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Abstract Two simian Entamoeba histolytica-like strains,
EHMfasl and P19-061405, have been suggested to
represent a new species based on genetic characterization.
Sequence analyses of the hexokinase, glucose phosphate
isomerase, and phosphoglucomutase genes supported the
previous findings of isoenzyme analyses demonstrating a
new zymodeme pattern. Phylogenetic studies of 18S
tDNA, 5.8S rDNA, the chaperonin 60 gene, and the
pyridine nucleotide transhydrogenase gene showed orig-
inal clusters of simian E. histolytica-like strains below or
near E. histolytica, respectively. Comparative studies of the
chitinase and the serine-rich E. histolytica protein genes and
locus 1-2 region revealed that most mutated units were
shared among the simian E. histolytica-like strains. The
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similarities of each of the repeating units within the simian
E. histolytica-like strains or E. histolytica and the differ-
ences of those between the both might be generated by
concerted evolution. Our results indicate that EHMfas! and
P19-061405 should be considered to be the same species,
despite that they were isolated from different monkey
species and different habitats. Simian E. histolytica-like
amebas may be endemic to macaque monkeys, as a
counterpart to E. histolytica in humans, and should be
differentiated from E. histolytica by the revival name
Entamoeba nuttalli, as proposed for P19-061405.

Introduction

Entamoeba histolytica causes amoebic colitis and liver
abscess, and amoebiasis is one of the most important
parasitic diseases in humans. In non-human primates, several
cases of E. histolytica or E. histolytica-like organism
infections have been identified by isoenzyme analysis,
monoclonal antibody test, or PCR (Tachibana et al. 1990;
Verweij et al. 2003; Takano et al. 2005; Tachibana et al.
2007; Suzuki et al. 2007). One of the simian E. histolytica-
like strains, EHMfasl, has been isolated from a healthy
cynomolgus monkey (Macaca fascicularis) and identified
using species-specific PCR for E. histolytica and antigen-
capture ELISA (Takano et al. 2005). Another simian E.
histolytica-like strain, P19-061405, has been isolated from a
thesus monkey (Macaca mulasta). Furthermore, the viru-
lence of P19-061405 has also been confirmed by experi-
mental infection of hamsters (Tachibana et al. 2007).
These two simian E. histolytica-like strains were
suggested to be a new species, because EHMfas1 exhibits
differences in the 16S-like small subunit ribosomal RNA
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(18S rDNA), chitinase and SREHP genes, and P19-061405
exhibits differences in several DNA sequences, including
the 18S rDNA and SREHP genes (Takano et al. 2007;
Tachibana et al. 2007). It has been proposed that P19-
061405 should be distinguished from E. histolytica by
revival of the name Entamoeba nuttalli (Castellani 1908)
that was the first reported E. histolytica-like species found
in a liver abscess of a monkey (Tachibana et al. 2007).
Isoenzyme analyses of these two simian E. histolytica-like
strains have demonstrated a new and similar zymodeme
pattern.

In this study, we compared these two simian E.
histolytica-like strains based on DNA loci that were used
for isoenzyme analysis, phylogenetic investigation, and
genotyping to determine the similarity between the simian
E. histolytica-like strains and the differences between
simian F. histolytica-like amebas and E. histolytica.

Materials and methods
Simian E. histolytica-like strains

Trophozoites of the EHMfas! strain were cultured mon-
oxenically with Crithidia fasciculata and axenically in BI-
S-33 medium supplemented with 15% adult bovine serum
at 37°C (Diamond et al. 1978) and then cloned by limiting
dilution, followed by examination using microscopy.
Trophozoites of the cloned P19-061405 strain were also
axenically cultured in BI-S-33 medium (Tachibana et al
2007).

Hepatic inoculation of hamsters

Hamsters were inoculated with trophozoites of the EHM-
fasl that had been cultured monoxenically with C.
fasciculata as described by Tachibana et al. (2007).

DNA preparation and sequencing

Total genomic DNA from each cloned trophozoite was
extracted using a QIAamp DNA Stool Mini Kit (Qiagen) or
a DNeasy tissue kit (Qiagen) according to the manufac-
turer’s instructions.

The genomic DNA from cloned trophozoites was
amplified using the primers listed in Table 1. PCR was
conducted in a 50 pl reaction mixture containing 2 pl of
extracted DNA and 0.1 ug/ul bovine serum albumin using
PrimeSTAR Max DNA polymerase (Takara). A total of 35
cycles of PCR were performed, as follows: denaturation at
98°C for 10 s, annealing at 62°C (for pyridine nucleotide
transhydrogenase (PNT)) or 56°C (for other genes) for 35 s,
and extension at 72°C for 15 s.
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Amplified genes for hexokinase (HXK), glucose-6-
phosphate isomerase (GPI), and phosphoglucomutase
(PGM) from EHMfasl and chaperonin 60 (Cpn60) were
cloned from P19-061405 using a Zero Blunt TOPO PCR
cloning kit for sequencing (Invitrogen). Each clone was
subjected to sequencing using a BigDye Terminator v3.1
Cycle Sequencing Kit (Applied Biosystems) on an ABI
PRISM 3100-Avant Genetic Analyzer (Applied Biosys-
tems), according to the manufacturer’s instructions. PCR
products for 5.85 rDNA with internal-transcribed spacer
(ITS) 1 and ITS 2, Cpn60, and PNT, locus 1-2 from
EHMfas] and PNT, and chitinase and locus 1-2 from P19-
061504 were sequenced directly. Sequence data were
analyzed using DNASIS Pro ver. 2.08 (Hitachi softwarc).
The GenBank accession numbers of the sequences used for
comparison with each gene are shown in Figs. 1, 2, 3, and 4.

Phylogenctic analysis

Analysis and multiple alignments of DNA sequences of
18S rDNA, 5.8S rDNA with ITS 1 and ITS 2, Cpn60, and
PNT were performed with ClustalX (Thompson et al.
1997), and the phylogenetic trees were constructed using
the neighbor-joining method (Saitou and Nei 1987).

Nucleotide sequence accession numbers

The nucleotide sequence data reported here have been
submitted to the GenBank/EMBL/DDBJ databases under
accession numbers AB454548 to AB454559 and
AB480745.

Results
Virulency of EHMfas! in hamster

EHMfas! was monoxenically cultured with C. fasciculata
and inoculated into the livers of hamsters. Liver abscesses
were observed in all hamsters at 7 days after inoculation.
The presence of trophozoites in the peripheral regions of
abscesses in the livers was confirmed in PAS stained tissue
slides. No abscesses were observed in the control hamsters,
inoculated with C. fasciculata alone.

