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themselves, substantially influence the efficiency of duplex
DNA formation in each hepatocyte, at the level of post-vector
entry processing of tAAYV vectors. In other words, in TAAV2-
nonpermissive hepatocytes, which account for ~90% of total
hepatocytes and can take up TAAV?2 vectors but not express
transgene product, duplex rAAV2 vector genome formation is
impaired at the level of post-vector entry when vector genomes
are delivered with AAV?2 capsids but not impaired when they
are delivered with AAVS capsids.

The tissue biodistibution profile after systemic administra-
tion of the tAAVS vector has been reported in a study with a
hemophilia A mouse model (49). They injected mice with 101°
to 10! vg of canine coagulation factor VIlI-expressing vector
and quantified vector genome copy numbers by TagMan PCR.
They concluded that tAAVS has strong tropism to the liver,
but no apparent vector genome dissemination was observed,
although they found 0.26 to 0.70 copy/cell signals in the hearts
of 2 out of 21 mice examined and 0.41 to 0.77 copy/cell signals
in the lungs of 3 out of 21 animals examined, the significance
of which was not discussed in their report. It should be noted
that these two organs are among the four organs that had
vector genomes at levels over 10 ds-vg/dge in our study.

In our study, we have clearly demonstrated that, in the
context of the cytomegalovirus promoter, rAAVS transduced
the heart with an extremely high efficiency even at a dose of 3.0
X 10" vg/mouse, and the heart was the best-transduced tissue
among all the tissues analyzed including the liver at 3.0 X 10!
vg/mouse. At a dose of 7.2 X 10'? vg/mouse, 100% of cardio-
myocytes were transduced. Although we could not determine
the minimum rAAV8 vector dose required for 100% cardio-
myocyte transduction, it is presumed to be much less than 7.2
X 10" vg/mouse, given that 3.0 X 10" vg/mouse was sufficient
to transduce a majority of cardiomyocytes. Skeletal muscles
were also well transduced at a high vector dose. At a dose of
7.2 X 10" vg/mouse, virtually all the myofibers in the entire
skeletal muscle system throughout the body were transduced,
although they were less susceptible to TAAVS than cardiac
muscle, given that not many myofibers were transduced at a
dose of 3.0 X 10'! vg/mouse. Recently, Gregorevic et al. have
shown that intravascular administration of rAAV6 vectors re-
sulted in widespread skeletal muscle transduction and entire
cardiac muscle transduction, as we have observed with rAAVS
in our present study, and they also have established proof of
principle that systemic administration of a TAAV6 vector can
be used to treat Duchenne muscular dystrophy (16). It should
be noted that, in order to increase the permeability of the
peripheral microvasculature, their method required simulta-
neous injection of vascular endothelium growth factor, which
was not needed in the context of the rAAVS vectors.

It is also intriguing that we observed extensive transduction
in the pancreas with tAAVS without any histological evidence
suggestive of cell damage or inflammation. In agreement with
the previous report on TAAVS (55), pancreatic acinar cells
were the major target, but insulin-producing pancreatic islet
cells were also transduced to a certain extent. Our study has
demonstrated that systemic administration of TAAVS vectors
could achieve pancreatic transduction at levels equivalent to or
even higher than that achievable with adenovirus vectors (55).

It was surprising to us that tail vein or portal vein injection
of the TAAVS vector could transduce broad regions of the
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brain, since in general it is not possible to transduce this organ
by systemic intravenous administration of viral vectors due to
the presence of the blood-brain barrier. rAAV vector shedding
with negligible levels in the brain has occasionally been re-
ported in tissue distribution preclinical studies (10, 17, 32, 49,
58). However, none of these studies have investigated the or-
igins of the PCR-positive signals. Whether rAAV traversed the
blood-brain barrier and transduced neurons and glial cells or
remained in the connective tissues including blood vessels has
not been addressed. It is intriguing that the median eminence
and arcuate nucleus of the hypothalamus and basolateral nu-
cleus of the amygdala were focally transduced with high effi-
ciency. The mechanism(s) underlying focal high transduction is
not clear but may be related to a rich blood supply. Interest-
ingly, the hypothalamus is known to have fenestrated capillar-
les that have numerous small pores increasing vascular perme-
ability. .

Dissemination of the viral vectors to the brain is a serious
concern in terms of liver gene therapy, but gene delivery to
neurons and glial cells by viral vectors holds great promise for
gene therapy for central nervous system diseases. Direct intra-
cranial injection of vectors allows efficient transduction of
brain tissue, but the transduction is normally limited to the
vicinity of the injection site. Many central nervous system dis-
eases broadly affect brain tissue, and therefore global brain
transduction by alternative approaches is often preferred.
However, the presence of the blood-brain barrier has pre-
cluded widespread transduction of the brain. Recently, two
strategies, in utero gene transfer (26, 27) and systemic or re-
gional viral administration after mannitol infusion (13, 28),
have been shown to successfully overcome this hurdle. The
former approach takes advantage of the immaturity of the
fetus’s blood-brain barrier with increased permeability, and the
latter transiently disrupts the blood-brain barrier by making a
hyperosmotic environment in the brain capillaries. The mech-
anisms by which rAAVS could efficiently traverse the intact
blood-brain barrier have yet to be elucidated, and whether
TAAVS particles were actively escorted by a not-yet-defined
system or the high dose of TAAVS vector infusion itself dam-
aged the blood-brain barrier needs to be addressed.

It should be noted that the viral preparation we used for this
study contained 5% sorbitol in PBS. Sorbitol is a carbohydrate
with the same molecular weight as mannitol and is used clin-
ically to introduce a hyperosmotic environment. Fu et al. re-
ported that, in order to open the blood-brain barrier and trans-
duce mouse brain tissue with intravenously administered
rAAV2, preinfusion of 200 wl of 25% mannitol (corresponding
to 50 mg of mannitol) was required, and simultaneous infusion
of the same amount of 12.5% mannitol (corresponding to 25
mg) had no effect. In our study, we injected 300 wl of vector
preparations (equivalent to 15 mg of mannitol), and therefore
it is unlikely that our excipient contributed to the transient
disruption of the blood-brain barrier. Nonetheless, our study
clearly demonstrated that intravenous administration of
TAAVS vectors can transduce neurons and glial cells in broad
regions of the adult mouse brain without any treatment that
disrupts the blood-brain barrier. Although the mechanism is
not clear, rAAV8 will offer an alternative approach to global
central nervous system gene delivery in combination with cur-
rently available strategies.
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Except for the liver, direct injection into the target tissue is
a standard approach for transduction with rAAV vectors. This
approach is desirable because it can minimize the possibility of
vector dissemination to remote organs. However, it has often
suffered from the confinement of vectors to the injection site,
precluding widespread transduction in a target organ, In this
regard, TAAV8 may be applied for global transduction in a
given nonhepatic target organ. All the tissues analyzed had
double-stranded rAAVS8 vector genomes at levels of at least 2
ds-vg/dge. It is important to emphasize that vector dissemina-
tion was determined by genomic DNA Southem blot analysis
and not a PCR-based assay. This method is superior in detect-
ing double-stranded vector genomes formed within cells, It
should be noted that transduction efficiency determined by
transgene expression and vector genome copy numbers were
not correlated. Presumably the promoter activities vary among
the tissues, and it is possible that the tissues with a limited
number of B-galactosidase-positive cells in the context of the
EFla or cytomegalovirus enhancer-promoter would have sub-
stantial transduction if a different enhancer-promoter is used.
Further investigation will be needed to address these discrep-
ancies.

