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Figure 5. Effects of CPBF8 repression on the digestion of C. perfringens and destruction of CHO monolayers. (A) Micrographic images of
control and CPBF8gs strains coincubated with C. perfringens. Approximately 1.5 x10% cells of the control and CPBF8gs strains were incubated with
1.5x10° C. perfringens, pretreated with 10 uM of SYTO-59. After 4 h co-incubation, amoebas were washed and microscopically examined. Bar, 10-um.
Arrows indicate representative round shape “deformed” or “damaged” C. perfringens. Arrowheads indicate representative rod-shaped “intact” C,
perfringens. (B) Quantitative analysis of rod-shaped and round C. perfringens in the control and CPBF8gs strains. Data shown are the means =+
standard deviations of 20 independent cells. (C, D) Kinetics of CHO cell destruction by the control and CPBF8gs strains. Approximately 5x10* cells of
the control and CPBF8gs strains, untreated (C) or pretreated with 200 uM of E-64 for 2 h and washed with PBS (D), were added to a monolayer of
confluent CHO cells in 24 wells and incubated at 35°C for the indicated times. Data shown are the means = standard deviations of four independent
experiments, Monolayer destruction is expressed as the percentage of destroyed CHO cells. Data shown are the means = standard deviations of four
independent experiments.

doi:10.1371/journal.ppat.1002539.g005

mechanism may be used despite the apparent difference in the Cargo specificity and physiological function of CPBF8

predicted strength of the membrane association (one versus 11-13 Affinity immunoprecipitation of CPBF8 led us to identify B-
transmembrane regions, respectively). Further experiments are hexosaminidase a-subunit and lysozymes as the major cargos of
necessary to <identify a key factor that determines cellular CPBF8. The cargo specificity of CPBF8 was further supported by
localization. the dramatic reduction of their enzymatic activities in both the
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Figure 6. The serine-rich region of CPBF8 is involved in the binding with f-hexosaminidase a-subunit and lysozymes. (A) Schematic
diagram of the serine-rich region and transmembrane domain in CPBF8. Numbers indicate amino acid positions from the amino terminus. The filled
or hatched box depicts the serine rich region or the transmembrane domain, respectively. (B) Comparison of the carboxyl-terminal region of CPBF
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proteins. Boxes indicate the putative transmembrane domain. The serine-rich region is underlined. (C) The amino acid sequences of the wild-type and
mutated serine-rich regions (SRR). Note that the entire SRR was deleted in CPBF8ASRR-HA. The first or second stretch of three serine residues within
SRR were substituted with alanines in CPBFBAAA1-HA and CPBF8AAA2-HA, respectively. (D) Localization of CPBFBASRR-HA to phagosomes. Amoebae
were incubated with Cell Tracker Blue-stained CHO cells (blue) for 60 min, fixed, and reacted with anti-HA antibody (green). Bar, 10 um. (E-F) Isolation
and identification of binding proteins of CPBF8-HA, CPBFBASRR-HA, CPBFSAAA1-HA, and CPBFBAAA2-HA. Lysates of CPBF8-HA, CPBFSASRR-HA,
CPBF8AAA1T-HA, and CPBFBAAA2-HA transformants were mixed with anti-HA-antibody-conjugated agarose, washed, and eluted with HA peptide.
Immunoprecipitated samples were separated on SDS-PAGE and silver stained (The upper and lower arrow indicated that -hexosaminidase u-subunit
and lysozymes, respectively. (E), or blotted and reacted with anti-HA, B-hexosaminidase o-subunit and lysozyme2 antibody (F).

doi:10.1371/journal.ppat.1002539.g006

whole cell and phagosomes, by repression of CPBF8 gene. The
observation is consistent with the previous finding on the mouse
fibroblast, in which knockout of a specific receptor caused decrease
in the intracellular activities of B-hexosaminidase, B-galactosidase,
and B-glucuronidase [47].

Although deletion or repression of hydrolase receptors often
causes missecretion of cargos (e.g., [47]), repression of CPBF8 gene
did not result in missecretion of B-hexosaminidase o-subunit and
lysozymes. This is also in good contrast to CPBF1, gene silencing
of which caused missecretion of CP5 (Nakada-Tsukui K, et al,,
unpublished data). The outcome of deletion or repression of a
hydrolase receptor largely varies. These data suggest that the
trafficking, processing, activation, secretion, and degradation of
cysteine proteases and f-hexosaminidase o-subunit/lysozymes
largely differ despite they use the transport receptors that belong
to the same protein family. It is likely that non- or mis-targeted B-
hexosaminidased-subunit and lysozymes remain inactive or are
swiftly degraded by proteasomes.

Lysozymes are the well-established anti-bacterial protein, which
degrades the cell wall of Gram-positive bacteria. Thus, the
reduction of destruction of C. perfringens caused by CPBF8gs can be
directly attributable to the loss of lysozymes in phagosomes. It has
also been reported that B-hexosaminidase in Drosophila melanogaster

a-HA

u~lysozyme 2

Figure 7. Post-translational modification of CPBF8. CPBF8-HA
and CPBFSASRR-HA was immunoprecipitated with anti-HA antibody
from the lysates of CPBF8-HA and CPBF8ASRR-HA transformants,
treated (+) or untreated (—) with TFA for 10 min. The samples were
separated on SDS-PAGE and silver-stained (bottom panel), or blotted
and reacted with anti-HA (top panel) or anti-lysozyme 2 antibody
(middle panel). The apparent molecular weight (kDa) of standards are
indicated on the left.

doi:10.1371/journal.ppat.1002539.9g007
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[49] and in murine macrophages is important to repress and
control the growth of Mycobacterium marinum [49]. Therefore, the
defect in the transport of P-hexosaminidase ¢-subunit to
phagosomes may also be responsible for the decrease in
degradation of C. perfringens in CPBF8gs strain.

Phagosomal transport of hydrolases via CPBF8
contributes to the cytopathic activity on mammalian
cells

We have shown that the cytopathic effects of trophozoites were
decreased by repression of CPBFS, and the reduction of the
cytopathy was not due to cysteine proteases, as the decrease in the
cytopathy caused by CPBF8 gene silencing was not cancelled by
the cysteine protease inhibitor. These results support the premise
that the enzymatic activity that decreased in CPBF8gs strain, i.e.,
B-hexosaminidase o-subunit and/or lysozymes, is responsible for
the cytopathic effect remaining after E-64 treatment. The present
study is the first to show the causal link of B-hexosaminidase -
subunit and lysozyme with virulence in eukaryotic pathogens. In
mammals, B-hexosaminidase is known to hydrolyze GM?2
(sphingomyelin) [6]. Recently, it has also been shown that B-
hexosaminidase is involved in fertilization in hamster [50]. In
addition, B-hexosaminidase from the Asian corn borer Ostrinia
Sfurnacalis was shown to degrade chitin [51]. Phylogenetic analysis
indicated that both o and B-subunit of B-hexosaminidase from E.
fustolytica belong to the same clade as insect counterparts [52]. This
clade contains two different functional B-hexosaminisases from
insects. One is involved in the alteration of the structure of N-
glycans generated in the cell, while the other plays in the chitin
degradation processes. Although it has not been demonstrated
how B-hexosaminidase is involved in the cytopathy of E. histolytica,
it is conceivable that E. fustolytica P-hexosaminidase degrades
glycoconjugates of the extracellular matrix components to pass
basement membranes, as previously suggested [53]. It was
reported that lysozyme gene was poorly expressed in E. histolytica
Rahman strain, which apparently lost virulence, and non-virulent
E. dispar, compared to E. lustolytica HM-1:IMSS strain [54,55].
Furthermore, lysozyme was also poorly expressed in E. histolytica
trophozoites that were treated .with 5-azacytidine (3-AzaC), a
potent inhibitor of DNA methyltransferase, and showed reduced
virulence [56]. Altogether, lysozymes are involved in in witro
cytotoxicity and in vivo virulence in E. histolytica.