Analysis of zymodeme-related genes

Two HXK genes of EHMfas] were amplified from the
cloned EHMfas] trophozoites and sequenced after molec-
ular cloning. The calculated molecular masses and isoelec-
tric points (pI) were 49.7 kDa and 5.38 in HXK 1 and
49.4 kDa and 4.99 in HXK 2. The deduced amino-acid
sequences were compared with those of P19-061405
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Table 1 Primers used in this study

Reference

Tachibana et al. 2007

Tachibana et al. 2007

Genome database region on scaffold 00005*

Som et al. 2000

Genome database region on scaffold 00015%

Bakatselou et al. 2003

Ghosh et al. 2000

Zaki et al. 2002

Locus Direction Sequence (5'-3")
(name of primer)
HXK S ATG CAA GAA ATC ATT GAT CAATTT
HXKl1 AS TTA GTG TTT ACATGC AAC AGC A
HXK2 AS TTA TTG TTT GCA TGC AAC AGC A
GPI S ATG TTA CCA ACT CTT CCT GAAT
AS TTA GTT TTT TCT CAT ATC TTT AAC A
PGM S (PGMoutS) TCG TTG AAC CAG ATC AGT GC
AS (PGMoutAS) AAG CTT CTC TGG ATG GTG TTG
ITS1, 5.88 S (pl) AGG TGA ACC TGC GGA AGG ATC ATT A
ITS2 AS (P2) TCA TTC GCC ATT ACT TAA GAA ATC ATT GTT
Cpn60 S (CpnOfl) GTT GAA CTT TTC ATA AGG TTG TTT GA
AS (CpnOrl) CAA AAATGG GCA GAT GAA CA
PNT S (PNT-A) GTA GGA CTT GCA GCA GTATT
AS (PNT-B) GGT AAT CTT CCT GCA ACT GG
Chitinase S GGA ACA CCA GGT AAATGT ATA
AS TCT GTATTG TGC CCA ATT
Locus 1-2 S (R1) CTG GTT AGT ATC TTC GCC TGT
AS (R2) CTT ACA CCC CCA TTA ACA AT

S sense, 4S5 anti-sense
* Present study

(GenBank accession numbers: AB282663 for HXK 1 and
AB282664 for HXK 2). Glu'? and Asn®” in HXK 1 of P19-
061405 were changed to Gly and Asp, respectively, in
HXK 1 of EHMfasl. HXK 2 of EHMfaslwas identical to
that of P19-061405. The pls for HXK 1 and HXK 2 of
EHMfasl were consistent with those of P19-061405
{Tachibana et al. 2007).

The GPI gene of EHMfasl was also amplified and
sequenced after molecular cloning, and only one GPI gene
was obtained from 16 clones. The calculated molecular
mass and p/ for GPI of EHMfasl, 61.4 kDa and 6.60, were
also consistent with those of P19-061405. In the deduced
amino-acid sequence, Val*®? in GPI 1 of P19-061405
(GenBank accession number; AB282665) was changed to
Ile, and VaP®® in the GPI 2 of P19-061405 (GenBank
accession number: AB282666) was changed to Ala in
EHMfasl.

One PGM gene from EHMfasl was detected in clones
from EHMfas1. The calculated molecular mass and p/ for
PGM were 60.8 kDa and 5.99, respectively. In the
deduced amino-acid sequence of PGM from EHMfasl,
there were four and 13 differences compared with E.
histolytica (GenBank accession number: Y14444) and
Entamoeba dispar (GenBank accession number:
Y 14445), respectively. Although the isoenzyme pattern
of PGM in EHMfasl was identical to E. dispar, the
amino-acid sequences of PGM in EHMfasl were more
similar to E. histolytica than E. dispar.

Analyses and phylogenic studies of ribosomal RNA genes
and mitosome genes

Comparison of the 18S rDNA sequences reported for
EHMfasl (Takano et al. 2007) and P19-061405
(Tachibana et al. 2007) showed a difference of 0.1%
(two of 1,945). A reconstructed phylogenetic tree showed
the original cluster of simian E. histolytica-like strains
beside the E. histolytica branch (Fig. 1a). The 5.8S rDNA,
with ITS 1 and 2 regions of EHMfasl, was sequenced
directly. Comparison of this region of EHMfas1 and P19-
061405 (Tachibana et al. 2007) showed no differences
throughout the length. The constructed phylogenetic tree
of this region also showed that the simian isolates were
located beside the E. histolytica branch (Fig. 1b). The
Cpn60 and PNT genes of EHMfas! and P19-061405 were
directly sequenced. Although DNAs were extracted from
cloned trophozoites, obvious mixed sequences were
confirmed by direct sequencing of Cpn60 gene from
P19-061405. The Cpn60 gene from P19-061405 was
cloned, and we obtained two Cpn60 gene alleles from
six clones. In the nucleotide sequence of Cpn60 from
EHMfasl, five and four differences were present com-
pared with P19-061405 alleles 1 and 2, respectively. In the
deduced amino-acid sequence, all Cpn60 from EHMfasl
and P19-061405 were consistent with E. histolytica. The
phylogenetic relationship of the Cpn60 genes among
Entamoeba species was also reconstructed (Fig. 1c). In
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Fig. 1 Phylogenetic relation-
ships among simian E. histoly-
tica-like strains and other
Entamoeba species. 185 rDNA
sequences (a), 5.88 rDNA with
ITS1 and ITS2 sequences (b),
the Cpn60 gene sequences (c),
and the PNT gene sequences
(d). Branch lengths are propor-
tional to estimated number of
substitutions per site, which
represent the evolutional
distance
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the reconstructed phylogenetic tree of the Cpn60 genes,
the cluster of simian E. histolytica-like strains was located
under the E. histolytica branch. PNT gene sequences were
also compared between EHMfas1 and P19-061405, and a
difference of 0.23% (one of 432) was evident. E.
histolytica, EHMfasl and P19-061405, was categorized
in the same cluster (Fig. 1d).

Comparison of polymorphic loci: the chitinase gene,
SREHP gene, and locus 1-2

The chitinase gene of P19-061405 was directly sequenced
and compared with the reported sequences of EHMfasl,
KU3 (genotype A) and KUI5 (genotype D) of E.
histolytica (Fig. 2; de la Vega et al. 1997; Ghosh et al.
2000; Haghighi et al. 2002, 2003). Each unit of the
nucleotide and deduced amino-acid sequences was tenta-
tively given a number, as in a previous study (Takano et
al. 2007). All known EHMfas1-specific units, CN3, CNS5,
CN7, and CN3'C2, were also observed in P19-061405;
however, the combination pattern of the repeating unit
was different. Although P19-061405 was not classified
into any known genotype, based on the nucleotide
sequence, it was classified into genotype D based on
the deduced amino-acid sequence in the polymorphic
region.

ElfMfasl
P19-061405

Genotype A

Genotype D

CASC) Y N P C VW N
[ 1

CN5'C

E K § P D S S

CN1 GAGAAGTCACCAGATTCTTCT

[CA2] E 8§ K H E § S
CN2 g GAATCTAAACATGAATCITCT
CN3 m GAATCTAAGCATGAATCTTCT @
[caszcy £ P E

cN3al A
[CA3C2] E P E V S ¥V P
ON3' 2 N

v s 1 P

Fig. 2 Schematic representation of polymorphism in the repeat-
containing region of the chitinase gene among simian E. histolytica-
like strains and genotype A and D of E. histolytica. Nucleotide
sequences pattern was shown. Each of nucleotide and deduced amino-
acid sequences of unit was tentatively given a number. Nucleotide and

BHAEOCOEE
B

BHHCOREDEREERZZ
EHRNEEEE

F L D L P
ATATAACCCTTGTGTGTGGAATTTCCTTGACCITCCTGATTIGTGAAAAAAAGCCAGGTGATTTCITI

K K
GAGCCAGAAGTTAGTATCCCAAAGAAAACAGTTGCTTATTATACTAATTGGGCACAATACAGA

K K T VvV A Y Y T

GAGCCAGAAGTTAGT GTCCCAAAGAAAACAGTTGCTTATTATACTAATTIGGGCACAATACAGA “

Many SREHP genes of E. histolytica have been
sequenced for genotyping (Li et al. 1992; Clark and
Diamond 1993; Kohler and Tannich 1993; Stanley et al.
1990; Ayeh-Kumi et al. 2001; Haghighi et al. 2002, 2003).
The reported SREHP gene sequences of EHMfasl, P19-
061405 and E. histolytica KU27 (genotype [), were
compared (Fig. 3). Each unit of the nucleotide and deduced
amino-acid sequences was tentatively given a number, as in
a previous study (Takano et al. 2007). Al known
EHMfas1-specific units, SN2, SN5, SN9, SN17, SN20,
and SN3’C2, were also observed in P19-061405, but the
combination pattern was different. The SN16 and DEE
insertion, i.e., the second EHMfas1-specific insertion, were
not observed in P19-061405. The nucleotide and deduced
amino-acid sequences of P19-061405 were not classified
into any of the known genotypes.

