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Inhibition of endothelial lipase

See the related Commentary beginning on page 318.

causes increased HDL cholesterol
levels in vivo

Weijun Jin, John S. Millar, Uli Broedl, Jane M. Glick, and Daniel J. Rader

Department of Medicine and Center for Experimental Therapeutics, University of Pennsylvania School of Medicine,
Philadelphia, Pennsylvania, USA

Endothelial lipase (EL) is a recently discovered member of the lipoprotein lipase gene family that
hydrolyzes HDL phospholipids ex vivo and reduces HDL cholesterol (HDL-C) levels when overex-
pressed in vivo in mice. To gain further insight into the physiological role of EL in the metabolism of
HDL in vivo, studies were performed in which EL was inhibited in wild-type, hepatic lipase knockout
(HL7"),and human apoA-I transgenic mice by intravenous infusion of a polyclonal antibody inhibito-
ry to murine EL. As compared with infusion of a control antibody, infusion of the inhibitory antibody
resulted in a 25-60% increase in HDL-C levels in the three mouse models, with the peak HDL-C levels
occurring at 48 hours after injection. Inhibition of EL also generated larger HDL particles in the HL 7/~
mice. The clearance of HDL phospholipid was significantly slower in human apoA-I transgenic mice
injected with an antibody against murine EL (mEL) than in mice injected with a control antibody. We
conclude that inhibition of EL results in increased HDL-C levels and that EL is an important enzyme
in the physiological regulation of HDL metabolism.

J. Clin. Invest. 111:357-362 (2003). d0i:10.1172/JC1200316146.

Introduction
Endothelial lipase (EL) is a recently discovered mem-
ber of the triglyceride lipase gene family (1, 2). EL is
highly homologous to lipoprotein lipase (LPL) and
hepatic lipase (HL), both of which are known to
hydrolyze lipids within lipoproteins and thereby influ-
ence their metabolism. EL has been shown to effec-
tively hydrolyze HDL phospholipids in vitro (3), and
overexpression of human EL in mouse liver markedly
reduced plasma HDL cholesterol (HDL-C) levels in
vivo (1). These data suggested that EL might play a
physiological role in modulating HDL metabolism.
However, proof of that concept requires an assessing
the effect of reduction of EL activity in vivo.
Antibody inhibition has been used to gain insight
into the physiological roles of enzymes in vivo. Indeed,
the roles of LPL and HL in lipoprotein metabolism
were established in part through antibody inhibition
studies in rats, chickens, and monkeys (4-9). Because
overexpression of EL markedly reduced HDL-C levels
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in mice, we hypothesized that antibody inhibition of
EL would increase HDL-C levels. Here, we report the
results of several independent experiments in which we
used a specific polyclonal antibody against murine EL
(mEL) to inhibit EL in mice. Our results demonstrate
that inhibition of EL in mice results in a significant
increase in HDL-C levels and, in the absence of HL, in
HDL particle size.

Methods

Generation of a rabbit polyclonal antibody to murine EL. A
recombinant adenoviral vector containing the mEL
cDNA was made using methods described previously (1)
and used to immunize a rabbit. Viral particles (5 x 1012)
were injected into a New Zealand white rabbit (Hare-
Marland, Hewitt, New Jersey, USA) through the ear vein.
Sera were obtained at various intervals for analysis of
antibody reactivity to mEL by Western blotting. Control
serum was generated using the injection of a recombi-
nant adenovirus that contains no transgene. Three
months after injection, rabbits were anesthetized and
exsanguinated. Serum was separated from blood cells
and stored in aliquots at -80°C. The IgG fractions were
precipitated from the sera using ammonium sulfate (10)
and purified using a protein G column (Amersham
Pharmacia Biotech, Uppsala, Sweden) according to the
manufacturer’s protocol.

