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Abstract. Uricase-deficient mice develop uric acid nephropatiabetes insipidus leads to dehydration and death of nursing
thy, with high mortality rates before weaning. Urate excretiomice but, with adequate water replacement, high urine flow
was quantitated and renal function was better defined in thpsotects adults from progressive renal damage. Treatment of
study, to facilitate the use of these mice as a model faricase-deficient mice with PEG-uricase markedly reduced
evaluating poly(ethylene glycol)-modified recombinant mamurate levels and, when initiated before weaning, preserved the
malian uricases (PEG-uricase) as a potential therapy for goemal architecture (as evaluated by magnetic resonance micros-
and uric acid nephropathy. The uric acid/creatinine ratio in tle®py) and prevented the loss of renal concentrating function.
urine of uricase-deficient mice ranges from 10#80; on a PEG-uricase was far more effective and less immunogenic than
weight basis, these mice excrete 20- to 40-fold more urate thammodified uricase. Retention of uricase in most mammals and
do human subjects. These mice consistently develop a seviesdoss in humans and some other primates may reflect the
defect in renal concentrating ability, resulting in an approxevolution of renal function under different environmental con-
mately sixfold greater urine volume and a fivefold greater fluiditions. PEG-uricase could provide an effective therapy for
requirement, compared with normal mice. This nephrogenicic acid nephropathy and refractory gout in human patients.

Urate oxidase (uricase, EC 1.7.3.4), an enzyme found in liveinosphate synthase overactivity, and type | glycogen storage
peroxisomes of most mammalian species, converts uric acidlisease (5,9).

a more soluble and easily excreted compodura, allantoin. Blockage of urate synthesis by xanthine oxidase inhibition
However, the uricase gen&J@x) has undergone mutationalor promotion of uric acid excretion is usually effective for the
silencing during the evolution of humans, hominoid apes, atigatment of urate-induced disorders (5,10,11). Indeed, no new
some New World monkeys (1,2). A selective evolutionartherapies for controlling hyperuricemia have been introduced
advantage resulting from the loss of uricase has been podtuthe United States since allopurinol was introduced in the
lated (3,4), but disadvantages resulting from the low solubiliy®60s. In the past four decades, the prevalence of gout has been
of urate include a predisposition to gouty arthritis and to urigcreasing (12) and an often-aggressive form of gout has been
acid renal stones (5). During chemotherapy to treat leukemiaf6£0gnized as a complication of cyclosporine therapy among
lymphoma, a marked increase in the excretion of uric acfgcipients of kidney and other organ transplants (13-15). Hy-
derived from the nucleic acids of malignant cells can obstruggruricemia has proved difficult to control in some patients
renal tubules, causing acute renal failure (“tumor lysis syk?:16,17). Multiple factors may contribute to this problem,
drome”) (6—8). Uric acid nephropathy and gout are also corficluding hypersensitivity to allopurinol, renal insufficiency,
plications of the overproduction or impaired excretion of urafP€Xisting chronic diseases in elderly patients, azathioprine

in patients with the inherited disorders hypoxanthine-guaniff€rapy in organ transplant recipients, and marked uric acid

phosphoribosyltransferase ~ deficiency, phosphoribosylpyr%‘-’erpmd“Ction in patients with inherited metabolic disorders.
“Replacement” therapy with a long-acting form of uricase is a
potential alternative for such patients.

Daily infusion of uricase derived frospergillus flavushas
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oxidases (22). Covalent linkage of poly(ethylene glycol) (PE®EG-Uricase

to exposed amino groups has been demonstrated to enhan&andard methods were used to amplify, clone, and sequence
solubility, prolong circulating life, and reduce the immunogesDNA. Reverse transcription-PCR primers for pig and baboon liver
nicity of several proteins in animals (23). PEG-modified bgirate oxidases were based on published sequences (1,28). A pig-

vine adenosine deaminase, injected once or twice per week, p@aoon chimeric (PBC) uricase cDNA, consisting of pig codons 1 to

been well tolerated and effective as chronic replacement th_@rﬁ—S Joined in-frame to baboon codons 226 to 304, was constructed.

