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Fig. 1. A schematic diagram of the full-length moPrP and the site-directed spin labeling (SDSL) technique. (A) The full-length moPrP and the target
region for SDSL~ESR. The full-length moPrP consisted of 208 amino acids (residues 23-231). The N-terminal domain is largely flexible and has four
octapeptide repeats. The C-terminal domain is comprised of three a-helices (H1, H2, and H3) and two B-sheets (S1 and $2). moPrP contains five Cu?*-
binding sites, two cysteines (codons 178 and 213) forming one disulfide bond, two N-glycosylation sites (codons 180 and 196), and one GPI anchor (C-
terminal end). The targets of cysteine mutation are 17 amino acids at H1, S1, and S2. (B) The reaction of the methanethiosulfonate spin-labeling reagent

with the cysteine residue generates the nitroxide side chain (R1) on moPrP.

(Helix1, Helix2, and Helix3) and two short anti-parallel
B-sheets (Sheetl and Sheet2) [1,5,6]

Though the precise mechanism of conversion from PrP¢
to PrP% is still unknown, the accumulation of PrP% in
endosomes, the main intracellular acidic organelles, indi-
cates that the process of conversion from PrP® to PrP°
requires physiological acidic pH conditions [7-9]. Recent
circular dichroism (CD) spectroscopic studies showed that
acidic conditions in the presence of a denatured agent
induce a B-sheet-rich intermediate in human (90-231) and
mouse PrP (121-231) in vitro [7,10,11]. The study, which
used antibodies to probe the structure of recombinant
Sylian hamster PrP (residues 90-231), indicated that the
conformation of epitopes localized in the C-terminus was
insensitive to pH, whereas that of the N-terminus was sen-
sitive [12]. NMR measurement of the full-length human
PrP showed that the octapeptide repeats in the N-terminal
domain constituted pH-dependent PrP oligomerization;
however, this was not detectable around pH-sensitive
regions in the C-terminal domain [13]. In contrast, studies
using molecular dynamics (MD) simulations proposed the
presence of a pH-sensitive region in the C-terminal globu-
lar domain on Sylian hamster PrP 109-219, human PrP
125-228, and bovine PrP 124-227 [14,15]. In fact, high res-
olution NMR and the thermal stability of the globular
domain of truncated prion protein (hPrP 121-230) suggest-
ed that the residues at the C-terminal end of helix1 and res-
idues 161-164 of B-strand2 were candidates for the
“starting point” of pH-induced unfolding and implicated
in endosomic PrPC to PrP% conformational transition

resulting in TSEs [16]. However, for the full-length PrP€,
there is no experimental evidence that low pH induces a
conformational change in the globular region of PrP.

Recently, site-directed spin labeling (SDSL) combined
with electron spin resonance spectroscopy (ESR) has prov-
en to be a useful technique for protein structural and
motional analyses, such as determination of the secondary
structure and its orientation, areas of tertiary interactions,
and domain mobility [17-20]. The data of SDSL-ESR are
applicable for conformational analysis of high molecular
weight proteins, whereas NMR and X-ray crystallographic
methods are impossible to use for such analysis [17]. In
SDSL, the nitroxide side chain (R1) derived from a sulfhy-
dryl-specific nitroxide agent such as a methane thiosulfo-
nate spin label (MTSSL) is introduced into the target
codon in the protein sequences by using site-directed muta-
genesis (Fig. 1B). Recently, by using this cysteine-scanning
spin labeling method to obtain structural information on
erythroid o and P spectrin peptides, which are not easily
studied by either NMR or X-ray methods, a new amphi-
pathic nature of the helical regions, which is critical in of§
spectrin association at the tetramerization site, was report-
ed by Mehboob et al. [21], indicating that this technique is
a powerful tool for monitoring the structure and dynamics
of proteins. We have also applied this method to obtain
biophysical information on moPrP and reported the ther-
mal stability and pH-dependent mobility changes in three
recombinant moPrP mutations (N96C, DI143C, and
T189C) labeled with MTSSL on the full-length prion pro-
tein [22].
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In the present study, we used the cysteine-scanning spin-
labeling method to analyze the dynamics of recombinant
- moPrP mutants that were singly labeled at 17 residues in
o-helix] (HI, codon 143-151), B-sheetl (Sl, codon
127-130), and B-sheet2 (S2, codon 160-163). We
determined the locations of the pH-sensitive protein
sequences in the H1 and S2 regions.

Materials and methods

Materials. (1-Oxy-2,2,5,5-tetramethyl-3-pyrroline-3-methyl) methane-
thiosulfonate (MTSSL) was purchased from Toronto Research Chemicals
(ON, Canada). Escherichia coli BL21(DE3)LysS and isopropylthio--b-
galactoside (IPTG) were from Invitrogen (CA, USA). Ni Sepharose 6 Fast
Flow was from Amersham Biosciences Co. (NJ, USA). The TSKgel
Phenyl-5SPW RP column was from TOSOH (Tokyo, Japan). The Protein
Assay Lowry Kit was from Nacalai Tesque, Inc. (Kyoto, Japan). 2-[4-(2-
Hydroxyethyl)-L-piperazinyl}ethanesulfonic acid (HEPES) and 2-mor-
pholinoethanesulfonic acid, monohydrate (MES) were from Dojindo,
Lab. (Kumamoto, Japan). Other reagents were from Wako Pure Chemi-
cal, Co. (Tokyo, Japan).

Construction of moPrP mutants. cDNA encoding mouse PrP (residues
23-231) was cloned into BamHI/EcoRI sites of pRSETb as described
previously {22.23]. In the plasmid encoding moPrP, single amino acids at
H1, 81, and 82 were substituted for by cysteine residues (Fig. 1A). These
moPrP mutants were generated by the PCR-based site-directed muta-
genesis method [22,24]. Oligonucleotides used in the mutagenesis were
obtained from Sigma Genosys. The change of the target codons by cys-
teine residues was confirmed using a CEQS8800 automated sequencer
(Beckman Coulter, Inc.).

Expression and purification of recombinant moPrP mutants. The
expression and purification of recombinant moPrP mutants were modified
from those described previously [22) The expression plasmids were
introduced into E. coli BL21(DE3)LysS. E. coli BL21(DE3)LysS with each
moPrP construct was grown overnight in 100 ml SOB liquid culture
medium containing 1% sucrose, 0.1 mg/ml ampicillin, and 0.05 mg/ml
chloramphenicol at 37 °C. Then 15 ml of overnight culture was added to
450 ml SOB medium with 1% sucrose, 0.1 mg/ml ampicillin, and 0.05 mg/
ml chloramphenicol and grown at 37 °C to an optical density at 600 nm of
0.7. Protein expression was induced by adding IPTG to a final concen-
tration at 0.5 mM. The culture was continued for 7 h and then bacterial
cells were collected by centrifugation. The bacterial pellets were suspended
in 6 M GdnHCl in 20 mM Na,HPO, (pH 7.8) and sonicated to completely
release the inclusion bodies from BL21(DE3)LysS transformed with
expression plasmids. Separated inclusion bodies in 6 M GdnHCl in
20 mM Na,HPO, (pH 7.8) were incubated with Ni*"-charged chelating
Sepharose for 1 h to purify the recombinant moPrP. The protein-bound
Sepharose was washed 2x with 8 M urea in 10 mM Tris/HCl and 100 mM
NaH,PO, (pH 6.2), and then loaded into the column. The recombinant
moPrP was eluted using 8 M urea in 10mM Tris/HCl and 100 mM
NaH,PO, (pH 4.2). After dialysis against 10 mM acetate buffer (pH 4.0)
for 48 h, recombinant moPrP was purified by reverse-phase high perfor-
mance liquid chromatography (HPLC) using TSK gel Phenyl-SPW RP and
a 40-60% linear gradient of acetonitrile with 0.05% trifluoroacetic acid.
The purified recombinant moPrP was dialyzed against 10 mM acetate
buffer (pH 4.0) for 48 h, concentrated with a centrifugal concentr/a\tor
(Vivascience) to approximately a quarter of its original volume, and then
stored at —80 °C until use. The protein concentration was quantified with
the Lowry protein assay using BSA as a standard [25] The final protein
purity (>98%) was confirmed by sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) and Coomassie brilliant blue staining.