In vitro inbibition and immunoblotting of mEL. Transfec-
tion of expression plasmids containing mEL, murine
HL (mHL), and murine LPL (mLPL) cDNAs was per-
formed in HEK293 cells using lipofectamine (Invitro-
gen, Carlsbad, California, USA). Conditioned media
were collected 48 hours after transfection. Aliquots of
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conditioned medium were incubated with an equal vol-
ume of PBS containing anti-mEL IgG or control IgG
for 1 hour at 4°C. Triglyceride lipase and phospholi-
pase activities were measured in triplicate as previous-
ly described (3). One unit of lipase activity is defined as
liberating 1 nmol of free fatty acid per hour.
Conditioned media from mEL-, mHL-, and mLPL-
transfected cells (10 pl) and homogenized liver lysates
(15 pg of protein) from wild-type, human apoA-I trans-
genic, and HL7~ mice were immunoblotted with the
anti-mEL antibody. Media and lysates were mixed with
Laemmli sample buffer and heated at 85°C for 10 min-
utes. The samples were size fractionated using SDS-
PAGE (precast 10% polyacrylamide gels; FMC, Philadel-
phia, Pennsylvania, USA) and transferred to Hybond-P
(PVDF) membrane (Amersham Pharmacia Biotech).
The anti-mEL antibody, used as the primary antibody,
was diluted 1:2500, and the secondary HRP-conjugat-
ed goat anti-rabbit IgG (Jackson Labs, Bar Harbor,
Maine, USA) was diluted 1:5000 from a 50% glycerol
stock. Detection was carried out by the ECL protocol
(Amersham Pharmacia Biotech) according to the man-
ufacturer’s instructions. Chemiluminescence signals
were detected on x-ray films and quantified by densit-

Figure 1

Characterization of the inhibitory effects of the anti-mEL antibody
and its specificity. (a) Conditioned media from HEK293 cells trans-
fected with the mEL cDNA were preincubated with increasing
amounts of control IgG or anti-mEL 1gG, and effects on triglyceride
lipase and phospholipase activity were determined and compared
with effects in untreated (PBS) media. The results are presented as
the percentage of activity in medium preincubated with PBS alone
and are the means + SD of triplicate determinations. (b) Conditioned
media from HEK293 cells transfected with mEL, mHL, and mLPL
cDNAs were preincubated with PBS, control IgG, or anti-mEL IgG,
and the effects on triglyceride lipase activity were determined. The
results are presented as the percentage of activity in medium prein-
cubated with PBS alone and are the means + SD of triplicate deter-
minations. (c) Homogenized liver lysates (15 Hg protein) from wild-
type, human apoA-I transgenic, and HL~~ mice and conditioned
media from mEL-, mHL-, and mLPL-transfected cells were separated
by SDS-PAGE and immunoblotted with an anti-mEL antibody. Both
forms of mEL were detected in the liver lysates of all three mouse
models and were of slightly smaller size than mELs in conditioned
media. The additional band detected in the human apoA-| transgenic
and HL~/~ mouse liver lysates was also seen on immunoblotting of
these same liver lysates using a control antibody (data not shown).
No bands were seen in the mHL or mLPL conditioned media.

ometry. A separate but identical membrane was
immunoblotted using the control antibody.

In vivo inhibition of mEL. Female mice (C57BL/6 mice,
HL7~ mice [11], and human apoA-I transgenic mice)
were obtained from Jackson Labs. Mice were maintained
ona 12-hour light/dark cycle and fed a chow diet. Before
each study, serum cholesterol levels were determined,
and the mice were divided into two groups such that the
mean plasma cholesterol levels in the groups were not
different. Each group contained five or six mice.

To determine the effects of inhibition of EL in vivo,
we calculated the amount of antibody that was suffi-
cient to inhibit the majority of EL phospholipase activ-
ity in mouse plasma in vitro. One milligram of anti-
mEL IgG was sufficient to inhibit 2,200 units of mEL
activity, which approximates the amount of posthep-
arin phospholipase activity in HL7~ mice. Mice were
injected intravenously through the tail vein with 1 mg
of either anti-mEL or control rabbit IgG. Blood was
obtained from the retro-orbital plexus at various times
before and after antibody injection. Mice were fasted 4
hours before bleeding, and blood was always drawn at
the same time of day. Aliquots of plasma were stored
at -20°C until analysis of lipids. Plasma cholesterol,
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HDL-C, and triglyceride levels were measured enzy-
matically on a Cobas Fara II (Roche Diagnostic Sys-
tems Inc., Indianapolis, Indiana, USA) using Sigma-
Aldrich (St. Louis, Missouri, USA) reagents. Non-HDL
cholesterol levels were determined by subtracting
HDL-C from the total cholesterol. Plasma samples
(200 pl pooled from each group) were analyzed by fast
protein liquid chromatography (FPLC, Amersham
Pharmacia Biotech) on two Superose 6 columns in
series as described previously (1). The cholesterol con-
centrations in the FPLC fractions were determined
using an enzymatic assay (Wako Pure Chemical Indus-
tries Ltd., Osaka, Japan).

