from cells were involved in
the non-functional property of CD4*CD25" Treg cells follow-
ing PPD stimulation (Fig. 8). An explanation for this phenom-
enon is that PPD-specific CD4*CD25* Treg cells are not
activated at the late stage of mycobacterial infection be-
cause CD4*CD25" Treg cells activated by anti-CD3/CD28
suppress the function of CD4*CD25~ effector T cells follow-
ing stimulation with PPD (Figs 9 and 10).

With the exception of one recent study on herpes simplex
virus infection (41), CD4"CD25* Treg cells are thought to
support parasite persistence in the host by inhibiting the
function of effector T cells by a variety of mechanisms.
According to this theory, several reports regarding myco-
bacterial infection have suggested a role for CD4*CD25*
Treg cells in disease progression and establishment of latent
infection (22, 25, 42). However, our findings refute this the-
ory, because CD4*CD25* cells did not affect the total infec-
tious load of M. tuberculosis in mice (Fig. 5) and
mycobacterial infection did not activate mycobacteria-
specific CD4*CD25" Treg cells (Figs 6, 9 and 10). Several
reports showed that FoxP3-positive Treg cells are found in
the site of infection with BCG or M. tuberculosis (23, 25,
42). However, we consider that these Treg cells are unre-
sponsive to mycobacterial antigens, rather than responding
to self-antigens in the disrupted tissues of the infectious
legion (43).

In contrast, CD4*CD25" Treg cells responding to parasite
antigens are activated during infection of Leishmania (17,
44) and Plasmodium (21). These parasites more closely re-
semble mammals in the history of evolution; therefore, it can
be speculated that they express antigens similar to mamma-
lian self-antigens, which leads to activation of self-antigen-
reactive CD4*CD25" Treg cells (43). This may be a possible
reason for the discrepancy of the host response to myco-
bacteria versus protozoa. The host must recognize patho-
gens to survive and mycobacteria represent major bacterial
pathogens for vertebrates. In our study, the fact that effector
T cells are activated in response to mycobacterial antigens,
while suppressive CD4*CD25" Treg cells are comparatively
silent, is rational based on the host's need to protect itself
from mycobacterial infection.
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ABSTRACT

Cytotoxic CD8" T cells are particularly important to the development of protective immunity against the
intracellular protozoan parasite, Trypanosoma cruzi, the etiological agent of Chagas disease. We have
developed a new effective strategy of genetic immunization by activating CD8* T cells through the ubiq-
uitin-fusion degradation (UFD) pathway. We constructed expression plasmids encoding the amastigote
surface protein-2 (ASP-2) of T. cruzi. To induce the UFD pathway, a chimeric gene encoding ubiquitin
fused to ASP-2 (pUB-ASP-2) was constructed. Mice immunized with pUB-ASP-2 presented lower parasi-
temia and longer survival period, compared with mice immunized with pASP-2 alone. Depletion of CD8*
T cells abolished protection against T. cruzi in mice immunized with pUB-ASP-2 while depletion of CD4" T
cells did not influence the effective immunity. Mice deficient in LMP2 or LMP7, subunits of immunopro-
teasomes, were not able to develop protective immunity induced. These results suggest that ubiquitin-
fused antigens expressed in antigen-presenting cells were effectively degraded via the UFD pathway,
and subsequently activated CD8" T cells. Consequently, immunization with pUB-ASP-2 was able to induce
potent protective immunity against infection of T. cruzi.

© 2010 Elsevier Inc. All rights reserved.

Introduction

Trypanosoma cruzi is an intracellular protozoan hemoflagellate
parasite of humans and many other mammals. It is also the etio-
logical pathogen of Chagas disease. Patients infected with T. cruzi
have been treated with many kinds of drugs, but those therapies
are hardly effective in chronically infected individuals. Further-
more, parasites that are naturally resistant to chemotherapy have
been reported in various regions of Latin America [1].

