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SUMMARY

Microsporidian Encephalitozoon cuniculi has a unigue
organelle called a polar tube (PT), the extrusion of which is
absolutely required to invade a host cell. We recently detected
anti-E. cuniculi PT immunoglobulin (Ig) M antibodies in
sera from many healthy individuals. The present one-dimensional
(1-D) immunoblot analysis predominantly detected a band at
32 kDa in all of the examined human sera with anti-PT IgM.
The use of mouse monoclonal antibody confirmed that the
52-kDa band detected in 1-D immunoblots was an antigen
derived from the PT, which represents a glycoprotein nature.
In addition, from changes in the immunoreactivity af
the 52-kDa band before and after treatment with NaOH, we
determined that the 24 human serum samples with anti-PT
IgM activities could be roughly grouped into three types:
(i) sera containing antibodies against only a saccharic
determinant (n=3); (ii) sera containing antibodies against
only a proteinic determinant (n = 11); and (iii) sera showing
dual recognition of saccharic and proteinic determinants
(m = 10). Further two-di 1(2-D) i blot analysis
followed by proteomic analysis confirmed that human sera
with anti-PT IgM reacted with E. cuniculi polar tube protein
1 (PTP1). Such circulating IgM antibodies may be imporiant
in the first line of defence against E. cuniculi infection.
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INTRODUCTION

Encephalitozoon cuniculi is a spore-forming obligate intracellular
parasitic pathogen belonging to the phylum Microsporidia
(1); it can also be a zoonotic parasite (2). Various animals
can be naturally infected by E. cuniculi and humans can also
be affected by this pathogen (3). However, most E. cuniculi
infections occur in human immunodeficiency virus (HIV)-
infected immunocompromised patients (2,4). A few cases of
E. cuniculi infection have also been reported in transplant
patients (2,5,6). Apart from an accidentally infected French
individual who had severe keratoconjunctivitis (7), no
symptomatic cases of infection with E. cuniculi among
immunocompetent persons have been described (2,4). Thus,
it is most unlikely that £ cuniculi causes microsporidiosis
in immunocompetent persons (2,4). In humans, it can be
regarded as an opportunistic pathogen (8,9).

‘We recently demonstrated immunoglobulin (Tg) M antibodies
against the polar tubes (PTs) of E. cuniculi in about 36% of
healthy people in Japan (10); by contrast, such IgM antibodies
were poorly detected among HIV-positive persons. The rate
of positivity for anti-PT IgM was significantly reduced with
increasing age and decreasing CD4 cell count. These seroep-
idemiological results clearly indicate that circulating anti-PT
1gM antibodies that are capable of strongly reacting with
filaments extruded from germinated spores exist, thus suggest-
ing that such antibodies may play a part in protective immunity.

The main objectives of this study were to provide further
information about the immunoreactivity of human anti-
PT 1gM and to identify the corresponding determinants using
one-dimensional (1-D) and two-dimensional (2-D) immunoblot
analyses, and other biochemical and proteomic means.

MATERIALS AND METHODS

Serum samples

Twenty-four human serum samples were used for this study.
These samples were collected from healthy individuals

13



K. Furuya et al.

under the ethical considerations described in a previous
study (10).

As the positive control, serum samples from 11 infected
rabbits were also used for this study. All the rabbits were
sacrificed after approval from the breeding owners and were
microbiologically confirmed to carry the pathogen in organs
such as the brain and kidney. Isolated E. cumiculi spores
from the organs were identified by polymerase chain reaction,
as described before (11). The internal transcribed spacer
gene sequence revealed that the E. cuniculi isolates were all
classified into genotype 1.

In addition, 11 normal rabbit serum samples, which were
serologically negative, were used as the negative control.

Mouse monoclonal antibody

A mouse monoclonal antibody against the soluble antigen
of E. cuniculi PTs was generated using a hybridoma technique
(12), which was tentatively named MAb2 for this study.
After the second cloning, culture supernatants containing
MAbZ were employed in the present study. In a later study,
monoclonal antibodies from mouse ascitic fiuids were available
and were classified as IgE (manuscript in preparation). To
detect IgE in this study, we used goat anti-mouse IgG +
M + A (H + L) and rabbit anti-mouse IgG (H + L), which
were labelled with enzyme, as documented below. All the
reagents used could detect IgE, since they are also specific
for light chains.

Preparation of purified spores of Encephalitozoon cuniculi

Encephalitozoon cuniculi spores of strain HF (genotype 1)
were collected from the culture supernatants of infected RK
13 cells and purified using Percoll gradient centrifugation,
as described previously (10). Finally, separated spores were
filtered through Ultrafree-MC membranes (5-0 pm; Millipore
Corporation, Bedford, MA).

Enzyme-linked immunosorbent assay (ELISA)

As described in a previous paper (10), anti-E. cuniculi PT
antibodies were measured using a 96-well flat-bottom
microplate coated with germinated spores. Twofold dilutions
of each serum sample, starting a | : 50 dilution, were tested;
bound antibodies were detected by the secondary antibody
labelled with peroxidase (PO). Signals of PO bound to
human or animal antibodies were visualized using an ami-
noethyl carbazole substrate kit (Zymed Laboratories Inc.,
San Diego, CA). The following PO conjugates were used as
the secondary antibodies: rabbit anti-human IgM (pu-chain
specific; QED Bioscience, San Diego, CA) for human IgM;
goat anti-mouse 1gG + M + A (H + L; Zymed Laboratories)
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for mouse monoclonal antibody. Also, protein A/G-PO
conjugate (Prozyme Inc., San Leandro, CA) and protein
A-PO conjugate (Kirkegaard & Perry Laboratories, Gaith-
ersburg, MD) were used for detecting human 1gG and
rabbit 1gG, respectively. Dilutions of the second reagents
were adjusted between 1 : 3000 and 1 : 5000.

1-D polyacrylamide gel electrophoresis (1-D PAGE)

Purified E. cuniculi spores were suspended in an appropriate
volume of Laemmli sample buffer (Bio-Rad Laboratories,
Hercules, CA) containing 5% 2-mercaptoethanol (Bio-Rad)
and heated at 95°C for 5 min. After centrifugation at about
7800 g for 5 min, pellets were treated twice more with the
same buffer and the three supernatants were pooled. The
protein fraction of these pooled supernatants was desalted
using & NAP-5 column (GE Healthcare Bio-Sciences AB,
Uppsala, Sweden). This soluble protein fraction was used
as an antigen for 1-D immunoblot analysis.

Approximately 60 pig of the microsporidial soluble fraction
was electrophoresed vertically using 15% polyacrylamide
Ready mini-gels (Bio-Rad) under reducing conditions.

1-D immunoblot analysis

Electrophoresed spore proteins separated by 1-D PAGE
were transferred electrically onto polyvinylidene fluoride
(PVDF) membranes (immobilon transfer membranes; Millipore
Corporation). Blotted membranes were cul into strips of
about 4-mm width. Half of the strips were treated with a
0-055 v NaOH solution for 16 h at 40°C to remove carbohy-
drate chains from glycoproteins, according to the method
described by Duk ef al. (13). NaOH-treated strips were
washed extensively with pure water.

All of the strips to be tested were treated with blocking
buffer (SuperBlock; Pierce Chemical Company, Rockford,
IL) and subsequently incubated with human sera, rabbit
sera or & culture supernatant containing MAb2. Dilutions
of human sera, rabbit sera and the supernatant to be tested
were 1:100. Secondary antibodies labelled with alkaline
phosphatase (ALP) were used to detect primary antibodies:
goat anti-human IgM (p-chain specific; Kirkegaard &
Perry Laboratories) for human IgM; goat anti-rabbit 1gM
(u-chain specific; Southern Biotechnology Associates,
Birmingham, AL) for rabbit IgM; rabbit anti-mouse 1gG
(H + L; Zymed Laboratories) for mouse monoclonal
antibody. The secondary antibodies were used at dilutions
of 1:1000-1 : 3000. Reactions with the primary antibodies
and the secondary antibodies were performed for 90 min
at room temperature with shaking. After extensive wash-
ing with phosphate-buffered saline containing 0-05% Tween
20 (PBS-T), antibody binding was detected using a BCIP/
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NBT phosphatase substrate kit (Kirkegaard & Perry
Laboratories).