In summary, we demonstrate that all hepatocytes are able to
convert incoming single-stranded vector genomes to duplex
DNA and are permissive to stable transduction with tAAVS
vectors, In contrast to TAAV2 vectors, ~100% hepatocyte
transduction with the rAAV8 vector could be achieved, and
multiple organs could be transduced with extremely high effi-
ciencies following a peripheral vein injection simply by increas-
ing the vector dose, These results not only provide new insights
into the mechanisms of liver transduction with rAAV vectors
but also open up new applications for rAAVS vectors in gene
therapy, functional genomics, and generating various disease
animal models, although, from a safety point of view, a high-
dose systemic TAAVS vector injection strategy will need to take
into account the promiscuous tropism of this vector.
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Abstract

We evaluated the therapeutic effect of secretory phospholipase
A, (sPLA,)-inhibitory peptide at a cellular level on joint erosion,
cartilage destruction, and synovitis in the human tumor necrosis
factor (TNF) transgenic mouse model of arthritis. Tg197 mice (N
= 18) or wild-type (N = 10) mice at 4 weeks of age were given
intraperitoneal doses (7.8 mg/kg) of a selective sPLA, inhibitory
peptide, P-NT.II, or a scrambled P-NT.II (negative control), three
times a week for 4 weeks. Untreated Tg197 mice (N = 10) were
included as controls. Pathogenesis was monitored weekly for 4
weeks by use of an arthritis score and histologic examinations.
Histopathologic analysis revealed a significant reduction after P-
NT.Il treatment in synovitis, bone erosion, and cartilage
destruction in particular. Conspicuous ultrastructural alterations
seen in articular chondrocytes (vacuolated cytoplasm and loss
of nuclei) and synoviocytes (disintegrating nuclei and vacuoles,

synovial adhesions) of untreated or scrambled-P-NT.lI-treated
Tg197 mice were absent in the P-NT.Il-treated Tg197 group.
Histologic scoring and ultrastructural evidence suggest that the
chondrocyte appears to be the target cell mainly protected by
the peptide during arthritis progression in the TNF transgenic
mouse model. This is the first time ultrastructural evaluation of
this model has been presented. High levels of circulating sPLA,
detected in untreated Tg197 mice at age 8 weeks of age were
reduced to basal levels by the peptide treatment. Attenuation of
lipopolysaccharide- and TNF-induced release of prostaglandin
E, from cultured macrophage cells by P-NT.Il suggests that the
peptide may influence the prostaglandin-mediated inflammatory
response in rheumatoid arthritis by limiting the bioavailability of
arachidonic acid through sPLA, inhibition.

Keywords: peptide, secretory phospholipase A, inhibition, rheumatoid arthritis, TNF transgenic mouse model, ultrastructural alterations

introduction

Secretory phospholipase A, (sPLA,) is a key enzyme in the
production of diverse mediators of inflammatory and related
conditions [1]. Because of the crucial role it plays in inflam-
matory diseases such as rheumatoid arthritis (RA) [2],
sPLA, is referred to as inflammatory PLA, [3]. High levels
of sPLA, have been found in synovial tissues and fluid from
patients with RA [2,4]. Purified synovial PLA, can elicit an
inflammatory arthritogenic response when injected into the
joint space of healthy rabbits and rats [5,6]. It has been

reported that sPLA, expression parallels the severity of the
inflammatory process with lack of enhancement of
cytosolic phospholipase A, (cPLA,;) mRNA in an adjuvant
arthritis model, thus indicating the pathogenic role played
by sPLA, [7]. Colocalization studies using primary synovial
fibroblasts from RA patients have also suggested sPLA, as
a critical modulator of cytokine-mediated synovial inflamma-
tion in RA [8]. As a result of its important role in the inflam-
matory response, inhibition of sPLA, is a target for the
treatment of inflammatory diseases. Inhibition of sPLA,

AA = arachidonic acid; ANOVA = analysis of variance; AS = arthritis score; cPLA, = cytosolic phospholipase A,; DMSO = dimethy! sulfoxide; HS =
histopathologic score; LPS = lipopolysaccharide; PGE = prostaglandin E; PIP = phospholipase inhibitor from python; RA = rheumatoid arthritis; r-
ER = rough endoplasmic reticulum; SEM = standard error of the mean; sPLA,= secretory phospholipase A,; Tg = transgenic; TNF = tumor necrosis

factor.
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could result in suppression of several classes of proinflam-
matory lipids such as prostaglandins, leukotrienes, platelet-
activating factor, and lysophospholipid [1].

Elevated levels of circulating sPLA, are usually associated
with high blood levels of proinflammatory cytokines [9],
which are used as an indicator of the extent of systemic
inflammation [10,11]. sPLA, has been shown to activate
the production of proinflammatory cytokines in blood and
synovial fluid monocytes [12], suggesting that the two can
cooperate to promote inflammation by enhancing each
other's secretion. sPLA, may act on the cells stimulated
with such cytokines, leading to augmentation of the inflam-
matory responses. The fact that cotransgenic sPLA, and
tumor necrosis factor o (TNF-a) mice show more extensive
swelling than TNF-a transgenic mice [13] may be evidence
in support of a possible synergism between sPLA, and
TNF. Hence, inhibition of sPLA, may further help to sup-
press inflammation in RA by blocking the formation of proin-
flammatory cytokines.

A significant reduction of the inflammatory response has
been reported in animals injected with natural or synthetic
sPLA, inhibitors [14,15]. Two families of endogenous pro-
teins, namely lipocortins and uteroglobin, have been shown
to possess anti-inflammatory properties due to their ability
to inhibit sPLA,. Synthetic peptides called antiflammins
derived from these proteins are one of the most potent
classes of anti-inflammatory agents identified to date [16].
A recombinant protein termed PIP (phospholipase inhibitor
from python), which we have expressed from the liver of a
nonvenomous snake, Python reticulatus [17], exhibits in
vivo anti-inflammatory activity that correlates well with its in
vitro inhibitory potency towards sPLA,. In a clinically rele-
vant model of postsurgical peritoneal adhesion, the peptide
analog P-PB.H, which has a fragment of an anti-inflamma-
tory protein PIP included in its sequence, exhibits stronger
in vivo anti-inflammatory activity than that displayed by anti-
flammin [18]. Further screening of the PIP amino acid
sequence provides us with a new peptide with improved
potency. This new 17-mer peptide
56| GRVDIHVWDGVYIRGR?2 is a selective inhibitor of
human sPLA,-IIA, with an amino acid sequence corre-
sponding to residues 56-72 of the native protein PIP. It sig-
nificantly reduces high levels of sPLA, detected in rat
hippocampal homogenates after intracerebroventricular
injections of a neurotoxin, kainic acid [19]. These findings
establish that peptides or recombinant proteins that inhibit
sPLA,, or their peptide derivatives, are highly attractive can-
didates for clinical development as anti-inflammatory
agents.

The present study was designed to investigate the effect of
a selective sPLA,-inhibitory peptide, P-NT.II, on ultrastruc-
tural changes of ankle-joint synovitis, cartilage degradation,

and bone erosion in the Tg197 TNF transgenic mouse
model of arthritis [20], and to assess the effects of peptide
intervention on the clinical and histologic indices of RA.

Materials and methods

Animals

The generation and characterization of Tg197 human TNF
transgenic mice have been previously described [20].
Tg197 mice generated on CBA x C57BL/6 genetic back-
grounds and littermate controls were bred and maintained
at the animal facilites of the Biomedical Sciences
Research Center, Alexander Fleming, Athens, Greece,
under specific-pathogen-free conditions. All of the Tg197
mice typically developed polyarthritis 3—4 weeks after birth,
whereas nontransgenic (wild-type) mice remained normal.
Mice were given conventional oral food and water ad /ibj-
tum. All procedures involving animals were in compliance
with the Declaration of Helsinki principles.

Experimental protocol

A total of 44 weight-matched mice (34 Tg197 and 10 non-
transgenic wild-type littermates) were divided into six
groups for subsequent gross observations and histopatho-
logic analyses — untreated Tg197 group (N = 10), P-NT.II-
treated Tg197 group (N = 18), scrambled-P-NT.ll-reated
Tg197 group (N = 6), P-NT.II-treated wild-type group (N =
4), scrambled-P-NT.ll-treated wild-type group (N = 4), and
Tg197 baseline group - just before the treatment at 4
weeks of age (N = 4). Nontransgenic mice were given the
same dose of P-NT.ll or scrambled P-NT.ll, and the same
regimen of treatment, as the Tg197 mice.

Peptide synthesis and administration

P-NT.HI (test peptide) and the scrambled P-NT.ll {(negative
control peptide) were synthesized using the solid-phase
method with 9-fluorenylmethoxy carbonyl chemistry and
were purified and validated as described elsewhere [18].
They were stored lyophilized at -20°C in sealed tubes and
were dissolved freshly before use in 0.1% dimethyl sulfox-
ide (DMSOQ). Each Tg197 or wild-type mouse was given
intraperitoneal injections of P-NT.ll or the scrambled P-NT.II
(7.5 mg/kg) in 50 pl of vehicle (0.1% final DMSO concen-
tration), three times a week for 4 weeks (i.e. from age 4-8
weeks).