HDL phospholipid turnover studies. We performed HDL
phospholipid turnover studies using a protocol based
on previously published studies (12, 13). Human total
HDL (d = 1.063-1.21 g/ml) and lipoprotein-deficient
plasma (d = 1.21 g/ml) were prepared by ultracentrifu-
gation as previously described (14). HDL was labeled
with [3H]methylcholine-dipalmitoyl phosphatidyl-
choline ([*H]methylcholine-DPPC) (PerkinElmer Life
Sciences, Boston, Massachusetts, USA) in a manner
similar to that used to label HDL with cholesteryl ester
(15). Briefly, HDL were dialyzed against PBS contain-
ing 0.01% EDTA. Fifty microcuries of [3H|methyl-
choline-DPPC was dried under nitrogen in a glass tube
and resuspended in 50 pl of ethanol. Two milligrams
of HDL protein was mixed with approximately 100 mg
of lipoprotein-deficient plasma protein in a glass tube,
and the [*H]methylcholine-DPPC was added dropwise
with intermittent vortexing. The tube was purged with
nitrogen, sealed, and placed in a shaking water bath at
37°C for 24 hours. After incubation, labeled HDL was
reisolated at the original density, dialyzed against PBS,
and filter sterilized before injection into mice.

Eight female apoA-I transgenic mice (6-8 weeks of
age) were injected with 1 mg of either anti-mEL (n = 4)
or control IgG (n = 4). One hour after injection, mice
were injected through the tail vein with [3H]methyl-
choline-DPPC-labeled HDL (approximately 1 x 106
dpmin 100 pl of PBS). A timer was started immediate-
ly after HDL injection, and blood samples were
obtained from the retro-orbital plexus at 1, 5, 15, and
30 minutes and at 1, 2, 4, and 6 hours. Six microliters
of plasma taken at each time point were counted using
a Beckman Coulter LS 6500 (Beck-
man, Fullerton, California, USA).
The fractional catabolic rates of HDL
phospholipid were calculated with

Table 1

Results

Like human EL (3), murine EL exhibits both triglyceride
lipase and phospholipase activities. The ability of rabbit
anti-mEL IgG to inhibit both the triglyceride lipase and
phospholipase activities of mEL was examined (Figure
1a). Control rabbit IgG had no effect on the triglyceride
lipase or phospholipase activities of mEL. In contrast,
there was dose-dependent inhibition of both types of
mEL lipase activities by anti-mEL IgG. Using 50 g per
assay tube of anti-mEL IgG, 58% of the triglyceride
lipase and 100% of the phospholipase activities were
inhibited. In another experiment, we examined whether
the anti-mEL antibody can specifically inhibit mEL
activity but not mHL and mLPL. As shown in Figure 1b,
anti-mEL IgG did not inhibit the triglyceride lipase
activity of mHL and mLPL. In addition, the specificity
of this antibody was examined by immunoblotting con-
ditioned media containing mEL, mHL, and mLPL. As
shown in Figure 1c, the antibody detected mEL well but
had no reactivity with mHL or mLPL. Finally, in order
to confirm that the anti-mEL antibody had no cross-
reactivity with mHL in mouse liver, it was used for
immunoblotting of mouse liver lysate; bands consistent
with the two forms of mEL were seen, but no band con-
sistent with mHL was seen (Figure 1c).