Spin-labeling of moPrP mutants. To label the moPrP mutants with
MTSSL, a 10-fold molar excess of MTSSL was added to each protein and
incubated overnight in the dark at 4 °C. The free MTSSL was removed
from the protein using a microdialyzer (Nippon Genetics). To confirm that
the o-helix content of spin-labeled moPrP mutants was similar to that of
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wild-type moPrP, we used a far-UV CD spectropolarimeter (J-820, JAS-
CO) [21). The sample was diluted to 0.3 mg/ml protein concentration and
scanned using a scan speed of 50 nm/min and a response time of 2 s. In all
mutants, the two minima (208 and 220 nm), typical of a mainly o-helix-
structure protein, were clearly observed and there were no differences in
the o-helix content between wild-type moPrP and spin-labeled moPrP
mutants [232.26].

ESR spectroscopy. Details of the ESR spectroscopy methods have been
published elsewhere [22]. The pH change of the sample solution was
carried out by dialysis of the sample against the three buffers, 16 mM
acetate buffer (pH 5.0), 10 mM MES buffer (pH 6.4), and 10 mM Hepes
buffer (pH 7.4). ESR spectra were recorded in a quartz flat cell (RST-
DVTO05; 50 mm x 4.7 mm x 0.3 mm, Radical Research) for spin-labeled
samples of 20 pM moPrP using a JEOL-RE X-band spectrometer (JEOL)
with a cylindrical TEO11 mode cavity (JEOL). All ESR spectra were
obtained at 20 °C, controlled by a temperature controller (ES-DVT4,
JEOL), under the following conditions: 5 mW incident microwave power,
100 kHz modulation frequency, 0.2 mT field modulation amplitude, and
10mT scan range. The 1/8H, of the central component M=0: "N
hyperfine) in the ESR spectrum of spin-labeled moPrP© was employed as a
mobility parameter and was further analyzed using a Win-Rad Radical
Analyzer System (Radical Research). To reveal the motional change upon
pH variation, we further examined the second moment <H>>, a measure
of spectral deviation due to the motional narrowing (or broadening) of
ESR spectra. The second moment was estimated numerically with the
Win-Rad System.

Results

Mobility change with pH: ESR spectral features from
moPrP¢

Fig. 2A shows the ESR spectra from recombinant full-
length moPrP mutants in the H1 region at pH 7.4 at 20 °C.
Each ESR spectrum from the nine mutants in the H1 region
of moPrP showed a different line shape (Fig. 2A). In general,
the ESR spectra from H1 region indicate mobile signals with
small immobile contributions. The ESR spectra obtained
from E145R1 and Y149R1 showed line broadening as com-
pared with those of D143R1 or R150R1, indicating the
immobility of the nitroxide probe in E145R1 and Y149R]1.
To obtain detailed mobility information, we measured the
inverse of the peak-to-peak first derivative width of the cen-
tral resonance (1/8Hy) in each ESR spectrum in the H1
region, since it has been reported by Hubbell et al. that
1/8H, from the ESR spectrum as a mobility parameter is
strongly correlated with the local environment of the protein
domain structure[17]. The values of 1/6H, obtained from the
ESR spectra of D143R1, R147R1, R150R1, and E151R1
were approximately 4.07, 2.82, 3.50, and 3.35, respectively.
On the other hand, those obtained from the ESR spectra
of E145R1 and Y149R1 were approximately 2.19 and 2.75,
respectively. The plotted data of 1/8H, shown in Fig. 2B
indicate the periodical changes in the H1 region. In the S1
region, the ESR spectrum of M129R 1 was slightly narrower
than those of the other positions in S2 (Fig. 3A) and the
1/8H, (3.20) of the M128R I mutant was slightly higher than
those of Y127R1 (2.86), L129R1 (2.88), and G130R1 (2.84)
(Fig. 3B). In the S2 region, there were no differences in the
line shapes of the ESR spectra of V160RI, Y16IR1,
Y162R1, and R163R1 (Fig. 4A), and the values of 1/8H,
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Fig. 2. ESR spectra of a-helix1 (H1) mutants and effects of pH on their line shapes. (A) ESR spectra of nine moPrP mutants at pH 7.4 (black line) and pH
5.0 (red line) were recorded using an X-band ESR spectrometer at 20 °C. (B) The pH-dependent changes in domain mobility of moPrP mutants. The
values of 1/5H obtained from the peak-to-peak central component (M;=0) in the ESR spectra of spin-labeled moPrPC at H1 were plotted as a function of
pH. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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Fig. 3. ESR spectra of B-sheetl (S1) mutants and effects of pH on their line shapes. (A) ESR spectra of four moPrP mutants were recorded at pH 7.4
{black line) and pH 5.0 (red line) at 20 °C. (B) The values of 1/8H, of the nitroxide probes of S1 mutants are plotted as a function of pH. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

from the ESR spectra of these four mutants ranged from 2.1
to 2.3, indicating that the nitroxide probesin S2 were strong-
ly immobilized in comparison with those in S1 (Fig. 4B).

pH-induced conformational changes in moPrP€

Since it has been suggested that acidic pH is involved in
the conformational transition from PrP€ to PrPS° [7-9], we

examined the effects of pH changes on the line shapes of
ESR spectra of moPrP€ as shown in Figs. 2A. 3A, and
4A. In the H1 region, each mutant showed a different pat-
tern for the variation of the ESR spectrum during the
reduction of pH. When pH in the solution decreased from
pH 7.4 to pH 5.0 at 20 °C, there was no significant change
in the ESR spectrum of D143R1, but the ESR spectrum of
E145R! became narrow, indicating a pH-dependent
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Fig. 4. ESR spectra of f-sheet2 (S2) mutants and effects of pH on their line shapes. (A) ESR spectra of four S2 mutants at 20 °C and pH 7.4 (black line)
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colour in this figure legend, the reader is referred to the web version of this article).

conformational change from a rigid to a flexible structure.
In contrast to this, the decrease of pH-induced line broad-
ening in the ESR spectra of R150R1 and R151R1. In the
B-sheet regions, no pH-dependent changes in the line
shapes of ESR spectra of S1 were observed (Fig. 3A). How-
ever, the decrease of pH-induced narrow line shapes in the
ESR spectra of VI60R1 and Y161R1 in S2.

Figs. 2B, 3B. and 4B show the pH-dependent changes of
1/8H, from ESR spectra in various regions at 20 °C. In the
H1 region, the value of 1/8H, of D143R1 at pH 5.0 was
similar to that of pH 7.4. However the 1/6H, of E145R 1
increased from 2.2 to 2.5 when the pH in the solution
slightly changed from 7.4 to 6.4 and remained constant
at the high level of pH 5.0. The values of 1/6H, of
DI146R1 and R147R1 also slightly increased at pH 6.4 in
comparison with pH 7.4. In contrast, the values of 1/6H,
of R150R 1 and E151R1 decreased when the pH in the solu-
tion decreased from 6.4 to 5.0. On the other hand, the pH-
dependent change in 1/8H, was not observed in the SI
region. The values of 1/8H, of VI60RI1, Y16IR1,
Y162R1, and R163R1 in the S2 region increased when
pH in the solution decreased from 6.4 to 5.0, but the chang-
es in 1/8H, of Y162R1 and R163R1 resulting from a
decrease of pH from 6.4 to 5.0 were relatively small.

