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Envenomation by the sea anemone Phyllodiscus se-
moni causes fulminant dermatitis and, rarely, acute
renal failure in humans. Here, we investigated
whether the venom extracted from the nematocysts
(PsTX-T) was nephrotoxic when administered intra-
venously in rats and whether PsTX-T induced activa-
tion of the complement system. Although small dose
of PsTX-T induced acute tubular necrosis in rats re-
sembling pathology seen in patients, kidneys dis-
played glomerular injury with glomerular endothelial
damage, thrombus formation, mesangiolysis, and
partial rupture of glomerular basement membrane,
accompanied by severe tubular necrosis at 24 hours
after administration of 0.03 mg of PSTX-T per animal,
similar to the glomerular findings typical of severe
hemolytic uremic syndrome. The early stage injury
was accompanied by specific PSTX-T binding, massive
complement C3b, and membrane attack complex
deposition in glomeruli in the regions of injury and
decreased glomerular expression of complement reg-
ulators. A pathogenic role for complement was con-
firmed by demonstrating that systemic complement
inhibition reduced renal injury. The isolated nephro-
toxic component, a 115-kd protein toxin (PsTX-115),
was shown to cause identical renal pathology. The
demonstration that PsSTX-T and PsTX-115 were highly
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nephrotoxic acting via induction of complement activa-
tion suggests that inhibition of complement might be
used to prevent acute renal damage following enveno-
mation by P. semoni. (AmJ Pathol 2007, 171:402—414; DOI:
10.2353/ajpath.2007.060984)

Sea anemones, members of the phylum Coelenterata,
are armed with venom-secreting nematocytes to aid in
the capture of prey and to protect from predators. Most of
these venoms are harmless to humans or induce mild
dermatitis. However, a few species of sea anemones
possess highly toxic venoms hazardous for humans.
Phyllodiscus semoni is one of the most dangerous.' P.
semoni is commonly called “night sea anemone” and is
distributed in the Western Pacific ocean; it is also called
in Japanese ‘“unbachi-isoginchaku,” which means
“wasp-sea anemone,” in Okinawa (South Japan). The
sting induces severe dermatitis with local ulceration and
swelling that often takes months to resolve.? We recently
reported a more serious sequela of envenomation by P.
semoni; the victim developed unexplained acute renal
failure without evidence of dysfunction of other organs.?
From hospital records covering the last 6 years in the
Okinawa area, there were at least three other cases with
acute renal failure in individuals stung by PsTX-T, includ-
ing our case report.? Unfortunately, we have no informa-
tion for frequency in other countries. We believe that this
may be an under-reported consequence of envenoma-
tion by this organism. Several hemolytic protein toxins
have been isolated from P. semoni venom, including a
20-kd molecular weight protein, PsTX-20A, and 60-kd
molecular weight proteins 60A and 60B,® whereas other
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sea anemone venoms contain hemolytic, neurotoxic, and
cardiotoxic protein toxins.?~® However, there have been
no previous reports describing nephrotoxic factors in sea
anemone venom.

Renal injury has been reported following envenomation
by snakes, spiders, and scorpions.” '3 In some instances
these effects are associated with complement (C)-acti-
vating components in the venoms that indirectly contrib-
ute to tissue damage.’ "7 A well-known example is the
C83-like protein cobra venom factor, purified from the
venom of the Egyptian or Thai cobra, which activates C to
completion in experimental animals.'® No direct associ-
ation between sea anemone venoms and C activation
has been reported, although the sea anemone-derived
toxin AvTX-60A was recently reported to have structural
similarities to terminal pathway C proteins.’® We here
tested the nephrotoxic activity of P. semoni venom in
rodents to identify the mechanisms of nephrotoxicity and
the toxic principle in the venom.

Materials and Methods

Animals

Female Wistar rat weighing ~150 g (Chubu Kagaku
Shizai, Nagoya, Japan) were used in the present study.
All experiments described were performed according to
The Animal Experimentation Guide of Nagoya University
School of Medicine.

Extraction of P. semoni Venom (PsTX-T) from
Isolated Nematocysts

Sea anemones, P. semoni, were collected along the Pa-
cific coast at Itoman, Okinawa, Japan. Isolation of nema-
tocysts and extraction of venom was performed as pre-
viously described.®2° In brief, isolated nematocysts were
incubated in 10 mmol/L phosphate buffer (pH 6.0) and
centrifuged (12,000 X g, 15 minutes). The supernatant
was sterile-filtered; this venom extract was termed
PsTX-T. Protein concentration was measured by Coo-
massie assay (Pierce, Rockford, IL). Presence of endo-
toxin was tested using the Wako ES EndoToxinometer
MT-358 (Wako Pure Chemical Industries, Tokyo, Japan).
All samples were below the detection level for endotoxin
(<0.5 EU/mI).

To investigate C-activating activity of PsTX-T in the
fluid phase, 1 ml of serum from untreated rats was incu-
bated with 4.0 X 1072, 1.0 X 1072, 1.0 X 1073, 1.0 X
1074, 1.0 X 1075 1.0 X 1076, 1.0 X 1077, and 1.0 X
1078 mg/ml of PSTX-T. Residual serum hemolytic activity
(CH50) was measured in a commercial assay according
to the manufacturer’s instructions (Ishizu Pharmaceutical
Co., Osaka, Japan).