We examined the effects of an injection of the anti-
mEL antibody on plasma lipids in female wild-type
mice. As indicated in Table 1, plasma levels of total cho-
lesterol, HDL-C, and phospholipid were significantly
increased after injection of anti-mEL IgG as compared
with control IgG at both 24 hours and 48 hours after
injection. Triglyceride and non-HDL cholesterol levels
were not changed. The distribution of cholesterol
among the lipoprotein classes was determined by FPLC
separation of lipoproteins in pooled plasma samples
(Figure 2a). This confirmed that HDL-C was substan-
tially increased in the mice injected with anti-mEL IgG
as compared with those injected with control IgG.

Although the anti-mEL antibody did not cross-react
with murine HL on Western blotting and did not
inhibit mHL activity in vitro, we performed an in vivo
experiment in female HL7~ mice in order to exclude the
possibility that the effects on HDL-C in wild-type mice
could have been due to cross-inhibition of HL by the
anti-mEL antibody. In HL7~ mice, plasma levels of

Plasma lipids in wild-type mice after IgG injection

the SAAM II program (SAAM Insti-
tute, Seattle, Washington, USA) by

Control (n=5) Anti-mEL (n = 5)

fitting a biexponential curve to the mg/cll'l (SD) TC  HDLC TG PL TC  HDLC TG PL
plasms counrs normalzed 1o the Bdne 759 @S 93 e s eis s s
l-minute time point. 24 hours 922  62.0 853 1458 1113 80.3A 741 185.7°
Statistical amzlyszs. Data are pre- (8.6) (5.0) (11.7) (21.5) (6.4) (4.9) (3.1) (11.0)
sented as means *+ SD. Data analy- 48 hours 951 707 802 172.0 125.5A 92.84 80.3 205.0%
ses were performed using the Stu- (10.4)  (49) (121) (14.0) (500 (23) (42) (9.

dent’s t test. A value of P < 0.05 was
considered significant.
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Figure 2

Plasma lipoprotein profiles at baseline and after antibody injection.
Pooled plasma samples obtained at baseline and 48 hours after
control or anti-mEL IgG injection were subjected to FPLC using
Superose 6 columns, and the cholesterol concentration in each frac-
tion was measured. (a) Wild-type mice. (b) HL~~ mice. (¢) Human
apoA-I transgenic mice.

HDL-C, total cholesterol, and phospholipid were sub-
stantially increased after anti-mEL antibody adminis-
tration, with the peak at 48 hours after injection (Table
2). FPLC of pooled plasma samples (Figure 2b) con-
firmed that HDL-C was increased in the group inject-
ed with anti-mEL antibody. Furthermore, the size of
the HDL particles after inhibition of EL in HL7~ mice
was noticeably larger. A similar increase in phospho-
lipids in large HDL particles was seen in mice injected
with anti-mEL IgG (data not shown). In contrast to
wild-type mice, triglyceride levels in HL7~ mice were
also increased at 48 hours and 72 hours after injection
of anti-mEL antibody (Table 2). A second independent
study was done in male HL7~ mice, and comparable
results were obtained (data not shown).

Human apoA-I transgenic mice have HDL that is
more heterogeneous than mouse HDL and more simi-
lar to human HDL. Therefore, we per-
formed another experiment of EL
inhibition in human apoA-I trans-

Table 2

We hypothesized that inhibition of EL raised HDL-C,
phospholipid, and apoA-I levels by inhibiting the EL-
mediated hydrolysis of HDL phospholipids, thus slow-
ing the turnover. Therefore, we directly investigated the
effect of EL inhibition on the turnover of HDL phos-
pholipid by intravenously injecting human apoA-I
transgenic mice with anti-mEL or control IgG, followed
by injection with HDL that was labeled with
[*H]methylcholine-DPPC. The clearance of HDL phos-
pholipid was significantly slower in mice injected with
anti-mEL antibody than in mice injected with control
antibody (Figure 3); the fractional catabolic rates were
0.42 + 0.03 pools per hour and 0.53 + 0.02 pools per
hour, respectively (P < 0.0007). These results demon-
strate that EL inhibition significantly retarded HDL
phospholipid turnover in vivo.