The fact that CP was responsible for only 15-25% of the
cytopathic effect on CHO cells in control transformant apparently
disagreed to our previous finding [29], where 70-75% of the
cytopathic effect in the HM-1 reference strain was attributable to
CP. This is likely explained by the fact that the parental strain (G3)
of the transformants for gene silencing has uncharacterized defects
as well as lack of amoebapores.

Structural determinants of cargo binding in CPBF8

As mentioned above, the most striking difference between
non-lysosomal/phagosomal CPBF1 and lysosomal/phagosomal
CPBF8, at the primary sequence level is the serine-rich domain in
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the luminal region, found exclusively in CPBFS6, 7, and 8. While
either the deletion of this region or point mutations of the serine
stretch of the serine-rich region did not affect trafficking to
phagosomes, the binding of CPBF8 to B-hexosaminidase o-subunit
and lysozymes was significantly reduced. Although we cannot
exclude the possibility that truncated CPBF8 was partially mis-
folded and thus unable to bind to its cargos, characterization of the
post-translational modifications of CPBF8 via the serine-rich
region by chemical removal of its potential O-phosphodiester-
linked glycans strongly indicates that the O- phosphodiester-linked
glycan within this region appears to be involved in cargo binding.

In summary, we have discovered and characterized the novel
membrane-associated receptor for B-hexosaminidase o-subunit
and lysozymes, CPBF8, from E. histolytica. We have demonstrated
that CPBF8 plays an important role in the degradation of ingested
bacteria in phagosomes and the cysteine protease-independent
cytopathy on mammalian cells.

Materials and Methods

Microorganisms and cultivation

Trophozoites of E. histolyiica strain HM-1:IMSS Cl-6 and G3
[41] were cultured axenically at 35°C in 13X%100 mm screw-
capped Pyrex glass tubes or plastic culture flasks in BI-S-33
medium as previously described [57,58]. CHO cells were grown in
F-12 medium (Invitrogen, Grand Island, NY) supplemented with
10% fetal bovine serum on a 10-cm-diameter tissue culture dish
(IWAKI, Tokyo, Japan) under 5% CO2 at 37°C. Clostridium
perfringens was kindly given by Fumiya Kawahara, Nippon Institute
for Biological Science Japan.

Plasmid construction and production of E. histolytica

transformants

The protein coding region of CPBF8 gene was amplified by
PCR from cDNA using sense and antisense oligonucleotides: 5'-
GCGAGATCTATGTTGGCACTCTTCGCCATC-3' and 5'-
GCGAGATCTAGCTAAAGTAGCATATCCAGA-3’ (BglII re-
striction sites are underlined). The amplified PCR product was
digested with BglII and ligated into BgllI-digested pEhExHA [28],
to produce pEhEx-CPBF8-HA. The plasmid to produce the
mutant form of CPBF8 that lacks 23a.a.-long serine-rich region
(pPEhEx-CPBF8ASRR-HA) was constructed as follows. A DNA
sequence was amplified by PCR from pEhEx-CPBF8-HA using
sense and antisense oligonucleotides: 5'-CCAGTTGGATGG-
ATTGTATTTGGTGTTCTT-3' and 5'-GTCATCTGGTT-
GTGGATCTTC TTTAGCATC-3'. The PCR product was
treated with BKL kit (Takara, Shiga, Japan), and self-ligated to
produce pEhEx-CPBFSASRR-HA. The resulting plasmid encodes
a mutant GPBF8 protein lacking 843-865 a.a.-region
(“SSSVPPTPSSSTDDKDDDSHHST”). Two variant forms of
GPBF8 containing point mutations, S843A, S844A, and S845A,
or S851A, S852A, and S853A, respectively (designated as
CPBF8AAAI-HA and CPBF8AAA2-HA), are constructed as
follows. DNA fragments corresponding to the portion of the
protein coding region encompassing from the amino-terminal
region to the mutated amino acids of CPBFS8AAAI-HA and
CPBF8AAA2-HA were amplified by PCR from pEhEx-CPBF8-
HA, using sense and antisense oligonucleotides: 5’-ACAAACA-
CATTAACAATGTTGGCACTCTTCGCC -3' and 5'-TGG-
TACIGCAGCAGCGTCATCTGGTTGTGG -3’ (for CPBFS-
AAAI-HA) and 5-ACAAACACATTAACAATGTTGGCAC-
TCTTCGCC -3’ and 5-ATCAGTTGCAGCAGCTGGT-
GTTGGTGGTAC -3’ (for CPBFSAAA2-HA), where the nucle-
otides corresponding to the mutated amino acids (serine to
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alapine) are double-underlined). DNA fragments corresponding
the portion of the protein coding region encompassing the
mutated amino acids of to the carboxyl-terminal region of
GPBFSAAAI-HA and CPBFSBAAA2-HA were amplified by
PCR from pEhEx-CPBF8-HA using sense and antisense oligonu-
cleotides: 3'- GCTGCTGCAGTACCACCAACACCATCTTC-
3" and 5'- ATCATATGGATACATAGCTAAAGTAGCAT-
ATCC -3’ (for CPBF8AAAI-HA), and 5'- GCTGCTGCA-
ACTGATGATAAAGATGATG -3’ and 5'- ATCATATGGA-
TACATAGCTAAAGTAGCATATCG-3' (for CPBFSAAA2-
HA), where the nucleotides corresponding to the mutated amino
acids (serine to alanine) are double-underlined. The two amplified
fragments were mixed and ligated to Bglll-digested pEhExHA
using GENEART Seamless ligation kit (Invitrogen, San Diego,
CA, USA), to produce pEhEx-CPBFBAAA1-HA and pEhEx-
CPBF8AAA2-HA. SRR-HA, which consisted of the signal
peptide, SRR, the transmembrane domain, and the cytosolic
region of CPBF8, was constructed as follow. A DNA fragment
corresponding to the signal peptide and additional four amino
acids was amplified by PCR using sense and antisense oligonu-
cleotides: 5'- ACAAACACATTAACAATGTTGGCACTCTT-
CGCC -3’ and 5'- AGAACATGTGTACTGTCCATACG-
CAAC -3’. A DNA fragment corresponding to SRR, the trans-
membrane domain, and cytosolic region was amplified by PCR
using sense and antisense oligonucleotides: 5'- CAGTACA-
CATGTTCTGATGACTCGTTCTTCAGTACC -3" and 5'- AT-
CATATGGATACATAGCTAAAGTAGCATATCC-3'. The two
amplified fragments were mixed and ligated to BgllI-digested
pERExHA using GENEART Seamless ligation kit to produce
pEREx-SRR-HA. The transformants that expressed CPBF8-HA,
CPBF8ASRR-HA, CPBFBAAA1-HA, CPBFSAAA2-HA, or SRR-
HA were established by transfection of the wild-type HM1:IMSS
Cl6 strain by liposome-mediated transfection as previously
described [59].