For each human serum, mouse monoclonal antibody and
rabbit serum, the change in immunoreactivity between a
NaOH-treated strip and an untreated strip was observed.
In addition, the participation of a saccharic determinant in
an immunological reaction was determined.

Analysis of lectin—carbohydrate interactions

Using some of the NaOH-treated or NaOH-untreated strips
described above, the reactivities of various biotinylated
lectins were tested. For this test, a biotinylated lectin kit
1 (BK-1000; Vector Laboratories, Buringame, CA), con-
taining concanavalin A (ConA), Dofichos biflorus agglutinin,
peanut agglutinin, Ricinus communis agglutinin I, soybean
agglutinin, Ulex ewropaeus agglutinin I and wheat germ
agglutinin, was used. Blots were incubated in a 20 pg/mL
solution of each biotinylated lectin, in accordance with the
manufacturer’s instructions, followed by a 1 : 5000 dilution
of streptavidin-ALP conjugate (Molecular Probes Inc.,
Eugene, OR). A BCIP/NBT phosphatase substrate kit
(Kirkegaard & Perry Laboratories) was employed for colour
development.

2-D polyacrylamide gel electrophoresis (2-D PAGE)

To an approximately 5 x 10° spore pellet, a 5% sodium
dodecyl sulphate (SDS) solution was added, and the suspen-
sion was boiled for 5 min. Proteins were precipitated by the
addition of trichloroacetic acid at a final concentration of
10%, washed once with cold 90% acetone, and dissolved
in sample buffer containing 8 M urea, 2% CHAPS, 1%
1 4-dithiothreitol (DTT; Wako Pure Chemical Industries,
Osaka, Japan), and 0-5% Pharmalyte (pH 3~ 10; Amersham
Biosciences AB, Uppsala, Sweden). To remove protein
aggregates, the protein solution was centrifuged and the
supernatants were used as samples for 2-D PAGE. Protein
concentrations were measured using a 2D-Quant kit
(Amersham).

Isoelectric focusing was performed using commercially
available Immobiline DryStrip gels (7 em, pH 3-10;
Amersham). Samples (about 50 ug of spore protein) were
loaded by rehydration for 15 h in a solution containing 8 m
urea, 2% CHAPS, 1% DTT and 0-5% Pharmalyte (pH 3-10).
Isoelectric focusing was performed using an Ettan TPGphor
11 IEF system (Amersham) for 11 519 Vh, Voltage profiles
were chosen according to the manual provided with the sys-
tem. After consecutive equilibration of gels in a 50 mm
Tris-HCI (pH 8-8) solution containing 6 M urea, 30% glycerol,
2% SDS and 1% DTT for 15 min, separation in the second
dimension was performed using a mini-gel (10 x 10 cm)

© 2007 The Authors
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electrophoresis system with 12:5% Ready gels (Biocraft Inc.,
Tokyo, Japan), at 20 mA/gel.

N-terminal peptide sequencing

After 2-D PAGE, blotted proteins were stained with
BODIPY FL-X, SE (Molecular Probes). Protein spots
corresponding to those recognized by serum samples were
excised and subjected to N-terminal sequence analysis in a
Procise 494 protein sequencer (Applied Biosystems, Foster
City, CA). Edman degradation was performed according to
a standard program supplied by Applied Biosystems. The
amino acid sequences obtained were compared to those of
known proteins in the GenomeNet BLAST2 NR-AA database
using the Web-accessible FASTA search program.

LC-MS/MS analysis

Spots assigned to immunogenic proteins were also excised
from 2-D gels as described above Gel pieces were subjected
1o in-gel digestion using the procedure published by Hellman
et al. (14). Briefly, the protein in each gel plug was reduced
with 100 mM DTT for 30 min at 50°C, alkylated with
100 my iodoacetamide (Wako Pure Chemical) for 30 min at
37°C, and digested with 25 ng/uL. trypsin (Wako Pure
Chemical) overnight at 37°C. Peptides were extracted from
the gel by diffusion in a 50% acetonitrile solution containing
5% formic¢ acid, vacuum-dried, and then reconstituted in
20 uL of 0:1% trifluoroacetic acid. Extracted peptides were
loaded on a high-performance liguid chromatography
system (LC; MAGIC2002, Michrom BioResources Co, Ltd,
Auburn, CA), eluted using an acetic acid-acetonitrile gradient,
and directly injected into an LCQ ion trap mass spectrometer
(MS; LCQ-Deca XP, Thermo Electron Co. Ltd, San Jose,
CA) fited with a nanoelectrospray ionization source, and
operated in the positive ion mode. MS/MS spectra were
acquired using data-dependent scanning, processed using
the sEQuUEST software program, and then searched against
the NCBI NR database.

2-D immunoblot analysis

Spore proteins separated by 2-D PAGE were transferred
onto PVDF membranes (ProBlot membranes, Applied
Biosystems). Blotted membranes were treated with blocking
buffer (SuperBlock) overnight at 4°C. Representative human
sera were used as primary antibodies at a dilution of 1 : 100.
ALP-labelled anti-human IgM (u-chain specific; Kirkegaard
& Perry Laboratories) was used as a secondary antibody at a
dilution of 1 : 1000. Reactions with the primary and secondary
antibodies were performed for 2and 1 h, respectively, at room
temperature with shaking. After extensive washing with
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PBS-T, antibody binding was detected using a BCIP/NBT
phosphatase substrate kit (Kirkegaard & Perry Laboratories)

As a positive control, we used a pool of 11 sera from
infected rabbits at a dilution of 1: 400, In addition, a pool
of 11 sera from normal rabbits was used as a negative con-
trol at the same dilution. A culture supernatant containing
MAb2 monoclonal antibody was also used at a dilution of
1 = 100 for epitope analysis To detect these primary antibodies,
ALP-labelled protein A (Zymed Laboratories) and ALP-
labelled rabbit anti-mouse IgG (H + L; Zymed Laboratories)
were used for rabbit 1gG and the monoclonal antibody,
respectively, at a dilution of 1 : 1000.

RESULTS

Measurements of anti-PT antibodies in the ELISA test

Twenty-four human serum samples used for this study
revealed anti-PT IgM activities at titres between 1 ; 200 and
1 : 1600 in the ELISA test. Figure 1(a) shows filaments that
are strongly immunostained with IgM antibodies in the
serum H-168, All samples except for H-197 had IgG antibody
activity for extruded filaments below 1 :50. However, the
positive signal of H-197 was very weak, even at lower dilutions,
probably because of the use of protein A/G conjugate as a
secondary antibody.

Figure 1(b) shows filaments immunostained with IgG
antibodies in a rabbit serum, which was used as a positive
control for ELISA testing. The culture supernatant showed
monoclonal antibody (MADb2) weakly immunostained
filaments when it was tested by ELISA (data not shown).

Immunoreactivity of human sera on 1-D blots before
and after treatment with NaOH

All 24 human serum samples generated clearly positive signals
of an IgM antibody on a band migrating at 52 kDa in the 1-D
immunoblot analysis without NaOH treatment (Figure 2;
odd-numbered strips). Besides the positive signals for this
52-kDa band, which was MAb2-positive (strip P1), most sera
also reacted with some bands below 52 kDa; however, the extent
of staining was very weak, especially in bands below 28 kDa.