Discussion

Structural studies by NMR of recombinant hPrP
(23-230) [13.27], moPrP (23-231) [28], and hamster PrP
(29-231) [29] revealed a highly flexible N-terminal octapep-
tide repeat region and C-terminal global region. Figs, 5B
and C shows global features of the refined NMR structure
of the C-terminal globular region, moPrP (121-231), as
reported by Riek et al. [30]. Prion proteins in the cell are
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attached to the plasma membrane via a glycosyl phospha-
tidylinositol (GPI) anchor and localized in membrane lipid
rafts [1,31]. Lipid rafts, which are rich in spingolipids and
cholesterol, are associated with endocytosis. Endosomes
and lysosomes are typical acidic organelles [32], their lumi-
nal pH is formed by vacuolar type proton ATPase (V-
ATPase) and varies between 6.5 and 4.5 [33,34]. Many past
studies demonstrated the relationship between the pH of
intracellular acidic compartments and conversion from
PrP€ to PrP%° [7-16,35). Recently, the in vivo conversion
of human brain PrP€ to a PrP%.like form was reported
to be enhanced at acidic pH [36] and biophysical studies
have shown that the free energy of unfolding of hPrP
(90-231) is lower at acidic pH than at neutral pH [10]. A
B-sheet-rich folding intermediate was observed for moPrP
(121-231) at low pH in urea but was also seen at neutral
pH [37]. The mechanism for pH-dependent structural
changes of prion protein was reported in molecular dynam-
ics (MD) simulation studies [14,15,38]. On the other hand,
experimental data about the pH-sensitive region of prion
proteins seem to be insufficient although there was one
report suggesting that the C-terminal end of Helix] and
161-164 of S2 have a larger tendency to unfold as revealed
by NMR with amide proton protection factor mapping of
the globular domain of PrP [16].

The SDSL-ESR technique can be used to analyze high
molecular weight proteins for which NMR spectroscopic
and X-ray crystallographic methods are not generally
applicable [17-20]. In the present study, we employed the
SDSL-ESR technique to obtain experimental information
on pH-sensitive regions of recombinant moPrP®. Hubbell
et al. first used the inverse of peak-to-peak first derivative
width of the central resonance (1/8Hy) of the ESR spec-
trum as a mobility parameter [17], We also measured the
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Fig. 5. The dependency of the mobility parameters of the ESR spectrum on the 3D structure of PrP and identification of pH-sensitive regions of PrP. (A)
The general relationship between the mobility of the nitroxide side chain and salient features of the moPrP. The inverse spectral second moments (1/<H>>)
and the inverse central linewidths (1/6Ho) for the R1 side chain at 17 sites in moPrP are expressed as semiempirical parameters of mobility. The
topographic regions of moPrP were classified into four protein folding categories; i.e., the helix surface site, the helix tertiary contact site, S1 (the surface
side), and S2 (the buried side). The light gray line shows the regression linear fitting between these two mobility parameters. The value, r=0.80 (n=17) of
Pearson’s correlation coefficient obtained from these two parameters, was greater than the 1% significance value, r=0.606 (n==17), indicating that the
reciprocal central linewidth was positively correlated with the inverse of the spectral second moments. (B) The variation of mobility obtained from ESR
spectra of recombinant moPrP mutants in physiological conditions (pH 7.4). Each o-carbon position indicated by graduated colors for relative mobility
was superimposed on the 3D structure of moPrP as reported by an NMR study (PDB entry LAG?2, {287). (C) The 3D positions of pH-sensitive regions of
PrP. The magnitude of mobility change induced by a decrease from pH 7.4 to pH 5.0 was qualitatively evaluated. Each o-carbon indicated by graduated
colors for relative pH sensitivity was superimposed on the 3D structure of moPrP as reported by an NMR study [28) (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article).

1/8H, in ESR spectra at pH 7.4 and 20 °C. Figs. 2B, 3B,
and 4B show the values of 1/8H, obtained from the cys-
teine-scanning SDSL-ESR data of H1, S1, and S2, respec-
tively. In the H1 region, a periodical change of 1/8H, was
observed. In comparison with the 3D structure of moPrP
as estimated by NMR data, shown in Fig. 5B, highly
mobile residues of the nitroxide probe in DI143R1,
R147R1, and RI50R1 were located on the outer surface
of H1, whereas low mobility residues such as E145R1
and Y149R1 were in the inner contact residues of HI.
These variations of mobility in the nitroxide probe were
well correlated with the 3D helix structure of moPrP. On
the other hand, the fluctuation in the values of 1/8H, of
the S1 region in neutral pH solution of moPrP was small,

although the value at M128R 1 was observed to be relative-
ly high (Fig. 3B). Furthermore, the values of 1/8H, of the
S2 region were lower than those of the S1 region (Figs. 3B
and 4B). The 3D structure of moPrP identified by NMR
(Fig. 5B) showed that the S2 region was located in the bur-
ied structure close to H2 and H3, whereas the S1 region
was located in the relatively outer side of moPrP. The dif-
ference of mobility between S1 and S2 regions can proba-
bly be explained by the difference of the tertiary structure
of moPrP. To define the relationship between structure
and mobility, with the aid of 1/8H,, it is convenient to
employ a further semiempirical parameter for mobility
reflected in ESR spectra: namely the spectral breadth,
which is represented by the spectral second moment
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(<H>>) [39]. The numerical values of these quantities are
mainly determined by the degree of averaging of magnetic
tensor values. As the frequency of nitroxide rotational
motion is lowered, the second moment and the line width
increase. Fig. 5A shows a plot of the reciprocal second
moment (1/<H?>) versus the reciprocal central line width
(1/3Hp) for the spectra of R1 side chains representing the
helix surface, helix tertiary contact, and two B-sheets (S1
and 82). As shown in Fig, 5A, the mobility was consistent
with the tertiary fold of moPrP and there was a linear cor-
relation between these two parameters. These results indi-
cated that these parameters were related to the 3D
structure of PrP.

Since recent reports [7-16,35] showed that exposure of
prion proteins to low pH in endosomes was essential for
the conversion from PrP€ to PrP%, we tried to identify
pH-sensitive regions by using the cysteine-scanning spin-la-
beling technique as described above. In the HI region, we
observed increases of 1/6H, at E145R1, D146R1, and
R147R1 when pH was decreased from 7.4 to 6.4 (Fig, 2).
The values of R150R1 and E151R1 at pH 6.4 were similar
to those at pH 7.4, but these values suddenly dropped when
the pH in the solution changed from pH 6.4 to pH 5.0 as
shown in Fig. 2B. In PB-sheet regions of PrP, as shown in
Fig. 3B, the mobility of SI was conserved against a
decrease of pH. However, the values of 1/8H, at all four
residues of S2 increased when pH was decreased from 6.4
to 5.0 (Fig. 4B). In particular, the region containing two
N-terminal residues of S2, V160R 1, and Y161R 1 was iden-
tified as a more pH-sensitive region than that of C-terminal
side residues of S2. Thus, the pH-sensitive domains, includ-
ing the N-terminal tertiary contact site of H1 and the C-ter-
minal ends of H1 and S2 regions, were identified in
recombinant moPrP as shown in Fig. 5C. It is noteworthy
that a slight decrease from pH 7.4 to 6.4 induced confor-
mational changes in the N-terminal tertiary contact resi-
dues of HI1 (E145R1, DI146R1, and RI147R1) though
conformational changes in the C-terminal end of H1
(R150R1 and E151R1) and N-terminal residues of S2
(VI60R1 and Y161R1) required a large change from pH
7.4 to 5.0. These findings led us to speculate that the con-
formational change from the tertiary contact structure to
a more flexible structure in N-terminal residues of H1
was the first step for unfolding of PrP, followed by second-
ary conformational changes of S2 and the C-terminal end
of HI.

In a previous NMR study of the globular domain (121—
231) of hPrP [16], two domains, the C-terminal ends of the
HI and S2 regions, were identified as the pH-sensitive
regions for acid-induced unfolding leading to a B-sheet rich
structure. In addition to these two sites, the present SDSL~
ESR study clearly demonstrated that the N-terminal region
(E145, D146, and R147) of H1 was also a pH-sensitive
region. The N-terminal tertiary contact region of H1 may
be important for conversion from PrP€ to PrP* in acidic
conditions, since the structural change in this region easily
occurred in a mildly acidic condition (pH 6.4) in compari-
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son with the other two pH-sensitive regions. According to
recent studies using MD simulations for PrP, histidine at
186 and asparagic acid at 177 of PrP were reported to be
candidates for the amino acid residues that trigger the con-
version to B-sheet-rich PrP [38,40]. This conversion model
was based on the 3D structural changes due to disruption
of a salt bridge with protonation of their amino acid resi-
dues caused by a decrease of pH. It is unclear whether these
amino-acid residues were actually associated with pH-de-
pendent conformational changes in H1 and S2 as observed
in the present study. Further experiments to clarify this are
now in progress.