Clinical assessment

This was done by gross observations based on body-
weight measurements and arthritis scoring, which were
done twice weekly from 4 weeks (baseline) to 8 weeks of
age (end of the study), after which all the animals were
kiled by CO, inhalation. The level of severity of clinical
arthritis was evaluated based on an arthritis score (AS)
taken on both ankle joints. Average scores on a scale of 0—
3 were used; 1 = mild arthritis (joint swelling); 2 = moder-
ate arthritis (severe joint swelling and deformation, no grip



strength); 3 = severe arthritis (ankylosis detected on flex-
ion, and severely impaired movement) [21].

Histologic examinations

The whole ankle joints harvested from the right side of each
mouse were fixed overnight in 10% formalin, decalcified in
30% citrate-buffered formic acid for 3 days at 4°C, dehy-
drated in a graded series of methanol and xylene, and then
embedded in paraffin. Thin sections (6 pum thick) were
stained with hematoxylin and eosin, and histopathologic
scorings performed under the light microscope (Leitz Aris-
toplan) by a blinded observer. The histopathologic score
(HS) was evaluated [21] using a scale of severity ranging
from 1 1o 4, where 1 = hyperplasia of the synovial mem-
brane and presence of polymorphonuclear infiltrates, 2 =
pannus and fibrous tissue formation and focal subchondral
bone erosion, 3 = articular cartilage destruction and bone
erosion, and 4 = extensive articular cartilage destruction
and bone erosion.

Scoring of joint parameters

Arbitrary scores were used to assess the extent of synovi-
tis, cartilage destruction, and bone erosion. Semiquantita-
tive scores from O to 4 were used for each histopathologic
parameter [22]. Synovitis: O = normal; 1 = mild synovial
hypertrophy (<5 cell layers) with few inflammatory cells; 2
= moderate synovial hypertrophy (<20 cell layers) with
accumulation of inflammatory cells into intrasynovial cysts;
3 = pannus and fibrous tissue formation; and 4 = pannus
and fibrous tissue formation on both sides of the ankle joint.
Cartilage damage: 0 = intact; 1 = minor (<10%); 2 = mod-
erate (10-50%); 3 = high {(50-80%); and 4 = severe (80—
100%). Bone erosions: 0 = normal; 1 = mild (focal
subchondral erosion); 2 = moderate {(multiple subchondral
erosions); 3 = high (as above + focal erosion of talus); and
4 = maximum (multiple erosions of tarsal and metatarsal
bones).

Transmission electron microscopy

Ankle joints dissected from the left hind leg of each mouse
were split open longitudinally through the midline between
the tibia and the talus, prefixed overnight with 2.5% glutar-
aldehyde in phosphate buffer, pH 7.4, and rinsed with the
buffer. After they had been postfixed with 1% osmium
tetroxide in phosphate buffer for 2 hours, they were dehy-
drated in a graded series of ethanol and embedded in
epoxy resin (Araldite). Semithin sections (1.0 pm) were cut
and stained with methylene blue to reveal their orientation
for ultrathin sectioning and for histopathologic scoring
under the light microscope. Ultrathin sections (80-90 nm)
were then cut with an ultramicrotome (Ultracut E; Riechert-
Jung, Leica, Vienna, Austria), mounted on copper grids,
counterstained with uranyl acetate and lead citrate, and
evaluated in the electron microscope (CM120 Biotwin; FEI
Company, Electron Optics, Eindhoven, The Netherlands).
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Measurement of serum PLA2

sPLA, was measured in the serum of transgenic (Tg197)
mice and nontransgenic wild-type controls, using an
Escherichia coli membrane assay as described previously
[18]. In brief, [3H]arachidonate-labeled E. coli membrane
suspension (5.8 uCi/umol, PerkinElmer Life Sciences, Inc,
Boston, MA, USA) was used as substrate, and 256 mM
CaCl,-100 mM Tris/HCI (pH 7.5) as assay buffer. The
reaction mixture, containing substrate (20 pl) and either
purified human synovial sPLA, standard (1-80 ng/ml; Cay-
man Chemical Company, Ann Arbor, MI, USA) or serum
(10 pl), in a final volume of 250 pl in assay buffer, was incu-
bated at 37°C for 1 hour, and the reaction was terminated
with 750 pl of chilled phosphate-buffered saline containing
1% bovine serum albumin. Aliquots (500 pl) of the super-
natant were then taken, for measurement of the amount of
[®H]arachidonate released from the E. coli membrane
using liquid scintillation counting (LS 6500 Scintillation
Counter; Beckman Inc., Fullerton, CA, USA). The amount of
sPLA, present in the serum was calculated from the stand-
ard curve and is expressed as ng/ml + SEM.

Cell culture

The murine macrophage cell line 1774 (American Type Cul-
ture Collection, Manassas, VA, USA) was cultured at 37°C
in humidified 6% CO,/95% air in Dulbecco's modified
Eagle's medium containing 10% fetal bovine serum, 2 mM
glutamine, 20 mM HEPES, 100 {U/ml penicillin, and 100
pg/ml streptomycin. After growing to confluence, the cells
were dislodged by scraping, plated in 12 culture wells at a
density of 5 x 105 cells/ml per well, and allowed to adhere
for 2 hours. Thereafter, the medium was replaced with fresh
medium containing lipopolysaccharide (LPS) (2 pg/ml) and
one of the PLA, inhibitors (P-NT.ll, scrambled P-NT.l, or
LY315920 [Lilly Research Laboratories, Indianapolis, IN,
USA], dissolved in DMSO [final concentration 0.1% v/v]).
Peptides were tested at various concentrations ranging
from 0.01 to 40 pM. After incubation in 5% CO,/95% air
at 37°C for 20 hours, culture medium supernatants were
collected and stored frozen (-80°C) until use. In parallel
experiments, cells were stimulated with mouse recom-
binant TNF (10 ng/ml; Sigma, St. Louis, MO, USA) for 20
hours, in the presence or absence of 10 uM P-NT.i or
LY315920 dissolved in DMSO (0.1% final concentration).
Culture medium supernatants were collected after centrifu-
gation (10,000 g, 4°C, 15 min) and stored at -80°C prior to
measurement of prostaglandin E, (PGE,).

Cell viability assays

XTT (sodium 3-[(pheny! amine carboxyl)-3,4-tetrazolium]-
bis(4-methoxy-nitro) benzene sulfonic acid hydrate) Cell
Proliferation Kit Il (Roche Applied Science) was used to
assess the possible cytoxic effect of the peptide P-NT.1l on
the mouse macrophage 1774 cell line.
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Measurement of PGE,

PGE, (EIA kit-monoclonal; Cayman) concentrations were
measured in the cell-culture supernatants in accordance
with the manufacturer's instructions.

Statistical analysis

Statistical analyses were performed using GraphPad Prism
software to calculate the means and SEMs. Group means
were compared by using one-way analysis of variance
(ANOVA), followed by Bonferroni's multiple comparison

post test to identify statistically significant differences (i.e.
P <0.05).

Results

Gross histologic findings

Figure 1 shows the histologic features of ankle joints of
Tg197 mice in the untreated, P-NT.ll-treated, and scram-
bled-P-NT.ll-treated groups. Gross histologic findings of
the three experimental groups are summarized in Table 1.
At 8 weeks of age, ankle joints from the untreated Tg197
group were moderately (90% with HS 3) to severely (10%
with HS 4) damaged, with pannus and fibrous tissue forma-
tion and focal subchondral bone erosion. Articular cartilage
destruction and bone erosion were observed in 90% of
those joints (Fig. 1a,1b). In contrast, all the articular carti-
lage surfaces and associated synovial linings of the ankle
joints of the P-NT.ll-treated group at 2 weeks post-treat-
ment (i.e. age 6 weeks) were only mildly affected (HS 2),
with no evidence of cartilage or bone erosion (Fig. 1¢), and
25% of joints were affected moderately (HS 3) at 4 weeks
post-treatment (i.e. age 8 weeks) (Fig. 1d). In contrast,
83.3% of joints of scrambled-P-NT.ll-treated Tg197 mice
at 8 weeks of age were moderately damaged (HS 3) (Fig.
1e,1f), with histologic features similar to those of the
untreated Tg197 mice. Although the disease, as assessed
by the HS, was significantly lower in the P-NT.ll-treated
group than in the untreated or scrambled-P-NT.l-treated
groups, visual disease scores (ASs) did not correlate well
with the HS. In conirast to HSs, ASs of mice treated with
P-NT.Il did not significantly differ from those of the
untreated or scrambled-P-NT.ll-treated group (Fig. 2).