Repression of gene expression was accomplished by gene
silencing, which has recently demonstrated to be mediated by
nuclear localized antisense small RNAs with 5'-polyphosphate
termini [42]. Gene silencing has been seen only in G3$ strain, in
which amoebapore genes are repressed. Thus, whatever pheno-
typic changes are observed by gene silencing of additional gene of
interest, need to be compared against the control G3 strain
transformed by the mock gene silencing plasmid (pSAP2-Gunma),
Furthermore, it should be evaluated, if possible, whether the
phenotypic changes are not caused by synergistic effects with
amoebapore silencing. For gene silencing of CPBFS, B-hexosamin-
wase o-subunit, and lysogyme 1 genes, the 420-bp-long 5'-end of the
protein coding region was amplified by PCR from ¢DNA using
sense and antisense oligonucleotides: 5'-CGCAGGCCTATG-
TTGGCACTCTTCGCCATC-3' and 5'-GCAGAGCTCAT-
TTTCTTCAACTAACTTAAG-3' (CPBF8); 5'-CGCAGGCCT-
ATGCCATATCCAAGCTCAG-3’ and 5'-CGCGAGCTCG-
TTTGATGAAATTCTAATT-3' (B-hexosaminidase o-subunid); 5'-
CGCAGGCCTATGTTCGCTCTCTTTTTGTG-3' and 5'-C-
GCGGAGCTCACCATGGACAATACCAATAGC-3' (ysozyme 1)
(Stul and Sacl restriction sites are underlined). The PCR-
amplified DNA fragment was digested with Stul and Sacl, and
ligated into Stul- and Sacl-digested pSAP2-gunma [60], to
produce pSAP2-CPBF8, pSAP2-HexA, and pSAP2-Lysl. The
gene-silenced strains were established by the transfection of G3
strain with the corresponding plasmids as described above.

Antibodies

CPBF8 and lysozyme 2 antibodies were raised against
recombinant histidine-tagged partial CPBF8 (a.a. 14-292) and
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full-length lysozyme 2, respectively. The method of production
and purification of recombinant proteins were described before
[40]. The expression plasmids for histidine-tagged CPBF8 (a.a.14—
292) and lysozyme 2 were introduced into BL21(DE3) competent
cells (Invitrogen). Expression of the recombinant protein was
induced with 0.1 mM isopropyl-B-thiogalactoside at 37°C for 3 h.
The histidine-tagged fusion protein was purified under denaturing
condition using Ni-NTA agarose (QJAGEN, Hiden, Germany),
according to the manufacturer’s protocol. B-hexosaminidase o-
subunit antibody was raised against mixture of the peptides
LOOQOTGLQDFKVSL (a.a. 77-90) and GWSKSKEYSDIQKF
(a.a. 348-361).

Anti-HA 11MO mouse monoclonal antibody was purchased
from Berkeley Antibody (Berkeley, CA). Alexa Fluor anti-mouse
and antirabbit IgG and horseradish peroxidase (HRP)-conjugated
goat anti-mouse were purchased from Invitrogen.

Immunofluorescene assay

For the staining of lysosomes, amoebae were incubated in the
BI-S-33 medium containing LysoTracker Red DND-99 (Invitro-
gen) (1:500) at 35°C for 12 h. To visualize phagosomes, CHO cells
were pre-stained with 10 BM of CellTracker Blue (Invitrogen) in
F-12 medium supplemented with 10% fetal bovine serum at 37°C
for 3 h. Labeled CHO cells were washed with phosphate-buffered
saline (PBS), and added to 8-mm wells containing E. histolytica
trophozoites on a slide glass (8 well 8 mm standard slide glass,
Thermo Scientific, Rockford, IL) and further incubated at 35°C
for 10-60 minutes. After the incubation, cells were fixed with
3.7% paraformaldehyde for 10 min, and permeabilized with 0.2%
saponin/PBS for 10 min at ambient temperature. The cells were
then reacted with anti-HA 11MO mouse monoclonal antibody
(diluted at 1:1000) and Alexa Fluor-488 antimouse- secondary
antibody (1:1000). The samples were examined on a Carl-Zeiss
LSM510 conforcal laser-scanning microscope (Thornwood, NY).
Images were further analyzed using LSM510 software. We defined
CPBF8-HA- and LysoTracker-positive and negative vacuoles/
vesicles as follows: 1) we measured and averaged the signal
intensity (per pixel) of the whole intracellular area of a cell, and
also five randomly-chosen areas outside the cell to obtain a
background fluorescence level; 2) for individual vacuoles/vesicles
that had continuous fluorescent signal lining the membrane, two
straight lines were drawn, which make a right (90-degree) angle,
and a projected fluorescence histogram was obtained for each line;
3) if the peak intensity of the point on the membrane of the
vacuole/vesicle was >2 fold of the background fluorescence level,
the vesicle/vacuole was defined as “signal positive”. The
LysoTracker-positive vacuoles/vesicle was defined similarly,
except that 1) the fluorescence of not a point on the membrane,
but a whole intravesicular/vacuolar area was measured and
averaged; and 2) the threshold of the average peak intensity of the
LysoTracker-positive area in the vacuole/vesicle is >5 fold of the
background fluorescence level.

Immunoprecipitation

Approximately 3x 10° cells of CPBF8-HA-expressing amoebae
were lysed in 2 ml of lysis buffer [50 mM Tris-HCI, pH 7.5,
150 mM NaCl, 1% Triton X-100 (Tokyo Kasei, Tokyo, Japan),
0.5 mg/ml E-64 (Sigma-Aldrich, St. Louis, MO)], and suitable
amount of Complete mini mix (Roche, Barsel, Switzerland), and
was incubated with protein G-Sepharose beads (50 pl of a 80%
slurry) (Amersham Biosciences, Uppsala, Sweden) at 4°C for
90 min, centrifuged at 800x g at 4°C for 3 min to remove proteins
that bind to the protein G-Sepharose beads non-specifically. The
precleaned lysate was mixed with 90 ul of anti-HA-conjugated
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agarose (50% slurry-, Sigma-Aldrich), and incubated at 4°C for
3.5 h. The agarose beads were collected by centrifugation at 800 x
g at 4°C for 3 min, and washed four times using wash buffer
(60 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1% Triton-X 100).
The agarose beads were then incubated with 180 ul of HA peptide
(20 pg/ml) at 4°C for overnight to dissociate proteins from the
beads. The eluate was applied to SDS-PAGE and silver staining as
previously described [61].

Protein digestion, LC-MS, and MS/MS

Silver stained gels were excised, destained, and tryptic-digested
using modified trypsin (Applied Biosystems Darmstadt, Germany).
Briefly, excised gels were transferred to a siliconized tube,
dehydrated in acetonitrile, rehydrated in 30 pl of 10 mM
dithiothreitol in 0.1 M ammonium bicarbonate and reduced at
room temperature for 30 min. The sample was then alkylated in
30 ul of 50 mM iodoacetamide in 0.1 M ammonomium bicar-

_bonate at room temperature for 30 min. The reagent was

removed and the sample was dehydrated in 100 pl acetonitrile,
rehydrated in 100 pl of 0.1 M ammonium bicarbonate, and then
dehydrated again in 100 pl acetonitrile and completely dried by
vacuum centrifugation. Samples were then rehydrated in 20 ng/
ml trypsin in 50 mM ammonium bicarbonate on ice for 10 min.
Any excess trypsin solution was removed and 20 ul of 50 mM
bicarbonate added. The samples were digested overnight at 37°C
and resultant peptides were extracted in two 30 pl aliquots of 50%
acetonitrile/5% formic acid. The tryptic peptides were eluted from
the gel and then desalted by Ziptip. The resulting peptide mixture
was separated by reverse phase chromatography (DiNa nano LC
system; KYA Tech, Tokyo, Japan) using a 0.15 mmx50 mm ID
HiQ sul C18W3 column (KYA Tech) and elution with 0.1%
formic acid/2% CH3CN (solvent A) and 0.1% formic acid/80%
CH3CN (solvent B) using a program 0% solvent B for 15 min,
gradient at 4% /min for 2 min, gradient at 0.86% /min for 43 min,
11%/min for 5 min, 100% solvent B for 10 min with a total flow
rate of 300 nl/min. The eluting peptides were ionized by
electrospray ionization and analyzed by a 3200 Q TRAP LC/
MS/MS System (Applied Biosystems). Peptide MS/MS spectra
were acquired in an information-dependent manner using the
Analyst QS software 2.0 acquisition features (Smart Exit, rolling
collision energy, and dynamic exclusion).