Using the 24 human serum samples, changes in IgM anti-
body binding were examined on 1-D blots before and after treat-
ment with NaOH. When 1-D blots treated with NaOH were
used for testing, the same human sera were divided into three
groups based on the degree of immunostaining of the 52-kDa
band: (i) 11 sera showed almost unchanged antibody binding
(Figure 2; strips 6, 8 and 10); (ii) three sera showed no antibody
binding (Figure 2, strips 2 and 4); and (iui) 10 sera showed sig-
nificantly reduced antibody binding, resulting in the formation
of faint or thin bands (Figure 2; strips 12, 14 and 16).
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figure 1 Immunostaining of filaments (PTs) that extruded from
E. cuniculi-germinatad spores with human IgM antibodies or rabbit
1gG antibodies. (a) Positive results obtained by a 1 200 dilution
of H-168 human serum Note the strongly positive signals on
filaments that extruded from the germinated spores. (b) Positive
results obtained by a | : 400 dilution from a symptomatic rabbit
with natural E. cumiculi infection. Note the positive signals on the
spore wall and the filament. Bars, 10 pm

Culture supernatant containing MAbB2 strongly reacted
with a band at 52 kDa (Figure 2, strip P1). A serum from a
naturally infected rabbit generated IgM antibody-positive
multibands between 28 and 96 kDa, and also a few bands
around 19 kDa (Figure 2; strip P2). However, the rabbit
serum did not show any reduced influence in IgM antibody-
binding of the 52-kDa band, even after NaOH treatment
(Figure 2; strip P3).

Reactivities of ConA and mouse monoclonal antibody on
1-D blots before and after NaOH treatment

When untreated 1-D blots were used, ConA was the only
one of seven lectins that revealed clearly positive binding to
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Figure 2 Binding profiles of human sera with anti-FT 1gM antibody activities Encephalitozoon cuniculi spore antigens were fractionated by
1-D PAGE and transferred to a PVDF membrane. Blotted strips before and after NaOH treatment were prepared and allowed to react with
human serum samples followed by an anti-human IgM (ji-chain specific)-ALP conjugate. Odd-numbered strips and the P1- and P2-labelled
strips were untrealed, but even-numbered strips and the P3-labelled strip were treated with NaOH. Strips were reacted with each serum sample
in pairs, starting from no. 1, M is a strip for markers of molecular weight (Prestained SDS-PAGE standards, Bio-Rad), P1 is a strip that reacted

with MAb2; P2 and P3 are strips that reacted with a mbbit serum.

a 52-kDa band (data not shown). However, ConA did not
bind at all to 1-D blots treated with NaOH (Figure 3; strip 2).

As seen on strip P1 in Figure 2 and strip 3 in Figure 3,
MADb2 bound to the 52-kDa band on [-D blots untreated
with NaOH. However, MAb2-binding was not influenced
by NaOH treatment at all (Figure 3; strip 4).

The location of the ConA-stained band on blotted strips
was consistent with those bands detected by the monoclonal
antibody (Figure 3). However, the band stained with ConA
was always slightly thinner than bands detecied by MAbZ,
suggesting that the PTPl may be a mixture of different
glycosylated and unglycosylated forms, which is likely to be
slightly polydisperse in electrophoresis.

Identification of some proteins immunoreactive for human
sera on 2-D blots

Eleven protein spots on a 2-D blot of E. cuniculi antigens
were identified (Figure 4a, Table 1). Two of these spots, nos
| and 2, had the same molecular size but different isoelectric
points; these were identified as E. cuniculi polar tube protein
(PTP), because both structures contained the peptide
sequence ATALXSNAYGLTPGQQGMAQ by N-terminal
amino acid sequencing. This has 90% sequence homology
with the peptide sequence ATALCNAYGLTPGQQGMAQ
of E cumiculi genotype |1 (GenBank Accession No. AF310677)
and was identified as PTP1 of E cuniculi (SWISS-PRT

© 2007 The Authors

kDa
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Figure 3 Binding profiles of ConA lectin and monoclonal antibody
(MAb2) on 1-D blots. Encephalitozoon cumiculi spore antigens were
fractionated by |-D PAGE and transferred to a FVDF membrane.
Blotted strips before and after NaOH treatment were prepared and
allowed to react with ConA lectin and monocional antibody
(MAb2). Odd-numbered strips were untreated, but even-numbered
strips were treated with NaOH. Strip nos 1 and 2 and strip nos 3
and 4 were reacted with ConA and MADB2, respectively. M is

a strip for markers of molecular weight (Prestained SDS-PAGE,
Bio-Rad)
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Figure 4 2-D immunoblot analysis.
Encephalitozoon cunicull spore antigens
were fractionated by 2-D PAGE and
transferred to PVDF membranss

(a) BODIPY FL-X staining: a blotted
membrane is stained with the dye. Proteins
extracted from | | dye-stained spots (circles)
identified by sequence analysis (b-d)
Immunostaining: blotted membranes
incubated with H-168 serum (b), H-197
serum (c) and PRS (d). In the blotted
membranes incubated with human sera
(H-168 and H-197) containing anti-PT IgM
antibodies, note the two acidic proteins
(arrowheads) predominantly immunostained
at 52 kDa; these proteins correspond to
PTPI spots capable of being stained with
BODIPY FL-X, as seen in Figure 4(a).

Table 1 Human sera-immunoreactive spots in E cumiculi identified by N-terminal amino acid sequencing (NTAAS) and LC-MS/MS

Immunoreactivity® with

Accession no. Sequence Method of

Spot no. Protein (Swiss-Prot, NCBI) coverage () identification 168 197 PRS
1 Polar tube protein | sp. PTPIENCCU - NTAAS 3+ 3+ 4+
2 Polar tube protein | sp. PTPIENCCU NTAAS 3+ 3+ 4+
3 Polar tube protein 2 g 19074274 213 LC-MS/MS 1+ 0 2+
4 Translation elongation factor la gi: 19074188 644 LC-MS/MS 0 0 1+
5 Spore wall protein | gi: 19074777 978 LC-MS/MS 0 0 2+
6 Hypothetical protein i 19173268 42:86 LC-MS/MS i} 0 1+
7 Zinc finger protein gi: 19074227 2581 LC-MS/MS 1+ + (1]
B Similarity to HSP 70-related protein gi: 19073931 29-58 LC-MS/MS - 0 .
9 Heat shock-related 70 kDa protein gi: 19173012 2313 LC-MS/MS 0 0 +
108 Phosphomannomutase gi: 19173562 #22 LC-MS/MS ] (] 0
11 68 proteasome { chain giz 191736380 17-67 LC-MS/MS 0 0 I+

*Immunoreactivity was examined by 2-D immunoblotting using human sera (H-168 and H-197) and rabbit sera (PRS

a pool of mfected

rabbit sera). The resultant intensity of each spot is scored as 0, £, 1+, 2+, 3+ or 4+ (0, negative; £, ambiguous; 1+ to 4+ graded positiveness).

PRS was used as a positive control for 2-D immunoblot analysis

bSpot no. 10 seems not to react with either human or rabbit samples, but was identified as a nonimmunogenic protein in this study.

database: PTPIENCCU), This finding makes it clear that
the 52-kDa PTP1 has more than one isoform,

H-168 and H-197 sera predominantly reacted with some
spots that corresponded to PTP] at 52 kDa (Figure 4b,c).
These sera were examined as representative human sera with
anti-PT IgM activities. H-168 serum also reacted with other
protein spots, such as PTP2 and zinc finger protein
(Figure 4b, Table 1). Such a positive reaction to zinc finger

18

protein was not generated by a pool of sera from 11 naturally
infected rabbits (PRS; Table 1),

‘When IgG antibodies in PRS were used as a positive con-
trol for 2-D immunoblot analysis, they reacted with spots
that corresponded to PTPI, PTP2, spore wall protein |,
translation elongation factor 1o, hypothetical protein and
6S proteasome { chain in decreasing order of strength, as
identified by LC-MS/MS analysis (Figure 4d, Table 1).