T cell-mediated immunity, especially via CD8* cytotoxic T lym-
phocytes (CTL), has been demonstrated to play a crucial role in
resolving T. cruzi infection in humans and mice [2]. Antigens recog-
nized by CD8" T cells are first processed by the ubiquitin protea-
some system (UPS) [3]. CD8" T cells then recognize antigenic
epitopes presented by major histocompatibility complex (MHC)
class I molecules on the surface of infected host cells. As a result,
T. cruzi is cleared by cytolysis of parasite-infected host cells [4].

Abbreviations: T. cruzi, Trypanosoma cruzi; UFD, ubiquitin-fusion degradation;
ASP-2, amastigote surface protein-2; UPS, ubiquitin proteasome system
* Corresponding author. Fax: +81 92 801 9390.
E-mail address: kKhiromatsu@fukuoka-u.ac.jp (K. Hiromatsu).

0006-291X/$ - see front matter © 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2009.12.166

Activation of CD8" T cells requires antigen-processing through
the UPS prior to presentation in association with MHC class I mol-
ecules [5].

Recently, it was reported that an artificially fused mono-ubig-
uitin and antigenic protein was readily directed to the protea-
some, and those antigenic peptides are then effectively
presented on antigen-presenting cells (APCs). This virtual path-
way of UPS was named the ubiquitin-fusion degradation (UFD)
pathway [6]. This immunization strategy is effective in maximiz-
ing CD8" T cell-responses against those antigenic peptides. We
previously reported that immunization with naked DNA encoding
an antigen artificially fused to a mono-ubiquitin is an efficient
strategy for the induction of antigen-specific immunity mediated
by CD8" T cells [7].

A number of antigens of T. cruzi recognized by the immune sys-
tem have been defined at the molecular level in the last decade
[8.9]. Genetic immunization strategies have recently become pop-
ular and attractive for prophylaxis and therapy against infection of
T. cruzi. It has been shown that amastigote surface protein-2 (ASP-
2) is one of the targets for CD8" T cells and contains CTL epitopes
such as the H-2K® restricted VNHRFTLV [10]. Based on these facts,
we developed a new strategy for genetic immunization employing
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the UFD pathway. Expression plasmids encoding ASP-2 fused to a
mono-ubiquitin (pUB-ASP-2) were constructed. Mice immunized
with pUB-ASP-2 exhibited a low parasitemia and survived longer
compared with mice in the control group; while immunization
with pASP-2 alone was scarcely effective. CD8" T cells exerted
ASP-2 specific cytotoxic activities and IFN-y secretion. Application
of the UFD pathway for genetic immunization was confirmed by
using immunoproteasome deficient mice such as PA28o/f, LMP2
or LMP7 KO mice.

Materials and methods

Animals and parasites. Female 8-week old C57BL/6 (B6) mice
were purchased from Seac Yoshitomi (Fukuoka, Japan). Proteasome
activator PA28 knockout (PA28a/p~/~) and immunoproteasome
subunit LMP2 or LMP7 knockout (LMP2~/~ or LMP7~/~) mice were
B6 background. The Tulahuen strain of T. cruzi was maintained by
weekly passage in B6 mice.

Cloning and sequencing. Total RNA was isolated from liver sec-
tions obtained from T. cruzi infected B6 mice and reverse-tran-
scribed to cDNA. ASP-2 ¢cDNA was amplified by PCR using sense,
5-ATGCTCTCACGTGTTGCTGCTGTC-3/, and antisense 5'-TTA
GTCGCCACCGTTTCCTTTTTTATCG-3' primers. Specific oligonucleo-
tides were designed on the basis of the previously published nucle-
otide sequence of asp-2 [11]. The resulting amplicon was ligated
into a pGEM-T easy vector (Promega, USA) and transformed into
DH5a Escherichia coli (Invitrogen, USA). Clones containing inserts
of the expected size were selected. Sequencing was initially per-
formed using SP6 and T 7 primers, the sequences of which were
present in the flanking regions of the pGEM-T easy vector. Subse-
quently, to complete sequencing of each clone, new oligonucleo-
tides were designed to cover the entire sequence.