Locus 1-2 (also known as a non-coding short tandem
repeat, D-A; Ali et al. 2005) of EHMfasl and P19-
061405 was directly sequenced and compared with the
reported genotypes of E. histolytica (Zaki and Clark 2001;
Haghighi et al. 2002, 2003). A number was tentatively
assigned to each unit of the nucleotide sequences (Fig. 4).
The nucleotide sequences of locus 1-2 were constructed
from combinations of the 5'-conserved region, an 8 bp-
repeating polymorphic region (8L1, 81.2, 8L3, and 8L4),
intra-conserved region 1 (CL1, CL2, CL3, CL4, CLS,

(AB282755)
NN (AB454557)
(ABO75718)
(AB075721)
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deduced amino-acid sequences of these units are also shown. Enclosed
units with bold line were simian E. hisiolytica-like strain-specific
units. Simian E. histolytica-like strain-specific mutations in nucleotide
and deduced amino-acid sequences are underlined. a Simian E.
histolytica-like strain-specific unit sequences
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Fig. 3 Schematic representation of polymorphism in the repeat-
containing region of the SREHP gene among simian E. histolytica-like
straing and genotype I of E. histolytica. Nucleotide sequences pattern
was shown. Each nucleotide and deduced amino-acid sequence of unit
was tentatively given a number. Nucleotide and deduced amino-acid
sequences of these units are also shown. Enclosed units with bold line

CL6, and CL7), a 9-bp-repeating polymorphic region
(911, 9L2, 913, 9L4, 9LS5, and 9L6), intra-conserved
region 2 (CL6, CL9, CL10, and CL11), a 12-bp-repeating
polymorphic region (12L1, 12L2, 12L3, and 12L4), and
the 3'-conserved region. The 8L.1, 813, CL1, CLS5, CLS,
911, 9L.2, 914, and 1213 units were common to simian E.
histolytica-like strains and E. histolytica. On the other
hand, 8L4, CL2, CL4, 913, 9L5, CL11, 1212, and 1214,
were simian E. histolytica-like strain-specific mutated
units. These mutated units corresponded to the 8L3,
CL1, CL3, 912, 9L4, CL10, 1211, and 12L3 units, with
a single-nucleotide substitution in each unit, respectively.
The CL8 was also a simian E. histolytica-like strain-
specific unit that corresponded to CL7 with a four-
nucleotide deletion (CCCT). Most units observed in E.
histolytica were also observed in simian E. histolytica-like
strains; however, all 12L1 were changed to 12L2 in the
simian E. histolytica-like strains, and the CL9 was missing
in the simian E. histolytica-like strains. Furthermore, 8L2
was observed only in EHMfas! and corresponded to 8L1
with a double-nucleotide substitution.
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were simian E. histolytica-like strain-specific units. Simian E.
histolytica-like strain-specific mutations in nucleotide and deduced
amino-acid sequences are wnderlined. a Simian E. histolytica-like
strain-specific unit sequences. b Simian E. histolytica-like strain-
specific block insertions. ¢ EHMfas1-specific block insertion

Discussion

In this study, genetic similarities between EHMfas] and P19-
061405 and differences between simian E. histolytica-like
strains and E. histolytica were revealed. EHMfas1 was also a
virulent strain as P19-061405. The similar zymodeme
patterns of EHMfas! and P19-061405 have not been
classified into any known patterns (Takano et al. 2007,
Tachibana et al. 2007). Although some deduced amino acids
were changed, the genetic similarities of HXK, GPI, and
PGM supported the results of the isoenzyme analyses. HXK,
GPI, and PGM of the simian E. histolytica-like strains were
obviously more similar to E. histolytica than E. dispar. 1t is
considered that EHMfasl and P19-061405 arec the same
species, despite the fact that these strains were isolated from
different host monkey species and a different habitat. Thus,
simian E. histolytica-like amebas likely naturally infect
macaques as a counterpart to E. histolytica in human.
Phylogenetic studies also indicated that EHMfas1 and
P19-061405 are the same species and are closely related
to E. histolytica. Nucleotide sequences of the 18S rDNA
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Fig. 4 Schematic representation of polymorphism in the repeat-
containing region of the locus 1-2 region among simian E, histolytica-
like strains and available E. histolytica. Nucleotide sequences pattern
was shown. Each nucleotide sequence of unit was tentatively given a
number. Nucleotide sequences of these units are also shown. Enclosed
units with bold line were EHMfas]-specific or simian E. histolytica-

and 5.8S rDNA with ITS 1 and ITS 2 and Cpn60 and PNT
genes of EHMfasl and P19-061405 have been used for
previous phylogenetic studies of the genus Entamoeba
(Clark and Diamond 1997; Silberman ct al. 1999; Som et
al. 2000; Bakatselou et al. 2003; Clark et al. 2006). All
phylogenetic studies indicated that EHMfasl and P19-

like strain-specific units. EHMfas1-specific or simian E. histolytica-
like strain-specific mutations in nucleotide sequences are underlined.
Simian E. histolytica-like strain-specific deletion from human isolates
is underlined at comparative sequence. a EHMfasl-specific unit
sequence, b Simian E. histolytica-like strain-specific unit sequences

061405 generated an original cluster beside or under E.
histolytica, including the PNT gene, which is known to
contribute to an anomalous-shaped phylogenetic tree
(Bakatselou et al. 2003).

Comparisons of polymorphic loci used for genotyping
revealed notable differences from E. histolytica and
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similarities between simian E. histolytica-like strains in
sequence variation of the constructing units (Figs. 2, 3, and
4). The chitinase genes, the SREHP genes, and the locus 1—
2 sequences of E. histolytica have been categorized into
seven, 37, and 13 genotypes, respectively, from 79 strains,
based on the combination pattern of constructing units in
the polymorphic regions, respectively (Haghighi et al
2002, 2003). The most kinds of mutation units were
observed in locus 1-2, although the most kinds of genotype
have been reported in the SREHP gene. In all polymorphic
loci, most mutated units that were observed in EHMfas!
and P19-061405 were shared as simian E. histolytica-like
strain-specific units, including deletions, among EHMfasl
and P19-061405. These mutated units had single-nucleotide
substitutions relative to the corresponding units in E.
histolytica. On the other hand, unshared mutated units were
also observed. In the SREHP gene, SN16 was not observed
in P19-061405, and the second insertion unit (GATGAA-
GAA; DEE) was only observed in EHMfas!. In locus 1-2,
8L2 was specific for EHMfasl. The EHMfasl-specific
insertion unit was likely derived from the non-repeating
SN3 (GATGAAGAT; DED), with a single-nucleotide
substitution. These slight disparities may reflect the differ-
ences between the host monkey species or the habitats of
EHMfasl and P19-061405; however, not enough strains
have been studied to date. Analyses of these polymorphic
loci also indicated that simian E. histolytica-like strains can
also be classified by genotyping with original mutated units
as E. histolytica.