Administration of PSTX-T to Rats

Rats (nine per group) were intravenously (i.v.) injected
with 0.3, 0.03, or 0.003 mg of PsTX-T per animal in 0.3 ml
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of isotonic saline and observed at least daily for up to 7
days. Histological changes caused by PsTX-T adminis-
tration were assessed in three randomly selected rats
sacrificed at 24 hours by examining kidney, heart, liver,
and lung tissue. To analyze the time course of renal
injury, a separate group of 16 rats were injected i.v. with
0.03 mg of PsTX-T per animal and the kidneys harvested
at intervals from 10 minutes, 6 hours, 24 hours, 3 days,
and 7 days after injection. In another experiment, four rats
were followed up to 7 days to measure serum creatinine
before PsTX-T injection and at 24 hours and on 7 days
after administration with 0.03 mg of PsTX-T per animal. In
the above experiments, four rats were injected with vehi-
cle instead of 0.03 mg of PsTX-T per animal and/or used
untreated rats as the control. Tissue was processed for
histological and immunohistochemical analysis and/or
electron microscopic (EM) analysis. Blood samples were
also collected from the tail vein in rats treated with 0.03
mg of animal PsTX-T per animal.

Nephrotoxicity was also assessed in rats injected with
fractions obtained from the purification of nephrotoxic
components from PsTX-T. For these analyses, nine rats
were injected i.v. with 0.03, 0.015, or 0.003 mg of protein
(three rats for each) and killed after 24 hours. Kidneys
were harvested and renal injuries assessed under light
microscopy (LM).

In another experiment, systemic C activity was inhib-
ited by i.v. administration of sSCR1 (AVANT Immunothera-
peutics, Inc., Needham, MA) at 20 mg/kg in 0.5 ml of
sterile isotonic saline, a dose known to cause C inhibition
in rats,?"23 at 30 minutes before PSTX-T injection and
every 12 hours after administration. As the control for
sCR1 injection, 0.5 ml of sterile isotonic saline was ad-
ministered instead of sCR1. The number of rats used is
stated in the relevant figure legends. Suppression of
serum C activity was confirmed by measurement of
CH50.

Generation of Mouse Polyclonal Antibody
against PsTX-T and Detection of PSTX-T
Binding in Rat Organs

BALB/c mice were immunized with PsTX-T in Freund’s
adjuvant. Immune mice were exsanguinated and serum
prepared. Anti-PsTX-T serum was used to detect binding
of PsTX-T following administration.

To confirm the reactivity of the anti-PsTX-T, Western
blot analysis was performed. Briefly, PsTX-T was sepa-
rated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) under nonreduced condi-
tions on 12.5% gels and transferred to nitrocellulose
membrane (Pall Corporation, Pensacola, FL). The mem-
brane was blocked with phosphate-buffered saline/milk
(PBS-M) and then probed with anti-PsTX-T (x1/2000),
followed by incubation with horseradish peroxidase-con-
jugated donkey anti-mouse Ig (The Jackson Laboratory,
Bar Harbor, ME), diluted in PBS-M. After further washing
in PBS/Tween, blots were developed using enhanced
chemiluminescence (Perbio Science, Helsingborg, Swe-
den) and images captured on Hyperfim enhanced
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chemiluminescence (Amersham Biosciences, Bucking-
hamshire, UK).

To investigate the distribution of administered PsTX-T,
rats were sacrificed 10 minutes (n = 3), 6 hours (n = 3),
and 24 hours (n = 3) after i.v. administration of 0.03 mg
of PsTX-T or vehicle (n = 2) per animal. Kidneys, livers,
hearts, and lungs were harvested and snap-frozen. Sec-
tions were prepared as described below and incubated
with the mouse anti-PsTX-T serum (1:100 dilution) or non-
immune serum as a staining negative control followed by
fluorescein isothiocyanate-labeled anti-mouse IgG (1:200)
previously adsorbed using normal rat serum (1:1, v/v). To
confirm the specific binding of anti-PsTX-T, frozen kidney
sections from three vehicle-administered rats were used as
controls. They were also incubated with the mouse anti-
PsTX-T serum (1:100 dilution) and fluorescein isothiocya-
nate-labeled anti-mouse IgG as described above. Sections
were viewed under a fluorescence microscope.

To confirm further the specific binding of PsTX-T (10
minutes after PSTX-T or vehicle injection) and decrease of
CReg expression (24 hours after PsTX-T or vehicle injec-
tion), lysates of kidney, lung, heart, and liver were pre-
pared in 2% Nonidet P-40/PBS with proteinase inhibitor
cocktail [containing 4-(2-aminoethyl)benzenesulfonyl flu-
oride, pepstatin A, E-64, bestatin, leupeptin, and aproti-
nin; Sigma-Aldrich, St. Louis, MO]. Equal amounts of
protein from each lysate were spotted on nitrocellulose
membranes and dried for dot blot analysis to confirm
PsTX-T distribution. The membrane was blocked with
PBS-M, incubated with anti-PsTX-T or untreated mouse
serum, followed by horseradish peroxidase-conjugated
donkey anti-mouse Ig (The Jackson Laboratory), and
developed as described above.