Database search

Peptide sequence data obtained by mass spectrometry were
analyzed against the E. hustolytica genome database at The Institute
for Genomic Research (TIGR) (http://www.tigr.org/tdb/e2k1/
ehal/) using the Sequest algorithm. Sequencing data were also
analyzed against the non-redundant database at the National
Center of Biotechnology Information (NCBI). Individual predicted
protein sequences were manually analyzed by BLAST search
(http://www.ncbinlm.nih.gov/BLAST/) against the non-redun-
dant database at NCBI. The identification of the protein was
considered significant when at least two non-overlapping peptides
of a protein were detected with the probability score >95%. The
identified proteins were classified using the annotations provided
in the TIGR and NCBI database and results of BLAST search.

RT-PCR

Total RNA was extracted using TRIzol reagent (Invitrogen)
according to the manufacturer’s instructions. The synthesis of
cDNA was performed using the SuperScript III First Strand
Synthesis System (Invitrogen) according to the manufacturer’s
instructions. The c¢DNA synthesis was completed on a DNA
Engine Peltier Thermal Cycle (Bio-Rad Laboratories, Inc.,
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Hercules, CA, USA) and treated with deoxyribonuclease I
(Invitrogen) to exclude genomic DNA. PCR was performed with
the resulting cDNA as a template and specific oligonucleotide
primers. Primers used were 5’ (-CAAGTGCTTCAAGTACT-
CAACCATC-3'and 5'-ACCATTGTTACTTCTCTTTTTAC-
GA-3' (CPBF6); 5'-ATTTTATATGAACTCTCCAGACGAT-3’
and 5'-TAATAGTAATAATCAGCACAATAAC-3' (CPBF7). 5'-
AGAAGGTTTTGTCGATGTTCAATTC-3' and 5'-TAACA-
CATCCAGCAAGAATACCAGCGC-3’ (CPBFS). PCR reaction
mixture contains 0.2 U of high-fidelity DNA polymerase (Phusion,
FINNZYME, Espoo, Finland), 5 xPhusion buffer, 0.16 mmol/L of
each dNTPs, 0.5 uM Primers. Parameters for PGR were: an initial
step of denaturation at 98°C for 30 sec, 25 cycles of amplification
(at 98°C for 5 sec, 53°C for 20 sec, and 72°C for 2 min), and a
final extension at 72°C for 5 min.

Microarray analysis

Expression analysis was performed using a custom E. histolytica
array from Affymetrix, Inc. (Santa Clara, CA, USA), as previously
described [62]. Labeled ¢cRNA for hybridization was prepared
from 5 pg of total RNA according to published Affymetrix
protocol. Hybridization and scanning were performed according
to Affymetrix protocols.

Preparation of cell lysates and culture supernatants

A semi-confluent culture was harvested at 48-72 h after
initiation of the culture and resuspended in modified Opti-MEM
(Invitrogen), Opti-MEM supplemented with 1 mg/ml ascorbic
acid and 5 mg/ml cysteine. Approximately 4x10° amoebae in
1 ml of the medium were seeded to wells of a 12-well plate. After
the culture was incubated at 35.5°C for 2h, the culture
supernatant was centrifuged at 400x g for 5 min at 4°C to
remove debris. The plates were chilled on ice for 5 min and
detached trophozoites were collected.

Phagosome purification

Approximately 3-5x10° trophozoites (per flask) were cultured
in 25-cm? flasks for 48 h, and washed gently with warm modified
Opti-MEM. Approximately 107 carboxylate-modified latex beads
(Polyscience, Warrington, PA) were added to the flasks, and the
flasks were centrifuged at 190 x g for 5 min to bring the beads into
contact with the trophozoites. After centrifugation, the flasks were
placed on ice for 10 min. The trophozoites were washed three
times with cold PBS containing 20% sucrose, followed by
centrifugation at 190x g for 5 min to remove uningested beads.
The cells containing latex beads were then resuspended in warm
BI-S-33 medium, further incubated at 37°C, and harvested after
120 min. Bead-containing phagosomes were purified as previously
described [12] with some modifications. Briefly, after harvesting,
the amoebae that contained latex beads were resuspended in cold
homogenization buffer (250 mM sucrose, pH 7.4, 3 mM imidaz-
ole, 10 mM cysteine protease inhibitor E-64, CompleteMini
protease inhibitor cocktail) and homogenized with a Dounce
homogenizer on ice. Phagosomes containing latex beads were then
separated by flotation on a sucrose step gradient as described [12].
All sucrose solutions were made in 3 mM imidazole, pH 7.4
containing 10 mM cysteine protease inhibitor E-64. Sucrose was
added to the homogenized lysate to 40%. 2 ml of the lysate
containing 40% sucrose, 2 ml each of 35, 25 and 10% sucrose
solutions were carefully overlaid in a 10 ml ultracentrifuge tube.
The sample was centrifuged in a swinging bucket rotor MLS-50
(Beckman, Brea, CA) at 131,000x g at 4°C for 1 h. The
phagosome fraction was collected from the interface of the 10
and 25% sucrose solutions. The collected fraction (1 ml) was
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mixed with 3 ml of 50% sucrose, and transferred to a new tube.
To the sample, 4 ml of 25% and 2 ml of 10% sucrose solutions
were overlaid, and the sample was centrifuged at 131,000 g at
4°G for 1 h. The separated phagosome sample, collected from the
interface of the 10 and 25% sucrose solutions, was finally mixed
with the same volume of 3 mM imidazole solution and centrifuged
at 13,000% gat 4°C for 5 min, The pellet were suspended with 7%
sucrose solution and stocked in —80°C.

Enzymatic assay

B-hexosaminidase assay was performed as previously described
[43] with some modifications. Briefly, the reaction mixture consisted
of 25 mM citrate buffer, pH 4.0, 10 mM 4-methylumbelliferyl-6-
sulfo-2-acetamido-2-deoxy-B-D-glucopyranoside (MUGS)(Merck,
Darmstadt, Germany) or 4-methylumbelliferyl -2-acetamido-2-
deoxy-B-D-glucopyranoside (MUG)(Sigma) as substrates, and
amoeba cell lysates, culture supernatant or phagosome fraction.
The reaction was initiated by addition of the substrates and stopped
by addition of 0.2 M glycine/0.2 M sodium carbonate, pH 10.5).
The fluorescence of the released 4-methylumbelliferone was
measured at excitation and emission wavelengths of 360 and
440 nm, respectively. The lysozyme assay was performed by
EnzChek Lysozyme Assay Kit (Invitrogen). Briefly, the reaction
mixture contained amoeba lysates, culture supernatant or phago-
somal fraction and 200 ug/ml of Bodipy-conjugated Micrococcus
Iysodeikticus cell wall, and the fluorescence was measured at excitation
and emission wavelengths of 485 and 530 nm, respectively. The
amylase assay was performed by EnzChek amylase Assay Kit
{Invitrogen). Briefly, the reaction mixture contained amoeba lysates,
culture supernatant or phagosomal fraction, and 200 ug/ml of
substrate solution, and the fluorescence was measured at excitation
and emission wavelengths of 485 and 530 nm.

Digestion assay of C. perfringens

Approximately 1.5x10* trophozoites of control or CPBF8gs strain
and 1.5x10° C. perfringens were incubated in 150 pl of BIS medium
with 10 M SYTO-59 (Invitrogen) on glass bottom culture dish(-
Mattek, MA, USA) under anaerobic condition for 4 h. After
incubation, the cell was washed with BIS and observed by microscopy
under anaerobic condition on a Carl-Zeiss LSM510 conforcal laser-
scanning microscope. The numbers of rod and round shape bacteria
are counted. Images were further analyzed using LSM510 software.