Analytical HS

To assess specific effects of the peptide P-NT.Il on synovi-
tis, cartilage destruction, and bone erosion, we conducted
a semiquantitative scoring analysis for each of these path-
ologic parameters. P-NT.I treatment in Tg197 mice
resulted in a significant reduction (P < 0.05) in all three
analytical HSs as compared with those of untreated or
scrambled-P-NT.li-treated Tg197 mice, which all devel-
oped synovitis with severe articular cartilage degradation
and bone erosions (Fig. 3). Statistical analysis revealed a
greater beneficial effect of P-NT.Il on cartilage destruction
and bone erosion (**P < 0.01 versus unireated or scram-
bled-P-NT.lI-treated groups for both parameters) than on

synovitis (*P < 0.05 versus untreated or scrambled-P-NT.1I-
treated groups).

Ultrastructural changes in articular cartilage

Articular cartilage in the ankle joints of all untreated Tg197
mice was generally damaged at 8 weeks of age (Fig.
4c,4d,4e,41) as compared with normal morphology seen in
control, wild-type mice (Fig. 4a). No significant ultrastruc-
tural changes in the nucleus and plasma membrane were
noted at the cellular level in the articular cartilage of
untreated Tg197 mice at age 4 weeks (baseline) except for
some minor changes including vacuoles, dilated cisternae,
and the presence of granular materials seen inside the
cytoplasm (Fig. 4b). In the 8-week-old mice, the chondro-
cytes on the surface of the superficial cartilage layer had
become necrotic, with alterations of cartilage developed in
most cases (Fig. 4¢,4d,4e,4f). The cell body and nucteus of
some chondrocytes became large and rounded, resulting
in vacuolation, and the cytoplasm was transparent, with an
accumulation of intracytoplasmic filaments (Fig. 4c).
Degenerating chondrocytes with greatly vacuolated cyto-
plasm and pyknotic nuclei (Fig. 4d), and chondrocytes with
complete loss of nuclei and disrupted rough endoplasmic
reticulum (r-ER) (Fig. 4e,4f), were also observed. In con-
trast, the ultrastructural features of chondrocytes 1-4
weeks after P-NT.Il treatment (i.e. age 58 weeks; Fig. 5a)
did not substantially differ from those seen in the joints of
normal wild-type mice (Fig. 4a). Most of them had a promi-
nent nucleus, lined by plasma membrane with short cyto-
plasmic protrusions, and vacuoles, r-ER, and mitochondria
in the cytoplasm. The ultrastructure of chondrocytes of the
scrambled-P-NT.ll-treated joints at 8 weeks of age (Fig. 5b)
were more or less similar to those described for untreated
Tg197 mice with degenerating features such as the greatly
vacuolated cytoplasm and pyknotic nuclei (cf. Fig. 4d) or
loss of nucleus, disrupted r-ER (cf. Fig. 4f), and swollen
mitochondria with distorted cristae (cf. Fig. 4c).

Uitrastructural changes in synovium

The early response of the synovial membrane in the
untreated Tg197 mice at age 4 weeks (baseline) was syn-
ovial hyperplasia, with the presence of type A and B syno-
vial cells along with inflammatory cells such as
lymphocytes, macrophages, and mast cells. Type A cells
were similar to macrophage cells and were characterized
by many vesicles, vacuoles, and a higher number of cell
processes. Type B cells were similar to fibroblast cells and
contained small vesicles and r-ER. The later response (at >
5 weeks of age) included degeneration of synovial cells,
with swollen mitochondria and cell fragmentations. In areas
of high inflammation, the synovial tissue (mostly type A
cells) had proliferated into the articular cavity (Fig. 6a). Type
A and B cells in the synovium were no longer distinguisha-
ble at age 6 weeks and thereafter. The synovial membrane
was lined by closely packed elongated synoviocytes which
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Figure 1

Histologic findings in the ankle joints of Tg197 mice. (a,b) Untreated mice: (a) partially altered articular cartilage (crt) with bone erosion (arrowhead),

and presence of inflammatory infiltrates (arrow) in the synovial (syn) tissue; (b} extensive articular cartilage destruction and bone erosion (arrow-

head). (c,d) P-NT.ll-treated mice: (c) minor cartilage changes (crt) with absence of bone erosion; (d) focal articular cartilage destruction (crt) and

minor bone erosion (arrowhead). (e,f) Mice treated with scrambled P-NT.II: (e) the joint cavity {jc) is lined with synovitis (*); (f) cartilage destruction

and bone erosion (arrowhead) are present, along with inflammatory infiltrates (arrow). Nontransgenic controls showed normal joint structures

throughout the study (data not shown). (Hematoxylin & eosin staining; original magnification x25 in a, e, f; X10 in b, ¢, d. Bars = 500 um).

R286




R287

Arthritis Research & Therapy Vol 6 No 3 Thwin et al.

Table 1

Histopathologic assessment of ankle joints

% of total at indicated HS

Treatment Time course {(weeks) Joints scored HS 2 HS 3 HS 4 HS (Mean + SEM)
None 4 10 o} 90.0 10 3.30%+0.11a
P-NT.II* 1 4 100 0 o} 2.12+0.12
P-NT.II* 2 4 100 0 0 2.37 £0.12
P-NT.I* 3 4 75 25 0 2.60 £ 0.20
P-NT.II* 4 4 75 25 0 2.62 *+ 0.31°
Scrambled-P-NT.l-treated (negative control peptide) 4 8 16.7 83.3 o] 3.25 +0.17¢

*Tg197 mice injected (intraperitoneally) with the test peptide P-NT.li were killed at weekly intervals (N = 4 per group) for 4 weeks and their ankle
joints examined. For untreated and negative control groups, ankle joints were harvested only at the end of the 4 weeks' study course for one-time
examination. Histologic scoring was performed semiquantitatively by a blinded examiner. HS 2 = pannus and fibrous tissue formation and focal
erosion of subchondral bone; HS 3 = articular cartilage destruction and bone erosion; HS 4 = extensive articular cartilage destruction and bone
erosion. a versus b, b versus ¢ = significantly different (P < 0.05; one-way analysis of variance with Bonferroni's multiple comparison test). HS,

histopathologic score; SEM, standard error of the mean.

were sealed by junctional systems of the adherent type
(Fig. 8b). Large amounts of fibrin deposition on the synovial
surface could be seen, and the two opposing, flattened
synoviocytes with fibrin between them indicated the exist-
ence of synovial adhesion (Fig. 6d). Also, degenerating syn-
oviocytes with disintegrating nuclei and vacuolated
cytoplasm were randomly seen in the synovium (Fig. 6c).
Synoviocytes appeared flattened, and partially degranu-
lated mast cells were seen under the synovium (Fig. 6e).

P-NT.ll treatment tended to decrease the number of inflam-
matory cells, with less degeneration of synovial cells and
cell fragmentation seen in the joints of the treated group
(Fig. 7b). The peptide P-NT.Il retained at least the basic
structural organization of the synovial membrane seen in
the control wild-type mice (Fig. 7a), while the synoviocytes
from mice treated with scrambled P-NT.Il (Fig. 7¢) were
structurally indistinguishable from those seen in untreated
joints (cf. Fig. 6). In those joints, the synovial cells were
seen lining up close together, and many cell fragments
resulting from degenerating cells were present in the syn-
ovium, along with infiltrating mast cells (Fig. 7c).

Serum levels of sPLA,

In a time-course study to evaluate the specific effect of pep-
tide in modulating the serum sPLA, levels in Tg197 mice
(Fig. 8), P-NT.II significantly suppressed the circulating
sPLA, in the mice at age 8 weeks (P < 0.08), by compari-
son with the serum levels of the untreated mice of same
age. In contrast, the circulating sPLA, of scrambled-P-NT.II-
treated and untreated Tg197 mice at age 8 weeks were not
significantly different (P > 0.05), thus indicating the spe-
cific effect of the peptide P-NT.ll on sPLA, levels.

PGE, release from cultured macrophages

The suppressive effect of P-NT.l and sPLA,-selective
inhibitor LY315920 (Lilly) on LPS- and TNF-stimulated
PGE, production was examined in mouse macrophage cell
cultures (Fig. 9). Production of PGE, in the medium
increased approximately sixfold from the basal level of 55 *
6 pg/mi to 320 £ 35 and 330 £ 11 pg/ml (mean + SD, N
= B), after 20 hours' stimulation of cultured cells with LPS
(2 ng/ml) (Fig. 9a) or TNF (10 ng/ml) (Fig. 9b), respectively.
When the inhibitors were coincubated with either LPS- or
TNF-stimulated macrophages in the medium, both P-NT.l
and LY315920 (final concentration 10 uM) dose-depend-
ently inhibited PGE, production, with estimated 1C4, values
of 25 and 30 pM, respectively. In contrast, scrambled P-
NT.II (negative control) showed no inhibitory effect on
either LPS- or TNF-induced PGE, release in the culture
medium. Neither the peptide nor LY315920 affected the
cellular viability, when tested by XTT assay kit at the highest
concentration (40 pM) used in culture experiments (E4g4 o
values of 0.89 £ 0.02,0.84 + 0. 021, and 0.92 £ 0.019 for
untreated, P-NT.ll-treated, and LY315920-treated cells,
respectively).