It is interesting that E. dispar exhibit the same repetitive
units as E. histolytica in the chitinase (CN2, CN4, and
CN6) and the SREHP (SN8 and SN16) genes (Ghosh et al.
2000). Although E. dispar exhibits E. dispar-specific units,
most of those mutated units were not repetitive. On the
other hand, EHMfasl and P19-061405 exhibited many
repetitive mutated units, CN3, CN5, CN7, SN9, and SN17.
EHMfas1 and P19-061405 exhibited not only mutated CN3
and SN17 but also the corresponding CN2 and SNI16.
However, all CN4, CN6, and SN8 were changed to CNS5,
CN7, and SN9. These findings indicate that E. histolytica is
more closely related to E. dispar than the simian E.
histolytica-like strains, in contrast to the results of other
sequence analyses. It is considered that these contradictory
findings are probably caused by specific effects, other than
general evolution, because SREHP, in particular, is known
to be a trophozoite surface antigen (Stanley et al. 1995). In
other words, these contradictory findings may indicate
differences in the manner of immune escape between
different host species. On the other hand, locus -2 is a
non-coding region and has the most kinds of mutation
units. These polymorphic loci must be exposed to other
evolutionary effects. This specific contradictory finding is
likely a conscquence of “concerted evolution” (Dover 1982,
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1993; Dover and Tautz 1986; Wilkinson and Chapman
1991; Jinks-Robertson and Petes 1993; Liao 1999).

Concerted evolution is a universal biological phenome-
non for repetition of DNA elements and has been observed
in many repetitive DNA sequences and multi-gene families.
Concerted cvolution is thought to result from various
mechanisms of DNA turnover, including unequal
crossing-over, DNA amplification, gene conversion, and
replication slippage. In Entamoeba species, concerted
evolution has been discussed as it relates to the 5.85 rRNA
gene and rRNA-linked E. histolytica short tandem repeats
(Som et al. 2000; Tawari et al. 2008). It is suggested that
diversification of the chitinase gene, the SREHP gene, and
locus 1-2 can be caused by replication slippage (Ghosh et
al, 2000; Bhattacharya et al. 2005). The repetitive units
developing by concerted evolution are homogencous within
species, but differ somewhat between species. The similar-
ities of each kind of unit in the chitinase and SREHP genes,
locus 1-2 within simian E. histolytica-like strains or E.
histolytica, and the differences of those between the both
are accountable by concerted evolution. Concerted evolu-
tion of these polymorphic loci indicates that the repetitive
simian E. histolytica-like strain-specific units had been
amplified and conserved according to speciation as opposed
to general DNA evolution, whereas some of these units had
been eliminated or were not apparent in E. histolytica and
E. dispar.

Tachibana et al. (2007) proposed that P19-061405
should be distinguished from E. histolytica by revival of
the named E. nuttalli (Castellani 1908). Because EHMfasl
exhibited slight differences but had the same genetic
characteristics as P19-061405, EHMfasl also should be
identified as E. nuttalli. This study indicates that E. nuttalli
is endemic to monkey but we cannot exclude the possibility
of zoonotic infection from monkey to human. We believe
that further comparative study of E. nuttalli will contribute
to more insights into the phylogeny and pathogenicity of
Entamoeba species because E. nuttalli is very closely
related to E. histolytica and E. nuttalli is the only
pathogenic species other than E. hisfolytica among the
Entamoeba species.
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cytokine-mediated acute phase atopic dermatitis by inducing

regulatory T cells

Hitoshi Mori * Keiichi Yamanaka + Kazuhiro Matsuo -
Ichiro Kurokawa - Yasuhiro Yasutomi -
Hitoshi Mizutani

Received: 5 February 2008 / Revised: 22 May 2008 / Accepted: 20 June 2008

© Springer-Verlag 2008

Abstract Increase in the number of patients with atopic
dermatitis (AD) has been recently reported. T helper (Th)
cells that infiltrate AD skin lesions are Th2-type dominant;
reduced exposure to environmental Thl-cytokine-inducing
microbes is believed to contribute to the increased number
of AD patients. Regulatory type immune responses have
been also associated with the occurrence of AD. It has been
reported that antigen 85B (Ag85B) purified from mycobac-
teria is a potent inducer of Thl-type immune response in
mice as well as in humans. In this study, we have examined
the effect of plasmid DNA encoding Ag85B derived from
Mycobacterium kansasii on AD skin lesions induced by
oxazolone (OX) application. Th2-cytokine mediated mouse
AD model with immediate type response followed by a late
phase reaction was developed by repeated applications of
low-dose OX to sensitized mice. Mice were immunized
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with plasmid DNA encoding cDNA of Ag85B before OX
sensitization or during repeated elicitation phase. Both ther-
apies were associated with significant suppression of imme-
diate type response, clinical appearance, dermal cell
infiltration, reduced IL-4 production, and augmented IFN-y
mRNA expression compared to placebo-treated mice.
Additionally, increased number of Foxp3* regulatory T
cells were observed in the skin sections in Ag85B treated
mice. The results of this study suggest that Ag85B DNA
vaccine is a potential therapy for Th2 type dermatitis.

Keywords Atopic dermatitis - Antigen 85B -
Regulatory T cell

Abbreviations
AD Atopic dermatitis
Th T helper

BCG Bacillus Calmette-Giierin
Treg Regulatory T cell
Ag85B  Antigen 85B

OX Oxazolone

Introduction

It is known that acute phase skin lesion in atopic dermatitis
(AD) is associated with enhanced secretion of T helper (Th)
2-type cytokines [8]. Increased incidence of atopic disor-
ders has been reported in industrialized countries; accord-
ing to the hygiene hypothesis, the increase in the incidence
of patients may be explained by a better lifestyle and less
exposure to environmental microbes [5, 7, 28]. Environ-
mental microbes such as mycobacteria or certain virus may
promote Thl-type immune response and thus reducing
atopy-associated Th2-type reaction. For instance, the study
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carried out in Japanese Bacillus Calmette-Giierin (BCG)-
vaccinated school children showed that responders to tuber-
culin had a lower prevalence of atopic disease compared to
tuberculin non-responders [28]. BCG-treated mice showed
suppression of experimental allergic responses [12]. More
recently, it has been shown that microbial stimulation can
induce regulatory T (Treg) cells with the ability to suppress
both Thl-type and Th2-type inflammation [35]. In the
experimental model of pulmonary inflammation, Mycobac-
terium vaccae reduces allergic pulmonary inflammation
significantly by increasing the number of Treg cells that
secretes IL.-10 and TGF-f[37]. These observations indicate
that shift from Th2 to Thl type immune response by myco-
bacteria may be used for the prevention and treatment of
atopic disorders.