In vitro translation

The soluble region of lysozyme 1 and 2 were expressed by TN
SP6 High-Yield Wheat Germ Protein Expression System (Pro-
mega, WI, USA). The HA-tagged lysozyme 1 and 2 were
amplified by PCR from cDNA using sense and antisense
oligonucleotides: 5’- GGGGCGATCGCATGTATCCATAT-
GATGTTCCAGATTATGCTAAATTAGGTATIGATGTCT-
CTGC -3" and 5'- GGGGTTTAAACTTATGGTTTGTAGTTA-
TAATC -3" (for HA-lysozyme 1) and 5'- GGGGCGATCG-
CATGTATCCATATGATGTTCCAGATTATGCTGTAGAT-
GTATCTCAAGC -3’ and 5'- GGGGITTAAACT TAAAAAT-
TAAATAAAAAGAAATGAG -3 (for HA-lysozyme 2), where
Pmel and Sgfl restriction sites are underlined and the sequence
corresponding to the HA-tag are double underlined, respectively.
The PCR-amplified DNA fragments were digested with Pmel and
Sgfl, and ligated into Pmel- and Sgfl-digested pF3A WG (BYDV)
Flexi vector, to produce pF3A-HA-lysozyme 1 and 2. Expression
of HA-ysozyme 1 and 2 was performed according to the
manufacturer’s protocol. The reactions were done at 25°C for
2 h. The purification of HA-lysozyme 1 and 2 was performed as
described above for immunoprecipitation.
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Cytopathic activity

CHO monolayer destruction was measured as described
previously with minor modifications [63]. Briefly, CHO cells were
grown with confluent in 24 well plate for over-night.at 37°C and
5% COy.The medium was removed and the plates were washed
with modified Opti-MEM medium. Approximately 5x10*
trophozoites of control or CPBF8gs strains were resuspended in
0.5 ml of modified Opti-MEM medium and added to each well.
The plates were incubated under anaerobic conditions at 35.5°C
for up to 3 h. The plates were placed on ice for 10 min to detach
trophozoites. The number of CHO cells remaining in the wells
was measured by WST-1 reagent (Roche) as described previously
[64]. The cytopathic activity of recombinant HA-lysozyme 1 and 2
toward mammalian cells was evaluated by incubating confluent
CHO cells with the mixture of purified recombinant proteins and
10% FBS/F-12 (1:99) on a 24 well plate. The plates were
incubated at 35.5°C for 24 h. The number of CHO cells
remaining in the wells was estimated by WST-1 reagent.

Accession numbers

CPBF1, EHI_164800, XP_655218; CPBF2, EHI_087660,
XP_653276; CPBF3, EHI_161650, XP_649180; CPBF4,
EHI_012340, XP_655897; CPBF5, EHI_137940, XP_654065;
CPBF6, EHI 178470, XP_653036; CPBF7, EHI_040440,
XP_649361; CPBF8, EHI_059830, XP_652899; CPBF9,
EHI 021220, XP_655360; CPBF10, EHI_191730, XP_649015;
CPBF11, EHI_118120, XP_656044; B-hexosaminidase o-subunit,
EHI_148130, XP_657529; Lysozyme 1, EHI_199110, XP_
653294; Lysozyme 2, EHI_096570, XP_656933

Supporting Information

Figure 81 Growth kinetics of control and CPBF8gs strains.
Approximately five thousands amoebae were inoculated to 6-ml
culture medium. The amoebae of each strain were counted every
24 hours. Data shown are the means & standard deviations of five
biological replicates.
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Figure 83 Localization of CPBFSAAA]-HA, CPBFBAAA2-HA,
and SRR-HA to phagosomes. Trophozoites of CPBFSAAA1-HA
(A), CPBFBAAA2-HA (B), and SRR-HA (C) were incubated with
CellTracker Blue-stained CHO cells (blue) for 60 min, fixed, and
reacted with anti-HA antibody (green). Bar, 10 pm.
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Table 81 The list of all detected peptides from excised bands by
LC-MS/MS.
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Abstract

Suppressor of cytokine signaling (SOCS) 3 is a major negative feedback regulator of signal
transducer and activator of transcription 3-activating cytokines. Studies using T-cell-specific
SOCS3-deficient mice indicate that the absence of SOCS3 in T cells results in exacerbation of
disease progression after infection by Leishmania major due to skewing of the T,,3 cell

FEATURED

phenotype accompanied by hyper-production of IL-10 and transforming growth factor g (TGF-B).
Here we show that transgenic mice over-expressing the SOCS3 gene in T cells (Lck-SOCS3 Tg
mice) are also susceptible to infection by L. major. Forced expression of SOCS3 in T cells did not
affect the production of the anti-inflammatory cytokines IL-10 and TGF-B or that of the
protective Ty1 type cytokine IFN-y, which is required for parasite clearance. CD4™ T cells isolated
from infected-Lck-SOCS3 Tg mice produced much higher leveis of IL-4 when they were re-
stimulated with L. major antigen in vitro. Exacerbation of disease progression in Lck-SOCS3 Tg
mice was completely reversed by administration of a neutralizing antibody against IL-4.

These data suggest that tight regulation of SOCS3 expression in T, cells is crucial for disease

control during infection by L. major.

Keywords: regulatory T cell, Ty, T2, cytokine

Introduction

The murine model of infection with the protozoan parasite
Leishmania major has provided the first evidence of the rele-
vance of the balance between T,1/T,2 cells in the regulation
of disease outcome in vivo. Disease outcome is strongly cor-
related with the early patterns of Ty, subset differentiation such
as the IL-12 driven IFN-y-dominated T,1 response that pro-
motes parasite clearance, and an IL-4-driven- and IL-4-domi-
nated-Tp2 response that causes the development of
progressive lesions (1, 2). The genetic predisposition to infec-
tion by L. major in mice has been studied intensively. In most
inbred mouse strains (including C57BL/6), preferential differ-
entiation towards T,1 cells upon infection by L. major leads to
resolution of cutaneous infection via IFN-y-mediated activation

of macrophages, whereas in some strains (e.g. BALB/c) the
preferential production of IL-4 and IL-10.from T2 cells ac-
companied by reduced production of IFN-y cannot efficiently
activate macrophage leishmanicidal function (3). Disease
outcome can be reversed by treatment of resistant strains
with anti-IL-12 or anti-IFN-y antibody or by treatment of sus-
ceptible strains with anti-IL-4 antibody (4-6). Furthermore, re-
cent studies on the differentiation of T, cells regulated by
cytokine signals have revealed new Ty, subsets; IL-17-produc-
ing T»17 cells driven by transforming growth factor B (TGF-B)
and IL-6 (7, 8), and immunosuppressive inducible regulatory
T (iTreg) cells driven by TGF-B (9). Treg cells modulate effec-
tor immune responses (10), and the balance of Tn1/Tn2/
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Th17/Treg is believed to be important for the direction of im-
mune responses. Therefore, the early differentiation of Ty
cells determined by the cytokine milieu is crucial for dis-
ease outcome.

In physiological as well as pathological conditions, cyto-
kine signals are tightly regulated by many factors, including
a cytoplasmic protein family termed “suppressor of cytokine
signaling (SOCS)” (11). Cytokines (including ILs and IFNs)
activate the Janus kinase-signal transducer and activator of
transcription (JAK-STAT) pathway. This leads to the expres-
sion of various target genes inciuding SOCS. Consequently,
SOCS protein inhibits its JAK-STAT activity, thereby forming
a negative-feedback loop. Among the eight SOCS family
proteins, SOCS3 in particular inhibits 1L-6/gp130-mediated
activation of STAT3 (12). We have previously shown that de-
letion of the SOCS3 gene in T-cell compartments results in
susceptibility to L. major infection, and the development of
progressive lesions due to preferential production of IL-10
and TGF-B by SOCS3-deficient CD4* T cells (13). Loss of
SOCS3 in Ty, cells leads to excessive activation of STAT3 that
enhances IL-10 and TGF-B promoter activities. It has been
demonstrated that IL-10 and TGF-B exert powerful deactivat-
ing effects on infected cells. For instance, production of reac-
tive nitrogen intermediates by IFN-y-activated macrophages
is suppressed by IL-4, IL-10 and TGF-B (14). Therefore,
SOCS3 in Ty, cells is a crucial factor for protective immunity
against L. major infection.