Discussion

We used a rabbit polyclonal antibody inhibitory to
mEL to demonstrate that inhibition of EL in mice
results in substantial increases in HDL-C levels in vivo.
These results were obtained in wild-type mice, HL7~
mice, and human apoA-I transgenic mice. Plasma phos-
pholipid levels were significantly increased as well by
EL inhibition in each mouse model. In human apoA-I
transgenic mice, apoA-I levels were also significantly
increased by EL inhibition. In HL7~ mice, but not in
wild-type or human apoA-I transgenic mice, the size of
the HDL increased after EL inhibition. The turnover of
HDL phospholipids was significantly slowed by EL
inhibition. Although EL has triglyceride lipase activity
in vitro, acute inhibition of EL did not result in a
change in plasma triglyceride levels except in HL”/~
mice. These studies provide the first in vivo data
demonstrating that inhibition of EL influences HDL
metabolism and support the concept that HDL is a
physiological substrate for EL.

The use of antibody inhibition to elucidate the phys-
iological roles of members of this lipase family in vivo is
well established. Antibody inhibition of LPL in monkeys
(8) and roosters (9) resulted in a rapid increase of triglyc-
eride-rich large VLDL and a small decrease in HDL cho-
lesterol. Inhibition of HL in rats (4-6, 16) and monkeys
(7) resulted in a rapid increase in triglyceride-rich small

Plasma lipid in HL~~ mice after IgG injection

genic mice. Plasma levels of total cho-
lesterol, HDL-C, phospholipids, and

Control (n=6) Anti-mEL (n = 6)

apoA-I were significantly increasedup ~ mg/dl (SD) TC HDLC TG PL TC HDLC TG PL

to 72 hours after anti-mEL antibody  Baseline 156.0 113.4 624 291.8 168.0 113.6 550 293.8
administration, with the peak at 48 ) (22.4) (19.6) (16.1) (33.9) (33.8) (16‘8/)\ (13.2) (49‘925
hours after njeccion (Table 31 FPLC  24Pours 1866 1120 812 sd06 2108 13345 w0l 4514
of pooled plasma samples (Figure 2¢) g0, 1678 105.6 62.8 3218 24224 159.6A 102.0° 467.6*
confirmed that HDL-C was markedly (25.9) (14.9) (15.9) (31.6) (35.2) (21.8) (18.8) (63.2)
increased in the group injected with 72 hours 158.0 1056 57.0 291.0 219.68 143.4 8224 410.6*
anti-mEL but not in the control (28.6) (18.5) (18.9) (33.8) (28.3) (19.1) (12.6) (41.0)

group. Triglyceride and non-HDL
cholesterol levels were not changed.

TC, total cholesterol; TG, triglyceride; PL, phospholipid. AP < 0.001 as compared with control.
BP < 0.05 as compared with control.
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Table 3
Plasma lipids and apoA-I in apoA-| transgenic mice after IgG injection

Control (n = 6) Anti-mEL (n = 6)

mg/dl (SD) TC HDL-C TG PL ApoA-I TC HDL-C TG PL ApoA-I
Baseline 211.3 171.0 60.8 362.8 345.5 218.0 175.0 67.8 366.8 347.5
(24.9) (19.4) (7.9) (52.8) (55.4) (20.7) (17.4) (17.7) (33.4) (42.6)
24 hours 257.7 196.0 105.5 4435 400.0 297.28 234,55 172.8 569.8%  546.5°
(25.8) (23.3) (20.1) (40.0) (25.9) (31.0) (17.9) (72.4) (66.4) (40.6)
48 hours 255.3 196.5 84.3 418.8 369.0 318.2% 257.04 84.3 53874 511.5%
(23.7) (13.5) (9.8) (32.6) (48.2) (9.3) (8.8) (12.9) (14.0) (50.4)
72 hours 188.2 152.5 60.2 310.7 330.0 239.5A 235.2 63.3 383.5%  393.58
(8.0) (13.4) (17.5) (31.6) (26.5) (17.6) (34.4) (17.3) (51.8) (51.1)

TG, total cholesterol; TG, triglyceride; PL, phospholipid. AP < 0.001 as compared with control. 8P < 0.05 as compared with control.

VLDL and IDL with a modest increase in HDL. These
antibody inhibition studies provided major insights
into the physiological roles of LPL and HL.