The specific antigens eliciting Th1-type immune responses
in mycobacteria have not been elucidated so far; a recent
study suggested that one of the specific proteins for Thl
development is antigen 85B (Ag85B) [31]. Ag85B is a 30-
kDa major protein secreted from all Mycobacterium species
and that belongs to the Ag85 family[4]. The Ag85B can
induce a strong Thl-type immune response in mice as well
as in humans [31], and DNA vaccines encoding Ag85B
have been reported to protect animals from tuberculosis
infection by inducing Thl response [34, 36]. We have
previously reported enhancement of anti-tumor specific
CTL response using Ag85B-transfected tumor cells, and by
inducing Thl-type immune responses as a vaccine adjuvant
[22, 30].

The purpose of the present study was to evaluate the
therapeutic efficacy of Ag85B derived from M. kansasii in
acute phase dermatitis. Repeated applications of hapten
such as oxazolone (OX) on BALB/c mice causes delayed
type hypersensitivity in the beginning that changes to an
immediate-type response in the late phases with elevated
IgE production, and deviation of Th cell responses. The
skin lesions that appear in late phases are compatible with
the clinical findings as well as cytokine profile observed in
AD {19, 21]. In all Ag85B-treated AD mice, the immediate
type reaction is effectively suppressed and IL-4 is signifi-
cantly reduced. The results of this study provide evidence
for the potential usefulness of Ag85B as a novel approach
for the treatment of Th2 type-mediated dermatitis such as
AD.

Materials and methods
Animals
Six-week-old BALB/c male mice were purchased from

Japan SLC Co. (Shizuoka, Japan) and used at the age of
7 weeks. Animal care was done according to ethical guide-
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lines, and approved by the Institutional Board Committee
for Animal Care and Use of Mie University.

Sensitization and challenge of animals

Oxazolone was purchased from Sigma (St Louis, MO,
USA), and dissolved in acetone/olive oil (1:1). As shown in
Fig. 1, mice were initially sensitized by pasting 20 ul of
0.5% OX solution to their left ear 7 days prior to the first
challenge (day -7) and then 20 pl of 0.5% OX solution was
repeatedly applied on the left ear three times per week from
day 0. The ear swelling response was expressed as the
difference between before and 30 min after application. The
Ag85B expression vector pcDNA-Ag85B of M. kansasii
open reading frame lacking a signal sequence has been con-
structed into Kpnl-Apal sites of pcDNA3.1 as described
previously [22]. Plasmid DNAs were purified using the
Plasmid Mega Kit (Qiagen, Chatsworth, CA, USA). The
empty plasmid pcDNA3.1 was used as a control. Plasmid
DNAs were diluted with sterilized physiological saline.
Hundred micrograms per mouse of plasmid DNA was
injected intraperitoneally on day -14, -7 to evaluate prophy-
lactic effects, or on day 14 and 21 for the assessment of
therapeutic effects.

Histological analysis

Skin specimens obtained 30 min after the final challenge
were fixed in 10% buffered neutral formaldehyde and
embedded in paraffin. Sections prepared of 7 pm thickness
were stained with hematoxylin and eosin (H&E), or trui-
dine blue.

Immunohistochemistry

The left ear was sacrificed on day 35, and was embedded in
Tissue-Tek OCT compound (Miles, Elkhart, USA), frozen
in liquid nitrogen, and cut with a cryostat into 7 pm-thick
sections. The tissue preparations were then incubated with
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primary antibodies specific for Foxp3 (eBioscience, San
Diego) overnight, followed by the additional incubation
with Alexa Fluor 633 conjugated secondary antibodies
(Molecular Probes, Eugene, OR, USA) for 30 min at room
temperature. Sections were examined under Fluoview FV1000
laser scanning confocal microscopy (Olympus, Tokyo,
Japan). The numbers of Foxp3* cells were counted in high
power fields; five randomly chosen fields were evaluated.

Analysis of cytokine mRNA expression in mouse ears

At 6 h after the final challenge, the left ear skin was sam-
pled. The specimen was homogenized and mRNA was
extracted using Isogen (Nippon Gene, Tokyo, Japan)
according to the manufacture’s instruction; 1 ml of homog-
enate was vigorously mixed with 200 pl of chloroform, and
then centrifuged at 15,000 rpm for 15 min at 4°C. Aqueous
phase was separated and mixed with 0.5 ml of 2-propanol
(Nacalai Tesque, Kyoto, Japan) to precipitate RNA. After
centrifugation, the precipitate was washed with 1 ml of
75% ethanol (Nacalai Tesque) and dried up. RNA was sus-
pended in 50 pl of RNase-free water, the concentration was
calculated based on the absorbance at 260 nm, and the qual-
ity was confirmed by electrophoresis. cDNA was synthe-
sized from 10 pug of mRNA using archive kit (ABI, Foster
City, CA, USA) according to the manufacturer’s protocol.

Cytokine mRNA expression in skin

Real time quantitative reverse transcription-polymerase
chain reaction (RT-PCR) was performed to measure tran-
scriptional activity in the skin lesions. A 25-pl reaction
mixture containing 1 pg total of cDNA, 900 nmol of each
primer, and 250 nmol of TagMan probe were mixed with
12.5 ul of TagMan Master Mix (ABI, Foster City, CA,
USA). The following primers and probes were used for the
PCR reactions: mouse IL-4; forward: 5'-ACAGGAGAA
GGGACGCCAT-3', reverse: 5'-GAAGCCCTACAGAC
GAGCTCA-3', probe: 5'-TCCTCACAGCAACGAAGAA
CACCACA-3'-TAMRA, IFN-y; forward: 5'-TCAAGTG
GCATAGATGTGGAAGAA-3', reverse: 5-TGGCTCT
GCAGGATTTTCATG-3', probe: 5'-TCACCATCCTTTT
GCCAGTTCCTCCAG-3'-TAMRA, IL-10; forward: 5'-G
GTTGCCAAGCCTTATCGGA-3', reverse: 5'-ACCTGCT
CCACTGCCTTGCT, probe: 5'-TGAGGCGCTGTCGTC
ATCGATTTCTCCC-3'-TAMRA, TGF-f; forward: 5'-TG
ACGTCACTGGAGTTGTACGG-3', reverse: 5'-GGTTC
ATGTCATGGATGGTGC-3', probe: 5'-TTCAGCGCTC
ACTGCTCTTGTGACAG-3'-TAMRA, p-actin; forward:
5 _AGAGGGAAATCGTGCGTGAC-3', reverse: 5'-CAA
TAGTGATGACCTGGCCGT-3', probe: 5'-CACTGCCG
CATCCTCTTCCTCCC-3'-TAMRA [25]. PCR was per-
formed under the following conditions: 95°C for 10 min,
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then 40 cycles of 95°C for 15 s, 60°C for 1 min were carried
out. Fluorescence data were collected during each anneal-
ing-extension step and analyzed by using ABI Prism SDS
software version 1.9.1. All samples were normalized for to
the f-actin mRNA content.

Measurement of serum IgE

Blood was collected under anesthesia 6 h after the last chal-
lenge. Serum IgE levels were determined by a sandwich
enzyme-linked immunosorbent assay (BD PharMingen,
CA, USA) according to the manufacturer’s instructions.
Optical density of each well was determined by using a
microplate reader (Multiscan JX) (Thermo Electron, Yoko-
hama, Japan). Standard curve was prepared using mouse
anti-TNP IgE standard (BD PharMingen, CA, USA) diluted
with PBS containing 10% FCS.

Statistical analysis

Differences in ear swelling and serum IgE levels were ana-
lyzed by the Kruskal-Wallis test. P < 0.05 was taken as sig-
nificant.