€ 2007 The Authors
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However, the rabbit IgG antibodies reacted very weakly
with spots that corresponded to heat shock-related 70-kDa
proteins (HSP70) and & protein with similarity to HSP70-
related protein (Figure 4d, Table 1). Although a zinc finger
protein and phosphomannomutase were also identified by
LC-MS/MS analysis (Figure 4a), the corresponding spots
were negative for rabbit IgG antibodies (Figure 4d, Table 1).
IgG antibodies in a pool of 1| normal rabbit sera did not
react with 2-D blots (data not shown).

Culture supernatant containing monoclonal antibody
MADb?2 reacted strongly with some spots of PTP1 at 52 kDa
(data not shown).

DISCUSSION

All of the members of Microsporidia possess a unique,
highly specialized structure, the PT, which is an organelle for
invasion (15). Encephalitozoon cuniculi PT consists of three
proteins: PTP1, PTP2 and PTP3 (16). The PTP1 is the
major component of the PT and it is modified by O-linked
mannose residues to which ConA binds (17).

In respect to antibodies against Encephalitozoon PT in
immunocompetent persons, it has been reported that anti-£E.
intestinalis PT was demonstrated in 8% of Dutch blood
donors and 5% of pregnant French women (18). Further
study has demonstrated that carbohydrate moieties of the
microsponidian PTPs are targeted by IgG in immunocompetent
individuals (19). On the other hand, our study clearly
indicates that the major activities of human anti-PT IgM
antibodies are predominantly towards E. cuniculi PTPI,
which is an acidic protein with an apparent molecular
weight of 52kDa in 2-D immunoblot analysis (Figure 4).
Also, two chemically different antigenic sites can be
found on the 52-kDa band in 1-D immunoblot analysis
(Figure 2): proteinic determinant and saccharic determi-
nant, as discussed below. In addition, although other few
protein spots, such as PTP2 and zinc finger protein, weakly
reacted with H-168 serum by 2-D immunoblotting, they
did not appear to be effectively antigenic as compared to
PTPI1 (Table 1).

To analyse immunoreactivity of human anti-PT IgM with
two different determinants, we used NaOH treatment capable
of removing glycoepitopes from blotted antigens. Xu et al.
(17) employed blots treated with 0-1 N NaOH at 50°C for
40 min to eliminate ConA binding to E. hellem PTPI1. In
our case, ConA binding to E. cuniculi PTPI1 blotted onto a
PVDF membrane was successfully eliminated by treating
the blots with 0-05 M NaOH at 40°C for 16 h, conditions
that were established by Duk et al. (13).

From the reactions of anti-PT 1gM to the 52-kDa band
after NaOH treatment, we could roughly group human sera
into three categories when examined by 1-D immunoblotting:

© 2007 The Authors
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sera showing a completely negative profile; sera with a positive
profile that was unmodified by NaOH treatment; and sera
indicating a significantly reduced profile (Figure 2). Sera
showing completely negative profiles are interpreted to have
reacted with only a ConA-reactive determinant of PTPI
(Figure 2; strips 1-4). On the other hand, sera with a positive
profile that was unmodified by NaOH treatment are inter-
preted to have reacted with only a proteinic determinant
(Figure 2; strips 5—-10). Interestingly, 41-3% (10/24) of the
examined human serum samples belonged to the group with
a significantly reduced profile. It was obvious that the
significant reduction in binding after NaOH treatment
resulted from the removal of the ConA-reactive determinant
(Figure 2; strips 11-16), suggesting that this type of anti-PT
1gM can recognize the saccharic determinant as well as the
proteinic determinant. Thus, human anti-PT IgM could
recognize the two determinants alone or in a pair, depending
on serum used.

In & previous study (10) and also in this study, we confirmed
that representative human sera with anti-PT IgM (H-168
and H-197) strongly immunostained the outer surface of
filaments extruded from spores (Figure 12). Our monoclonal
antibody (MAb2) that could immunostain extruded PTs by
ELISA definitely recognized the 52-kDa band by 1-D
immunoblotting (Figures 2 and 3) and the PTP1 spots by 2-
D immunoblotting (data not shown). Monoclonal and/or
polyclonal antibodies raised to the purified Encephalitozoon
PTP1 demonstrated reactivity with PTs by immunofluores-
cence and immunogold clectron microscopy (17), indicating
the presence of glycoconjugates in the PT. It has been
proposed that the lipophilic regions of the PTPs adhere to
the filament membrane and that the hydrophilic regions are
orientated into the aqueous extrasporal environment (20). Thus,
human anti-PT IgM-reactive determinants (constituted
of saccharic and proteinic determinants and located on
PTPI1s) would be concentrated on the outside of the PTP
coated on the surface of extruded filaments.

Regarding the specificity of anti-PT IgM in human sera,
a previous study revealed that they did not react with
extruded filaments from germinated E hellem or E. intestinalis,
indicating that human antu-PT 1gM is species-specific (10).
This finding was not in disagreement with previous findings
that human sera containing anti-E. intestinalis PT 1gG
antibody activity did not immunostain filaments extruded
from E. cuniculi or its PTP1 (19). One may consider that
there is a cross-reactive relationship between microsporidian
spores and fungal spores, because Microsporidia are
phylogenetically related to fungi (21). However, apart from
saccharic determinants, using an enzyme-linked immunosorbent
assay, we found that MAb2 specific for £. cuniculi PTP1 did
not cross-react with Laemmli sample buffer-extracted soluble
antigens from the following fungi: Candida albicans, Fusarium
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moniliforme, Eurotium, Aspergillus fumigatus, Curvularis,
Aureobasidium pullulans, Trichoderma sp., Chaetomium
globosum and Rhizopus stolonifer (data not shown),

In respect to the specific human immune responses to the
E. cuniculi infection, anti-spore wall 1gG was observed to
precede anti-PT 1gG (7). Strong antigenicity and immuno-
genicity of E. cuniculi PTP] have also been reported (20).
However, most of our subjects were negative for anti-spore
wall IgM and 1gG, as noted previously (10). Moreover,
anti-PT IgG antibodies were not detectable in most of our
subjects (10). Therefore, these subjects may have been
exposed to E. cuniculi spores, but showed little secondary
immune response to their exposure. There is still the possibility
that such IgM antibodies are cross-reactive antibodies
produced by fungal infections, since the primary response
usually is of low specificity. In these regards, further work
needs to be done.

Apart from some extremely rare situations, it is most
unlikely that microsporidiosis is provoked by £ cuniculi in
immunocompetent persons (2,4,8). Considering that almost
all human encephalitozoonosis cases ocourred in immuno-
compromised patients (2,4-6), one can speculate that
protective immunity plays a very important role against
E. cuniculi infection. We previously showed that the rate of
positivity for anti-PT 1gM antibodies was significantly
higher among healthy people than among HIV-positive
persons, such that the CD4 cell level greatly affected
the detection of anti-PT IgM antibodies (10). It should be
emphasized that human microspondiosis is predominantly
associated with CD4* T cell deficiency (8,22). A recent report
on intraccular microsporidiosis in a patient with idiopathic
CD4" T-lymphocytopenia proves the infectivity of E. cuniculi
for immunodeficient humans (23).