Histological and Immunohistochemical Methods

For LM analyses, tissues were fixed in methacarn over-
night and embedded in paraffin. Two-micrometer sec-
tions were stained with periodic acid-Schiff for the kidney
and with hematoxylin and eosin for heart, liver, and lung.
Kidney pathology was assessed separately in glomeruli,
cortex, outer medulla, and inner medulla. For immunohis-
tological analysis, kidney was embedded in OCT com-
pound (Sakura Finetechnical Co., Tokyo, Japan), snap-
frozen in liquid nitrogen, cryostat-sectioned at 2 um, and
fixed with acetone for 10 minutes at room temperature. To
assess the presence of C activation in the areas of renal
injury induced by PsTX-T, tissue sections were incubated
either with fluorescein isothiocyanate-labeled goat anti-
rat C3 (Cappel Laboratories, Cochranville, PA), or with an
in-house rabbit anti-rat C9 followed by fluorescein isothio-
cyanate-labeled anti-rabbit 1gG (Zymed Laboratories,
South San Francisco, CA), as described.?*

To investigate the expression of CReg, sections were
incubated with anti-rat Crry (512; gift of Dr. H. Okada and
Dr. N. Okada, Nagoya City University, Nagoya, Japan),?®
anti-rat DAF (RDIII-7),%® or anti-rat CD59 (6D1).?” To
count infiltrating cells in glomeruli, anti-leukocyte com-
mon antigen (clone OX1; Dainippon Pharmaceutical
Company, Osaka, Japan) was used. Bound antibodies

were detected using fluorescein isothiocyanate-labeled
rabbit anti-mouse IgG (Cappel Laboratories) absorbed
with normal rat serum. The CReg CD46 is not expressed
in rat kidney.?® Leukocyte common antigen-positive cells
were counted in 20 glomeruli, and the average was cal-
culated in rats treated with PsTX-T or with vehicle (four
per group) at 24 hours after injection.

To investigate ex vivo effects of PsTX-T on expression
of CReg, 10-um unfixed sections of fresh-frozen kidney
were incubated with 4 ug of PSTX-T in 50 ul of PBS or with
4 ng of PsTX-T mixed with 10 ul/2 ml of protease inhibitor
cocktail (including 4-(2-aminoethyl)benzenesulfony! fluo-
ride, ethylenediamine tetraacetic acid, bestatin, E-64,
leupeptin, and aprotinin; Sigma-Aldrich) in 50 ul of PBS
for 60 minutes at 37°C. Control sections were incubated
with PBS alone. After PsTX-T exposure, sections were
washed in PBS and then stained for CReg expression.

Western Blot Analysis to Confirm Decrease of
CReg Expression after PsTX-T Injection

Western blot analysis was performed to confirm de-
creased CReg expression in the kidney 24 hours after
PsTX-T administration. Protein concentration was mea-
sured, and equal protein amounts from lysates were
loaded on the gels, separated by SDS-PAGE under non-
reducing conditions on 5 to 18% gradient gels, and trans-
ferred to nitrocellulose membrane. The membrane was
blocked with PBS-M, incubated with monoclonal anti-
body RDIII-7 to detect rat CD55, monoclonal antibody
CLT1C-11 to detect rat Crry, a polyclonal antibody
(pcAb) rabbit anti-rat CD59, a mouse monoclonal anti-
body OX-7 to recognize rat Thy1.1 antigen as a GPI-
anchored protein control,?® a rabbit anti-thrombomodu-
1in3° as a transmembrane protein control, or nonimmune
mouse serum, followed by incubation with horseradish
peroxidase-conjugated donkey anti-mouse Ig or horse-
radish peroxidase-conjugated donkey anti-rabbit Ig (The
Jackson Laboratory), and developed as described
above.

Electron Microscopy

Specimens for EM were fixed with glutaraldehyde, post-
fixed with osmium tetraoxide, and embedded in Epon
812 (Nisshin EM Co., Tokyo, Japan). Ultrathin sections
were viewed with a H7100 electron microscope (Hitachi
Co. Ltd., Ibaraki, Japan).

Measurement of Serum Creatinine Level, Serum
C Activity, and Urinary Protein

Blood samples were collected from tail veins and serum
creatinine measured by “Kinos creatinine” kit (Kinos Co.,
Tokyo, Japan) following the manufacturer’s protocols. Se-
rum C hemolytic activity (CH50) was measured in a com-
mercial assay according to the manufacturer’s instruc-
tions (Ishizu Pharmaceutical Co., Osaka, Japan).



Spot urine samples from selected rats were directly
harvested from the bladder using 26-gauge needles at
sacrifice. The samples were semiquantitatively analyzed
by dip and read stick method (Multisticks; AMES, Tokyo,
Japan). The results were read as 0, +, 2+, 3+, and 4+
(30, 2+; 100, 3+; 300, 4+; 1000 mg/dl, respectively).
Statistical analysis was performed using Student’s un-
paired t-test.

Identification of the Nephrotoxic Protein
Fractions from PsTX-T

PsTX-T was applied to an ion-exchange high-perfor-
mance liquid chromatography, protein pak G-DEAE col-
umn (5 X 100 mm, 1.0 ml/min; Waters, Milford, MA),
equilibrated with 10 mmol/L phosphate buffer, pH 7.0.
The column was washed with 10 ml of the same buffer,
and bound components were eluted with a linear NaCl
gradient to 0.5 mol/L over 25 ml. Protein peaks were
collected. PSTX-T was also subjected to size exclusion
chromatography on a Superdex 200 fast-performance
liquid chromatography column (10 X 300 mm, 0.5 ml/
min; Amersham Pharmacia Biotech, Uppsala, Sweden),
equilibrated with 10 mmol/L phosphate buffer, pH 7.0,
containing 0.15 mol/L NaCl. Protein peaks were pooled,
dialyzed into PBS, and concentrated.

To test hemolytic activity, rabbit erythrocytes at 20%
in sterile isotonic saline were mixed with dilutions of the
various pools (2:1, v/v) and incubated at room temper-
ature for 1 hour. Tubes were then centrifuged, and
absorbance in supernatant was measured at 540 nm to
assess percentage of hemolysis. Hemolytic activity was
scored as —, negative; +/—, hemolysis >50% at twofold
dilution of sample; +, hemolysis >50% between four-
and eightfold dilution; ++, hemolysis >50% beyond 16-
fold dilution.