Results
Effect of Ag85B on skin inflammation

We first examined whether Ag85B could modulate ear-
swelling reaction in a mouse model of OX-induced AD like
skin lesions. Repeated applications of OX cause Th2-medi-
ated immediate type response. Ear swelling was measured
with thickness gauge calipers before and 30 min after OX
challenge on the pinna of the ear on day 32. In both prophy-
lactic and therapeutic models, the administration of Ag85B
significantly suppressed swelling compared to placebo-
treated controls (Fig. 2a). The OX-challenged placebo-
treated mice showed severe skin inflammation, however
administration of Ag85B DNA reduced atopic inflamma-
tory reactions (Fig. 2b).

Histological analysis

Histological examination in OX-challenged mice showed
epidermal hyperplasia and strong intraepidermal and intra-
dermal inflammatory cell infiltration including mononu-
clear cells, neutrophils, and granular cells (Fig. 3a). Both
prophylactic and therapeutic administration of Ag85B
DNA clearly reduced inflammatory cell infiltration and epi-
dermal thickness. Skin sections stained with truidine blue
showed decreased mast cell infiltration in Ag85B-treated
mice (Fig. 3b).
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Fig. 2 a OX-induced ear swelling. The ear swelling response was ex-
pressed as the difference between ear thickness before and 30 min after
each application on day 32. The columns and error bars represent
mean = SEM. #P <0.05. Swelling was suppressed significantly in
Ag85B-treated mice compared with those in placebo-treated mice. b
Clinical features of ear skin on day 35. The OX-challenged mice
showed severe skin eruption, however administration of the Ag85B
DNA in both prophylactic and therapeutic models clearly reduced
atopic inflammatory reactions in OX-sensitized mice

Ag85B treatment shifted the Th1/Th2 balance toward Th1

IFN-y and IL-12 shift the Th1/Th2 balance toward Thl
condition; while IL-4 and IL-5 are key cytokines in Th2
response [24, 29]. To clarify the type of immune
response in skin lesions after treatment with Ag85B, we

Fig. 3 Histopathological fea-
tures of skin lesions. Skin was
taken on day 35, paraffin embed-
ded sections were stained with a
hematoxylin and eosin or b trui-
dine blue. OX-challenged mice
showed epidermal hyperplasia
along with strong intradermal
inflammatory cell infiltration;
whereas Ag85B DNA signifi-
cantly reduced the inflammatory
changes
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analyzed the mRNA expression levels of IL-4 and IFN-y
by real time quantitative RT-PCR. The results were nor-
malized to the f-actin mRNA content. As shown in
Fig. 4, the expression of IL-4 mRNA was reduced in
Ag85B-treated mice in both prophylactic and therapeutic
models. On the contrary, the expression of IFN-y was
enhanced in Ag85B-treated mice. These results suggest that
the application of Ag85B shifts the immune response
toward Th1-predominace.

Total serum IgE levels

Atopic dermatitis is characterized by elevated IgE levels.
Repeated applications of OX cause a gradual elevation of
antigen-specific IgE level. We analyzed the degrees of IgE
levels in sera collected from experimental mice. Adminis-
tration of Ag85B significantly reduced the serum levels of
IgE (Fig. 5).

Ag85B treatment induces regulatory T cells

TGF-f and IL-10 are important regulatory cytokines pro-
duced by Treg [11]. To investigate the mechanisms of the
therapeutic eflectiveness of Ag85B, we examined the
mRNA levels of TGF-f and IL-10. As shown in Fig. 6a,
TGF-f and IL-10 were significantly increased in Ag85B-
treated mice in both prophylactic and therapeutic models.
And then, we next looked at the induction of Treg in the
inflamed skin. Naturally occurring CD4*CD25" Treg are
characterized by the expression of Foxp3 [10, 27]. Skin
sections were stained with anti-Foxp3 mAb, and examined
with a fluorescent microscope. As shown in Fig. 6b, Foxp3*
cells were increased in the Ag85B-treated mice.

Ag85B(-14,-7) Ag85B (14,21)

132



Arch Dermatol Res

Fig. 4 mRNA expression in the IL-4/ B -actin
ear on day "55 In order 1.0 clarify 4500000 ¢

the expression of cytokine mR-

NA, quantitative PCR was per- 3000000 |

formed by using specific primers
and probes for IL-4 and IFN-7.
The expression of IL-4 mRNA
was reduced in Ag85B-treated
mice compared with placebo-
treated mice. On the other hand,
mRNA expression of IFN-y was

2500000 [

2000000

1500000

1000000

500000

IFN-vy / B-actin
] -

0.9

0.8

0.7 4

0.6

0.5 4

0.4 1

0.3

0.2 4

significantly increased in Ag85B 0.1 4
mice 0 , mmem : : '
control Ag85B(-14.-7) Ag85B (14.21) control Ag85B(-14.-7) Ag85B (14.21)
16000 Alive BCG vaccination has been used for prevention of
14000 tuberculosis. The use of Mycobacterium for immunomodu-

12000

10000

8000

Serum IgE(ng/ml)

6000

4000

2000

control

Ag85B(-14.-7) Ag85B (14.21)

Fig. 5 Serum IgE concentrations. Serum IgE levels were measured on
day 35 in control, Ag85B DNA IP (—14, —7), or Ag85B DNA IP (14,
21) mice. The columns and error bars represent mean 3= SEM.
*P < 0.05. Administration of Ag85B reduced IgE level

Discussion

Human immune system responds to exogenous microorgan-
isms for self-protection. These responses lead to Thl and/ or
Th2 type cytokine secretion depending on the nature of stim-
uli. AD is a chronic dermatitis characterized by a Th2-type
immune responses that causes elevation of IgE. On the other
hand, some bacterial infections including Mycobacterium
species elicits strong Thl-type responses. Inducers of Thl
type immune response may be used as immuno-modulator
having therapeutic effects against allergic disease elicited by
Th2-type immune responses. Mycobacteria may affect atopic
disorders by correction of the immune response from Th2 to
Thl. Erb et al. reported that M. bovis (BCG) suppresses air-
way eosinophilia and associated local IL-5 production by
inducing Thl-mediated response [9]. Furthermore, recent
studies suggested that mycobacteria induce not only Th cells
providing Th1 type immune responses but also Treg cells. In
an animal model of allergy, the immunomodulatory effects of
M. vaccae was found to be mediated by allergen-specific reg-
ulatory T lymphocytes [37], and oral administration of M.
vaccae inhibited pulmonary allergic inflammation by induc-
tion of IL-10 [14].

lation requires repeated exposures to the immune system.
However, repeated alive BCG vaccination is contraindi-
cated. For human therapeutic application, it needs intrader-
mal or intramuscular injection for vaccination.
Unfortunately, cutaneous vaccination with Mycobacterium
species commonly produces granulomatous formation lead-
ing to recalcitrant ulcers. We need to develop Thl type
immunomodulating system that induces no granulomatous
reaction, if species of mycobacteria are tried to use for
human. The Ag85B protein is a main component of the cell
wall of mycobacteria such as M. tuberculosis and M. kans-
asii [4]; this Ag85B is known as a strong Thl inducer in
vitro [17, 18]. Experiments using plasmid DNA encoding
Ag85B has been previously reported. This Ag85B is able to
protect against M. tuberculosis even in Balb/c mice [33].
Intraperitoneal administration of Ag85B DNA inhibits
granulomatous changes or adhesive reaction of intraperito-
neal organs in mice (data not shown). As a preliminary
study, Ag85B DNA was intradermally injected in the skin
of mice skin. No ulcerative changes were observed in vac-
cinated areas of the skin (data not shown).