We examined the functional significance of SOCS3 ex-
pression in Ty cells for eliminating the intracellular pathogen
L. major. Contrary to expectations, constitutive expression of
SOCS3 in Ty cells in transgenic mice carrying the SOCS3
gene driven by the Lck-Ep-promoter (Lck-SOCS3 Tg mice)
results in exacerbation of disease progression rather than
reinforced protective immunity. Lck-SOCS3-Tg mice infected
with L. major exhibited neither an increased number of Treg
populations nor enhanced production of anti-inflammatory
cytokines such as IL-10 and TGF-B. However, IL-4 produc-
tion by CD4* T ceils from infected Lck-SOCS3 Tg mice was
significantly elevated, and the administration of a neutralizing
antibody against IL-4 ameliorated lesions, suggesting
a skewing of the immune response toward a T,,2 phenotype
in Lck-SOCS3 Tg mice during the course of infection. Taken
together, temporal regulation of SOCS3 expression in Ty
cells is critical for disease control of L. major infection.

Methods

Mice

Transgenic mice carrying the Myc-tagged wild-type SOCS3
gene driven by the Lck-Ep-promoter (Lck-SOCS3 Tg mice)
have been described (15). Lck-SOCS3 Tg mice were back-
crossed on a C57BL/6 genetic background more than 12
times. Mice were kept in specific pathogen-free facilities.
Experiments using mice were approved by and carried out
according to the guidelines of the Animal Ethics Committee
of Kyushu University (Fukuoka, Japan).

L. major infection in mice

Leishmania major (MHOM/SU/73-5-ASKH) were pas-
saged in vivo and grown in vitro in medium 199 with 10%

heat-inactivated fetal bovine 'serum containing 2 mM gluta-
mine, 10 mM HEPES and gentamicin (100 pl mi~"). Infec-
tion of L. major was carried out as described previously
(13). Briefly, 1 x 107 stationary-phase promastigotes were
subcutaneously injected into the right footpad of mice. To
neutralize 1L-4 in vivo, mice were intra-peritoneally in-
jected with 2 mg of anti-IL-4 (clone: 11B11) 5 h before
and 24 h after infection. Footpad swelling was monitored
every 2 weeks with a vernier caliper. Parasite burdens
in the footpads were quantified by homogenizing tissue
in 10 ml of the complete medium 199 as described
previously (13).

Cytokine assay

Four weeks after infection by L. major, CD4* T cells were iso-
lated from the right popliteal lymph nodes by MACS (Miltenyi
Biotec, Bergisch Gladbach, Germany) sorting using anti-CD4
antibody (clone: GK1.5) according to the manufacturer's pro-
tocol. Cells (5 X 10° per 200 pl per well) were stimulated with
or without L. major antigens (equivalent to 5 X 10° promasti-
gotes) in the presence of iradiated (30 Gy) T-cell-depleted
splenocytes for 70 h. Culture supernatants were collected
and analyzed for IL-4, IFN-y, TGF-B1, IL-10 and immunoglo-
bulins by ELISA. ELISA kits were purchased from companies
as follows: IFN-y, IL-4 and IL-10 (eBioscience, San Diego,
CA, USA); TGF-B (Promega, Madison, WI, USA); and mouse
immunoglobulin isotype (Bethy! Laboratories Incorporated,
Montgomery, TX, USA); these were used according to the
manufacturers’ instructions.

Flow cytometric analyses

Anti-CD4-FITC, anti-CD4-allophycocyanin (APC), anti-CD8-
FITC, anti-CD25-PE, and anti-Foxp3-APC antibodies were
from eBioscience, and anti-B220-PerCP-Cy5.5 antibody was
from BD Bioscience (Franklin Lakes, NJ, USA). For intracel-
lular Foxp3 staining, popliteal lymph node cells were iso-
lated, washed and stained with anti-CD4-FITC and anti-
CD25-PE antibodies for 30 min. Cells were washed and
fixed in 1X Fix/Perm solution (eBioscience) for 2 h on ice.
Cells were then washed and suspended in permeabilization
buffer (eBioscience), stained with APC-conjugated  anti-
mouse Foxp3 (clone: FJK-16s), and analyzed by flow cytom-
etry using a FACSCalibur flow cytometer (BD Bioscience).
Data were analyzed using FlowJo software (Tree Star, Inc.,
Ashland, OR, USA).

Immunohistochemistry

Tissue samples were isolated and fixed in 10% buffered for-
malin and embedded in paraffin. Sections were cut, dehy-
drated and microwaved in 10 mM citrate buffer (pH 6.0)
twice, for 5 min each time. Sections were incubated with
anti-inducible nitric oxide synthase (anti-INOS) antibody
(Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA;
1:100 dilution). VECTASTAIN ABC kits (Vector Laboratories,
Burlingame, CA, USA) and Histofine MOUSESTAIN kit
(Nichirei Biosciences, Tokyo, Japan) were used for detec-
tion. Sections were counterstained with hematoxylin. The
INOS™ area was measured in five regions for each condition
using Imaged software.
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Statistical analysis

The Student's paired two-tailed +test was used. P < 0.05 was
considered significant. All error bars in the figures indicate
standard deviations.

Results

Exacerbation of disease progression in Lck-SOCS3 Tg mice
infected with L. major

We have previously demonstrated that T-cell-specific SOCS3
deficiency leads to susceptibility to infection with L. major ow-
ing to preferential differentiation of immunosuppressive T,3
cells that produce large amounts of TGF-B and IL-10. We
therefore investigated whether the constitutive expression of
SOCS3 in Ty cells reverses disease outcome.

Wild-type (WT) and Lck-SOCS3 Tg mice (C57BL/6 back-
ground) were subcutaneously infected with L. major, and le-
sion size was monitored (Fig. 1A and B). Footpad swelling
was exacerbated significantly more in Lck-SOCS3 Tg mice
than in WT mice throughout the course of infection. In Lck-
SOCS3 Tg mice, lesion size remained large until 8 weeks af-
ter infection, whereas in WT mice it gradually reduced to the
basal levels (Fig. 1B). We then examined the number of para-
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Fig. 1. Increased footpad swelling and delayed clearance of para-
sites in Lck-SOCS3 Tg mice. (A and B) WT and Lck-SOCS3 Tg (Tg)
mice were subcutaneously infected with Leishmania major and
photographed at 4 weeks after infection (A) and the size of footpad
lesions were measured every other week (B). (C) The number of
parasites in the footpad was counted 4 weeks after infection as
described in Methods. Data are given as the mean = SD (n = 5-7).
Horizontal bars in (C) indicate the mean value in each group. ***P <
0.001, **P < 0.01, *P < 0.05.
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sites remaining in the footpads. Four weeks after infection, the
numbers of parasites in the lesions were greater in Lck-
SOCS3 Tg mice than in WT mice (Fig. 1C). These results indi-
cated that the constitutive expression of SOCS3 in T, cells
exacerbates cutaneous leishmaniasis.