In summary, the present cysteine-scanning SDSL-ESR
study for H1, S1, and S2 of moPrP provided experimental
evidence for three pH-sensitive sites, (1) the N-terminal ter-
tiary contact site of H1, (2) the C-terminal end of H1, and
(3) the S2 region. In particular, the present identification is
the first report on a conformational change in the N-termi-
nal tertiary contact site of H1 induced by mildly acidic con-
ditions. This conformational change may be the first step in
conversion of PrP€ to the pathogenic PrPS® structure in
intracellular acidic organelles.
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Activated B cells function in antibody production and
antigen presentation, but whether they perform any
pathophysiological functions at sites of inflammation
is not fully understood. Here, we report that intrave-
nous injection of an agonistic anti-CD40 monoclonal
antibody (aCD40) causes a biphasic inflammatory
liver disease in inbred mice. The late phase of disease
was suppressed in B-cell-deficient mice and by the
depletion of macrophages, bt not T cells or natural
killer cells. We also report that SCID mice were not
susceptible to «@CD40-induced liver disease unless
they were reconstituted with normal B cells and that
B cells as well as macrophages played key roles in
«CD40-induced late phase of liver inflammation. Fi-
nally, liver disease and the recruitment of inflamma-
tory cells into the liver were mediated by interferon-y
and tumor necrosis factor-a, but not by Fas. In con-
clusion, these results indicate that CD40 ligation can
trigger a B-cell-mediated inflammatory response that
can have pathogenic consequences for the liver. (4m
J Patbol 2006, 168:786-795; DOI: 10.2353/ajpath.2006.05031 4)

B cells produce antibodies that prevent the spread of
infections and perform additional effector functions in-
cluding opsonization, and complement fixation.” B cells
also function as antigen-presenting cells and can secrete
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inflammatory cytokines and chemokines under various
conditions.? Recently, B-cell subsets (termed B effector 1
and 2 cells) that possess distinct cytokine production
profiles have been identified.® These activities suggest
that B cells may be able to regulate the inflammatory
response and attract other inflammatory cells to sites of
infection. Indeed, it has been demonstrated that B cells
participate in the induction of rheumatoid arthritis*® and
contribute to experimental autoimmune encephalomyeli-
tis.® Moreover, centrilobular and portal B-cell: infiltrates
ocour both in autoimmune hepatitis and chronic viral
hepatitis C,”® implying that B cells may also contribute to
the pathogenesis of liver injury in those diseases. The
latter hypothesis has not been tested, however, because
a suitable animal model has not been available.

CD40 is a 50-kd glycoprotein that is present on the
surface of B cells, follicular dendritic cells, monocytes,
and some endothelial, epithelial, and cancer cells.®~'
CD40 plays a crucial role in B-cell proliferation; immuno-
globulin secretion and differentiation;’ T-cell activa-
tion;’ and monocyte, macrophage, and dendritic cell
functions, including their survival and ability to secrete
several inflammatory cytokines.®'? Recent studies have
shown that anti-CD40 («CD40) therapy may have a place
in the treatment of infectious diseases and cancer. For
example, aCD40 induced marked isotype switching and
protective antibody responses to a polysaccharide anti-
gen,” and indirectly activated natural killer (NK) cells
resulting in significant anti-tumor and anti-metastatic ef-
fects.™ Furthermore, CD40 ligation has been shown to
trigger an inflammatory response in the lungs secondary
to activation of bone marrow-derived CD40-positive
cells.’® Finally, CD40 ligation has been shown to in-
duce the secretion of antiviral cytokines that inhibit hep-
atitis B virus replication in the liver of HBV transgenic
mice."?

We recently showed that CD40 ligation induces a bi-
phasic inflammatory disease in the mouse liver that
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peaks on day 1 and again on day 5, and that nuclear
factor (NF)-«B signaling controls this liver inflammation.'®
in the former study, we focused on the mechanisms
responsible for the early (day 1) phase of the disease,
and demonstrated that it was mainly triggered by acti-
vated APCs and mediated by interferon (IFN)-y and tu-
mor necrosis factor (TNF)-a.'” In the current study, we
focused on the mechanisms responsible for the late (day
5) phase of the disease, and discovered a hitherto unex-
pected role for activated B cells in the pathogenesis of
liver injury, although once again the disease is mediated
by IFN-y and the cells it recruits. Our results indicate that
the late phase of inflammatory liver disease induced by
CD40 ligation is a macrophage- and B-cell-dependent
process, and provide new insight into the pathogenic
roles of B cells as effectors of the immune response.

Materials and Methods
Mice

CB6F,/J and C57BL/6 mice were purchased from Japan
SLC (Shizuoka, Japan). SCID and C.B.17 mice were
obtained from Japan Clea (Shizucka, Japan). uMT mice
were obtained from Jackson Laboratory (Bar Harbor,
ME). Fas KO mice™ were generously provided by Dr. S.
Nagata (Osaka University, Osaka, Japan). All animals
were housed in pathogen-free rooms under strict barrier
conditions, and received humane care according to the
guidelines of the Animal Care Committee of Gifu Univer-
sity School of Medicine.

Anti-CD40 and Anti-Cytokine Antibodies

The FGK45 hybridoma producing a rat 1gG2a monoclo-
nal antibody (mAb) against mouse CD40 («CD40) was
kindly provided by Dr. A. Rolink (Basel Institute for Im-
munology, Basel, Switzerland). Mice were injected intra-
venously with either 100 pg of «CDA40 or 100 pg of
purified rat IgG2a (BD Pharmingen, San Diego, CA) as a
control. To neutralize IFN-y and TNF-a, mice were in-
jected intraperitoneally (250 pg/mouse) on days 0 and
+2 with 1) hamster mAb H22 specific for murine IFN-y?;
2) hamster mAb TN3 19.12 specific for murine TNF-o2!
(both generously provided by Dr. R. Schreiber, Washing-
ton University, St. Louis, MO); or 3) control hamster IgG
(Jackson ImmunoResearch, West Grove, PA).

Enzyme-Linked Immunosorbent Assay

Serum IFN~y and TNF-a.concentrations were assayed
using enzyme-linked immunosorbent assay kits (Gen-
zyme Techne Co., Minneapolis, MN) according to the
manufacturer’s protocols.

In Vivo Depletion of CD4™ and CD8™ T Cells,
NK Cells, and Macrophages

To deplete CD4™ and CD8™ T cells, mice were injected
intravenously with rat anti-mouse CD4 (YTS191.1) and rat
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anti-mouse CD8 (YTS169.4) mAb,??2 both kindly provided
by Dr. R. Zinkernagel (University of Zurich, Zurich, Swit-
zerland). To deplete NK cells in the liver, mice were
injected intravenously with rabbit anti-mouse asialo-GM1
antibody (50 pg/mouse) (Wako Pure Chemical, Osaka,
Japan) on days —1 and +2 relative to the «CD40 injec-
tion. Purified rabbit IgG (Sigma-Aldrich, St. Louis, MO)
was used as a negative control. To deplete macrophages
in the liver, mice were injected intravenously (100 pl/
mouse) with liposome-encapsulated dichloromethylene
diphosphonate (L-MDP)?® on days —1 and +2 relative to
the aCD40 injection, kindly provided by Dr. M. Naito
(Niigata University School of Medicine, Niigata, Japan).

Tissue DNA and ENA Analyses

Frozen liver was mechanically pulverized under liquid
nitrogen and total RNAs were isolated for RNase protec-
tion assays (RPA) as previously described.’ All reagents
for RPA were purchased from BD Pharmingen. Specific
signals were detected using a BAS-2500 imaging ana-
lyzer (Fuji Film, Nakanuma, Japan) and a FLA-3000 phos-
phoimager (Fuji Film). The mRNA expression levels
were calculated as relative percentage values of the
.32 housekeeping gene expression by using Image J
soft ware.

Biochemical and Histological Analyses

The extent of hepatocellular injury was monitored bio-
chemically by measuring the serum alanine aminotrans-
ferase (SALT) activity at multiple time points using a
standard clinical automatic analyzer. For histological
analysis, liver tissue was fixed in 10% zinc-buffered for-
malin, embedded in paraffin, sectioned (3 pm), and
stained with hematoxylin and eosin (H&E).