To estimate nephrotoxic activity, rats were injected i.v.
with 0.003, 0.01, or 0.03 mg of each pool per animal,
kidneys harvested at 24 hours, and processed as de-
scribed above. The degree of renal injury was scored as
—, minimal change, through +++ according to the num-
ber of affected glomeruli in 50 glomeruli examined: +,
glomerular injury involving less than 25% of total glomer-
uli; ++, glomerular injury involving between 25 and 75%
of glomeruli; +++, widespread injury with severe dam-
age involving over 75% of glomeruli in the kidney. Tubular
changes were broadly found from the cortex to outer
medullar similar to the injuries caused by PsTX-T admin-
istration. Nephrotoxic pools scoring (+-++) on this scale
at the lowest administered dose were taken to the next
stage of purification. Protein peaks from DEAE chroma-
tography and from size exclusion chromatography were
collected, dialyzed into PBS, and concentrated. Nephro-
toxic activity in these pools was tested as described
above by administration at 0.03 mg per animal in three
rats for each fraction.

In the next step for purification of nephrotoxic com-
ponents, the strongest nephrotoxic pool from DEAE
chromatography was subjected to size exclusion chro-
matography on a Superdex 200 fast-performance lig-
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uid chromatography column equilibrated with 10
mmol/L phosphate buffer pH 7.0 containing 0.15 mol/L
NaCl, as described above. Each fraction collected
from size exclusion chromatography was tested for
nephrotoxic activity in three rats as described above.
In addition, the titer of the strongest nephrotoxic frac-
tion (PsTX-115) was estimated by dilution and retesting
for nephrotoxicity. The most active fraction was reap-
plied separately to the Superdex 200 column and sep-
arated on SDS-PAGE and Coomassie-stained to con-
firm purity.

Amino Acid Sequencing of Nephrotoxic Protein

From a Coomassie-stained SDS-PAGE gel, the major
protein band at 115 kd was excised and digested with
lysyl endopeptidase in 0.1 mol/L Tris buffer, pH 8.5, at
35°C overnight. The digested sample was separated on
reversed-phase high-performance liquid chromatogra-
phy (TSKgel ODS-80Ts QA, 2.0 X 250 mm; Tosho Co.,
Tokyo, Japan) in 0.1% trifluoroacetic acid at 200 wl/min.
Abundant peptides were analyzed on a Procise 494 HT
protein sequencing system (column: 2.1 mm I.D. X 22
cm; program: pulse liquid; APRO Science Co., To-
kushima, Japan). Nonstained pieces from the same gel
were used as a control.

Results

PsTX-T Causes a Dose-Dependent
Nephrotoxicity in Rats

All rats injected intravenously with 0.3 mg of PsTX-T
developed a shock-like syndrome and died within 20
minutes of injection. This rapidly lethal effect was not
further examined. When rats were injected with 0.03
mg of the venom, all survived through day 5, and two of
nine died by day 7. At 24 hours after injection of this
dose, severe destructive glomerular changes with con-
comitant interstitial injury were found in kidney (Figure
1). Proteinuria (2+ to 4+) was detected in all of these
rats. Histological analyses did not reveal any patholog-
ical change in other major organs, including heart,
lung, and liver (data not shown), suggesting that the
injury was specific to the kidney. The only other pathol-
ogy detected was a mild and variable degree of intra-
vascular hemolysis. All rats injected with 0.003 mg of
venom survived at least 7 days and did not show
pathology in kidney or any other organ. Three of nine
rats receiving 0.015 mg of venom had renal tubular
necrosis with minor glomerular abnormalities under LM
(data not shown). A dose of 0.03 mg of venom was thus
chosen for subsequent studies in vivo.

Under LM at 6 hours after injection, the pathological
changes were minimal (data not shown). At 24 hours after
injection, partial disruption of the glomerular basement
membrane, massive thrombus formation in glomerular
capillaries, severe mesangiolysis, and infiltrating cells
were found in the majority of glomeruli (Figure 1, A and
B). At 24 hours, infiltrating cell number, detected by
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Figure 1. Nephrotoxicity in rats after PsTX-T injection. Under light microscopy 24 hours after PSTX-T injection, glomerular damage with thrombus formation was
found with severe tubular necrosis extending from cortex to outer medulla (A-D). A magnified glomerulus is shown on the upper right side of A; arrows indicate
infiltrating cells in glomerular capillaries. On day 7 after PSTX-T, focal and lobular glomerular damage was found (E, arrowheads, and F). At this time point,
tubular epithelial healing was found (G and H). In vehicle controls at 24 hours, no significant pathological changes were found (I-L). Under EM, 10 minutes after
PsTX-T administration, epithelial cells were well preserved, but segmental glomerular endothelial cell detachment and infiltrating cells in the glomeruli were found
(M, arrows), apparent to a similar degree in sCR1-treated rats exposed to PSTX-T (N, arrows). By EM at 24 hours after PsTX-T administration, severe endothelial
detachment (O, arrows) and mesangiolysis were found with accompanying epithelial damage (O, arrowheads). A, E, and I: Glomerulus. B, F, and J: Cortex.
C, G, and K: Outer medulla. D, H, and L: Inner medulla. Original magnifications: X400 (A, E, and D; X200 (B, C, D, F, G, H, J, K, and L); X1500 (M, N, and O).

anti-leukocyte common antigen, was 1.58 = 0.35 (n = 4,
mean = SE) per glomerulus in PsTX-T-administered rats;
in contrast, there were 0.38 * 0.08 infiltrating cells per
glomerulus in vehicle-injected rats (n = 4, P < 0.05).
Extensive and severe tubular damage, including epithe-
lial cell vacuolization and degeneration and epithelial
detachment, was found from cortex to outer medulla
(Figure 1, A-C). Tubular damage in the inner medulla was
less marked, although there were numerous casts inside
the tubular lumen (Figure 1D, arrows).