The number of Treg cells does not account for exacerbation of
disease progression in Lck-SOCS3 Tg mice

To reveal the molecular and cellular mechanisms underlying
the progression of lesions in Lck-SOCS3 Tg mice, we initially
examined the lymphocyte population in the popliteal lymph
nodes. In uninfected mice, there was no significant difference
in lymphocyte counts in the popliteal lymph nodes between
Lck-SOCS3 Tg mice and WT mice (Fig. 2A left panel). The
number of lymphocytes gradually increased after infection by
L. major. In Lck-SOCS3 Tg mice, the lymphocyte number
was slightly lower than in WT mice; this difference reached
statistical significance 4 weeks after infection and became
more prominent at 8 weeks after infection (Fig. 2A, right
panel). The incidence of B cells among the total population
of popliteal lymph node cells was greatly increased at 4 weeks
after L. major infection, but this increase occurred in both WT
and Lck-SOCS8 Tg mice to a comparable degree (WT: 75.7
+ 1.9% versus Tg: 78.9 = 1.7%) (Fig. 2B, upper panels). In
uninfected mice, a slight reduction in CD8" T cells was ob-
served in Lck-SOCS3 Tg mice, but there was no significant
difference between the two groups of mice in CD4* T-cell
counts in the popliteal lymph nodes (Fig. 2C, left panel). The
ratio of CD8" T cells to CD4" T cells in the T-cell compartment
was significantly reduced in infected Lck-SOCS3 Tg mice
(WT: 42.1 = 1.7% versus Tg: 33.4 = 2.0%,; Fig. 2B, middle
panels). Given that the total lymphocyte number in infected
Lck-SOCS3 Tg mice was reduced, the cellularity of CD8" T
cells was drastically reduced in Lck-SOCS3 Tg mice (Fig.
2C, right panel). The Lck promoter induces gene expression
not only in peripheral T cells but also in the thymus. The phe-
notypes of thymocytes in uninfected mice, including percen-
tages and actual numbers of double-negative (DN), double-
positive (DP), single-positive (SP) and CD44/CD25 popula-
tions, are shown in Fig. 2(D and E). The total number of lym-
phocytes in the thymus was not significantly different
between WT and Lck-SOCS3 Tg mice, although the numbers
of CD8SP T cells were lower in Lck-SOCS3 Tg mice than in
WT mice, while the numbers of CD4* T cells were comparable
between the two groups (Fig. 2E). The population of DN1 was
lower in Lck-SOCS3 Tg mice than in WT mice (Fig. 2D and E,
lower panels). These results indicated that the reduction in
CD8* T cells in Lck-SOCS3 Tg mice was an intrinsic defect
of CD8" T-cell development or proliferation that occurred re-
gardless of infection status.

Next, to analyze the frequency of Treg cells in the popliteal
lymph nodes, we carried out intracellular staining for Foxp3
(a master transcription factor of Treg cells). The proportion of
CD47CD25"Foxp3* Treg cells in the popliteal lymph nodes of
uninfected mice was identical between the two groups (WT:
10.1 £ 1.2% versus Tg: 11.1 = 0.5%), and the frequency did
not change at 4 weeks after infection (WT: 11.1 = 1.3% versus
Tg: 10.8 = 1.5%; Fig. 2B, lower panels). This indicated that
Treg cells were not involved in the exacerbated disease out-
come observed in Lck-SOCS3 Tg mice.
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Fig. 2. Lymphocyte profiles in the draining lymph nodes of Lck-SOCS3 Tg mice infected with Leishmania major. (A) Cells from the popliteal lymph
node were isolated from WT and Lck-SOCS3 Tg mice at 0 (uninfected), 4 and 8 weeks after infection with L. major, and the numbers of cells were
counted (*P < 0.05, n = 6). (B) Lymph node cells were analyzed 8 weeks after infection by flow cytometry. Cells were stained for B220, CD4 and
CD8 (upper and middle panels), and for CD4, CD25 and Foxp3 (lower panels). Histograms of B220 expression in the total lymph node cells and the
percentages of gated B220™ populations are shown in the upper panels. Profiles of CD4 versus CD8 in B220-negative populations (middle panels)
and CD25 versus Foxp3 in the CD4-positive population (lower panels) are shown. The percentages of each gated area are shown. Data are
representative of at least six mice for each condition. (C) The numbers of CD4* and CD8* cells in the lymph node before and 8 weeks after infection
are shown (*P < 0.05, n = 6). (D) The CD4 versus CD8 profiles of total thymocytes and CD25 versus CD44 profiles of DN thymocytes in uninfected
mice are shown. (E) Actual cell numbers of total, DP, CD4SP, CD8SP, DN and DN1-DN4 thymocytes are shown (*P < 0.05, n=23)

Exacerbation of disease progression in Lck-SOCS3 Tg mice tion by CD4™ T cells that were re-stimulated in vitro and the
is not due to impaired production of IFN-; or enhanced amount of IFN-y in the serum were comparable between WT
production of anti-inflammatory cytokines and Lck-SOCS3 Tg mice (Fig. 3A and B). Production of anti-
We examined cytokine production by CD4* T cells derived  inflammatory cytokines such as IL-10 and TGF-B was also
from the popliteal lymph nodes of infected mice. IFN-y produc- comparable between the two groups of mice (Fig. 3A). These
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Fig. 3. Levels of cytokines and immunoglobulins in Leishmania
major-infected Lck-SOCS3 Tg mice. (A) CD4™ T cells in the popliteal
lymph nodes were isolated from WT and L.ck-SOCS3 Tg mice 4 weeks
after infection. CD4* T cells were re-stimulated with L. major antigen
in vitro in the presence of naive antigen-presenting cells for 70 h.
Cytokine levels in the culture supernatant were determined by ELISA.
(B) Serum IFN-y levels at 4 weeks after infection were determined by
ELISA. (C and D) Levels of total Ig (C) and L. major antigen-specific
1gG4 (D) in the serum from infected mice were measured by ELISA.
Data are mean = SD (n = 5-7). *¥*P < 0.001. ND, not detected.

results suggest that neither impaired production of IFN-y nor
enhanced production of anti-inflammatory cytokines accounts
for the progression of lesions in Lck-SOCS3 Tg mice infected
with L. major. Interestingly, IL-4 production by T cells from Lck-
SOCS3 Tg mice was significantly greater than production by
T cells from WT mice (Fig. 3A). Moreover, total IgG, and IgE
levels in the serum were significantly elevated in Lck-SOCS3
Tg mice compared with levels in WT mice regardless of infec-
tion status (Fig. 3C). The levels of antigen-specific 1gG; in the
two groups of mice were comparable, however (Fig. 3D), and
antigen-specific lgGp. and antigen-specific IgE were below
detection levels (data not shown). Thus, the increased levels
of total IgGy and IgE may be a secondary effect of aberrant
IL-4 production from T cells and may not be implicated in the
exacerbation of L. major infection in Lck-SOCS3 Tg mice.

Neutralization of IL-4 reverses delayed clearance of parasites
and increased footpad swelling in Lck-SOCS3 Tg mice

To investigate whether the enhanced production of IL-4 ob-
served in Lck-SOCS3 Tg mice is responsible for the exacer-
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bation of L. major infection, we neutralized IL-4 using
a specific antibody. It is well known that neutralization of ini-
tially produced IL-4 in BALB/c mice during infection with
L. major inhibits Tn2 cell differentiation (16). We therefore
used BALB/c mice as a positive control to assess the effect
of IL-4 neutralization. The increase in footpad swelling ob-
served in Lck-SOCS3 Tg mice was completely reversed to
the level seen in WT mice by administration of neutralizing an-
tibody against IL-4 (Fig. 4A and B). The number of parasites
in the lesions in Lck-SOCS3 Tg mice was also drastically re-
duced to the level seen in WT mice (Fig. 4C). The reduction
in total lymphocytes and B cells in the popliteal lymph nodes
of infected Lck-SOCS3 Tg mice was recovered by treatment
with anti-IL-4 mAb (Fig. 4D and E). These results suggest that
the enhanced levels of IL-4 initially produced by T;, cells in re-
sponse to infection is responsible for the exacerbation of dis-
ease progression in Lck-SOCS3 Tg mice.

Tn1 effector cells produce high levels of IFN-y, leading to
the expression of INOS and production of leishmanicidal nitric
oxide in macrophages. Despite the normal level of IFN-y pro-
duction, eradication of L. major was dampened in Lck-SOCS3
Tg mice. We therefore compared INOS induction in the
lesions of infected mice from an immunohistochemical per-
spective. INOS induction in infected tissues of Lck-SOCS3 Tg
mice was much weaker than that in the tissues of WT mice,
which was completely reversed by the administration of anti-
IL-4 mADb (Fig. 4F and G). These results suggest that aberrant
production of I1L-4 by the mutant T cells suppresses iINOS in-
duction, which is required for the elimination of intracellular
pathogens.