Immunochistochemistry

For immunofluorescent microscopic analyses, liver sec-
tions were fixed with acetone at 4°C for 10 minutes, and
preincubated with 10 pg/ml of rat anti-CD16/32 antibody
(clone 2.4G2, BD Pharmingen) for 30 minutes. The sec-
tions were then incubated with rat anti-mouse B220-PE
(clone RA3-6B2, BD Pharmingen) followed by rat anti-
mouse IgM-FITC (clone R6-60.2, BD Pharmingen) for 1
hour each at room temperature. After each step of the
staining, the sections were washed three times with phos-
phate-puffered saline (PBS) for 10 minutes each. Finally,
the sections were observed using a DMRA fluorescence
microscope and the QFISH software (Leica Microsys-
tems Imaging Solutions, Cambridge, UK).

Liver tissues were treated with biotin conjugated with
ral anti-mouse B220 mAb (BD Pharmingen) followed
by streptavidin biotin-horseradish peroxidase complex
(DAKQ, Glostrup, Denmark). The reaction was visualized
with 0.035% H,0, and 0.03% 3,3'-diaminobenzidine
(WAKO, Tokyo, Japan) in 50 mmol/L Tris-HCI (pH 7.6)
for 2 1o 3 minutes. After 4% formaldehyde fixation,
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specimens were counterstained with hematoxylin and
observed..

{HLs

To isclate intrahepatic leukocytes (IHLs), single-cell sus-
pensions were prepared from liver perfused with PBS via
the inferior vena cava and were digested in 10 mi of RPM|
1640 (Life Technologies, Gaithersburg, MD) containing
0.02% (w/v) collagenase IV (Sigma-Aldrich) and 0.002%
(w/v) DNase | (Sigma-Aldrich) for 40 minutes at 37°C.
Cells were overlaid on 24% (w/v) metrizamide (Sigma-
Aldrich) in PBS. After centrifugation for 20 minutes at
1500 x g, IHLs were isolated at the interface.

Fluorescence-Activated Cell Sorting (FACS)
Analysis

To examine cytokine production in IHLs, isolated |HLs
were cultured ex vivo for 4 hours in Brefeldin A (BD
Pharmingen) and then stained with anti-CD3, anti-NK1.1,
anti-CD11b, anti-CD11c, or anti-B220 (all from BD
Pharmingen). After fixation, the cells were permeabilized
for 30 minutes in 25 ul of PBS plus 0.5% saponin. Anti-
mouse IFN-y, TNF-a-PE, or allophycocyanin (APC) or

" isotype control mAb were added at a final dilution of
1/100, and the cells were incubated for 30 minutes at
room temperature. The cells were washed and re-
suspended in 1 mi of FACS buffer for analysis using a
FACScalibur flow cytometer (BD Immunocytometry Sys-
tems, San Jose, CA).

Isolation of B Cells

B cells were purified by negative selection using a B-cell
isolation kit (Miltenyi Biotec, Bergisch Gladbach, Ger-
many) according to the manufacturer's instructions. The
purified cells were routinely >95% B220+.

Data Ana/ysis

All values in the figures and text ére expressed as the
mean + SD. The significance of differences among mean
values was evaluated according to the Mann-Whitney
U-test. ' '

Results

A Single Injection of «CD40 Causes a Biphasic
Inflammatory Liver Disease

To determine whether «CD40 causes liver injury in inbred
mice, four groups of age- and sex-matched CB6F1 mice
(three mice/group) received an intravenous injection of
aCD40 (100 pg/mouse) or rat igG2a (rat IgG). As shown
in Figure 1, sALT activity was mildly elevated (160 =+ 32
U/L) at day 1, returned to normal (44 = 12 U/L) at day 3,

-163-

S 300 ]
= |
T o250 [ —o— ratlgG
E | A —a— .CD40
=200 H RN
H i
Fomy o, SN

i : i - \J
2 o/ ™~ / N
UMV N N
S 1/ N Saa
5 50 5 s ™
3 e 8 OB}

o : . : v y -
0 1 2 3 4 5 5 7 8
Time {days)

Figure 1. Serum ALT activity. CB6F1 mice were injected intravenously with
100 pg of «CD40 or 100 pg of rat IgG as a control, and sacrificed at the
indicated time points. The mean sALT actvity measured at the tme of
autopsy is indicated for each group and expressed in TU/L.

and then rebounded (242 = 36 U/L) at day 5 after the
injection.

CDA40 Ligation Induces Inflammatory Liver
D/‘sease

To evaluate inflammatory cytokine and chemokine ex-
pressions in the liver after CD40 ligation, RPA analysis of
total liver RNA revealed that «CD40 injection induced
CD3, CD4, and CD8 mRNA expression in the liver on day
1, and progressively increased on days 3 and 5 (Figure
2A). These changes were accompanied by clear bipha-
sic increases in IFN-y and TNF-a levels in the serum
(Figure 2B) and hepatic interleukin (IL)-1, IL-12, CXCL10,
CCL2, CCL4, and CCL5 expression (Figure 2A) on days
1 and 5, reflecting the biphasic increase in sALT activity
described above (Figure 1), although the hepatic IFN-y
MRNA levels were too low to have confidence in their
kinetics. Further, we found that other inflammatory cyto-
Kines, Th2 type- cytokines, -4, IL-5, and IL-6 mRNA
expressions ‘were increased faintly on day 5 although
IL-10 mRNA expression was gradually elevated until day
5. We also found that the expression of F4/80 mRNA (a
macrophage marker®* that is down-regulated on activa-
tion®*-2%) was reduced on days 1 and 5 compared with
the rat IgG control mice, suggesting that intrahepatic
macrophages were also activated by «CD40 at these
time points.®>#° To determine which cell population pro-
duced IFN~y and TNF-& on-day 5 after the «CD40 injec-
tion, we stained intrahepatic racrophages (CD11b™),
dendritic cells (CD11c*), NK cells (NK1.1%), T cells
(CD37), and B cells (B220™) with antibodies against
IEN-y and TNF-a. As shown in Figure 2C, macrophages
and dendritic cells were found to produce TNF-q, in
contrast, IFN-y was produced by NK cells and at lower
levels by T and B cells. We also found that intrahepatic
inflammatory cells, including macrophages, dendritic
cells, and B cells were detected in the liver, indicating
that CD40 ligation induced migration and proliferation of
these cells (data not shown).

Depletion Experiments

To determine the role of T cells in the late (day 5) phase
of aCD40-induced liver injury, mice were treated with
aCD4 and «CD8 mAb or conirol rat IgG before the
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Figure 2. A: Injection of aCD40 causes liver injury. CB6F1 mice were injected intravenously with 100 ug of CD40 and sacsificed at the indicated time points.
Total hepatic RNA was analyzed for various cytokines and chemokines by RPA, as indicated. B: Serum IFN-y and TNF-« concentrations. The serum IFN-y and
TNF-e concentrations were analyzed at the indicated time points after «CD40 injection in CB6F1 mice. The data are expressed as the mean * SD. C: Intracellular
cytokine expressions of IHLs, IHLs were stained with anti-mouse CD3, NK1.1, CD11b, CD11c, and B220-FITC, or anti-mouse IFN-y and TNF-a-PE or APC, and

analyzed using a FACScalibur system.

aCD40 injection. As shown in Figure 3A-1, «CD40
caused liver injury irrespective of the presence or ab-
sence of T cells, suggesting that intrahepatic CD4™ and
CD8* T cells did not contribute to the late-phase liver
injury or affect the recruitment of NK cells, macrophages,
dendritic cells, and B cells o the liver by «CD40 (Figure
3, A-2 and A-3). Consistent with the result of liver injury
we found that depletion of T cells did not affect the
cytokine and chemokine expression in the liver after in-
jection (Figure 4A).