Glomerular changes were detected at EM level even
10 minutes after PsTX-T injection. Swelling and partial
detachment of glomerular endothelium with accumula-
tion of platelets and infiltrating leukocytes and early
mesangial degeneration were seen in a minority of
glomeruli at this time (Figure 1M). Glomerular epithelial
cells appeared intact, and there were no obvious
changes in tubular epithelium and peritubular capillar-
ies, except for sparse infiltrating inflammatory cells. Of
note, endothelium of peritubular capillaries showed

minimal changes at 10 minutes. At 24 hours, the ma-
jority of glomeruli showed severe endothelial detach-
ment, fibular extraction, and thrombus formation, sup-
porting the LM appearance (Figure 10). Fusion of
glomerular epithelial cell foot process, mesangiolysis,
and abundant degenerated fragments inside glomeru-
lar capillaries were present at this time.

In the glomeruli on day 3, the pathological changes
of tubular epithelial damage were still apparent (see
Figure 6, D and H). On day 7 after PsTX-T administra-
tion, segmental increase of cell number in glomeruli (Fig-
ure 1E, arrowheads) was observed, indicating segmental
glomerular injury (Figure 1, E and F), although damage to
tubular epithelium was much reduced (Figure 1, G and H).

Serum creatinine as a measure of renal function at 24
hours after PsTX-T administration was increased to
1.77 £ 0.52 mg/dl compared with 0.40 = 0.03 mg/dl in
control rats (mean = SE; P < 0.05, n = 4 for each). On
day 7 after PsTX-T, serum creatinine was still high (0.95 =
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Figure 2. C3b and MAC deposition in the kidney at 24 hours after PSTX-T administration. Twenty-four hours after PSTX-T injection, massive C3b deposition was
found in the glomeruli and tubular epithelium (A, E, I, and M) and strong MAC deposition was present in glomeruli and tubular epithelium (C, G, K, and O).
Vehicle controls are represented in B, D, F, H, J, L, N, and P. The tissue locations are shown on the left side. Legends at the top show what was detected and

what was injected. Original magnifications: X400 (A-D); X200 (E-P).

0.03 mg/dl; n = 3, one of four rats died on day 5; P <
0.001 by comparison with control rats), supporting the
pathological changes described above.

The Nephrotoxicity of PSTX-T Is Associated with
C Activation and Diminished Membrane C
Regulator (CReg) Expression

At 6 hours after injection, when LM changes were mini-
mal, small but consistent deposits of C3b and membrane
attack complex (MAC) were present in glomerular capil-
laries and tubular epithelium; after 24 hours, C3b and
MAC deposition was abundant and widespread, coinci-
dent with injured glomeruli and tubuli (Figure 2, A, C, E,
G, I, K, M, and O). Deposition of C3b and MAC peaked at
24 hours after injection; by day 3, C3b deposition was
decreased and MAC deposition was absent (data not
shown).

The expression of each of the CReg, CD55, Crry, and
CD59 was markedly decreased in glomeruli 24 hours
after injection when compared with controls (Figure 3).
CD55 is only expressed in glomeruli in rat®®; however,
expression of Crry and CD59 was also diminished in the
interstitium, including tubuli of inner medulla (Figure 3).
The expression of Thy1.1 antigen (recognized by OX-7)
and thrombomodulin was also clearly decreased in glo-

meruli 24 hours after PsTX-T injection compared with the
vehicle injection (Figure 3, M-P).

Western blot analysis of expression of CRegs using
tissue lysates showed CD55, Crry, and CD59 expression
in the kidney at 24 hours after PSTX-T exposure was
reduced compared with vehicle controls (Figure 3Q).
Thy1.1 expression as a control GPl-anchored protein and
thrombomodulin expression as a control transmembrane
protein in kidney were also decreased after PsTX-T injec-
tion compared with the vehicle injection (Figure 3Q). In
contrast, expression of CD55, Crry, CD59, Thy1.1, and
thrombomodulin was not altered in other major tissues
such as liver, lung, and heart after PSTX-T injection com-
pared with the vehicle injection.

To examine whether venom components directly
caused loss of CReg, unfixed tissue sections were incu-
bated with PsTX-T. The expression of each of the CReg,
CD55, Crry, and CD59 in glomeruli was clearly de-
creased after incubation with PsTX-T (Figure 4, A, D, and
G). However, Crry and CD59 in tubular epithelium were
comparatively preserved. When protease inhibitors were
included with PsTX-T, the expression of the CReg was
preserved (Figure 4, B, E, and H) and was similar to that
in buffer controls (Figure 4, C, F, and I).