Discussion

Cytokines and their signaling pathways define the fate and
function of T, cells, which eventually determines disease
outcome. In particular, the balance between T,1 and T,2
cells is crucial for disease control in the L. major infection
model (1,2). IFN-y and IL-4 have been identified as the
counter-regulatory Tp1 and T,2 cytokines, respectively, that
promote resistance and susceptibility to infection with
L. major (4, 8, 16). The anti-inflammatory cytokines IL.-10 and
TGF-B, and the immunosuppressive Ty-cell subset known as
Treg cells, limit the magnitude of effector responses, which
contributes to the prevention of collateral damage to tissues
but which may result in failure to eliminate intracellular patho-
gens (17-20). We have previously shown that the absence of
SOCS3 in Ty, cells results in exacerbation of L. major infection
due to enhanced production of IL-10 and TGF-B caused by
hyper-activation of STAT3 signaling (13).

In the present study, we examined the constitutive expres-
sion of SOCS3 in Ty cells during leishmaniasis. It has been
shown that Lck-SOCS3 Tg mice show significantly enhanced
airway responsiveness, suggesting that SOCS3 expression
in CD4™ T cells promotes Tn2-dependent responses such as
allergic reaction (15). Here we found that excessive expres-
sion of SOCS3 in T cells also promoted the disease progres-
sion of leishmaniasis due to a dominant IL-4 response,
Moreover, we demonstrated that aberrant 1L-4 production
during the early phase of infection is responsible for the ex-
acerbation of disease progression in Lck-SOCS3 Tg mice.
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Fig. 4. Suppression of footpad swelling of Leishmania majorinfected Lck-SOCS3 Tg mice by neutralization of initial IL-4. Mice received intra-
peritoneal injections of anti-mouse IL-4 antibody («-1L-4 antibody: 2 mg per mouse) 5 h before and 24 h after infection with L. major. BALB/c mice
were used as a positive control. (A) The size of footpad lesions was monitored weekly. (B) Photographs show lesion development in WT and Lck-
SOCS3 Tg mice at 6 weeks afier infection. The numbers of parasites in the footpads (C) and draining lymph node cells (D) were counted at 6 weeks
after infection. (E) The lymph node cells from infected mice were analyzed by flow cytometry. (F) iINOS expression in the footpad lesions was
analyzed by immunchistochemistry. Six weeks after infection, the footpad lesions were stained with anti-INOS antibody and photographed. iNOS*
areas are shown by arrows. Scale bar represents 100 um. The iNOS* area was measured in five regions under each condition as described in
Methods. Data are mean + SD (n = 6). Horizontal bars in (C) and (D) indicate the mean value of each group. ***P < 0.001, **P < 0.01, *P < 0.05.

We found that profound expression of IL-4 was induced in
Lck-SOCS3 Tg mice after infection with L. major. CD4*
T cells from infected transgenic mice also produced a sub-
stantial amount of IFN-y comparable with that produced by
WT CD4™ T cells (Fig. 3). The percentages of [FN-y-positive

T cells were comparable between the two groups of mice re-
gardless of anti-IL-4 treatment (data not shown). Serum lev-
els of IFN-y in infected Lck-SOCS3 Tg mice were almost
identical with those in WT mice. Moreover, the expression
levels of T-bet and GATA3 in T cells were not significantly
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different between the two groups of infected mice (data not
shown). These results indicated that excessive production
of IL-4 did not suppress the Tn1 response in Lck-SOCS3 Tg
mice. Similar phenomena have been reported in which con-
stitutive expression of 1L-4 or IL-10 in resistant strains failed
to control infection by L. major despite generating a relatively
strong Ti1 response (19, 24). The mechanism by which an
IFN-y-producing Tn1 response is established under Tn2-
dominated conditions in vivo should be resolved. Neverthe-
less, the Tp2 response dominates disease outcome, proba-
bly because of the deactivating effects of Tp2 cytokines on
infected macrophages.

The mechanism by which IL-4 production is enhanced in
Ty cells in Lck-SOCS3 Tg mice is largely unknown. It has
been shown that the high expression of SOCS3 in Ty cells
leads to skewing toward Tn2 differentiation, probably due in
part to the inhibition of IL-12-mediated STAT4 activation by
SOCS3 (15). SOCS3 binds to IL-12RB2 and inhibits STAT4
activation, which in turn suppresses further induction of IL-
12RpB2 expression and Tn1 development (15, 25). Selective
loss of IL-12 signaling due to the down-regulation of IL-
12RB2 expression in the susceptible BALB/c strain has also
been reported (26). Defective IL-12 signaling therefore prob-
ably promotes an |L-4-dominant Tn2 response in Lck-SOCS3
Tg mice. However, the pathological relevance of the expres-
sion of IL-12RB2 in L. major infection is controversial be-
cause IL-12RB2 transgenic BALB/c mice are susceptible to
infection by L. major despite normal activation of STAT4 in
CD4* T cells upon IL-12 stimulation (27). Furthermore, the in-
duction of IL-12 in response to L. major infection is delayed
in comparison with the induction of IL-4 and IL-13, even in
resistant mice (28, 29). Therefore, under pathological coridi-
tions, 1L-12 may have a limited role in inhibition of the early
burst of IL-4 in response to L. major infection.

Another possible effect of Tp2-type polarization "in Lck-
SOCS3 Tg mice during infection with L. major is impaired
signaling of IL-27 (an IL-12-related cytokine induced earlier
than [L-12 in response to L. major infection). IL-27 -activates
STAT1 and STAT3 through its receptor, which consists of
WSX-1 and gp130 subunits, resulting in positive and nega-
tive regulations of immune responses (30). It is thought that
IL-27 not only promotes Tn1 response but also suppresses
IL-4 production in Ty2 cells after infection with L. major (25,
31). Indeed, WSX-1-deficient C57BL/6 mice are highly sus-
ceptible to L. major infection accompanied with increased
levels of 1L-4 (32). Our preliminary data indicated that activa-
tion of STAT1 and STAT3 in response to IL-27 was severely
impaired in CD4™ T cells from Lck-SOCS3 Tg mice (data not
shown). Therefore, constitutive expression of SOCS3 in
CD4* T cells may inhibit the IL-27 signal, leading to the in-
crease in IL-4 in Lck-SOCS3 Tg mice. Further investigation
is necessary to clarify the mechanism underlying the en-
hanced production of IL-4 in Lck-SOCS3 Tg mice.

We found that CD8" T cells were significantly reduced in
infected Lck-SOCS3 Tg mice, but the number of CD8" T
cells in the thymus was already decreased in uninfected mu-
tant mice. Thus, forced expression of SOCS3 in T cells
resulted in a reduction in peripheral CD8" T cells, although
the mechanism behind this was uncertain. It has been
reported that CD8" T cells do not play a critical role in the
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early phase of L. major infection (33). Thus, the reduction in
CD8* T cells observed in Lck-SOCS3 Tg mice may not be
implicated in the exacerbation of disease progression. In-
deed, the reduction in CD8" T cells was not reversed by the
administration of anti-IL-4 mAb, although the disease was
ameliorated by the treatment.

In the present study, we revealed that SOCS3 expression in
Th cells is functionally important for eliminating L. major. The
constitutive expression as well as the absent expression of
SOCS3 in Ty cells results in exacerbation of disease progres-
sion with a different mode of action. Therefore, expression lev-
els of SOCS3 must be regulated strictly and temporally during
L. major infection. Taken together, the available evidence
shows that temporal regulation of SOCS3 expression in Ty
cells is critical for the control of L. major infection.
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