In a model of PT discharge, it has been thought that
unpolymerized PTP is released from the PT core and
polymerizes on the outside of the membrane scaffolding as
it is being everted (20). If circulating anti-PT IgM antibodies
react with these unpolymerized and polymerized PTPs,
resultant antigen-antibody complexes may block the
formation of PTs, thus preventing the PT from penetrating
a host cell. However, as in other human opportunistic
protozoal infections, microsporidian-specific antibodies
alone may not be protective (22). In humans, cell-mediated
immunity is said to be critical for protection against micro-
sporidian organisms (22). More recently, Sak ez al. (24) demon-
strated that humoral antibodies enhance the protective effect
of CD4* T lymphocytes using SCID mice perorally infected
with E. cuniculi, suggesting that the humoral part of the
immune system may contribute to the defence against
microsporidial infection. Further studies on human anti-PT
1gM need to be performed from the perspective of protective
immunity.
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Interleukin-4 —Transgenic hu-PBL-SCID Mice:
A Model for the Screening of Antiviral Drugs
and Immunotherapeutic Agents against X4

HIV-1 Viruses

Kazu Okuma,' Reiko Tanaka,' Tomoyuki Ogura,! Mamoru Ito, Sei Kumakura,’ Mikiro Yanaka® Masako Nishizawa,*
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CXCR4-tropic (X4) human immunodeficiency virus type 1 (HIV-1) does not efficiently infect and replicate in
severe combined immunodeficiency (SCID) mice reconstituted with human peripheral blood mononuclear cells,
termed “hu-PBL-SCID mice,” due to, at least in part, relatively low levels of expression of the CXCR4 coreceptor.
To overcome this limitation, interleukin (IL)~4~transgenic hu-PBL-SCID mice were derived that spontaneously
synthesized human IL-4, which has been shown to enhance CXCR4 expression and promote X4 virus infection in
vitro. Experiments reported here show that (1) synthesis of human IL-4in vivo augmented CXCR4 expression on
human CD4* lymphocytes and importantly led to productive infection of not only X4 HIV-1y,,, but also
multidrug-resistant primary clinical isolates and that (2) thein vivo infection could be significantly blocked by the
administration of 2 CXCR4 antagonist. Altogether, IL-4-transgenic hu-PBL-5CID mice provide a useful model
for X4 HIV-1 study and testing/screening of anti-X4 viral drugs.

HIV-1 isolates enter target cells primarily after binding
to the CDA4 receptor and via the CXCR4 and CCR5 co-
receptors | 1-5] and are classified into X4 and R5 strains,
respectively [6]. The X4 isolates are frequently impli-
cated in the decline of peripheral CD4* T cell counts
characteristic of the late stage of HIV-1 infection pro-
ceeding to the development of ATDS [7).
hu-PBL-5CID mice have been extensively used as a
small animal model o study HIV-1 pathogenesis
[&=14]. Results from a previous study showed that, al-
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though infection of human peripheral blood mononu-
clear cell (PBMC)-reconstituted hu-PBL-SCID mice
with a predominantly R5 HIV-1 caused intensive CD4"
T cell depletion, infection of similarly reconstituted
mice with the same infectious dose of an X4 HIV-1 re-
sulted in little or no CD4™ T cell depletion [11]. There-
after, it was noted that this limitation of X4 HIV-1 infec-
tion was due, at least in part, to a decrease in the intensity
of CXCRA expression on CD4* T cells [13], Thus, it was
reasoned that the pathogenic effects of the X4 HIV-1
strains in the hu-PBL-SCID mice might be related to the
relative levels of the expression of HIV- | coreceptor (the
state of activation/differentiation) on human CD4* T
cells at the time of infection in these mice. This limita-
tion has to date restricted our ability to use this mouse
model for understanding the mechanisms of X4 HIV-1
pathogenesis and for the evaluation of candidate thera-
peutics against X4 viruses, These findings prompted us
to seek alternative strategies for the developmemt of an
improved hu-PBL-SCID mouse system that is permis-
sive for infection/replication of X4 isolates.

Human interleukin (IL)-4 has been shown to specif-
ically enhance the cell-surface expression of CXCR4 on
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resting peripheral blood T cells [ 15]. Furthermore, it has been
reported that human [L-4 plays an important role in render-
ing CD4* T cells susceptible ro X4 HIV-1 infection via en-
hanced cell-surface expression of the CXCR4 coreceptor in
vitro [15-17].

In efforts to overcome the limitation inherent with the use of
hu-PBL-SCID mice for the study of X4 HIV-1 as described
above, we developed an I[L-4-transgenic immunodeficient
mouse model that consistently secreted readily detectable serum
levels of human IL-4. We show here that X4 isolates readily in-
fect/replicare in this mouse model but not in wild-type (wt)
non-IL-4 -transgenic mice and that this model can now be ex-
ploited for the rapid evaluation ofthe therapeutic efficacy of new
anti-X4 HIV-1 agents in vivo.

METHODS

IL-4-producing mice. Two strains of human [L-4—transgenic
immunodeficient mice were bred on the C.B-17-scd (18] and
BALB/cA-Rag2 ™"y, (dKO) genetic background mice [19,
20] ar the Central Institute for Experimental Animals (CIEA) as
follows. PBMCs were isolated from a healthy human volunteer
and activated in vitro with pokeweed mitogen. RNA was pre-
pared from these PBMCs, and then ¢cDNA was synthesized by
reverse-transcriptase polymerase chain reaction (PCR). Human
IL-4 cDNA was amplified from the cDNA using one set of prim-
ers: 5-CCCGGGATCGTTAGCTTCTCCTGATAAAA-3' and
5-GCGGCCGCTATTCAGCTCGAACACTTTGAAT-3',  The
product was inserted into the PCR2.1 vector by use of the TA
cloning kit (Invitrogen) and the insert sequenced, After confir-
mation of the sequence, IL-4 cDNA was inserted into pCMVb
with a CMV promoter (Invitrogen). To produce transgenic
mice, a DNA fragment containing the CMV promoter, 11-4
¢DNA, and Poly(A) regions was excised with Xhel and Hindlll
sites of pCMVb and microinjected into the pronuclei of fertil-
ized eggs from the 2 strains (C.B- 17-scid and BALB/cA-dKO) of
mice. These eggs were subsequently transplanted into oviducts
of pseudopregnant foster recipient mice. The offspring mice
were screened to confinm the insertion of the transgene into the
genome by PCR, and serum from these mice was screened for
levels of human I1-4 by ELISA with a commercial kit (BD). The
IL-4 transgene-hemizygous mice were maintained by mating
them with wt mice with the same genetic background in the
specific-pathogen-free (SPF) facility of the CIEA. The mice were
transferred to the SPF and biosafety level 3 facilities of the Inst-
tute for Animal Experiments, University of the Ryukyus, and
were used for further experiments. The experimental protocols
were approved by the Institutional Animal Care and Use Com-
miittee on the basis of the Regulation for Animal Experimenta-
tion of the CIEA and University of the Ryukyus before the initi-
ation of the study.

Viruses. X4 HIV-1,q, ; was obtained as described elsewhere
[14]. Fourteen multidrug-resistant (MDR) HIV-1 clinical iso-
lates were obtained from HIV- 1-infected patients who had been
treated with highly active antiretroviral therapy (HAART). The
viruses were propagated in PBMCs stimulated with phytohe-
magglutinin (PHA; Sigma), 1L-2 (National Institutes of Health
AIDS Research and Reference Reagent Program), and 1L-4 (Pep-
rotec). Three isolates from these MDR isolates that efficiently
grew in the activated cells were selected for further experiments.
The titers of virus stocks were determined by end-point titra-
tion using a 2-fold limiting dilution of the stock and in vitro
PHA-activated human PBMCs, and the infectious units (IU)
were calculated.

CXCR4 antagonist. 'The synthesis and purification of the
CXCR4 antagonist KRH- 1636 were performed at Kureha Cor-
poration as described elsewhere [21]. As a control, the carrier
tartrate was used in parallel.