Discussion

Here we report the beneficial effect of peptide treatment,
and the ultrastructural changes seen at the cellular level in
the articular cartilage and synovium of the ankle joints of
TNF transgenic Tg197 mice treated with the anti-inflamma-
tory peptide P-NT.ll. While several studies have previously
been carried out on the early ultrastructural changes in
other animal models of experimental arthritis [23-25], no
morphological evaluations in this TNF transgenic mouse
model of RA have yet been available, in either the absence
or the presence of therapeutic intervention.
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The lesions in the TNF transgenic mouse model of arthritis
we used in the present study histologically and ultrastruc-
turally resemble RA lesions [26], with synovial proliferation
along the articular surface and subsequent invasion with
erosion of the articular cartilage and subchondral bone.
Although visual disease scores (ASs) did not show any sig-
nificant difference between P-NT.li-treated and control
(scrambled-P-NT.ll-treated or untreated) groups, the
results obtained from gross histologic analysis (Table 1)
and semiquantitative analysis of pathologic parameters
(Fig. 3) clearly demonstrate the beneficial effect of peptide
treatment in preventing synovitis, cartilage destruction, and
bone erosion. Similar discrepancies between AS and HS
have also been reported in TNF-transgenic and other
experimental models of arthritis. Redlich and colleagues
[27] recently reported a protective effect of osteoprote-
gerin treatment on bone damage in Tg197 mice, with lack
of any beneficial effect on the clinical symptoms. In another
experimental model of passive collagen-induced arthritis
using JNK2-deficient mice, it has been shown that clinical
symptoms appear to be slightly more severe than HS
despite significant reductions in joint destruction due to
preservation of the articular cartilage [28]. It seems, there-
fore, that preservation of the bone structure may not always
correlate with the clinical symptoms. The striking difference
observed in the ultrastructural features of the articular
cartilage and synovial membrane in our animal model
before and after peptide treatment did confirm that P-NT.Ii
administered as an exogenous drug in this TNF transgenic
mouse model of RA was able to improve the overall mor-
phology and the cellular component of the synovium, and of
the cartilage in particular.

Histopathologic parameters

Histopathologic score (HS) analysis of various histopathologic parame-
ters in Tg197 mice. Synovitis, cartilage degradation, and bone erosion
were semiguantitatively assessed in the ankle joints of Tg197 mice that
were untreated, treated with P-NT.II, or treated with scrambled-P-NT.If
(N = 4/group) at 4 weeks post-treatment (i.e. age 8 weeks). The HS
indicates a protective effect of P-NT.ll in all three histopathologic
parameters of arthritis. Statistical analysis revealed a greater beneficial
effect of P-NT.Il on cartilage destruction and bone erosion (**£ < 0.01
versus untreated or scrambled-P-NT.l-treated groups for both parame-
ters) than on synovitis (*P < 0.06 versus untreated or scrambled-P-
NT.I-treated groups).

Ultrastructural changes of ankle articular cartilage and syn-
ovium in Tg197 mice were evaluated using transmission
electron microscopy, before and during the 4-week course
of treatment. Histologically, we observed an apparent sup-
pression of pannus formation and minimal erosive damage
to the articular cartilage and subchondral bone. At 1-4
weeks post-treatment with peptide (i.e. at age 58 weeks),
the number of inflammatory cells in the synovial tissue was
reduced as early as 1 week after initiation of treatment, and
the structural organization of the synovial membrane of the
ankle joint appeared less modified. In the P-NT.ll-treated
group, lesions such as synovial adhesions, cell fragmenta-
tion due to degeneration of synoviocytes, and dilation of the
r-ER and distorted cristae of type B cells were less obvious
than in the untreated or scrambled-P-NT.ll-treated groups.
In our cell-culture experiments using mouse macrophages,
P-NT.Il has been found to dose-dependently inhibit LPS- or
TNF-induced PGE, production, with a potency equal to
that of a potent and selective sPLA, inhibitor, LY315920
[29]. It is possible that P-NT.Il may modulate ultrastructural
modifications to the synovium by reducing the bioavailabil-
ity of arachidonic acid (AA) through sPLA, inhibition, and
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Figure 4

L

Chondrocytes of wild-type controls and untreated Tg197 mice. (a) Wild-type control at age 8 weeks: nucleus (N), plasma membrane with short
cytoplasmic protrusions (arrow), rough endoplasmic reticulum (--ER) (arrowhead), and mitochondria (m); (b) untreated Tg197 mouse at age 4
weeks: nucleus (N) and plasma membrane with cytoplasmic thin protrusions (arrow) appear normal, while the cytoplasm shows vacuoles (v) with
granular materials inside (double arrow) and dilated cisternae (arrowhead). (c-f) Untreated Tg197 mouse at age 8 weeks: degenerating chondro-
cytes showing the following: {c) transparent cytoplasm with nucleus {N) and an accumulation of intracytoplasmic filaments (f), vacuoles (v) and mito-
chondria {m) with distorted cristae; (d) greatly vacuolated cytoplasm (v), and pyknotic nuclei (N) with cytoplasmic projections coming apart from the
cell (arrow); (e) cell organelles from disintegrated cells (o), mitochondria (m), bundies of densely packed collagen fibres (arrowhead), small residues
of intermediate filaments (), and broken cellular processes (arrow); (f) swollen and disrupted -ER, and bundles of thickened intermediate filaments
(f). Basement membrane, cytoplasmic organelles (arrow), and cellular processes (arrowhead) were also fragmented. Electron-dense areas (e) are
seen in the intercellular matrix. N = 4 joints; mean percentage of degenerating chondrocytes = 40% and 80% of total at 4 and 8 weeks of age,
respectively. Bars = 2 pm.
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Figure 5

Chondrocytes of treated Tg197 mice. (@) Chondrocytes of P-NT.iI-
treated Tg197 mice at 5-8 weeks of age (i.e. 1-4 weeks post-treat-
ment) were similar to those described for normal chondrocytes, with
almost intact nucleus (N), basement membrane {arrowhead), and cyto-
plasmic organelles — vacuoles (v}, rough endoplasmic reticulum (r-ER),
mitochondria (m); (b) Most chondrocytes of Tg197 mice treated with
scrambled P-NT.Il at age 8 weeks (i.e. 4 weeks post-treatment) were
degenerated, with vacuolated cytoplasm (v), a disrupted Golgi complex
(g), pyknotic nuclei (N) with a well-defined, enlarged perinuclear space
(arrows), and cytoplasmic projections broken from the cell (arrowhead).
N = 4 joints/group; mean percentage of degenerating chondrocytes at
age 8 weeks = 20% and 75% of total in (a) and (b), respectively. Bars
=2 um,

suppress the severity of the prostaglandin-mediated inflam-
matory response in the synovium.

Available online http://arthritis-research.com/content/6/3/R282

The ultrastructural features of the articular cartilage
observed in this human TNF transgenic mouse model of RA
suggest that the chondrocyte may be one of the important
targets of the peptide intervention in modulating the pro-
gression of the joint erosion. Our extensive histopathologic
analysis of joints in the Tg197 TNF model in this study (Fig.
3) has revealed both articular cartilage destruction and
subchondral bone erosion at the advanced stages of dis-
ease (i.e. 8 weeks of age). Similar severe cartilage destruc-
tion in Tg197 mice at 7-8 weeks of age has previously
been shown as evidenced by the loss of safranin-O staining
[22]. Massive cartilage and subchondral bone erosion in
the joints is the hallmark of inflammatory arthritis in the TNF
fransgenic mouse model [30]. At 3-4 weeks post-treat-
ment (i.e. at 7-8 weeks of age), P-NT.l significantly
reduced chondrocyte necrobiosis, which was frequently
seen in the proximity of invading synovium in untreated con-
trols at same age. lt is possible that sPLA, might be
involved in cartilage destruction in the TNF-fransgenic
model. sPLA, found in the synovial fluid has been reported
to originate from chondrocytes and not from the synovial
lining or inflammatory cells [31]. Human articular chondro-
cytes synthesize and constitutively release sPLA,, and are
therefore suggested to be responsible for the high concen-
tration of sPLA, present in articular cartilage [32]. cPLA, is
also reported to be involved in PGE, production by osteob-
last cells [33], while there are reports indicating that sPLA,
augments cPLA, expression in mouse osteoblasts via
endogenous PGE [18,34]. Because of the significant func-
tional coupling and/or synergism that can exist between
cPLA, and sPLA, in various cells [3,13,33-35], sPLA,
could conceivably be involved in chondrocyte destruction
in RA by playing a role in bone resorption through crosstalk
with cPLA,.