DNA and predicted amino acid sequences were analyzed using
the Lasergene 7.1 software package (DNASTAR Inc., USA). Sequence
alignments were produced using Clustal V. Analysis for potential
secretory signal peptides (SP) was performed at the SignalP web-
site (http://www.cbs.dtu.dk/services/SignalP/).

Plasmids. A plasmid encoding ASP-2 (aa65-703, signal peptide
deleted) and tagged with His residues (pASP-2) was constructed
by amplifying asp-2 from clone 2 using the following primers: 5'-
GCATCCTCGAGATGGCTGTGGAGGGTAAGTCCGGG-3', 5'-GTCATCIT
AAGTTAGTGATGGTGGTGATGGTGGTCGCCACCGTTTCCTTTTTTATC
G-3'. PCR products were treated with enzymes and inserted into
the Xhol and Aflll sites of the pcDNA3.1(—) vector (Invitrogen,
USA). The pUB vector we made previously was used to construct
pUB-ASP-2 (aa65-703, SP deleted) and tagged with His [7]. The
gene asp-2, was cut from pASP-2 and inserted into the Xhol and
Aflll sites of the pUB vector.

In vivo gene transfer and challenge of T. cruzi. As described previ-
ously, a Helios Gene Gun (BioRad, USA) was used [12]. Protocols of
immunization and infection with T. cruzi trypomastigotes were
same with previous description [12].

In vitro transfection and Western blotting. Protocols of transfec-
tion and Western immunoblotting were same as described previ-
ously [12,13].

Cytotoxicity assay, ELISA and flow cytometry. Protocols of cyto-
toxicity assay, ELISA and flow cytometry were same as described
previously [12,13].

Statistical analysis. Data are expressed as mean t SEM. Differ-
ences between experimental groups within each experiment were
analyzed by using the unpaired Student’s t-test and were consid-
ered significant when the p-value was <0.05. Survival differences
between experimental groups within each experiment were ana-
lyzed by using the log-rank test and were considered significant
when the p-value was <0.05.

Results
Construction of plasmids encoding ASP-2 or UB-ASP-2

The asp-2 gene is polymorphic, as its sequence is different even in
the same strains of T. cruzi [ 14]. In this study, we obtained four clones
of the asp-2 gene from the Tulahuen strain and picked up one partic-
ular clone (clone 2: GenBank Accession No. GU445326). Compared
with the original sequence of the Brazil strain (GenBank Accession
No. U77951) and the sequence of the Tulahuen strain (GenBank
Accession No. EF579921), the amino acid sequence of ASP-2 used
in this study contained the ASP box motif (SXDXGXTW) and the
VTV box motif (VTVXNVXLYNR) (Fig. 1A). The amino acid identity
of ASP-2 used in this study compared with the Brazil strain is
89.8%, and 83.1% when compared with the Tulahuen strain. The H-
2KP restricted CTL epitope (aa553-560, VNHSFTLV) contains a single
amino acid change when compared with the Brazil strain [15], and
two amino acid changes when compared with the Tulahuen strain
[14]. ASP-2 and UB-ASP-2 expression plasmids were constructed
as described in the materials and methods section (Fig. 1B). Con-
struction of pASP-2 and pUB-ASP-2 was confirmed by DNA sequenc-
ing. The expression of ASP-2 or the fusion protein UB-ASP-2 was
confirmed by Western immunoblotting after transfection of COS7
cells with these plasmids; a specific band was detected in lysates
from cells transfected with pASP-2 or pUB-ASP-2 (Fig. 1C).

Anti-parasite immunity against T. cruzi was induced by immunization
with pUB-ASP-2

CTL epitopes are produced through the ubiquitin-proteasome
pathway and we expected that antigen presentation of MHC class
[-associated ASP-2 peptides to CD8" T cells would become signifi-
cantly more efficient following immunization with pUB-ASP-2. To
verify this, B6 mice were immunized with pcDNA, pASP-2 or
pUB-ASP-2 into the abdominal skin by using a gene-gun system
four times, at two-week intervals. Two weeks following the last
immunization, mice were challenged with 1000 blood-derived T.
cruzi trypomastigotes by subcutaneous injection at the base of
the tail. Mice immunized with pUB-ASP-2 developed a lower par-
asitemia than control pcDNA immunized groups (Fig. 2A); survival
was also prolonged by immunization with pUB-ASP-2 (Fig. 2B). Six
out of seven pUB-ASP-2 immunized mice survived until the end of
the experiment. Mice immunized with pASP-2 did not develop a
protective response suggesting that artificial fusion of the gene
encoding mono-ubiquitin and the ASP-2 protein was required for
the induction of immunity.