To test whether PsTX-T directly activated C, doses in
the range 4.0 X 10—2 and 1.0 X 10—®mg/ml were incu-
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Figure 3. Expression of CReg 24 hours after PsTX-T administration under Immunofluorescence and Western blot analyses. Sections were stained for CD55 (A-D),
Crry (E-H), CD59 (J—L), Thy 1.1 antigen (M and N), or thrombomodulin (O and P). A, B, E, F, I, J, M, and N show sections from rats injected with vehicle, whereas
C,D,G, H K, L O, and P are from rats injected with PsTX-T. Exposure times and other parameters were kept constant to permit comparison. The expression
of CD55, Crry, and CD59 was clearly decreased in glomeruli after PsSTX-T exposure. In contrast, the expression of Crry and CD59 in tubular epithelium was
preserved except where the epithelium was damaged (H and L). Original magnifications: X400 (A, C, E, G, I, K, and M-P); X200 (B, D, F, H, J, N, and O).
Asterisk, glomerulus. TM, thrombomodulin. Q: Results of Western blot analysis. The left of each blotting set was the lysate from rats injected with PsTX-T, and
the right was from rats injected with vehicle. The samples and the probed antigens are displayed at the left.

bated with aliquots of rat serum. No loss of C activity
occurred during these incubations as assessed by mea-
suring residual CH50 levels, demonstrating that PsTX-T
did not directly activate C (data not shown).

PsTX-T Specifically Binds in the Renal
Glomerulus

PsTX-T administered intravenously was detected in renal
glomeruli but not in other parts of the kidney within 10
minutes of administration (Figure 5A). PsTX-T was lo-
cated on the luminal side of glomerular capillaries (Figure
5B, arrows) and the mesangial area. At 6 hours after
exposure, PsTX-T was clearly found in glomeruli and also
in the apical region of parts of the tubuli. The strength of
PsTX-T staining in glomeruli was decreased by 24 hours.
No significant binding of PsTX-T was detected in heart,
liver, or lung at any time after administration (Figure 5,
F-H). In contrast, no staining for PsTX-T was found in
kidney specimens from control rats (Figure 5E) or, when
nonimmune mouse serum was substituted for anti-
PsTX-T, in kidneys of rats treated with PsTX-T (Figure 5I).

For the further confirmation of the tissue-specific dis-
tribution of PsTX-T, we analyzed tissue lysates of heart,

lung, liver, and kidney from rats treated with PsTX-T or
vehicle using dot blot analysis. The anti-PsTX-T was spe-
cifically bound in the kidney lysate but not heart, lung, or
liver (data not shown).

Systemic C Inhibition Decreases the Renal
Damage Caused by PsTX-T

At 10 minutes after PsTX-T injection, C3b and MAC dep-
osition was negative or minimal in glomeruli (data not
shown). At this time, glomerular endothelial injuries were
detectable by EM (Figure 1M) and were not inhibited
when systemic complement was suppressed by sCR1
(Figure 1N). In contrast, at 24 hours after injection in rats
pretreated with sCR1 to inhibit C activation, the glomer-
ular injury induced by PsTX-T injection was markedly
reduced compared with untreated rats (Figure 6, A, B, E,
and F). On day 3 after injection, glomerular changes were
still severe and the damage to renal tubular epithelium
remained (Figure 6, D and H). In sCR1-treated rats on
day 3 after injection, glomerular damage and renal tubu-
lar epithelial damage were both clearly suppressed (Fig-
ure 6, C and G). The serum creatinine level was signifi-
cantly lower in sCR1-treated rats compared with controls
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Figure 4. CReg expression after ex vivo exposure of kidney sections to PSTX-T. Sections were stained for CD55 (A—=C), Crry (D-F), or CD59 (G-I). Expression
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of each of the CRegs was decreased in glomeruli following PsTX-T treatment (A, D, and G). Tubular expression of Crry and CD59 were preserved. In contrast,
all CRegs were preserved when sections were incubated with PsTX-T mixed with protease inhibitor cocktail (B, E, and H) compared with buffer only controls

(C, F, and D). Original magnification, X400.

at 24 hours and at 3 days, supporting the histological
data (Figure 61).

Nephrotoxicity in PSTX-T Is Mediated by a
Single 115-kd Protein Component

To identify the specific nephrotoxic components of
PsTX-T, samples were fractionated by ion exchange and
size exclusion chromatography and pools tested for
nephrotoxicity in vivo (Figure 7, A and B). The first frac-
tionation step separated venom hemolytic activity from
nephrotoxicity by ion exchange (Figure 7) or size exclu-
sion chromatography (Figure 7B). In the next step, sam-
ple separation was performed by ion exchange chroma-
tography. The nephrotoxic fraction from this step (fraction
2, Figure 7A, arrow; extracted by 0.24 mol/L NaCl) was
reseparated on size exclusion column, and fraction 3
showed strong nephrotoxicity (Figure 7C, arrow). This
fraction gave a homogeneous profile when rerun on size
exclusion columns (Figure 7D). SDS-PAGE under reduc-
ing conditions followed by Coomassie staining identified
a single major band in the final nephrotoxic fraction with
apparent molecular mass (M,) of 115 kd, termed PsTX-
115 (Figure 7E). The anti-PsTX-T antiserum that detected

PsTX-T binding (Figure 5) also detected PsTX-115 in
Western blot analysis (Figure 7F). The data for hemolytic
and nephrotoxic activities in the fractions are summa-
rized in Figure 7. Titration of nephrotoxicity of the purified
PsTX-115 showed that 0.0015 mg of PsTX-115 per animal
gave nephrotoxicity equivalent to 0.03 mg of the original
PsTX-T per animal, meaning that nephrotoxicity of PsTX-
115 was ~20-fold that of PsTX-T. At 24 hours after PsTX-
115 treatment, renal pathology was indistinguishable
from that induced by PsTX-T treatment (data not shown).
At this time point, C3 and MAC deposition were clearly
detected in the kidneys treated with PsTX-115, as with
PsTX-T (data not shown).