In our present study, we evaluated the efficacy of DNA
encoding Ag85B for inducing Thl- and Treg-type immune
response in OX-induced acute phase dermatitis. Repeated
applications of OX in mice ears caused Th2-type dominant
dermatitis, which mimic most of the characteristic features
of AD [16, 19, 20, 32]. We first investigated whether the
application of Ag85B corrects the immune response from a
type Th2 one to a type Thl response. Our results showed
that Ag85B successfully ameliorates Th2-cytokine domi-
nant immediate type reaction in the skin lesions in both pro-
phylactic and therapeutic models of the disease. In Ag85B-
treated AD skin lesion, the ear swelling was significantly
reduced compared to placebo-treated animals. Administra-
tion of Ag85B DNA suppressed histological abnormalities
caused by atopic inflammations such as inflammatory cell
infiltration, epidermal hyperplasia, and severe edema. The
presence of mast cells in the skin lesion is closely associ-
ated with Th2-type dermatitis; the number of mast cells was
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increased in OX-treated control animals as expected; how-
ever, the number of mast cells was decreased in Ag85B-
treated mice compared with controls. Enhancement of the
expression of IFN-y mRNA was significant in Ag85B-
treated AD mice compared with placebo-treated animals.
The expression of IL-4 mRNA were suppressed in Ag85B-
treated mice compared to placebo-treated controls (Fig. 4).
In addition, serum IgE levels were significantly suppressed
in Ag85B treated mice compared with placebo-treated
mice. These finding demonstrates that administration of
Ag85B DNA significantly inhibited the development of
Th2-cytokine dominant atopic inflammation by inducing
Thl-type immune response.

We also examined the potential of Ag85B to induce Treg
cell responses. TGF-f} and IL-10 have been described as crit-
ical regulatory cytokines produced by Treg [11]. Heat-killed
M. vaccae induces regulatory T cells that secrete IL-10 and
TGF-f [37]. M. vaccae also induces a population of CD11*
cells characterized by an increased expression of regulatory
cytokines including IL-10 and TGF-f[1]. Treg cells are
developed mainly in the presence of IL-10 and TGF-f [13].
More recently, Inoue and Aramaki reported that topical
application of CpG-Oligodeoxynucleotides induces Foxp3*
Treg in skin lesions of AD model mice in association with
elevation of TGF-[15]. Depletion of CD4*CD25*Treg from
the peripheral blood of healthy individuals enhances prolifer-
ation of Th2 in response to various allergens [6, 23]. The
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mechanisms of the suppressive activity of Treg depend on
cell-to-cell contact, and there is evidence for the involvement
of IL-10 and TGF-f3[2, 3, 26]. In this study, we have shown
elevated expression of TGF-f and IL-10 in Ag85B-treated
mice (Fig. 6a), and Foxp3* Treg was increased in the
Ag85B-treated skin (Fig. 6b). We assume that the therapeu-
tics capability of Ag85B is related to the induction of
Foxp3*Treg and Thl-type immune response.

In brief, in this study we have shown the usefulness of
plasmid DNA of Ag85B for the amelioration of Th1/Th2
imbalance and for the generation of Treg cells. The obser-
vations suggest that Ag85B may be useful for the preven-
tion and treatment of atopic disorders.
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Acute Megakaryocytic Leukaemia (AMKL)-like
Disease in a Cynomolgus Monkey
(Macaca fascicularis)

S. Okabayash™’, C. Ohno” and Y. Yasutomi'
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Summary

A 5-year-old male cynomolgus monkey {Macaca fascicularis) with a clinical history of bleeding tendency, severe
anaemia, thrombocytopenia and elevated serum concentration of liver-related enzymes was examined post
mortem. Ecchymotic haemorrhages were present on the left eyelid and forehead. The liver, kidney and spleen
were markedly enlarged and the kidnevs had capsular petechiae. Microscopically, numerous atypical cells re-
sembling myeloid cells were observed in the bone marrow, and myelofibrosis was present. Atypical cells were
also present in the blood vessels of the liver, kidney, spleen, lymph nodes, lung, heart, bladder, adrenal gland
and brain. Some neoplastic cells had oval or pleomorphic macronuclei and others were multinucleated. Immu-
nohistochemically, the majority of the neoplastic cells had granular cytoplasmic expression of the megakaryo-
cvte-associated antigens Von Willebrand Factor and CD61-1I1a, but were negative for myeloperoxidase. A
diagnosis of acute megakaryocytic leukaemia (AMKL-like disease was made. This would appear to be the first
report of AMK L-like disease in non-human primates. This monkey was infected with simian retrovirus type D

and it is possible that this viral infection was associated with the development of neoplasia.
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Haematological malignancy has been infrequently
documented in monkeys infected by the simian
immunodeficiency virus (SIV) (Fortgang et al,
2000). Simian T-cell leukaemia virus (STLV) is also
linked to the development of simian T-cell malignan-
cies that closely resemble human T-lymphotropic
virus {HTLV) associated leukaemia and lymphoma
(Hubbard et al., 1993). Furthermore, simian retrovirus
type D (SRV/D) is a common cause of simian acquired
immunodeficiency syndrome {SAIDS), a fatal immu-
nosuppressive disease of macaques. SRV/D-infected
monkeys may develop lymphadenopathy, splenomeg-
aly, anaemia, bone marrow hyperplasia, lymphoid
depletion, neutropenia, weight loss, diarrhoea or
malignant neoplasia (Guzman et /., 1999}. Although
a number of clinical and pathological studies have de-
scribed lymphoma in non-human primates {Hubbard
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et al., 1993; Paramastri ¢ al., 2002), there are no
reports of myeloid leukaemia in these animals. The
present report describes the first case of acute mega-
karyocytic leukaemia (AMKL)-like disease in a non-
human primate.

A 5-year-old male cynomolgus monkey (Macaca
fascicularis) was housed in the Tsukuba Primate Re-
search Center (TPRC) in an individual cage and
maintained according to the National Institute of Bio-
medical Innovation rules and guidelines for experi-
mental animal welfare. On routine haematological
examination, the animal was found to have mild anae-
mia (red blood cells [RBC] 4.28 x 10'%/1; reference
range 5.35—6.68 x 10'%/l; haemoglobin [Hb] 99 g/l;
reference range 105—125 g/l; haematocrit [HCT]
32.7%; reference range 35.4—41.4%) and severe
thrombocytopenia (platelets [PLT] 27 x 10%/1; refer-
ence range 195—339 x 10%/1). The number of white
blood cells {WBC) was normal (6.9 x 109/’1; reference
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range 4.2—9.2 % 10"/1). Although the animal care
stafl regularly monitored the health of the animal,
at this time no clinical signs were observed. Repeat
haematological examinations were performed one
and four weeks later, but there was no progression
of the anaemia and thrombocytopenia was not pres-
ent on these occasions. The monkey continued to
have normal appetite, [aeces and activity.