Immune response following immunization with pUB-ASP-2

To investigate the mechanism of protective immunity conferred
by immunization with pUB-ASP-2, spleen cells separated from
mice immunized with pcDNA, pASP-2 or pUB-ASP-2, were co-cul-
tured with the non-specific stimulator PMA. Production of intracel-
lular IFN-y and Granzyme b (GZM-b) by T cells was analyzed using
flow cytometry. Intracellular IFN-y and GZM-b was strongly in-
duced in CD8" T cells of mice immunized with pUB-ASP-2
(Fig. 3A). The absolute number of both IFN-y*CD8" T cells and
GZM-b'CD8" T cells in the spleen was significantly higher in
pUB-ASP-2 immunized mice (Fig. 3B). There was no significant dif-
ference in the IFN-y and GZM-b secretion level of CD4" T cells. Pro-
duction of IFN-y and GZM-b in CD4" T cells was at almost the same
level in mice treated with pcDNA, pASP-2 or pUB-ASP-2 (data not
shown). These results indicate that immunization with pUB-ASP-
2 promotes CD8" T cell activation, and enhances the expression le-
vel of IFN-y and GZM-b in CD8" T cells.
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Blotting: anti-His tag antibody

Fig. 1. Sequence of ASP-2, plasmid construction and expression in vivo. (A) Predicted amino acid sequence of ASP-2 clone 2 (GenBank Accession No. GU445326) and
comparison with predicted amino acid sequences of Brazil (GenBank Accession No. U77951) and Tulahuen (GenBank Accession No. EF579921) strains. Letters marked in red
are different from the original sequence of the Brazil strain. Letters highlighted in blue indicate the ASP box motif (SXDXGXTW) and the VTV box motif (VTVXNVXLYNR).

Letters highlighted with a red box indicate the H-2KP

restricted CTL epitope. (B) Schematic representation of pASP-2 (upper panel) and pUB-ASP-2 (lower panel). (C)

Expression of ASP-2 or UB-ASP-2 in COS7 cells. Sizes of the molecular weight markers are shown on the left.
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Fig. 2. Induction of anti-parasite immunity by immunization with PUB-ASP-2. C57BL/6 mice were immunized with pcDNA (open triangles), pASP-2 (closed squares) or pUB-
ASP-2 (closed triangles), and then challenged with 1000 blood-derived T, cruzi trypomastigotes. Mice were scored on the basis of parasitemia (A) and survival (B). (A) Each
value represents the mean + SEM from seven mice in each group. **p < 0.02 compared with other groups by the Student’s ¢-test. (B) Results are expressed as the percentages of
surviving mice in groups of seven. **p <0.02 compared with other groups by the log-rank test.

Antigen-specific CD8" T cells are activated by immunization with pUB-
ASP-2

To confirm that these activated CD8* T cells were specific to
ASP-2, we cultured splenocytes with the ASP-2 CTL epitope
(VNHSFTLV) and then measured the production of IFN-y and
GZM-b by performing intracellular FACS. As expected, the per-
centage and absolute cell number of IFN-y* or GZM-b* CD8* T
cells in pUB-ASP-2 immunized mice were significantly higher
than in mice immunized with pcDNA or pASP-2 (Fig. 3C and
D). No differences in production of IFN-y and GZM-b were seen
in CD4" T cells between the control and immunized mice (data
not shown).

The amount of secreted IFN-v in supernatants from spleen cells
stimulated with the ASP-2 epitopes was measured by ELISA. The
production of IFN-v in the supernatant from mice immunized with
PUB-ASP-2 was significantly higher than those from mice immu-
nized with pcDNA or pASP-2 (Fig. 3E).