Transplantation and infection. The control (wt) and the
IL-4—transgenic C.B-17-sad mice were depleted of NK cells by
the intraperitoneal (ip) injection of 0.5-1.0 mg of anti-mouse
IL-2R B (TMp-1) [22] per animal. The IL-4—transgenic and the
control BALB/cA-dKO mice do not require TMB-1 treaument
because they lack NK cells [19, 20], PBMCs were isolated from
healthy human donors. Groups of 2-4-month-old IL-4~trans-
genic mice from each of the 2 background strains and their cor-
responding non-IL-4—transgenic wt mice were injected ip with
PBMCs 3 days later. Groups of mice were challenged 24 h later ip
with mock, HIV-1,1,.5, or MDR isolates (2000 1U/500 pl/ani-
mal). For the experiments using the CXCR4 antagonist, groups
of mice were administered 0.1 mL of 10 mmol/L KRH-1636, the
tartrate carrier or saline ip at 1 h before and 1 day after virus
infection. At 68 days after infection, the mice were killed, their
blood was obtained by cardiocentesis, and human lymphocytes
were collected from the peritoneal lavage fluids. The serum sam-
ples were assayed for levels of human IL-4 by use of an ELISA kit
(R&D Systems). The human lymphocytes were analyzed using
flow cytometry as described below. The remaining cells were
cultured in RPMI 1640 medium (Sigma) supplemented with fe-
tal calf serum and IL-2. The peritoneal lavage fluids, serum sam-
ples, and lymphocyte culture supernatants were examined for
levels of p24 by use of an ELISA kit (Zepto Metrix).

Flow cytometry analysis. Cell samples to be analyzed by
flow cytometry were initially incubated with normal human I1gG
for blocking of the Fc receptors. For cell-surface staining, ali-
quots of cells were then stained with Cy5-labeled anti-CD4
(OKT4) and phycoerythrin-labeled anti-CXCR4 (12G5; Dako)
or with Cy5-labeled anti-CD3 (OKT3). For intracellular stain-
ing, afier CD3 staining the aliquots of cells were fixed, permeab-
ilized, and incubated with fluorescein isothiocyanate-labeled
anti-HIV-1 Gag p24 (2C2; Y T. et al, unpublished data). Stained
samples were analyzed on a FACSCalibur flow cytometer, using
Cell Quest software (BD Pharmingen). Aliquots of cells stained
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Table 1. Expression ol human CD4. CXCR4. and intracellular HIV-1 p2d in cells from X4 HIV-1-infected

hu-PBL-SCID mice.

X4 Hiv-1 Mice,
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L4 ransgenic NL4-3 3 574 *

i

83

CXCR4°CD4" 1
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p24* 1
P calls, % P

SRR -
<001 01+01 NS
bl (B = b Ao
TN e <05

32+1.2

NOTE. Cells in peritonsal levage fluid fram control and intareukin (ILl-4-transgenic hu-PBL-SCID mice on sither the C B-17-scidor

BALBAA-JKD background were labaled with approp

manocional

ibodies and by flow cy y. &S dascribed in

Mathods, Analyzed data are shown as mean = SD velues. NS, not significant The indicated P values for rhe comparison of control vs

tlanagenic mice for each category are based on Student’s 1 test

with or without each of the antibodies described above were used
as controls for the purposes of establishing gates and for the
determination of the frequency of positive cells,

Statistical analysis. Data obtained by flow cytometry were
analyzed by Student’s ¢ test with GraphPad Prism (version 4.0¢
for Mac OS X; GraphPad Software).

RESULTS

Production of human IL-4 in 1L-4—transgenic mice. Efforts
to construct the 1L-4 ~transgenic mice constitutively synthesiz-
ing human [L-4 finally led to the establishment of mice on each
of the 2 immunodeficient backgrounds expressing either high or
low serum levels of human TL-4 (data not shown). On the basis
of preliminary data obtained on the efficiency of virus replica-
tion, all subsequent experiments were done using only the 2
strains with high serum IL-4 expression levels. We assayed for
levels of human IL-4 in the serum from the IL-4* hu-PBL-5CID
mice and the wt hu-PBL-SCID mice on either the C.B-17-sad or
BALB/cA-dKO background after infection with X4 HIV- 1y 5.
Serum from each of the IL-4 -transgenic mice on either back-
ground contained significant levels of human IL-4 (~800-1800
pg/mL), whereas serum from the control mice on the same back-
ground showed nondetectable levels of human I11-4. These data
demonstrate that the human IL-4 synthesized by the 1L-4 ~trans-
genic mice is generated from the transgene but not from the
human PBMCs transplanted in these mice,

Effect of human IL-4 on the levels of human CXCR4 and
CD4 expression by cells transplanted into mice. Since hu-
man 1L-4 has been previously documented to enhance the ex-
pression of CXCR4 in vitro, experiments were done to examine
the expression of human CXCR4 on transplanted CD4* cells in
the peritoneal lavage fluids from HIV- 1, infected IL-4"* hu-
PBL-SCID mice and control hu-PBL-SCID mice on either the
C.B-17-scid or BALB/cA-dKO background. There did not ap-
pear 1o be any detectable difference in the ahsolute amounts of
cells recovered from the peritoneal lavage fluids from the 11-4

positive or IL-4-negative hu-PBL-SCID mice on either back-
ground (data not shown). Flow cytometry analysis demon-
strated that the frequency of human CD4* cells from the 1L-4-
transgenic C.B-17-scid or BALB/cA-dKO mice was significantly
higher than that from the control mice (table 1). As expected,
there was 4 marked increase in the frequency of CXCR4-
expressing (D4 cells from the [1-4—transgenic mice on either
genetic background relative to that from the control mice (figure
1A and table 1). Thus, these data indicate that human IL-4 pro-
duced endogenously is functional in vivo in terms of its ability to
enhance human CXCR4 expression on CD4 " cells transplanted
into the mice.

Increased frequency of X4 HIV-1-infected cells from IL-4—
transgenic hu-PBL-SCID mice.  Since the constitutive synthe-
sis of buman 11-4 in IL-4—transgenic hu-PBL-SCID mice re-
sulted in the enhanced expression of X4 HIV-1 receptors
(human CXCR4/CD4) on the transplanted cells, we reasoned
that such cells were likely to be more permissive to the infection
and replication of X4 HIV-1. We thus challenged the JL-4-
transgenic hu-PBL-SCID mice and control hu-PBL-SCID mice
bred on the C.B-17-scid or BALB/cA-dKO mice with HIV- 145
Cells obtained from the peritoneal lavage fluids were analyzed
for cell-surface expression of human CD3 (since HIV-1 down-
modulates CD4 expression) and the presence of intracellular
p24. As seen in figure 18 and table 1, although very few if any
CD3* cells from the control or 1L-4-transgenic C.B-17-scid
mice showed p24 expression, there was a > 10-fold increase in
the frequency of CD3* T cells that expressed p24 from the 1L-4 -
transgenic BALB/cA-dKO mice relative to the control mice.
These data suggest that, while transgene-induced human 1L-4
increases the frequency of CD4* CXCR4' T cells transplanted
into both the C.B-17-scid and the BALB/cA-dKO mice, only the
latter demonstrates increased sensitivity to X4 HIV-1 infection
and replication, at least when this assay is used (see below).