Next, to determine whether «CD40-induced late-phase
liver injury requires NK -cells, mice were treated with
aasialo-GM1 antibody at days ~1 and +2 relative to the
aCD40 injection. We found that NK cell depletion also
had little or no effect on total IHL recruitment (Figure 3,
B-2 and B-3) or the severity of the liver disease (Figure
3B-1). Further, as shown in Figure 4B, we found that NK
cell depletion significantly reduced [FN-y, TNF-«, and
CCL2 mRNA expression in the liver though CXCL10 and
CCL5 mRNA expression revealed the similar levels. As
we showed NK cells produced IFN-y at this time point

(Figure 2C), this result is consistent with the finding that
NK cells can produce |FN-vy.
To evaluate the role of macrophages in this process,

* mice were treated with L-MDP, which'induces apoptosis

of macrophages in the liver in vivo.®® One day later, the
mice were injected intravenously with «CD40 or rat 1gG.
As shown in Figure 3C-1, elevation of sALT activity was
significantly reduced in the L-MDP-treated mice, indicat-
ing that macrophages are necessary for liver injury on
day 5 after «CD40 injection (*F < 0.05). However, note
that the sALT elevation was not completely blocked de-
spite near total macrophage depletion (Figure 3C-1),
suggesting that inflammatory cells other than macro-
phages may be involved in liver inflammation. Also note
that a B-cell infiltrate was observed in the liver despite
macrophage depletion, demonstrating that hepatic B-cell
recruitment is primarily macrophage-independent.
Because the intrahépatic B-cell population increased
massively after «CD40 injection, we investigated the role
of B cells in the pathogenesis of the liver disease. uMT
mice, which lack mature B cells because of a germiine
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aCD40

Figure 5. Histological analysis. Liver sections obtained from C57BL/6 mice sacrificed at day 5 after 'mjecﬁon of &CD40 or rat 12G were stained with anti-mouse
B220-PE and anti-mouse IgM-FITC antibodies (4-F). Liver sections were obtained from C57BL/6 or uMT mice sacrificed at day 5 after aCD40 injection and stained

with H&E (H-1).

deletion of the membrane exon of the immunoglobulin .
heavy chain,?” and C57BL/6 mice were treated with
aCD40 or rat 1gG, and sALT activity and IHL infiltration
were monitored 5 days later. As shown in Figure 3D-1,
wMT mice displayed less liver disease (sALT activity:
138 = 18 U/L) than normal control mice (sALT activity:
212 = 23 U/L) after «CD40 injection, and this difference
was statistically significant (*P < 0.05), suggesting that B
cells contribute to the pathogenesis of «CD40-induced

late-phase liver disease. Interestingly, macrophage and

dendritic cell recruitment were increased in uMT mice
(Figure 3, D-2 and D-3), perhaps accounting for the
relatively modest reduction in the severity of liver disease
in the B-cell knockout animals. In addition, importantly we
found that [FN-y, CXCL10, CCL2, and CCL5 mRNA ex-
pression reduced in the liver with uMT mice although
TNF-a expression revealed the same level irrespective of
B cell absence or presence (Figure 4D). These results
suggested that B cells contribute to induction of [FN-vy
and chemokines at late phase after «CD40 injection.

Histological Analysis

To determine the distributions of B cells in the liver after
aCDA40 injection, we performed H&E staining and immu-
nohistological staining. Histological analysis revealed
that lymphocytes had infiltrated around the portal tract
(Figure 5, arrow) and liver parenchyma with wild-type
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mice. In contrast, aCD40-treated uMT mice did not show
infiltration of these cells around the portal tract (Figure 5,
right). Immunohistochemical analysis revealed that huge
numbers of B220*/igM™* B cells had infiltrated into the
parenchyma and around the portal tract and central vein
on day 5 after the injection in wild-type mice (Figure 5,
left).

Transfer of B Cells into SCID Mice

To confirm the involvement of B cells in this model, we
adoptively transferred 1 x 107 purified B cells isolated
from the spleens of C.B.17 mice (Figure 6A) into SCID
mice, and then injected «CD40 or rat IgG 1 day later. As
shown in Figure BA, sALT activity was significantly ele-
vated in B-cell-reconstituted mice that received «CD40
compared with the NaCl-treated and rat 1gG control
groups (*P < 0.05). Further, we also showed that total
number of [HLs increased in B-cell-reconstituted mice as
compared with NaCl-treated mice after «CD40 injection
(Figure 6B). To evaluate which cell population is affected
by adoptively transferred B cells, we analyzed the phe-
notype of IHLs by FACS. As shown in Figure 6B, we used
anti-mouse CD49b/Pan-NK cells mAb (clone DX-5) in-
stead of anti-mouse NK1.1 mAb (clone PK136) as a
marker of NK cells in this experiment because the PK136
antibody does not stain NK cells in C.B.17 and SCID mice
(data not shown).?® Interestingly, the number of CD37/
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®, B>

DX-5" cells (NK cells) and macrophages increased in
B-cell-reconstituted mice, demonstrating that «CD40 ac-
tivated B cells can induce the proliferation and-recruit-
ment of these inflammatory cells (Figure 6B). Consistent
with the result of sALT activity, histological analysis re-
vealed the presence of a necroinflammatory liver disease
(Figure 6C, arrows) consisting of B cells that infiltrated the
liver parenchyma (Figure 8, D and E). These results
strongly support the hypothesis that B cells play a key
role in «CD40-induced liver injury.

Determination of What Molecules Mediate
aCD40-Induced Liver Injury

First, to determine whether. IFN-y or TNF-o contribute to
aCD40-induced late-phase liver injury, we injected
CB6F1 mice with alFN-y or aTNF-& mAb, or an irrele-
vant hamster 1gG before «CD40 administration. The
alFN-y mAb completely blocked the induction of liver
injury (*P < 0.05) and greatly attenuated the intrahe-
patic inflammatory cell infiltrate (Figure 7, B and C)and
cytokine/chemokine expression (Figure 7A and Sup-
plemental Figure S1; for supplemental figure, see
http://ajp.amjpathol.org) in the same animals, indicat-
ing that IFN-y is primarily responsible for all these
svents.

-1
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In contrast, aTNF-a mADb treatment provided substan-
tial but partial protection against late-phase liver injury
(Figure 7B, left), which corresponded with its ability to
only partially block the recruitment of NK and T cells into
the liver (Figure 7B) and the induction of inflammatory
cytokines and chemokines (Figure 7A). These results
suggest that TNF-a also contributes to the pathogenetic
activity of B cells and macrophages in the late phase of
liver injury induced by «CDA40.

Furthermore, to determine whether the Fas-Fas ligand
pathway plays an important role in the liver injury, we
injected «CD40 into Fas KO and C57BL/6 mice and then
sacrificed them on day 5 for analysis. As shown in Figure
7D, we found that Fas KO mice displayed wild-type levels
of serum ALT activity and inflammatory cell recruitment,
indicating that the «CD40-induced liver disease Is inde-
pendent of the Fas pathway.

Discussion

The results presented here demonstrate that CD40-acti-
vated B cells and macrophages can cause a necroinflam-
matory response in the liver by inducing inflammatory cyto-
kines (especially IFN-y and TNF-a) and chemokines that
recruit additional inflammatory cells that damage the liver.
We have previously shown that oCD40 causes a biphasic,
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«CD40 or rat IgG were analyzed. The numbers in each cell subset in the liver were calculated by multiplying the total number of IHLs by the frequency of each
subset in the THL population by FACS analysis. All data ase expressed as the mean *+ SD for three mice. *P < 0.05. Histology. Liver sections obtained from mice
sacrificed at day 5 after injection of rat IgG (C-A) or aCD40 with hamster IgG (C-B), oIFN-y (C-C), or oTNF-« (C-D) were stained with H&E. D: The role of Fas.
Fas KO and C57BL/6 mice were injected with oCD40 and then sacrificed at day 5. The mean sALT activity expressed in IU/L is indicated for each group. IHLs

from these animals were isolated and the absolute cell numbers were calculated.

IFN-v-, and TNF-a-dependent liver disease, the first wave
of which requires intrahepatic macrophages and NK cells.
In the current study, we examined the pathophysiology of
the second wave of the liver injury induced by CD40 liga-
tion. Having observed that the liver injury occurred in the
absence of macrophages, T cells, and NK cells after CD40
ligation while a large number of B cells infiltrated the portal
and central veins in the liver during the delayed phase of the
liver disease, we hypothesized that B cells might contribute
to the pathogenesis of this disease.