Although we showed that the anti-mEL antibody does
not cross-inhibit mHL and mLPL activity in vitro, we
performed two independent studies in HL”~ mice in
order to exclude the possibility that these effects on
HDL could be due to HL inhibition. Even in HL7~ mice,
HDL-C levels were significantly increased by injection
of anti-mEL antibody, confirming that this result is not
the result of inhibition of HL. Although to our knowl-
edge HL antibody inhibition studies have not been
reported in mice, studies in rats (4-6, 16) indicated only
moderate increases in HDL-C with acute HL inhibition.
Our studies suggest that reduction in EL activity may
have a more substantial effect on HDL than reduction
in HL activity. Further studies involving side-by-side
comparisons and simultaneous inhibition of both
enzymes will be required in order to gain further insight
into the relative roles of HL and EL in HDL metabolism.

HDL particle size was increased by EL inhibition in
HL~~ mice, suggesting an interaction between HL and
EL in remodeling HDL and influencing HDL particle
size. The influence of EL inhibition on HDL particle
size appears to depend on the metabolic milieu, as there
were no obvious effects on HDL particle size as assessed
by FPLC fractionation of lipoproteins in wild-type or
human apoA-I transgenic mice. HL7~ mice have larger
HDL particles with increased phospholipid content
(11), and these HDL particles may be especially good
substrates for EL. It is interesting to note that HL7/~
mice were also the only group that had an increase in
triglyceride levels with EL inhibition, suggesting that
the effects of EL on triglyceride-rich lipoprotein metab-
olism may also be magnified in the absence of HL.

Our studies also demonstrated that mice injected with
anti-mEL antibody had a significantly slower HDL phos-
pholipid catabolic rate than control antibody-injected
mice. This supports the concept that inhibition of EL
phospholipase activity reduces the rate of HDL phos-
pholipid turnover. Detailed studies of HDL composition
after anti-mEL antibody injection compared to prein-
jection and to control antibody injection demonstrated
that the relative composition of the HDL particles was

not significantly changed by inhibition of EL (data not
shown). This suggests that although the initial effect of
EL inhibition may be inhibition of HDL phospholipid
hydrolysis, the net effect is to influence the overall num-
ber of HDL particles. The change in the HDL phospho-
lipid fractional catabolic rate during the first 5 hours
after anti-mEL antibody injection was 21%, yet plasma
levels of HDL-C and phospholipids were both increased
by 47% at 48 hours after injection. These increases can-
not be accounted for solely by reduced catabolism and
might be due in part to increased “production” of HDL
cholesterol and phospholipids, perhaps by transfer from
other lipoproteins or from tissues. It is possible that the
increases in HDL due to delayed catabolism result sec-
ondarily in a greater efflux of cholesterol and phospho-
lipids from peripheral tissues. Future studies will focus
on whether inhibition of EL promotes lipid efflux.

Our current working model is that EL, like LPL and HL,
is secreted and then binds to heparan sulfate proteogly-
cans on the endothelial surface. There, it interacts with
HDL, hydrolyzing HDL phospholipids and generating
free fatty acids at the local tissue site. The end result of
this process, analogous to the interaction of LPL and
triglyceride-rich lipoproteins, is the generation of a

—— Anti-mEL
-=- Control

[*H]-PC-HDL

(fraction of intial dose)

o
o
oo

o

2 3
Time (h)

Figure 3

The clearance of HDL phospholipid from plasma in human apoA-I
transgenic mice injected with either anti-mEL or control IgG. Mice
(n =4 mice per group) were injected with either anti-mEL (diamonds)
or control IgG (squares). One hour later mice were injected through

the tail vein with [3H]methylcholine-DPPC-labeled HDL ([*H]-

PC-

HDL), and blood samples were obtained over a 6-hour period. Six
microliters of plasma taken at each time point were counted, and

data are expressed as fractions of the counts at T minute.
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“remnant” HDL particle depleted in phospholipids that
is preferentially catabolized. According to this model,
inhibition of EL reduces HDL phospholipid hydrolysis,
slows HDL turnover, and increases HDL phospholipid,
cholesterol, and apoA-I levels. In summary, the studies
presented here demonstrate for the first time that reduc-
tion of EL activity in vivo has significant effects on
HDL-C levels and suggest that EL may be an important
enzyme in the regulation of HDL metabolism.
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