High production of X4 HIV-1 in the culture supernatants of
cells from [1-d~transgenic hu-PBL-SCID mice. In an effort

136 = 11D 2008:197 (1 Javuary) * Okume et al

374



ek

!

e BT ma e

fapi

Figura 1.

nd

Enhancement of the expression of CXCAA coraceptor and facilitation of X& HIV-1 infection and replication in hu-PBL-SCID mice by in vivo

production of human interfeukin (IL-4, Groups of hu-PBL-SCID mice, generated from IL-4—transgenic and nontransgenic (control) mice on either the
CB17-scid or BALB/cA-0KQ background, were (njected intraperitoneally with HIV-1y; at —24 h after peripheral biood mononuclear cell (PBMC)
reconstitution. Six to eight days later, peritoneal lavage fluids were harvested lrom mice in each group, and cells were collected from the fluids by
dansity-gradient centrifugation. A, Cells analyzed for the frequency and mean density of human CXCR4 expression on CD4* cells by flow cytometry.
Data for analyzed cells are depictad by a thick ling, and the background control profile is depicted by a thin line and gray shading. The nos. above the
bars represent the percentage of positive cells Data shown are representative of mice in each group from 3 independent expariments B, HIV-1
infectivity. Calls were subjected to flow cytometry after cell-surfage CD3 and intracellular p24 staining. Analyzed data are depicted as dot piots, The
nos. in the graphs indicate the percentage of CO3*p24* calls Data displayed are representative of mice in each group from 3 independent experiments.

to determine the reason for our failure to detect levels of intra-
cellular p24 in the TL-4—transgenic mice on the C.B-17-scid
background and to further support the above finding, peritoneal
lavage fluids were collected from mock- or HIV-1,q, s—infected
IL-4" hu-PBL-SCID mice and, for purposes of control, the HIV-
1y4 s—infected non-IL-4—transgenic mice on the C.B-17-scid
background. The cells were isolated from the peritoneal lavage
fluids, and an aliquot was analyzed for the frequency and the
relative density of human CXCR4/CD4; the remaining aliquot
was cultured in vitro. In addition, the peritoneal lavage fluids
and the culture supernatants of cells at days 1-3 after culture
were assayed for levels of p24 production. As displayed in table 2,
although the frequency of CXCR4*CDA" cells in the 1L-4-
transgenic mice was significantly higher than that in the non-
transgenic mice, the mean fluorescence intensity (MFI) of
CXCR4 expressed by the CD4"* T cells from these mice was not

increased compared with the control (because of an increase in
the frequency of CXCR4°CD4 " cells with relatively low MFI; see
figure 14). Analysis of levels of synthesized p24 demonstrated
marked differences, as shown in figure 2. Thus, although the
amounts of p24 produced were modest in the peritoneal lavage
fluids and the cell-culture supernatants from HIV-1-infected
control mice, the levels of p24 produced by those from HIV-1-
infected IL-4—transgenic mice were strikingly higher (15,429,
11,844, 1696, and 53 pg/mL in the supernatants on day 3) (mean,
48.9 vs, 7255 pg/mL; > 100-fold increase). Although the levels of

24 produced by one of the IL-4-transgenic mice (mouse 12)
were similar to those in the control mice, this was likely due to
the much lower relative level of human IL-4 (354 pg/mL in se-
rum) produced by mouse 12 than those from the other 3 IL-4-
transgenic mice (4227, 6313, and 2356 pg/mL in serum). The
present data not only document the fact thar the cells from these

Table 2. Effect of the CXCR4 antagonist KRH-1636 on the expression of human CXCR4 by CD4* cells from X4
HIV-1-infected interleukin (IL}-4-transgenic hu-PBL-SCID mice.
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NOTE. Cantrol or IL-4 ~transgenic hi-PBL-SCID mice on the C B-17-scid background infected with X4 HIV-1,,,5 wers adminis-
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Figure 2. Efficient infection of interleukin (IL}-4—producing hu-PBL-SCID mice with X4 laboratory strain and an inhibitory effect of the CXCRA
antagonist KRH-1636 on infection Twelve IL-4-transgenic and 4 nontransgenic {control) hu-PBL-SCID mice were generated on the CB-17-sc/d
background Among them, 8 IL-4—transgenic and 4 control mice were infected intraperitoneally {ip) with the X4 laboratory strain (HIV-1,.,,) and 4
IL-4—transgenic mice were mock-infected at 1 day after engraftment To evaluate the sffect of KRH-1636, this drug was administered ip twice, at 1 h
tefore and 1 day after infection of 4 IL-4-transgenic mice (NL4-3 + KRH-1638). At B days after infection, peritoneal lavage fuids were obtained from
tha mice in each group. Cells were isolated from the fluids and cultured in IL-2—containing medium, Levals of HIV-1 p24 in the peritoneal lavage fluids
{A) and culture supernatants at days 1-3 after incubation (B) were quanttated for infectiity and replication efficiency by ELISA. With regard to the
data on mock-infected mice, only 2 of 4 representative data are presanted. The nos. listed above the bars in the graph indicate levels of HIV-1 p24
when it was datectable on day 3 [most of the valuas wera <<200 pg/mL, and select samples showed values of 2000 pg/ml). Pound signs (#) indicate

mouse nos. Results shown are representative of 3 independent experiments

IL-4-transgenic C.B-17-scid mice are susceptible but also dem-
onstrate that the virus from such cells is replication competent.
In addition, these findings suggest that the use of intracellular
p24 levels is not a sensitive enough technique and that data using
the intracellular p24 assay need to be carefully evaluated. These
data also indicate that the IL-4~transgenic hu-PBL-SCID mice
provide ¢ powerful model for the study of X4 HIV-1 infection
independently of the genetic background of the mice.
Inhibitory effect of the CXCR4 antagonist on infection of
1L-4~transgenic hu-PBL-SCID mice with the X4 laboratory
strain. Inan effort to further validate thatthe CXCRA4 corecep-
tor was indeed used by the X4 HIV-1 virus in the 1L-4~trans-
genic hu-PBL-SCID mice, we used the X4 virus-entry inhibitor,
CXCR4 antagonist KRH- 1636, Thus, the IL-4—transgenic hu-
PBL-SCID mice on the C.B-17-sad background were infected
with X4 laboratory strain HIV-1yy, s and were either mock
treated or treated with KRH-1636, and the peritoneal lavage flu-
ids, cells in fluids, and cell-culture supernatants were examined
as described above. As shown in table 2, the frequency of
CXCR4*CD4* cells in KRH-1636-treated 1L-4 —transgenic
mice was marginally lower than that in mock-treated IL-4-
transgenic mice. In addition, the MFI of CXCR4 expression by
the CD4° T cells was clearly reduced by KRH-1636 administra-
tion. Importantly, treatment with KRH- 1636 almost completely
blocked X4 HIV-1 infection in these IL-4 -transgenic mice (fig-
ure 2). These data indicate that X4 HIV -1 infection in transgenic
mice is CXCR4 dependent and that our mouse model can be
used to develop and test new anti-X4 HIV-1 drugs in vivo.
Therapeutic effect of KRH-1636 on the infection of IL-4-
transgenic hu-PBL-SCID mice with MDR clinical isolates.
The appearance of MDR HIV-1 clinical isolates has been and
continues to be one of the growing problems in a significant