On testing this hypothesis, we found that the late phase
of aCD40-induced liver injury was suppressed in pMT mice

and normal mice treated with L-MDP, but that depletion of T
or NK cells had no effect. We confirmed the involvement of
B cells in this model by showing that «CD40 treatment
could cause liver injury after adoptive transfer of B cells into
SCID mice (Figure 6). Based on these resuits, we conclude
that «CD40-activated B cells and macrophages mediate
the second wave of liver injury in this model. Although the
potential of B cells to produce a variety of cytokines and
chemokines is well demonstrated in vitro,*#° the ability of B
cells to perform effector functions at inflammatory sites in
vivo is not well defined. In the current article, we demon-
strate that activated B cells can contribute to liver inflam-
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mation. Nonetheless, several questions remain to be
elucidated.

First, how do aCD40-activated B cells cause liver injury?
One possible clue is our observation that «CD40 treatment
causes liver injury and cell recruitment in Fas knockout mice
as well as in wild-type mice (Figure 7). This result demon-
strates that the liver disease is not Fas-Fas ligand-depen-
dent, although CD40 ligation increases Fas expression in B
cells.™ Furthermore, we showed that the liver disease is
mediated by inflammatory cytokines, especially IFN-y and
TNF-a. However, several points remain obscure. First, NK
cell depletion by casialo-GM1 treatment did not mitigate the
liver disease or inflammatory cell recruitment, yet NK cells
are the main producers of IFN-y (Figure 2C). This suggests
that cells other than NK cells, possibly B, T, and dendritic
cells; produce the pathogenetic IFN-y. Actually, we de-
tected IFN-y mRNA in the liver after «CD40 injection in NK
cell-depleted mice (Figure 4) and also showed IFN-ymRNA
expression was suppressed in the liver with pMT mice
(Figure 4). In support of this hypothesis, it has been re-
ported that aCD40-activated B cells could produce IFN-vy
and induce IFN-y production on CD4 T cells.3° Because
IFN-y is well known as a potent activator of macro-
phages,®*# and TNF-a (produced by macrophages) is
also known to cause liver injury,®® we hypothesize that
«CD40 induced B cell and secondary activated other in-
flammatory cell-derived IFN-y may be the inducer in the
cascade leading fo liver inflammation, and that IFN-y acti-
vates macrophages and other inflammatory cells that serve
as effectors in this disease. This scenario is' supported by
the findings that IFN-y blockade completely protects
against «CD40-induced liver injury and cell recruitment,
whereas TNF-a blockade confers only partial protection.
Importantly, as shown in Figure 3, we found that «CD40
treatment induced the migration of macrophages, dendritic
cells, and NK cells in uMT mice, indicating that these cells
can be recruited into the liver without B cell help, and
suggesting that they also contribute to the residual late
phase in the B-cell knockout animals.

Furthermore, we found that liver injury was observed in
#MT mice and reduced in L-MDP-treated mice, indicat-
ing that macrophages also contribute to liver inflamma-
tion in this model. Notably, we confirmed that «CD40-
induced liver injury was completely prevented by
depletion of both B cells and macrophages in the liver
(Supplemental Figure S2 at http:/ajp.amjpathol.org). It is
well known that macrophages can induce liver injury
through cytokine production.®=® Accordingly, the inter-
action of macrophages and B cells in this liver injury
model is interesting. We found that co-culture of B cells
and macrophages under «CD40 treatment increased
IFN-y or TNF-a production, respectively, as compared
with single cells (data not shown). These findings sug-
gested that B cells and macrophages could stimulate
each other by cell-to-cell or cytokine under some condi-
tions. However, we have shown here that B cells infiltrate
the liver in macrophage-depleted animals after CD40
ligation. In contrast, macrophages were also recruited to
the liver in uMT mice after stimulation (Figure 3). Consis-
tent with the fact that CD40 ligation induces macrophage
and B cell activation and proliferation independent-
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ly'7%8 we consider that these cells work to establish
liver inflammation independently in this system.

Interestingly, despite showing that B cells play an impor-
tant role in the late-phase liver injury, we demonstrated that
B cells do not contribute to the early phase liver disease
(Supplemental Figure S3 at http.//ajp.amjpathol.org). Fur-
thermore, we found that the increase of intrahepatic B cells
was small on day 1 after «CD40 injection, indicating that
recruitment and proliferation in B cells was not enough to
function as effector cells at this time. With regard to effector
functions of B cells, we have to exclude the possibility that
CD40 ligation induced antibody-dependent effector func-
tions because CD40 ligation can induce autoreactive anti-
body. 29940 To evaluate this hypothesis, we examined the
number of antibody-producing cells, plasma cell popula-
tions.in IHLs and spleen after «CD40 injection. As shown in
Supplemental Figure S4 at htip://ajp.amjpathol.org, we
found antibody-secreting cells (B220*/CD138™) in IHLs
and spleen peaked at day 3 after injection despite liver
injury were not observed at this time, suggesting that anti-
body-dependent mechanisms are not responsible for liver
injury in this model.

Recently antibody-independent contributions of B cells
have been demonstrated in murine models of autoim-
mune disease. Chan and colleagues*! have shown that
MLR/lpr mice that are deficient in their ability to secrete lg
develop interstitial nephritis, vasculitis, - and mortality
when compared with secretary sufficient MLR/ipr. Based
on this precedent, we suggest that CD40-activated B
cells behave as effector cells in an antibody-independent
manner in the current model.

Finally, we have also an interest for the role of NKT
cells in this liver inflammation because NKT cells are
abundant in the liver and recovered to base line at the
late phase after «CD40 injection (data not shown). A
current report shows NKT cells recognize an endoge-
nous ligand presented by CD1d on B cells and regulate
B-cell proliferation and effector functions.*2 This result
suggests that NKT cells also might activate B cells and
accelerate liver injury in this model.

In summary, we have shown here that «CD40-acti-
vated B cells and macrophages produce inflammatory
cytokines and contribute to the pathogenesis of a necro-
inflammatory liver disease. The present data illustrate that
activated B cells can both cause and amplify tissue in-
jury, and provide new evidence that B cells can function
in a pathogenic manner at sites of tissue inflammation,
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iduronate-2-sulfatase (IDS), has variable clinical pheno-
types. Nearly 300 different mutations have been identified
in the IDS gene from patients with Hunter disease, but
the correlation between the genotype and phenotype has
remained unclear. We studied the characteristics of 11
missense mutations, which were detected in the patients or
artificially introduced, using stable expression experiments
and structural analysis. The mutants found in the attenuated
phenotype showed considerable residual activity (0.2-2.4%
of the wild-type IDS activity) and those in the severe
phenotype had no activity. In immunoblot analysis, both the
73-75kDa precursor and processed forms were detected
in the expression of ‘attenuated’ mutants (R48P, A85T
and W337R) and the artificial active site mutants (C84S,
C84T). The 73-75kDa initial precursor was detected in the
severe’ mutants (P86L, S333L, S349I, R468Q, R468L).
The truncated 68 kDa precursor form was synthesized in the
Q531X mutant. The results of immunoblotting indicated
rapid degradation and/or insufficiency in processing as a
result of structural alteration of the IDS protein. A combi-
nation of analyses of genotype and molecular phenotypes,
including enzyme activity, protein processing and structural
analysis with an engineered reference protein, could provide
an avenue to understanding the molecular mechanism of
the disease and could give a useful tool for the evaluation of
possible therapeutic chemical compounds.