To clarify the ASP-2 specific cytotoxic activity of CD8" T cells, we
examined the CTL activity of CD8" T cells isolated from mice immu-
nized with pUB-ASP-2. Compared with other immunized groups,
CTL activities of CD8" T cells isolated from mice immunized with
pUB-ASP-2 were prominent in H-2°-bearing EL4 cells pulsed with
ASP-2 epitopes (Fig. 3F). This clearly demonstrated that ASP-2 spe-
cific CD8" T cells were specifically activated by immunization with
pUB-ASP-2.
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Fig. 3. Functional analysis of splenocytes in mice immunized with pUB-ASP-2. Immunized mice were sacrificed 10 days after the last booster injection. (A and B) Spleen cells
were isolated and re-stimulated with PMA for 4 h in vitro. (A) Percentage of IFN-y or Granzyme b positive cells was measured using a FACScan flow cytometer. (B) Total cell
number is also indicated. **p < 0.02 compared with control group by the Student’s t-test. *p < 0.05 compared with the pASP-2 group by the Student’s t-test. (C-F) Spleen cells
were isolated and re-stimulated with CTL epitope for 4 days in vitro. (C) Percentage of IFN-y or Granzyme b positive cells was measured using FACScan flow cytometer. (D)
Total cell number is also indicated. **p < 0.02 compared with control group by the Student’s t-test. *p < 0.05 compared with the pASP-2 group by the Student’s t-test. (E) IFN-y
secretion in the supernatant was measured. **p < 0,02 compared with other groups by the Student’s t-test. (F) CTL activity of CD8" T cells was measured. *p < 0.05 compared

with other groups by the Student’s t-test.

Anti-parasite immunity induced by pUB-ASP-2 was dependent on
CD8" T cells

To assess the role of CD8" T cells in vivo, we depleted CD4" or
CD8" T cells by treatment with specific antibodies one day before
infection with T. cruzi. Mice depleted of CD8" T cells showed a high-
er parasitemia compared with control mice (Fig. 4A) and died ear-
lier than mice in other groups (Fig. 4B). CD4" T cells were not
required for the effector phase to clear and resist infection with
T. cruzi as evaluated by parasitemia and survival rate, indicating
the efficiency of immunization with pUB-ASP-2 was solely depen-
dent upon CD8" T cells in vivo. These results are also consistent
with what we previously reported regarding a DNA vaccine against
T. cruzi using TSA-1 as a target gene [12].

Degradation of UB-ASP-2 is dependent on proteasome in vitro

Physical binding between ASP-2 with mono-ubiquitin was cru-
cial for the activation of ASP-2 specific CD8" T cells. This finding
indicates that after artificial binding of mono-ubiquitin to ASP-2,
the ub-asp-2 gene products are rapidly degraded by the protea-
some through the UFD pathway. Thus, ASP-2 epitopes are effi-
ciently presented to MHC class I molecules, resulting in effective
induction of CD8" T cells specific for the CTL epitope in ASP-2.
These hypotheses were confirmed by our Western immunoblotting
results. COS7 cells transfected with plasmids in the presence of the

proteasome inhibitor MG-132, significantly repressed degradation
of UB-ASP-2 proteins, resulting in an accumulation of UB-ASP-2
proteins (Fig. 4C). There was no difference in the amount of ASP-
2 proteins present in cells whether MG-132 was present or absent.
As shown in Fig. 4D, normalized to HSP90, the detectable amount
of UB-ASP-2 proteins was approximately 40% lower without MG-
132. These results clearly indicate that fusion of ASP-2 with a
mono-ubiquitin renders the chimeric protein susceptible to degra-
dation via the UFD pathway and the increased production of ASP-2
epitopes via the UFD pathway leads to efficient antigen presenta-
tion to CD8"* T cells.