number of patients receiving HAART and seriously limits the
use of the antiviral drugs that are currently available. Thus, the
development of novel adjunct or alternative therapeutics is an
urgent need. Since treated patients tend to harbor significantly
higher levels of either dual/mixed or X4 viruses [23] and since
MDR isolates are not usually refractory to new treatment with
drugs from classes that huve not been used previously in patients
from which the viruses were derived, we finally wanted to exam-
ine the effect of KRH-1636 on MDR HIV-1 infection in [L-4-
transgenic hu-PBL-SCID mice. For this experiment, we used the
1L-4 —transgenic BALB/cA-dKO mice instead of the IL-4 —trans-
genic C.B-17-scid mice, because the former seems more permis-
sive to X4 HIV-1 infection than the latter. as described above.
Before the in vivo study, we confirmed that the in vitro infection
by 3 MDR clinical isolates could be inhibited with KRH-1636
(more than —90% inhibition at the 5-pmol/L level). Thus,
groups of IL-4-transgenic hu-PBL-SCID mice were infected
with a mixture of these selected MDR isolates containing equal
1U of each virus and treated with KRH- 1636 or the tartrate car-
rier control. Thereafter, the cells obtained from the peritoneal
lavage fluids were analyzed for the expression of cell-surface hu-
man CD4, CD3, and intracellular p24. The serum, peritoneal
lavage fluids, and supernatants following in vitro culture of the
cells for 24 h were assayed for levels of p24 production. Flow
cytometry analysis after CD4 staining demonstrated asignificant
declinein CD4* T cells in 2 {mouse 7 and mouse 8) of 4 control-
treated mice (figure 3A; top profile shows data from 1 of these 2
mice), which was likely due to MDR HIV-1 pathogenesis. How-
ever, importantly, no detectable depletion of CD4" T cells was
observed in any of 4 KRH- 1636 -treated mice (figure 3A; bottom
profile). As summarized in table 3, the difference in the fre-
quencyof CD4 ' T cells between the control-treated mice and the
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Figure 3, Prophylactic effect of KAH-1635 on infection and pathogenesis by multidrug-resistant (MDR) HIV-1 clinical isolates. Eight interleukin (IL}-4—
transgenic hu-PBL-SCID mice (BALB/cA-dK0) were infected intraperitoneally (ip) with a mixture of MOR HIV-1 clinical isolates at 1 day after human peripheral
blood mononuciear cell tansfer. In an effort to assess the effect of KRH-1636 on HIV-1 infaction, this agent or tartrate (control drug) was administered to 4
mice per roup ip twice, 8t 1 h before infection and 1 day after mfection. At 7 days after infection, serum and peritoneal lavage fuids were harvested from
mice in each group, and cells were collected from the fluids. A Cells examined for human CD4 expression by cell-surface staining and standard flow cytometry.
Representative data from a single mouse from the control-treated or the KRH-1636-treated HIV-1-infected mice are shown. The frequency of CD4* T cells
s depicted by a thick ling, and the background control is depicted by a thin line with gray shading. The nos. above the bars indicate the percentage of positive
calis. B Aliquot of the peritoneal lavage cells analyzed by flow cytometry for the frequency of CD3* T cells that were positive for the intracellular presence
of HIV-1 (24, Representative data of cells from the control-treated and the KRH-1636-treated HIV-1-infected mice are shown. The nos. in the graphs indicate
the percentage of CO3*p24* cells. € Concentrations of p24 in serum and peritoneal lavage fluid. Concentrations were determined by ELISA to quantify MDR
HIV-1 infection and replication efficiency. Pound signs (#) indicate mouse nos. [, Levels of in vitro p24 production. The remaining cells were cultured in a
microtiter plate containing IL-2* medium for ~24 h, and the culture supematants obtained were assayed for levels of in vitro p24 production by ELISA. Pound
signs {#) indicate mouse nos. Results shown are rapresentative of 3 similar independent experiments

KRH-1636-treated mice was not significant. However, the MF1  edly inhibited in the KRH-1636-treated mice, compared with
of CD4 expression was significantly decreased in the control- that in the carrier-treated control mice (figure 3B and table 3).
treated mice (229.3 vs. 296.3; P < .05). Results of CD3/p24 Furthermore, levels of HIV-1 p24 in the serum samples, perito-
staining showed that the frequency of CD3" p24* cells was mark- neal lavage fluids, and culture supernatants from the KRH-

Table 3. Effect of KRH-1636 on infection and pathogenesis by multidrug-resistant (MDR} HIV-1 clinical
isolates in interleukin (IL}-4-transgenic hu-PBL-SCID mice,

BALB/cAdKO X4 HIV- CXCR4 Mice, CDa* T
mice infection  antagonist  no. cells, % P

'IL transgenic MH KRH-1 4 - N3z 15,?

NOTE. |L-4-transgenic hu-PBL-SCID mice on the BALB/cA-dKO background were infected with MDR HIV-1 clinical isolates and
administered tartrate {control) or KRH-1638, Cells in peritoneal lavage fluid from the mice in aach group were stained with appropriate
manaconal antibodies and analyzed by flow cytometry, as described in Mathods. Data shown here are maan = SD values. MFI,
mean fluorescance intensity. NS, not significant The indicated P values for the comparison batween control mice and mice that
recetved KRH-1636 are based on Student’s 1 test
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1636 —treated HIV-I-infected mice were almost completely re-
duced relative to those in the comrol mice (figure 3C and 3D).
Note that the failure to detect the in vitro production of p24 in
mouse 7 might result from depletion of CD4* T cells ( figure 3D).
These data demonstrate that the CXCR4 antagonist KRH-1636
has a marked degree of prophylactic effect on infection with
pathogenic MDR clinical isolates in vivo.

DISCUSSION

Humanized mice that have served as valuable small animal mod-
els include the SCID-hu Thy/Liv mouse [24-28]. This mouse
model, generated by implanting human hematopoietic tissues
(human fetal thymus/liver) under the kidney capsule, has been
used for the study of HIV-1 and is known for permissiveness to
X4 HIV-1 infection [26-28]. However, the use of this model is
limited by the fact that the implants are of human fetal organ
origins that are not easily available. On the other hand, the hu-
PBL-SCID mouse model provides another surrogate in vivo
HIV-1 infection assay system. Although this model has led to a
number of successful studies of HIV-1 [8-14], there was still a
limitation in that it was difficult 1o demonstrate X4 HIV-1 infec-
tion and replication in such mice. Thus, 1o add extra value to the
use of this mouse system for the study of HIV-1, in the present
study we developed novel human IL-4-transgenic hu-PBL-
SCID mice that enable CXCR4-using HIV- 1 strainsto efficiently
infect and replicate in these mice.

Human J1-4 has low homology with murine IL-4 both at the
gene and protein levels, accounting for the lack of cross-
reactivity of this cytokine in the 2 species in vitro [29-32]. Re-
sults of the experiments reported here indicate that the high ef-
ficiency of X4 HIV-1 infection in the 1L-4 -transgenic hu-PBL-
SCID mice was, at least in part, secondary to enhanced
expression of viral receptors induced by human IL-4 synthesized
endogenously. Interestingly, although there was noapparentin-
crease in the number of cells recovered from the engrafted trans-
genic mice, there was a significant increase in the number of
CD4" T cells recovered (1.5-3-fold). It is thus possible that the
other cell lineages migrate from the peritoneal cavity to other
tissues of the mice, resulting in enrichment of the CD4" T cell
lineage. However, further studies of other tissues are needed to
clarify this issue. Furthermore, our preliminary experiments in-
dicate that the IL-4—transgenic hu-PBL-5CID miice remain per-
missive to R5 strain infection (data not shown).

In this report, we created 2 types of novel hu-PBL-SCID mice
by transplanting human PBMCs into IL-4 ~transgenic C.B-17-
scid and BALB/cA-dKO mice. The data obtained show that hu-
PBL-SCID mice using the 1L-4—producing BALB/cA-dKO mice
appeared more permissive to X4 HIV-1 infection than did those
using the 1L-4 —producing C.B-17-scid mice, at least as deter-
mined by the presence of intracellular p24. Although the reasons
for this difference remain to be determined, it should be noted

that, whereas the BALB/cA-dKO mice were derived by double
mutation with defects in bath the recombinase-activating gene 2
(Rag-2) and the gene encoding the ¥, chain of select cytokine
receptors [ 19, 20], the C.B-17-scud muce have only the Rag-2
mutation [ 18]. Thus, although the Rag-2 mutation prevents the
normal maturation of T and B lymphocytes, the ¥, chain muta-
tion abrogates the expression of functional receptors for IL-2
and other cytokines, preventing the expansion of lymphocytes,
including NK cells, which play an important role in the innate
immune response such as nonspecific rejection of xenogeneic
grafts, Itis thus possible that the C.B- 17-scid mice maintain a low
but significant residual level of NK cell function, which may play
a role in the difference noted above even though they were ad-
ministered significant levels of anti-1L-2Rf antibody. Since the
BALB/cA-dKO mice are completely deficient in NK cell lineage
and function, they are more immunodeficient than the C.B-17-
scid mice, suggesting that the level and type of immunodefi-
ciency in the BALB/cA-dKO mice may facilitate better engraft-
ment and more efficient viral infection and propagation within
these mice. These select defects of the BALB/cA-dKO mice might
render the IL-4-transgenic mouse model on this background
more valuable and ideal for studies of X4 HIV-1.
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