We have found significantly elevated levels of circulating
sPLA, in Tg197 mice at 8 weeks of age as compared with
the much lower baseline levels detected at 4 weeks of age.
Elevated levels of sPLA, have been reported in the plasma
of patients with acute and chronic inflammatory diseases
[36]. sPLA, can mobilize AA to induce the de novo synthe-
sis of eicosanoids in a variety of inflammatory cells [37],
leading to subsequent release of proinflammatory
mediators. Recently, sPLA, has been shown to amplify
TNF-induced PGE, synthesis in human rheumatoid
synoviocytes [8], a process that is blocked by cyclic pep-
tide inhibitors of human sPLA, [38]. The use of a low-
molecular-weight peptide, such as P-NT.II, that effectively
lowers sPLA, could be of clear clinical benefit in similar sit-
uations. Our results obtained with P-NT.ll-treated Tg197
mice demonstrated that this new peptide inhibitor signifi-
cantly suppressed the circulating sPLA, activity in those
mice, whereas scrambled P-NT.Il (negative control pep-
tide) was without any effect.
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Figure 6

Synovium of untreated Tg197 mice at age 8 weeks. (a) Proliferation of the synovial tissue {syn) in the articular cavity (ac) showing macrophage-like
type A synoviocytes (sa) with thin cytoplasmic protrusions (arrow) invading the articular surface (as), and closely packed secretory type B synovio-
cytes (sb) seen in the superficial layer of pannus. (b) The synovial membrane was lined by closely packed, elongated (arrow) or rounded synovio-
cytes with infiltrating cells (arrowhead) present under the synovium. (c) Degenerating synoviocyte with disintegrated nuclei (arrow) and vacuolated
{v) cytoplasm along with disrupted collagen fibres (arrowhead) randomly seen in the synovium. (d) Adherent-type junction (arrow) sealing two syn-
oviooytes with fibrin (f) between them. (e) Synoviocytes appeared flattened, and partially degranulated mast cells {(arrow) are seen under the syn-
ovium. N = 4 joints; mean percentage of degenerating synoviocytes = 80% of total cells. Bars = 5 pum. ¢, chondrocytes; N, nucleus.
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Figure 7
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Figure 8

Synovium of treated Tg197 mice. (a) Nontransgenic wild-type group
(control) at age 8 weeks: type A (sa) and type B (sb) synoviocytes are
arranged loosely in the synovium (syn). Type A cells are characterized
by many thin filopodia (arrow), while type B cells contain many
instances of rough endoplasmic reticulum {r-ER), small vesicles, and
basement membrane structures {arrowhead); (b) P-NT.li-treated Tg197
group at 5-8 weeks of age: synoviocyte A cells (sa) with characteristic
cytoplasmic processes intermingled with those of neighboring cells
(arrow) and B cells (sb), seen at age 6-8 weeks of age (i.e. 2—4 weeks
post-treatment), appear unmodified during the time course (1-4 weeks)
of treatment. The ultrastructural features are similar to those seen in the
ankle joints of wild-type controls in (a). (c) Scrambled-P-NT.ll-treated
Tg197 group at age 8 weeks: type A (sa) and B (sb) synovial cells were
seen lining up close together, and many cell fragments (arrowheads)
resulting from fibrous degeneration of endothelial cells were present in
the synovium (syn), along with infiltrating mast cells (arrows). N = 4
joints/group; mean percentage of degenerating synoviocytes = 24%
and 75% of total in (b) and (c), respectively. Bars = 2 um.

B untreated

P-NT.li-treated
S scrambled P-NT.ll-treated

P<0.05

P<0.05

serum PLA; levels
{ng/mi)

® ////./;// /////‘//} !

Tg197 age (weeks)

Time course of serum phospholipase A, (sPLA,) levels. Serum sPLA,
levels were measured with an Escherichia coli membrane assay in
blood samples collected from untreated, P-NT.I-treated, and scram-
bled-P-NT.ll-treated Tg197 mice at weekly intervals during the 4 weeks'
time course of treatment. Values are the mean * SD (N = 4/group).
One-way ANOVA with Bonferroni's multiple comparison post test: P <
0.05, untreated versus P-NT.li-treated (age 8 weeks); P < 0.05, scram-
bled-P-NT.li-treated versus P-NT.ll-treated (age 8 weeks).

The data obtained from the present study suggest that P-
NT.Il ameliorates synovitis and bone and cartilage erosions
in the joints through modulation of circulatory and localized
sPLA,, which might otherwise amplify TNF-dependent
pathways in rheumatoid synovium. Although the mode of
action of sPLA, in this animal model is not exactly known,
the potential mechanism may involve binding to a receptor
[39], followed by internalization [40] and transfer of sPLA,
to intracellular pools of phospholipids enriched in AA [41].
Further catalysis by sPLA, through surface interactions can
then initiate and promote pathology by releasing AA, which
can subsequently be converted to proinflammatory pros-
taglandins and leukotrienes. There are no published reports
of sPLA, inhibitors showing benefit on bone erosion. The
ultrastructural evidence of the beneficial effect of the pep-
tide on joint destruction as shown here suggests a possible
use of sPLA, inhibitors in the treatment of inflammatory
bone loss diseases such as RA. However, some caution is
advisable in the interpretation of the findings, since the
nature of the arthritis in a purely TNF-driven disease, such
as that observed in TNF transgenic mice, may not truly
reflect the situation in human inflammatory joint diseases.

Conclusion
The present study provides ultrastructural demonstration of
the modulatory effect of the P-NT.lI peptide on synovial
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Figure 9
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Modulation of lipopolysaccharide (LPS)- and tumor necrosis factor
(TNF)-stimulated PGE, release. Macrophages (56 x 105 cells/ml) from
subcultured J774 mouse cell line were incubated with (@) LPS (2 pg/
mi) or (b) TNF (10 ng/ml) in the absence or the presence of various
concentrations (0—-40 M) of P-NT.Il, LY315920, or scrambled P-NT.Il
for 20 hours. Supernatants were collected, and PGE, release in the
medium was determined by enzyme-linked immunosorbent assay.
Results are shown as the mean * SEM of five experiments performed in
duplicate. **P < 0.01 between inhibitor-treated and untreated cultures.

inflammation and joint destruction in TNF-driven Tg197
mouse model of human RA. The results suggest that sPLA,
seems to play a significant role in inflammatory arthritis, and
sPLA, inhibitors may be useful for the development of novel
agents to treat RA and other inflammatory diseases.
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Summary

A membrane-permeant malachite green-conjugated
IP; analog (MGIP,/PM) was synthesized as a probe for
small molecule-based CALI {smCALI), and its effect
on the Ca?* signaling in intact DT40 chicken B cells
was examined. In DT40 B cells treated with the smCALI
probe, laser irradiation inhibited IP;-induced Ca?* os-
cillations in response to B cell receptor stimulation,
demonstrating that IP;R was acutely inactivated. We
then applied smCALI to clarify the mechanism of ca-
pacitative Ca?* entry (CCE), in which involvement of
IP;R has been suggested. Despite the inactivation of
IP;R by smCALl, thapsigargin-induced CCE remained
unaffected, providing evidence that functional IP;R is
not required for CCE in DT40 cells. These results dem-
onstrate the potency of the smCALI technique for the
study of the roles of IP;R in complex intracellular Ca?*
dynamics.