The critical role of the immunoproteasome in induction of protective
immunity by pUB-ASP-2

We used mice deficient in the proteasome regulator PA28 com-
plex (ot/p) or the immunoproteasome subunits LMP2 or LMP7 to
clarify whether induction of anti-parasite immunity by pUB-ASP-
2 immunization is dependent on the immunoproteasome through
the UFD pathway in vivo [16-18]. Protection against T. cruzi in-
duced by pUB-ASP-2 was completely abolished in LMP2 or LMP7
knockout (KO) mice. These KO mice immunized with pUB-ASP-2
or pcDNA3.1 had a similar survival rate (Fig. 4E). Survival time
was prolonged in PA28ct/B KO mice immunized with pUB-ASP-2
after T. cruzi infection, but decreased when compared with wild-
type mice immunized with pUB-ASP-2 (Fig. 4E). These data indi-
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Fig. 4. Effects of immunization with pUB-ASP-2 were dependent on CD8* T cells in vivo: and critical involvement of the proteasome in the processing of UB-ASP-2 proteins
in vitro and the effect of immunization with pUB-ASP-2 in vivo. (A and B) Mice were immunized with PUB-ASP-2 three times and treated with anti-CD4 (500 pg/mice) or anti-
CD8 (500 pg/mice) depletion antibodies at one day before the challenge with T. cruzi. (A) Parasitemia levels of each group of mice. *p < 0.05 compared with the control group
by the Student’s t-test. (B) The survival of each group of mice. *p < 0.05 compared with the control group by the log-rank test. (C) COS7 cells transfected with pcDNA3.1(-),
PASP-2 or pUB-ASP-2 were cultured with or without MG-132. Cell lysates were used for Western immunoblotting and proteins detected with an anti-His antibody (upper
panel) or anti-HSP90 antibody (lower panel). (D) Relative expression to HSP90 was calculated using densitometry. (E) Survival rate of immunoproteasome subunit deficient
mice. PA28a/p~/~, LMP2~/~ and LMP7~/~ mice were immunized with the control plasmid pcDNA3.1 or pUB-ASP-2. *p < 0.05 compared with the wild type/control group by

the log-rank test.

cate that immunoproteasomes play critical roles in producing ASP-
2 epitopes and thus activating ASP-2 specific CD8* T cells by immu-
nization with pUB-ASP-2.

Discussion

CD8" T cells are important for host resistance against T. cruzi
infection [2] as they are intracellular protozoan parasites. Many
antigenic peptides of T. cruzi have been identified as potential vac-
cine candidates in the last decade [8,9], including the peptides of
the T. cruzi trans-sialidase family and the trans-sialidase-like fam-
ily. Trypomastigote surface antigen-1 (TSA-1), a member of the T.
cruzi trans-sialidase family is expressed on the trypomastigote,
but not on the amastigote of T. cruzi. In mammalian hosts, T. cruzi
cycles between extracellular, non-replicative trypomastigotes cir-
culating in the blood and intracellular replicative amastigotes.
Extracellular trypomastigote appears to be an inappropriate target
for CD8" T cells since the protozoa itself does not express MHC
class I molecules. ASP-2 is a recognized antigen of the intracellular
amastigote of T. cruzi, and includes the CTL epitopes on APCs. In the
present study, we employed ASP-2 as the candidate protein for
immunization and inducing specific activated CD8" T cells.

Endogenous antigens are processed by the proteasome after
being polyubiquitinated [5]. This type of antigen processing has
been accepted as the ubiquitin-proteasome system (UPS) [3]. Anti-
genic peptides fused with a mono-ubiquitin will be effectively di-
rected to be poly-ubiquitination and the fusion protein then
introduced to the UPS and degraded. This virtual route for the
UPS is known as the UFD pathway [6]. Based on this mechanism,
we developed a novel immunization strategy to activate antigen-
specific CD8" T cells by inducing the UFD pathway [7]. We con-
structed the plasmid pUB-ASP-2, encoding the ASP-2 protein fused