Partial Protein Sequences of PsTX-115

The isolated PsTX-115 protein band was cut from a SDS-
PAGE gel, protease digested, and the resultant peptides
sequenced. Sequence was obtained from two fragments,
yielding 12 and 11 amino acids (RDFTHTIIDNSD and
LFSESRNTRLG, respectively). No significant homology
was obtained with other known proteins using BLAST
search, suggesting that PsTX-115 is a previously uniden-
tified protein.
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D Inner medulla

Glomerulus| C

Outer medulla

vehicle

control staining

Figure 5. The tissue distribution of PSTX-T after intravenous administration. Intravenously administered PSTX-T was detected using specific antiserum in
glomerular endothelium (A and B) 10 minutes after injection. At this time, there was no specific staining in the interstitium of cortex (A), in outer medulla (C),
or in inner medulla (D). There was also no detectable staining in heart (F), lung (G), and liver (H) after administration of toxin. Asterisks in A, E, and I show
positions of glomeruli. E: Anti-PSTX-T staining in kidney with vehicle administration instead of PsTX-T. I: Staining of PSTX-T-treated kidney with nonimmune

mouse serum. Original magnifications: X200 (A and C-H); X400 (B).

Discussion

Venoms cause diverse effects in victims and have pro-
vided important lessons in understanding mammalian
physiology and pathology. Several venoms and venom-
derived toxins from snakes, spiders, and other venomous
animals have been described that target the kidney in
man and rodents.”'® The reasons why venoms target the
kidney are uncertain, although glomerular filtration might
concentrate the venom at this site, whereas tissue-spe-
cific binding sites would retain toxin. In some cases,
venom toxins have been directly localized in the dam-
aged kidney.'® We recently described the first case of
nephrotoxicity following envenomation by a marine ani-
mal.? The patient developed acute renal failure without
evidence of damage to other organs following enveno-
mation by the sea anemone P. semoni, a native of the
warm seas around Cebu Island.? The organ specificity of
the observed pathology led us to explore nephrotoxicity
in a rat model. Here, we show that the venom of P.

semoni, termed PsTX-T, localized in the renal glomerulus
and induced severe renal injuries when injected intrave-
nously in rats. The severity of the renal injuries was de-
pendent on the amount of toxin delivered; when rats
received 0.015 mg of the toxin, the renal pathology com-
prised minor glomerular abnormalities with renal tubular
necrosis, similar to pathogenic changes described in our
patient.? When rats received twice the amount of PSTX-T,
severe glomerular endothelial damages were induced,
and the pathological changes included mesangiolysis
and glomerular epithelial damage with extensive tubular
epithelial necrosis from cortex to outer medulla. The glo-
merular endothelial injuries induced by PsTX-T in the
kidney resembled the typical pathological glomerular
changes of human hemolytic uremic syndrome (HUS).
Rats receiving 0.03 mg of PsTX-T also had anemia when
assessed at 24 hours (data not shown). No pathology
was found in the other major organs. Renal injury rapidly
followed administration of venom with EM changes de-
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tectable within 10 minutes in glomerular endothelium and
obvious glomerular and tubular pathology at LM level by
24 hours. PsTX-T was dominantly bound in glomerular
endothelium and in mesangial area in which PsTX-T
might be infiltrated following initial glomerular endothelial
damage and was not retained in other major organs. The
tissue-specific binding of PsTX-T in kidney was con-
firmed by dot blot analysis. Despite abundant early com-
plement deposition, we could not detect antibodies
against PsTX-T in treated rats earlier than 7 days after
treatment, and no antibody deposition was detected in
the kidney under IF and enzyme-linked immunosorbent
assay analysis, eliminating the possibility of immune
complex deposits (data not shown). The rapid time
course and characteristic PsTX-T binding pattern sug-
gested a direct nephrotoxic effect of the venom.
Previous studies have described sea anemone-de-
rived toxins that had hemolytic activity,®'=3* cardiac tox-
icity,>3® and neurotoxicity,**°3® put there have been no
previous descriptions of nephrotoxins from sea anemone.
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Day3 Day3

Figure 6. Treatment with sCR1 inhibits PsTX-T-induced nephrotoxicity. Renal
injury both in glomeruli and interstitium of kidney in sCR1-treated rats after 24
hours of PSTX-T administration (A and E) and after 3 days of PsTX-T administra-
tion (C and G) was much reduced compared with rats administered vehicle alone
with PsTX-T administration at these time points (B, D, F, and H). Original
magnifications: X400 (A-D); X200 (E-HD. I: Serum creatinine level of toxin-
exposed rats treated with sCR1 or with vehicle control. Number of rats in each
group is shown in I; error bars represent SE, and significant differences between
groups are indicated (P < 0.05 or P < 0.005).