Three months after the initial hacmatological ex-
amination a spot of blood was detected under the
monkey’s cage. At this time the animal displayed
clinical signs including emaciation, pallor of mucous
membranes and haemorrhage on the cutancous side
of one eyelid. aematological examination revealed
severe anaemia RBC 1.66 % IO'Q,’L Hb 39 g/l HC'T
13.3%) and thrombocytopenia (PLT 28 x 10™1).
The WBC count was normal (4.1 x 10%/1). Serum
biochemical examination revealed elevation in the
concentration of aspartate aminotransferase (AST,
176 U/JL; reference range 31—47 U/l); alanine amino-
transferase (AL, 303 U/l; rcference range 21—
65 UJl): lactate dehydrogenase (LDH, 7660 U/l;
reference range 292—975 U/l and C reactive protein
(CRP, 12.8 mg/l; reference range 0.3—1.7 mg/l).

Cynomolgus monkeys in the TPRC breeding col-
ony are SIV and STLV negative, but most are in-
fected by SRV/D (Hara et al., 2005). 'The animal
described here was seronegative for SRV/D antibody
by western blotting, but tested positive by polymerase
chain reaction (PCR for the detection of virus ge-
netic material, consistent with current viraemia. On
the basis of the clinical and laboratory data. haemato-
logical malignancy was suspected.

The monkey was deeply anaesthetized with a lethal
dose of pentobarbital and necropsy examination was
performed. Ecchymoses were noted on the left eyelid
and forchead. The liver was markedly enlarged and
the gallbladder was distended. The kidneys were en-
larged, pale red-brown in colour and had capsular pe-
techiation. The spleen was also enlarged, but there
were no distinct lymphoid follicles on the cut surface.
A dark red nodule (I em diameter) was present
within each of the inferior lobes of the lung. The fem-
oral bone marrow had a brownish-red appcarance.

Tissues were fixed in 10% neutral buffered forma-
lin, processed routinely and embedded in paraffin
wax. Sections (3 pm) were stained with haematoxylin
and eosin (HE), periodic acid-Schiff (PAS) and Mas-
son’s trichrome stains. Microscopically, many atypi-
cal cells resembling myeloid cells were observed in
the bone marrow and the blood vessels of the liver,
kidney, spleen, lymph nodes, lung, heart, bladder, ad-
renal gland and brain. Some hepatic and renal vessels
contained neoplastic emboli (Fig. 1. There was ex-
tensive infiltration of the liver, kidneys and adrenal
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Fig. I. Extensive infiltration of neoplastic cellsinto the hepatic pa-
renchyma with associated degeneration and necrosis. A tu-
mour embolus has formed in the central vein. HE. x 100.

glands by the same neoplastic population, with asso-
ciated parenchymal degeneration or necrosis. Neo-
plastic cells were present in the spleen and lymph
nodes, and in both tissues there was atrophy of lym-
phoid follicles. Sternal and femoral bone marrow con-
tained many abnormal blast cells, with a marked
reduction in normal hacmopoictic tissuc.

The neoplastic cells were generally poorly differen-
tiated, with a medium-sized round nucleus, dense nu-
clear chromatin and cither scant or abundant
cytoplasm. Some larger cells had oval or plecomorphic
macronuclei, whilst others were multinucleated, with
a lower nuclear to cytoplasmic rato (Tig. 2). There

Fig. 2. Neoplastic cells within the liver, These vary greatly in size
and are generally 2—3 times larger than normal lympho-
cytes. The majority of cells have large, round to oval nuclei
with stippled chromatin and abundant cytoplasm. Some
cells have macronuclei and others are multinucleated,
with a lower nucleus to cytoplasmic ratio. HE. %400,
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were numerous abnormal mitoses. The majority of

blast cells did not stain with PAS, but occasional indi-
vidual cells were weakly stained. Masson’s trichrome
staining demonstrated severe fibrosis of the bone mar-
row (Fig. 3).

To further identify the neoplastic cells, immuno-
histochemical studies of femoral bone marrow, liver
and kidney were performed. Sections were de-
waxed, pre-treated with 0.5% I1,0, in methanol
and then subjected o antigen retrieval with citric
acid buffer (pH 6.0) and heating in an autoclave
for 10 min at 121°C. Sections were then incubated
with primary antibody overnight at 4°C. The pri-
mary antibodics employed were rabbit polyclonal
antibodies specific for myeloperoxidase (Novocastra
Laboratories, Neweastle, UK:; 1 in 150 dilution);
Von Willebrand Factor (Dako Cytomation, Den-
mark; 1 in 400 dilution); CD3 (Dako, 1 in 100 dilu-
ton); lysozyme (clone EC 3.2.1.17, Dako; | in 400
dilution) and monoclonal mouse antibodies specific
for CD235a (clone JC159, Dako; 1 in 200 dilution);
CD61-111a (cloneY2/51, Dako; 1 in 100 dilution);
CD20 (clone L26, Dako; 1 in 100 dilution); IHLA-
DR alpha-chain (clone TAL.IB5, Dako; 1 in
40 dilution) and CD68 (clone KP1, Dako; 1 in 100
dilution). Following brief washes with buffer, the
secctions were incubated with the EnVision™ +
Dual Link-HRP system (Dako) as secondary stage
for 30 min. Labelling was “visualized™ by treating
the sections with the chromogen 3-3'-diaminobenzi-
dine tetroxide (Dojin Kagaku, Japan) and H,O,.
The sections were then counterstained with haema-
toxylin,

The majority of the neoplastic cells had gran-
ular cytoplasmic expression of the megakaryocyte-

Fig. 3. Marked fibrosis (blue staining] is present within the bone
marrow and admixed with neoplastic cells. Masson’s tri-
chrome. x200.

Fig. 4. Expression of Von Willebrand Factor by ncoplastic cclls
within the bone marrow. IHC. x400.

associated antigens Von Willebrand Factor (Fig. 4)
and CDG6I-ITIa, but were negative for all other
markers. On the basis of these findings, a diagnosis
of AMKIL (M7)-like disease with myelofibrosis was
madec. The neoplastic cellsin AMKIL often have gran-
ular cytoplasmic PAS staining when examined in
a blood or a bone marrow smear (Wu et al., 1996; Shu-
kla et al., 2004). The absence of significant PAS stain-
ing in the cells of the present case may relate to the
formalin fixation process.

AMKL was first described as a subtype of acute
myeloid leukaemia (AML) {von Boros and Korenyi,
1931) and was incorporated into the French—Amer-
ican—British (FAB) classification of AML as M7
(Bennett et al., 1985). AMKL is rare, accounting
for 3—5% of all human AML (Brunning ¢ al.,
2001, but there is a higher incidence in children,
partly due to an association with Down’s syndrome
(Athale et al., 2001; Paredes-Aguilera et al., 2003).
Although AMKL is well characterized in man
(Koike, 1984; Akahoshi et al., 1987), in animals it
has been reported only in the dog and cat (Colbatzky
and Hermanns, 1993). Disrupted haematopoiesis
leads 1o cytopenia, particularly thrombocytopenia,
which becomes manifest as cutaneous petechiae, ep-
istaxis and bleeding gums. In leukaemic patients
there is often elevation of serum LDH concentration
(Ferrara and Mirto, 1996). Since megakaryocytes,
which store various growth factors in their alpha
granules, arc known to he involved in the pathogen-
esis of myelofibrosis, AMKL is frequently accompa-
nicd by myelofibrosis (T'crui et o/., 1990). AMKL
typically has a more guarded prognosis than other
types of leukaemia (Athale ef al., 2001),

Differential diagnoses for AMKL include mini-
mally differentiated AML (MO}, pure erythroid
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