apy for inherited adenosine deaminase deficiency (24,25) e PBC cDNA encodes 30 lysines, one more than either “parental”
p\)//v h d d PEG dified bi y ' 'l.uricase cDNA, because of the presence of lysine codons replacing
€ have produce -modified, recombinant, mamma '&1-103 in the baboon cDNA and Arg-291 in the pig cDNA. Other

urate oxidases and tested thelr. efflcgcy in a strain of MigBNA based on the pig coding sequence but possessing a Lys-291
homozygous for a targeted disruption of théox gene codon were subsequently constructed; proteins derived from the latter
(Uox—/—). These mice have been demonstrated to develgf referred to collectively as PigK uricase. Uricase cDNA were
obstructive nephropathy, akin to that associated with tumoverexpressed ikscherichia coliBL21(DE3)pLysS, using pET vec-
lysis in human patients; most died by 4 wk of age, unless th&sys (Novagen, Madison, WI), or in other expression systems not
were treated with allopurinol (26). Renal function in these micéescribed here. Purified preparations of the recombinant pig, PBC,
was not studied. Here we report that untredti—/— mice and PigK uricases had specific activities of 3 to 7 U/mg. Similarly

have a profound defect in the ability to concentrate uringrepared recombinant baboon uricase was four- to fivefold less active;

L . L . ... baboon uricase purified from liver is also less active than pig liver
resulting in nephrogenic diabetes insipidus (DI). This conditio; - >g) "Thece recombinant uricases were soluble and stable in

C_an_be 'afge'Y prev?nted by tre_atr_nenf with PEG_—u_rlcase. Th%ﬁ?‘oonate buffer (pH 10.2) but, like the mammalian urate oxidases
flndlngs' provide a “proof of principle” for the chmca! use Ofpurified from tissues (22), were sparingly soluble at pH 7.4.
PEG-uricase; they also suggest factors that underlie the evopgc uricase purified t6>95% homogeneity (Kelly SJ, Hershfield
lutionary loss or retention of uricase among species. MS, unpublished procedure) was provided to Mountain View Phar-
maceuticals, Inc. (Menlo Park, CA), where it was modified by cova-
lent attachment of monomethoxy-PEGe(, PEGylated), using a
Materials and Methods modification of a method described by Shernsral. (30). Approx-
Urate Oxidase-Deficient Mice imately 60 kD of PEG was coupled to each uricase subunit, deter-

Mice heterozygous for a urate oxidase transgene disrupted b}m}ged as described (31). The resulting PEG-uricase had specific

neomycin resistance gene insert, on a C57BL/6J-129Sv hybrid gen@t%i\/ity ranging from 2.3 t0 5.6 U/mg; it was soluble and stable for at

background (26), were provided by Dr. M. Wakamiya, Baylor Unil-eaSt 6 mo at 4°C in phosphate-buffered saline (PBS) (pH 7.4). A

versity. TheseUox+/— mice were interbred to generatéox—/— PEGylated recombinant PigK uricase with similar properties was

homozygotes. Mice were maintained on a standard diet with frgéepared by Drs. J. R. Hartman and S. Mendelovitz of Bio-Technol-