Hemolytic toxins purified from P. semoni venom were
proteins of apparent M, of 20 kd (termed PsTX-20A) and
60 kd (PsTx-60A and 60B).®° To characterize the neph-
rotoxin further, we used a two-step purification and iso-
lated a single protein toxin, termed PsTx-115 because of
its apparent molecular mass, in keeping with earlier ter-
minology.32° Renal pathology caused by purified toxin
was indistinguishable from that caused by whole venom,
but purified toxin was 20-fold more active on a protein
weight-for-weight basis (100% incidence of renal injury at
1.5 pg/animal compared with 30 pg/animal for unfrac-
tionated venom). The glomerular injuries induced by
PsTx-115 were identical to those of PsTX-T and also
displayed similar decreased CReg expression and com-
plement deposition. The one difference was that PsTX-
115 treatment was not associated with hemolysis. We
therefore conclude that PsTX-115 is the major nephro-
toxic component in the venom PsTX-T of P. semoni.
Deposition of C3 fragments and MAC in the glomeruli
and interstitium was seen early in the injured kidney,
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Figure 7. Purification of the nephrotoxic fraction from PSTX-T. The crude
PSTX-T was fractionated either by DEAE chromatography (A) or gel filtration
on Superdex 200 (Sx200) (B). Both fractionations separated hemolytic from
nephrotoxic activities. For further purification, the nephrotoxic fraction from
DEAE chromatography (fraction 2, arrow in A, eluting at 0.24 mol/L NaCl)
was applied to the Sx200 column (C). Nephrotoxic activity was found in a
single fraction (fraction 3, arrow in C). To confirm homogeneity, this fraction
was reapplied to the Sx200 column and again eluted as a single, tight peak
(arrow in D). This final product was separated on SDS-PAGE and stained
with Coomassie Blue (E). A single, strong protein band was detected at 115
kd. This same band was detected when the purified protein was Western
blotted and probed with polyclonal anti-PsTX-T (F).

absent or minimal at 10 minutes, easily detectable by 6
hours, and peaking at 24 hours. To ascertain whether C
activation was driving pathology, rats were treated with
sCR1 before administration of venom and at 12-hour
intervals thereafter.?'2® This treatment markedly re-
duced renal damage at 24 hours and at day 3, demon-
strating that C activation was contributing to the observed
renal injuries. Of note, the ultrastructural damage to the
glomerular endothelium seen at 10 minutes was not sup-
pressed by sCR1, suggesting that this hyperacute phase
was C-independent. It is possible that C is involved in the
renal injuries induced by PsTX-T but might not be the
initiator of the injuries and that other effectors contribute
early and perhaps at later times. Indeed, in our index
patient, no significant C deposition in glomeruli was
found in the renal biopsy taken on day 4 after enveno-
mation and the serum C activity was preserved,® whereas
in our model, C deposition was decreased at day 3. It is
therefore not surprising that C activation was no longer
detectable in renal biopsy performed in our human case
on day 4 after envenomation. We have no information
regarding renal pathology in human kidney on days 1
and 2 after envenomation. Given that there are currently
no specific therapies for P. semoni envenomation, con-
sideration should be given to the use of complement
inhibition.

Renal expression of CReg has been shown to be im-
portant in restricting C injury in several rodent models of
nephritis, and neutralization of individual CReg markedly
exacerbated disease in these models.*°~*2 We were pro-
voked to examine whether PsTx-115 modulated renal
expression of CReg by a recent report describing a spi-

der venom toxin that caused profound loss of membrane
CReg from cells and tissues via a metalloproteinase-like
activity.*® We found that expression of each membrane
CReg in rat kidney was much reduced at 24 hours fol-
lowing administration of venom. Time-course studies
showed that CD55 loss was detected even at 6 hours,
when injury was minimal (data not shown). These data
imply that venom directly causes a loss of CReg, render-
ing the kidney susceptible to C damage. In support of this
possibility, incubation of kidney sections with venom ex
vivo caused loss of CReg that was inhibited by inclusion
of protease inhibitors, suggesting that the venom toxin
has protease activity. CD55 and CD59 are GPl-anchored
molecules and Crry a transmembrane protein; expres-
sion of a control GPI-anchored protein (Thy1.1) and a
transmembrane control (thrombomodulin) were also de-
creased in glomeruli during the progression of renal in-
juries, demonstrating that the toxin activity was not spe-
cifically targeting CReg. Nevertheless, loss of CReg
would enhance the C-driven renal injury. Of note, we
have not observed marked loss of CReg accompanying
renal injury in other rodent models used in our laboratory,
whereas in human glomerular diseases increase of CReg
were found.*"** C deposition was much decreased on
day 3, although glomerular injuries still remained and
serum creatinine was also still high compared with the
controls. Only focal and segmental glomerular changes
were found on day 7 in surviving animals, suggesting that
the damage caused by the toxin is largely reversible.

Research on marine animals has yielded interesting
and clinically relevant data of therapeutic value. For ex-
ample, dideoxpetrasynol A, a protein toxin from the
sponge Petrosia sp., caused apoptosis in human mela-
noma cells*®; sticholysin |, a sea anemone-derived cyto-
lysin, has been coupled to tumor-specific antibody to
target cancer cells*®; and several agents have been
shown to have antitumor activities.*”>" Although it is
difficult to envisage therapeutic roles for the nephrotoxin
PsTX-115, knowledge of the mechanisms of injury might
inform understanding of other renal diseases with throm-
botic microangiopathy, including HUS. The earliest de-
tectable effect of PsTX-T (and PsTX-115) is glomerular
endothelial damage progressing to acute renal failure.
Similarly, HUS is an acute renal injury caused by glomer-
ular endothelial damage. The common diarrhea-associ-
ated HUS is mediated by an Escherichia coli-derived ve-
rotoxin that targets kidney and damages glomerular
endothelial cells both directly and as a consequence of
local activation of C. Atypical nondiarrheal forms of HUS
have been ascribed to defects in CReg, including factor
H and CD46, resulting in dysregulation of C activation in
the glomerulus.®2°3 Modulation of CReg expression in
the glomerulus caused by PsTX-T (and PsTX-115) may
therefore mimic dysregulation of C seen in HUS with
resultant acute renal failure, particularly when the dose of
venom received by the victim is high. Inhibiting C activa-
tion might thus be an effective way of preventing renal
injury following envenomation with PsTX-T. Anti-C thera-
pies may perhaps also be effective in nondiarrheal and
diarrheal forms of HUS.
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