to a mono-ubiquitin. Using an in vitro system, we confirmed that
ASP-2 artificially fused with ubiquitin was degraded to a large ex-
tent in COS7 cells. The detectable amount of UB-ASP-2 in COS7
cells transfected with pUB-ASP-2 was lower than that of ASP-2 in
COS7 cells transfected with pASP-2. In the presence of the protea-
some inhibitor, MG-132, the degradation of UB-ASP-2 was inhib-
ited. The detectable amount of UB-ASP-2 in pUB-ASP-2
transfected COS7 cells was similar to the levels of ASP-2 in pASP-
2 transfected COS7 cells in the presence of MG-132. In accordance
with our previous report [7], the UFD pathway plays a central role
in removing the CTL epitopes of ASP-2 by degrading the ubiquiti-
nated ASP-2 protein. Subsequently, those CTL epitopes are directed
to MHC class I molecules in the endoplasmic reticulum resulting in
the activation of ASP-2-specific CD8" T cells.

In this study, immunization with a plasmid encoding ASP-2
fused to a mono-ubiquitin, induced a very strong protective immu-
nity against T. cruzi infection when compared with immunization
with ASP-2 alone. ASP-2 specific CTL activity was induced in mice
immunized with pUB-ASP-2, and ASP-2 specific production of IFN-
Y and GZM-b in CD8" T cells were also enhanced compared with
PASP-2 immunized mice. This protective immunity was ablated
in mice where CD8" but not CD4* T cells were depleted. Therefore,
application of ASP-2 fused with a mono-ubiquitin appeared to be
an efficient strategy to induce a CD8" T cell mediated immune re-
sponse against T. cruzi by activating the UFD pathway.

The immunomodulatory cytokine IFN-y, which is mainly se-
creted by activated CD8" T cells, Th1 cells and NK cells, enhances
antigen presentation by modifying proteasome regulators and sub-
units, in addition to upregulating MHC and TAP genes. IFN-y regu-
lates the expression of PA28a and PA28B, which form the
heptameric proteasome activator complex PA28 [19]. This hetero-
multimer is able to bind to the a rings of the 20S core proteasome,
enhancing proteolytic activity of the proteasome. Studies in vitro

- 375 -



282 B. Chou et al./ Biochemical and Biophysical Research Communications 392 (2010) 277-282

have shown that purified PA28a/B can enhance coordinated dual
cleavage of the 20S proteasome, resulting in an augmented output
and liberation of peptides [20]. IFN-y also alters the quality of pro-
tease activity in the proteasome by incorporating three IFN-y
inducible catalytic subunits, LMP2, LMP7 and MECL-1, to replace
the constitutive catalytic subunits (y/8, X/MB1 and Z, respectively)
in the 20S core proteasome during biogenesis [21]. The 20S core
proteasome incorporating LMP2, LMP7 and MECL-1 is known as
the immunoproteasome [3]. This IFN-y inducible immunoprotea-
some is more favorable than the constitutive proteasome for anti-
gen presentation as subunits induced by IFN-y stimulate cleavage
of hydrophobic, basic and branched chain residues instead of acidic
ones [22,23]. To confirm utilization of the UFD pathway is indis-
pensable for CD8* T cell induction of protective immunity, mice
deficient in immunoproteasome subunits were used. The effects
of immunization with pUB-ASP-2 was severely impaired in
LMP2/7 KO mice, and partially repressed in PA28a/p KO mice. It
was thought that the capacity to generate CTL epitopes of ASP-2
was decreased in PA28a/p KO mice, although our results indicate
these epitopes were still generated. Both LMP2 and LMP7 have spe-
cific cleavage activity after basic or hydrophobic residues of pep-
tides, therefore LMP2 and LMP7 KO mice should not produce
ASP-2 epitopes and consequently not activate CD8" T cells.

In the present study, we immunized mice with plasmids encod-
ing ASP-2 without a signal peptide to minimize the effects of CD4"
T cells, and to diminish the production of ASP-2 specific antibodies
in mice after immunization with plasmids. It is interesting that
mice immunized with pUB-ASP-2 and treated with anti-CD4 anti-
bodies are still resistant to T. cruzi infection. These data indicate
that CD8" T cell-mediated anti-parasite immunity was induced
using a novel immunization strategy without the support of CD4"
T cells. It is appealing to apply this strategy of immunization with
HIV patients because their CD4" T cell function is defective [24].
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