Introduction

Specific inactivation of biomolecules has been one of
the most widely used approaches to study the physio-
logical functions of these molecules, and various meth-
ods, including the use of pharmacological antagonists,
targeted gene disruption, and antibodies, have been
used. The activities of most functional biomolecules de-
pend upon the site of expression and the nature of the
cellular processes in which they are involved [1~3], so
atechnique for inactivation of target proteins in a spatio-
temporally well controlled manner should be extremely
useful. To achieve this purpose, chromophore-assisted
laser inactivation (CALI) is an excellent method [4, 5], in
which the protein of interest is targeted by an exoge-
nously introduced antibody that has been tagged with
a CALI chromophore, usually malachite green, and the
chromophore-antibody complex is subsequently irradi-
ated with intense localized laser light. The irradiated
chromophore produces radical species that react with
the protein to which the antibody is bound, causing
its inactivation. Because the radical species are highly

*Correspondence: tlong@mol.f.u-tokyo.ac.jp

reactive and have very short lifetimes, the antibody-
recognized proteins are specifically inactivated. The
functions of various molecules, which could not have
been analyzed by other currently available methods,
have been elucidated by inactivation of target proteins at
the appropriate site and time using the CALI technique.

Although CALI has proved very powerful, it has some
limitations, which are primarily attributable to the use
of antibody for the molecular recognition. It is difficult
to label antibodies with chromophores at specific amino
acid residues, so that the extent of the damage inflicted
on the target protein cannot readily be controlled. More-
over, it is necessary to use an invasive method to intro-
duce antibodies into cells, which may jeopardize the
physiological functions and long-term viability of the
cells. Further, invasive methods (such as trituration,
whole-cell clamp, or microinjection) can be applied to
only a few cells at a time and are not applicable to
tissues.

To circumvent the limitations associated with conven-
tional CALI, we have set out to develop a new method
in which synthetic small molecules are used instead of
antibody for target recognition (small molecule-based
CALI, or smCALl). We designed and synthesized suit-
able synthetic small molecular probes for biological ap-
plication of CALI. For the implementation of smCALlJ,
we chose inositol 1,4,5-trisphosphate receptor (IP;R) as
a target protein. IP3R is a Ca?* channel localized on the
endoplasmic reticulum (ER) membrane, and regulates
the cytosolic Ca?* concentration, playing an important
role in various physiological functions, such as contrac-
tion, secretion, fertilization, synaptic plasticity, and gene
expression [6, 7]. Thus, spatiotemporally controlled in-
activation of IP;R using smCALI should be useful for
studying of the role of the protein in these functions.

We developed a chromophore-labeled [P; analog (car-
boxymalachite green-aminopropyl-1D-myo-inositol-1,4,5-
trisphosphate, MGIP;) and showed that spatially con-
trolled inactivation of IP;R could be achieved within a
few seconds by MGIP;-mediated smCALI [8-10]. The
time required for smCALI is very much shorter than that
of antibody-based CALI, which usually requires ~5 min.
Furthermore, by focusing a laser beam at the subcellular
level in a single PG12 cell, precise control of the area
of inactivation could be achieved. In the present study,
we derivatized MGIP; to a membrane-permeant com-
pound for noninvasive delivery into living cells. This
membrane-permeant probe can be easily applied to in-
tact cells or cell populations and smCAL| experiments
can be conducted under physiological conditions. We
describe here the successful application of smCALl in
intact cells using the membrane-permeant probe, and
we show that smCALI provides a powerful tool to ana-
lyze complex intracellular Ca?* dynamics.

Results and Discussion

MGIP;/PM Permeates through the Plasma
Membrane and Interacts with IP,R

In previous studies, we designed and synthesized a
chromophore-labeled IP; analog (MGIP;, Figure 1) and
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Figure 1. Scheme of smCALl Using a Membrane-Permeant Syn-
thetic Probe, MGIPyYPM

IP;R, inositol 1,4,5-trisphosphate receptor; ER, endoplasmic reticu-
lum; PM, propionyloxymethyl group.

showed that MGIP, could act as an agonist of IP;R and
function as an effective probe for smCALI of IP;R [9,
10]. Permeabilization of the cell membrane or whole-~
cell patch-clamp was required to introduce MGIP; into
cells, because MGIP; cannot permeate through the
plasma membrane due to its charge and hydrophilicity.
Thus, we derivatized MGIP; to a membrane-permeant
compound (carboxymalachite green-aminopropyl-1D-
myo-inositol-1,4,5-trisphosphate hexakis (propionylox-
ymethyl) ester, MGIPy/PM, Figure 1) by masking all the
anionic phosphate groups with propionyioxymethyl es-
ters. This compound is expected to diffuse into cells,
where it should undergo cleavage by the ubiquitous
intracellular esterases to generate the hydrolyzed form
(i.e., MGIP3), which binds to IP,R (Figure 1).

We examined whether MGIP,/PM can indeed perme-
ate through the plasma membrane and interact with IP;R
by using DT40 cells expressing type 2 IP;R (IP;R-2).
MGIP; is an agonist of IP;R and induces Ca?* release
via IP;R in permeablized DT40 cells. Thus, one would
expect to observe an increase in [Ca?*], if extracellularly
applied MGIP/PM dose permeate through the plasma
membrane and subsequently undergo hydrolysis to
yield MGIP;. When MGIP,/PM (100 wM) was added to
the extracellular solution of DT40 cells, it induced an
increase in [Ca®*}, indicating that MGIPy/PM did enter
the cells and interact with IP,R (Figure 24, black trace;
Figure 2B). On the other hand, extracellularly added
MGIP; (100 pM) or vehicle (0.1% DMSO) induced no
detectable [Ca**]; increase (Figure 2A, green and blue
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Figure 2. [Ca®'} Increase Induced by 100 pM MGIP/PM in Intact
DT40 Cells

(A) [Ca®*], increase induced by 100 pM MGIP/PM, 100 pM 1L-
MGIP;/PM, 100 pM MGIP;, and vehicle {0.1% DMSO0). Test com-
pounds were added to an extracellular solution of Fura-2-loaded
DT40 cells as indicated by the box. All traces show Ca?* responses
in single DT40 cells. 100 M MGIPy/PM (black square) induced a
much greater [Ca?*);increase than 100 pM 1L.-MGIP,/PM (red circle).
100 uM MGIP; {green diamond) or vehicle (blue triangle) induced
no detectable [Ca®*]; increase.

(B) [Ca?*) increase induced by 100 uM MGIP/PM and 100 pM 1L~
MGIP,/PM. 100 1M MGIP,/PM induced a significantly larger increase
of the fluorescence ratio than 100 pM 1L-MGIP/PM within 1800 s
after extraceliular addition of each compound (*p < 0.0001). These
data were acquired in two independent experiments. The number
of analyzed cells is indicated on top of each column. Results are
the mean = SEM.

traces; Figure 2B), indicating that masking of the phos-
phate groups is essential for membrane permeation. As
a control experiment, we used the optical isomer of
MGIPy/PM (1L-MGIPy/PM), which has the same photo-
chemical nature as that of MGIPy/PM, though its hy-
drolyzed form (i.e., 1L-MGIP;) has a much weaker ago-
nistic effect on 1P;R [9, 10]. 1L-MGIP/PM (100 uM) was
much less effective in increasing [CaZ?*]; than MGIPy/
PM and a significant difference in their Ca?* releasing
activity was observed (Figures 2A, red versus black
traces; Figure 2B, p < 0.0001). In all experiments, cells
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showed the same responses to B cell receptor stimula-
tion. We also examined the concentration of MGIP; in
the cell by HPLC. After uptake of MGIPy/PM from the
exracellular solution by DT40 cells, cells were washed
and disrupted by sonication; then the intracellular solu-
tion was analyzed by HPLC. The resuit suggested that
the concentration of MGIP; was at most 10 pM in the
cell when MGIP,/PM was extracellularly applied at a
concentration of 100 uM (data not shown). This range
of MGIP; concentration is the same as that used in the
previous study [10], in which the specificity of CALI was
established. Furthermore, DT40 cells lacking all three
type of IP3R [11] exhibited no detectable [Ca?*);increase
in response to extracellular addition of 100 uM MGIPy/
PM (data not shown). These results indicate that MGIPy/
PM can permeate through the plasma membrane and
interact with IP;R after intracellular hydrolysis.
Although MGIP3/PM has an inherent agonistic effect,
at low concentrations MGIP3/PM induced no detectable
[Ca?*]; increase. Indeed, there was no significant differ-
ence between the increase of fluorescence ratio induced
by 4 pM MGIP/PM and that by 4 pM 1L-MGIP,/PM
(—0.009 = 0.006 and —0.013 = 0.006, respectively, p =
0.6825). Thus, we used 4 pM MGIP,/PM for smCALI so
that the agonistic effect of the ester could be neglected.