Abbreviations

DS iduronate-2-sulfatase

48 arylsulfatase B (N-acetylgalactosamine-4S
sulfatase)

ASA arylsulfatase A

GALNS N-acetylgalactosamine-6S sulfatase
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Introduction

Mucopolysaccharidosis II (Hunter disease) is an X-linked
recessive disorder caused by a deficiency of iduronate-2-
sulfatase (IDS; EC 3.1.6.13, OMIM 309900). The enzyme
deficiency leads to the accumulation of heparan sulfate and
dermatan sulfate in lysosomes and higher excretion of them
in the urine. Clinically, a wide spectrum of phenotypes has
been observed, ranging from severe to attenuated. The se-
vere form is characterized by progressive clinical deterio-
ration with mental retardation, multiple skeletal deformities
and organ and soft-tissue involvement that leads to death,
often before 15 years of age. In contrast, the attenuated form
is characterized by joint stiffness and relatively mild somatic
changes without mental retardation. Although the patients
with the attenuated form present with a wide range of severi-
ties, they may survive into adulthood (Neufeld and Muenzer
2001). IDS cDNA and its genomic DNA gene have been iso-
lated and characterized (Flomen et al 1993; Robert et al 1989;
Wilson etal 1990, 1993). Nearly 300 different mutations have
been described in Hunter patients (http://www.hgmd.org/);
some of the mutations have been examined in expression
studies (Bonuccelli et al 2001; Chang et al 2005; Crotty et al
1992; Cudry et al 2000; Millat et al 1997, 1998; Ricci et al
2003; Sukegawa et al 1995; Villani et al 2000), but the cor-
relation between genotype and phenotype has remained un-
clear. We previously identified the missense and nonsense
mutations of the IDS gene in Hunter disease and character-
ized the mutant proteins with the transiently transfected cells
(Sukegawa et al 1992, 1995). However, we observed little
residual enzyme activity in the mutant proteins, It is likely
that the residual enzyme activities expressed by the mutant
cDNAs were be too low to allow for biochemical character-
ization in the transient expression assay.

In this study, we characterized 11 mutant iduronate-2-
sulfatase proteins that were stably expressed in CHO cells,
and of which the C84S and S3491 mutations have not previ-
ously been studied by expression analysis. We discuss the ef-
fect of the mutations on the molecular phenotypes, including
enzyme activity, protein processing and structural features
using engineered reference proteins.

Methods and materials
Mutations of the IDS gene in Hunter patients

In earlier work we identified the missense and nonsense mu-
tations of the IDS gene in Hunter disease (Isogai et al 1998)
and characterized the mutant proteins with the transiently
transfected cells (Sukegawa et al 1992, 1995). In the present
study, we focused on the common mutations and analysed
nine mutations and two artificial active site mutations. P86L,

@ Springer

S333L, 53491, R468Q and R468L were ‘severe’ mutations.
R48P, AB5T, W337R and Q531X were ‘attenuated’ muta-
tions. C84S and C84T were the predictive active site muta-
tions.

Informed consent was obtained from the patients to per-
form the enzyme assay and molecular analysis. This study
was approved by the review board of Gifu University School
of Medicine.

Expression of the IDS wild-type and IDS mutants in CHO
cells

The wild-type IDS cDNA (Sukegawa et al 1995) was sub-
cloned into pUC13. Site-directed mutagenesis was per-
formed using a QuickChange site-directed mutagenesis kit
(Stratagene, La Jolla, CA, USA) according to the supplier’s
protocol. The wild-type and mutant cDNAs were excised
from the pUC13 vector with EcoRI and introduced into the
expression vector, pCXN2. All final constructs were veri-
fied by semi-automated sequencing. The CHO cells were
grown in Ham’s F12 medium containing 10% fetal calf
serum. The wild-type and mutant pCXN2-IDS were trans-
fected into CHO cells by electroporation. The experimental
conditions were: 4 x 10% cells, 20 pg of plasmid DNA and
a voltage pulse of 1200V, 25 uF. After electropm;ation, the
cells were seeded on 10 cm plates. At 48 h post electropora-
tion, the cells were selected with G418. The colonies were
picked up and were cultured in the above medium. The cells
were harvested and kept at —80°C until use. The cell ho-
mogenate was prepared by sonication in extraction buffer
(20 mmol/L Tris-HCl pH7.5, 50 pmol/L. phenylmethylsul-
fonyl fluoride) at 4°C, and was used for the enzyme as-
says of IDS activity and western blot analysis as described
below.

IDS enzyme assay

IDS activity was measured by the procedure of Hall and col-
leagues (1978) using the radiolabelled disaccharide as the
substrate. The total protein concentration was measured ac-
cording to the method of Lowry et al (1951).

Western blot analysis

Western blotting was performed as previously described
(Sukegawa et al 2000), using 20 pug protein of the to-
tal cell extract from transfected CHO cells. The human
IDS monoclonal antibody was used to detect the proteins
(Sukegawa et al 1992).
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Construction of a tertiary model for IDS protein

A tertiary model of the human IDS protein was constructed
by homology modelling using our original programs: a loop
search method for the backbone structure (Nakamura et al
1991), a dead-end elimination method for side-chain con-
formation (Tanimura et al 1994), and conformation energy
minimization for structure refinement (Morikami et al 1992),
using the AMBER force field (Weiner et al 1986). Human
arylsulfatase B (Bond et al 1997) and human arylsulfatase
A (Lukatela et al 1998) were used as templates for the con-
struction of the model.

Results and discussion

In the present study, we reproduced nine of the identified
mutations and two artificial active site mutations in order to
evaluate the functional consequences on IDS activity and pro-
cessing, and the structural model was constructed to discuss
the results.

Enzymatic activity of IDS

The total IDS activity of cell homogenates from the wild-
type construct showed a significant increase of the enzymatic
activity with excellent reproducibility (Table 1). The total
IDS activity of cell homogenates from all the mutants showed
significant decreases but with different magnitudes (Table 1).
The P86L, S333L, S3491, R468Q and R468L mutants, which
were found in the patients with the severe phenotype, had
a very low activity that was below the resolution limit of
the IDS assay or had no activity. The R48P, A85T, W337R

and Q531X mutants had residual aciivity (0.2-2.4% of the
wild-type IDS activity) and all were present in the patients
with the attenuated phenotype. In addition, C84S and C84T,
engineered as predictive active site mutations (Schmidt et al
1995), had no activity. Thus, significant residual activity was
foundin mutants from the attenuated patients, and this finding
served as a guide to prediction of the molecular phenotype
of the mutants.

Protein processing

IDS processing has been reported (Froissart et al 1995). The
7578 kDa initial precursor is synthesized and converted into
the phosphorylated 90kDa form. The 90kDa precursor is
then processed by the glycosylation modifications and prote-
olytic cleavages through various intermediates to the 55 kDa
and 45 kDa mature forms. We analysed the mutant IDS pro-
teins by western blotting (Fig. 1). The 73-75 kDa precursor,
and 55-56 kDa and 4445 kDa mature polypeptides were ob-
served in the cell homogenates from the wild-type, A85T mu-
tant, and C84S and C84T of the predictive active site mutants.
In the R48P and W337R mutants, which were found in the
patients with the attenuated phenotype, the 73-75 kDa pre-
cursor was synthesized and processed to intermediate forms
but mature forms were not detected. The truncated 68 kDa
precursor form was synthesized in the Q531X mutant. In
the P86L, S333L, $3491, R468Q and R4681L. mutants, which
were found in the patients with the severe phenotype, the 73—
75kDa initial precursor was detected. The results of west-
e blotting showed only the primary immature precursors
without any mature forms, indicating a rapid degradation
and/or an insufficiency in processing as a result of structural
alteration of the IDS protein.

Table 1 Iduronate 2-sulfatase activities in stably transfected CHO cells

Mutation Clinical phenotypes of patients IDS activity (nmol/h per mg) Patients in reference®
Untransfected nd. (n=4)

Wild Normal 1529 £327 (n="7) -

R48P Attenuated 53 (n=>5) HT2

A85T Attenuated 1947 (n=>5) HT65
W337R Attenuated 31 m=5) HT4

Q531X Attenuated 3612 (n=25) HT3

P86L Severe nd. (n=4) HTI0

S333L Severe nd. (n=4) HT11

S3491 Severe nd. (n=4) HT39
R468Q Severe nd. (n=4) HT40
R468L Severe nd. (n=4) HT13, 38, 61
C84S Artificial mutation nd. (n=4)

C84T Artificial mutation nd. (n=4)

IDS activity values are the average of the different clones.
n, number of the different clones of untransfected or transfected cells.
*Isogai et al (1998).
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