MGIP,/PM-Mediated smCALIl Inactivates

IP;R in Intact DT40 Cells

Stimulating the B cell antigen receptor (BCR) induces
production of IP; via phospholipase C (PLC)-y2, followed
by repetitive cyclic increases in [Ca?*]; (Ca?* oscillation)
in DT40 cells [12]. In the previous study, we showed
that MGIP;-mediated smCALI inhibited IP;-induced Ca?®
release in permeabilized DT40 cells [10]. We then exam-
ined whether laser beam irradiation focused onto intact
single DT40 cells loaded with MGIPy/PM induces protein
inactivation, by measuring the IPs-induced Ca?* oscilla-
tion. Fura-2-loaded DT40 cells were loaded with 4 uM
MGIPy/PM for 60 min, and then we routinely allowed
an incubation period of =30 min to ensure complete
hydrolysis of MGIP,/PM after wash-out of excess ester.
MGIP; in the cell is expected to be stable because it
has been shown that inositol 1,4,5- trisphosphate deriv-
atives modified at 1-phosphate are not substrates for
5-phosphatase or 3-kinase [13]. Subsequently, several
MGIPyPM-loaded cells were successively irradiated
with the laser for 60 s each (Figure 3A), followed by
induction of Ca?* oscillation by BCR stimulation with
anti-BCR antibody M4 (1 g mi™") [12]. Ca?* oscillation
was strongly inhibited in irradiated celis (Figure 3B). The
average number of Ca?* oscillations within 500 s after
BCR stimulation was decreased by 50% in irradiated
cells compared with nonirradiated celis (Figures 3C and
3D, p < 0.0001). MGIPy/PM-mediated smCALI also de-
creased the average peak amplitude of Ca?* oscillations:
2.04 *+ 0.10 in irradiated cells and 2.41 = 0.07 in nonirra-
diated cells (p < 0.005).

Laser irradiation alone in the absence of MGIP,/PM
had no significant effect on the average number of Ca?*
oscillations (Figure 3D, p > 0.82). We then examined
whether or not the laser-induced inhibitory effect on
Ca?* oscillation is also observed in 1L-MGIPy/PM-

loaded celis. No effect of laser irradiation on the average
number of Ca?* oscillations was observed in cells loaded
with 4 uM 1L-MGIPs/PM (Figure 3D, p > 0.36). These
resuits indicate that there is no nonspecific laser dam-
age to IP;R, and that the inhibition of Ca?* oscillation was
the result of IP;R inactivation by MGIPy/PM-mediated
smCALI.

MGIP;-mediated smCALI has been shown to inhibit
IP;-induced Ca?"* release [10]. Therefore, it seems likely
that Ca?* oscillation was inhibited as a result of the
inhibition of IPs-induced Ca?" release. Ca?* oscillation
is a genuine physiological phenomenon, and it is not
appropriate to analyze it by using methods that disrupt
the intact cell structure, for example, using detergents
or microinjection. SmCALI provides the opportunity to
analyze Ca?" signaling under physiological conditions.

It was not clear quantitatively to what extent the IP;R
was inactivated by our procedure, but the oscillation
frequency, an important factor of Ca?* signaling, was
greatly reduced, except for a few initial spikes, as a
result of IP;R inactivation.

Absence of Involvement of IP;R in Capacitative
Calcium Entry

After release of Ca?* from intracellular stores via IP;R,
Ca?* entry across the plasma membrane follows in many
cell types [14]. This Ca?* signaling is called capacitative
Ca?* entry (CCE). CCE is thought to form an important
component of Ca?* signaling. Although IP;R has been
implicated in CCE, the molecular mechanism of CCE
remains elusive [15-17]. To study whether IP;R is in-
volved in CCE, CCE was examined in cells in which IP;R
had been inactivated by smCALL. Inactivation of IP;R in
DT40 cells expressing IP;R-2 by smCALl was carried
under the same conditions as the above experiments.
Ca®* stores were then depleted by applying 1 wM thapsi-
gargin (TG), an inhibitor of sarco/endoplasmic reticulum
Ca**-ATPase (SERCA) [18), in the absence of extracellu-
lar Ca?*. Subsequent addition of 2 mM Ca?* evoked an
increase in [Ca?*}; due to CCE (Figure 4A). The amplitude
of the CCE-mediated increase in [Ca%*]; was not signifi-
cantly different between irradiated and nonirradiated
cells (p > 0.86, Figure 4B), suggesting that the activation
of IP;R is not essential for TG-induced CCE in DT40
cells under these experimental conditions.

It has been suggested that CCE is regulated by the
IP;R [15]. However, it has been difficult to acutely and
specifically inactivate IP,R. Most of the conventional
antagonists of IP;R have direct inhibitory effects on CCE
[17, 19]. Targeted disruption of the IP;R genes is a pow-
erful method, but may not be free from possible long-
term compensatory reactions. Recent findings using
mutant DT40 cells, in which all subtypes of IP;R were
deleted, strongly suggested that IP;R is not involved
in CCE, because the cells showed typical CCE or I,
(calcium release-activated calcium current) identical to
that observed in wild-type celis [11, 16, 20, 21]. However,
it was suggested that ryanodine receptors would work
as a compensatory mechanism in the mutant DT40 cells
[22]. Taking the above circumstances into consider-
ation, smCALI appears to be an excellent method to
analyze the functions of IP;R in CCEs, because acute
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Figure 3. Inhibitory Effect of MGIP,/PM-Mediated smCALI on Ca?* Oscillations in Intact DT40 Cells

(A) Fluorescence image of DT40 cells excited at 350 nm after loading Fura-2AM. The red circle indicates the laser spot for irradiation.

(B) Ca** responses upon ligation of BCR with anti-BCR antibody (1 ng mi~") after smCALI with 4 M MGIP/PM. Traces show several
representative responses in irradiated or nonirradiated cells. Antibody was applied as indicated by horizontal bars above the traces.

{C) Histogram showing the number of Ca?* oscillations within 500 s of BCR stimulation in irradiated or nonirradiated cells {48 cells in each

condition).

(D) Average number of Ca?* oscillations in response to BCR stimulation after the indicated treatment. A significant difference was found
between the average numbers of Ca?* oscillations under irradiated and nonirradiated conditions with MGIPy/PM (*p < 0.0001). The number
of analyzed cells is indicated on top of each column. These data were acquired in six independent experiments, Results are the mean =

SEM.

inactivation of IP;R can be carried out under physiologi-
cal conditions. Other studies have also shown that acute
inhibition of IP;R by heparin (a potent IP;R angagonist)
failed to inhibit /., [20, 21, 23]. Our results provided
evidence that IP;R is not involved in CCE in DT40 cells.
Further application of smCALI should clarify the function
of IP;R in CCE in other cell types.

In the present study we showed that smCALl can
overcome the main limitation of the conventional CALI
technique, in which invasive methods have to be used
to introduce antibodies into cells. Indeed, we have suc-
ceeded in examining the effect of smCALIl on Ca?* oscil-
lations. The role of IP;R in CCE could be analyzed by
smCALI without any long-term compensatory effect.
Spatiotemporally controlled genetic modification (con-
ditional knockout) [24] has emerged as a powerful mo-
lecular inactivation method. However, it requires a much
longer time for molecular inactivation than smCALL
Thus, smCALI provides a unique method to analyze Ca?*
signaling under physiological conditions in various cell
types. Another feature of MGIP;-mediated smCALl is
the catalytic inactivation mechanism [10], i.e., the smali-
molecular probe (MGIP;) may rapidly associate with and
rapidly dissociate from its target (IP;Rs), and repetitive

excitation of malachite green causes cumulative inac-
tivation of IP;Rs. Due to the catalytic nature of the in-
activation, even a low probe concentration may cause
sufficient inactivation. Indeed, we showed that 4 pM
MGIP/PM caused sufficient inactivation of IP;Rs with-
out any agonistic effect. Thus, the smCALI technique
provides high spatiotemporal resolution in molecular in-
activation, and should be applicable to studies of vari-
ous physiological functions, especially in polarized cells
such as neurons.

Significance

Biological application of conventional CALI has been
hampered mainly by the necessity to use invasive
methods to introduce antibodies into the cells for tar-
get recognition. In the present study, we successfully
carried out smCAL!in intact cells by using membrane-
permeant synthetic small molecules. Some variations
of small molecule-based CALI have been developed.
For example, arsenic chromophore derivatives de-
signed to specifically bind to a tetracysteine tag
attached to a target protein induce target inactivation
under light illumination (FIAsH-FALI) [25, 26]. Although