access to water. All experiments involving mice were performed gy General Ltd. (Rehovot, Israel).
Duke University and were approved by the Duke University Intitu-
tional Animal Care and Use Committee. Uricase Replacement Therapy
Serum uricase activity was observed to peak 20 to 24 h after
intraperitoneal injection oJox—/— mice with PEG-uricase; the cir-
Biochemical and Physiologic Studies culating h_alf—life was approximgtely_78 h. In experimgn_ts ipvolving
Uricase activity was determined spectrophotometrically, at 23 {g_peated |n_tr_aper|toneal admlnls_tratlon, the 24-h postinjection serum
25°C, by monitoring the decrease in absorbance at 292 nm iniricase activity was us_ed as an index c_)f_ the ra_lte 01_‘ enzyme cl_earance
reaction mixture containing 0.1 M sodium borate (pH 8.6) and 0.(fs in analogous studies of PEG'de'f'Ed 09" purine nu_cle03|de_
mM uric acid (1 unit was defined as a decrease qirfiol of uric phosp.horyl.ase) (32). The cgncentratlon of UI’IC.aCId in urine prowded
acid/min) (27). Commercial kits were used to determine the Conce%_nonlnvaslvgly measured index of the capacity to catqbollze urate.
trations of uric acid (Sigma kit 685-10) and creatinine (Sigma kit 55 se c_)f thls_lndex reduced th_e need for bIOOd. sampling and the
in serum and urine. Protein was determined by the Lowry or bici _ssou_ated risk of death resulting from anesthesia and blood volume
choninic acid (Pierce, Rockford, IL) method, with bovine seru epletion.
albumin as the standard. Some serum samples were analyzed for urea
nitrogen, creatinine, calcium, phosphorus, albumin, and urate levEifizyme-Linked Immunosorbent Assay for Anti-Uricase
by AniLytics, Inc. (Gaithersburg, MD). Antibody
Blood was obtained from the retro-orbital plexus using methoxy- Microtiter plates (Immulon 2HB; Dynatech, Chantilly, VA) were
flurane anesthesia. In some studies of mice treated with uriexse treated overnight at 4°C with Lg/well of purified recombinant
vivo degradation of uric acid was prevented by rapid mixing of bloodricase in 0.1 M sodium carbonate (pH 10.2) or with buffer alone.
with an equal volumefo2 N perchloric acid on ice; after centrifuga- After blocking with 2% goat serum (Life Technologies BRL, Gaith-
tion (2 min at 4°C at 11,00x g), the supernatant was neutralizecersburg, MD) in PBS, the plate was washed with PBS containing 0.1%
with 3.0 M KOH/1.0 M KHCQ;,. The serum urate concentration wasfween 20 (PBST). Aliquots (0.1 ml) of mouse serum (diluted in PBS
calculated from the concentration in the neutralized extract, assuminigh 2% goat serum) were added to adjacent rows of uricase-coated
a hematocrit value of 0.44. Spontaneously voided urine was collecttd antigen-free wells. Aftel h at37°C, plates were washed with
from a clean surface. Mice were placed in metabolic cages for quéBST and then incubated for 45 min at 37°C with a goat anti-mouse
titation of water intake and urine output. Urine osmolality was detelg-peroxidase conjugate (Calbiochem, San Diego, CA). After washing
mined with a vapor pressure osmometer (Westcor Instruments, Logaith PBST, 0.1 ml/well ofo-phenylenediamine peroxidase substrate
uT). solution (Calbiochem) was added. After 25 min at 25°C, 0.1 ml/well
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of 1 N HClI was added, and absorbance at 490 nm was measured with 100
a Vmax kinetic microplate reader (Molecular Devices, Sunnyvale
CA). The A, values for uricase-free wells were subtracted to detei=
mine bound antigen-specific mouse Ig. Results are expressed in
zyme-linked immunosorbent assay unifs, {10 ul of serum), as
defined by Chaffeet al. (33).
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Magnetic Resonance Microscopy
Mice were euthanized by barbiturate overdose. The blood supply t%?
the left kidney was ligated immediately, to maintain blood in th
organ [as a negative contrast agent for magnetic resonance (M&
imaging]. The body was perfused with 0.9% saline solution and the
with 10% neutral buffered formalin-glutaraldehyde solution. The per-
fused (right) kidney was used for histologic analyses. The nonpei=
fused (left) kidney was placed in a cylindrical container and immersed
in Fomblin (perfluoro-polyether; Ausimont, Morristown, NJ) to limit @
magnetic susceptibility variations at the tissue surface. MR imagi
was performed immediately, using a custom-designed 11-mm sol& 0O\ ———T—"—T—T—T—T1T T
noid radiofrequency coil. MR images were acquired at 9.4 T with a 0 20 40 60 80 100 120 140
Bruker CSI system (Fremont, CA) equipped with actively shielded
gradients (34). A spin-echo pulse sequence was used (repetition time, Age, days
500 ms; echo time, 10 ms; number of excitations, 2). Spatial encoding
was accomplished using three-dimensional Fourier transform, whigfyyre 1. Uric acid excretion by uricase-deficient and heterozygous
allowed the simultaneous imaging of 128 contiguous planes (eachiize. At the indicated ages, the uric acid/creatinine molar ratio (mean
pm thick) through the specimen. The 10-mm field of view was- sp)was determined in urine samples from three to séd@n+/—
reconstructed on a 258 256 matrix, leading to a voxel size of (39 mice (O) and three to 12Jox—/— mice (A). Data for sixUox—/—
um)®. Images were analyzed on a Silicon Graphics workstation (Rgjice that had been treated with weekly intraperitoneal injections of
ality Engine 2; SGI, Mountain View, CA), using VoxelView softwarepig-haboon chimeric (PBC) poly(ethylene glycol)-uricase (PEG-
(Vital Images, Fairfield, IA). uricase) (see legend to Figure 5) are also presemgd (
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Histopathologic Analyses

Formalin/glutaraldehyde-fixed kidneys were embedded in paraffil€é mean water intake and urine output for 44-d{0tok—/—
sectioned (3um) in the axial plane (corresponding to the axial MRMIice (W = 4) were 15.7 and 6.9 ml/24 h, respectively, normal-
images), and stained with hematoxylin and eosin. Histologic evaluzed to a body weight of 20 g, or approximately fivefold more
tion was performed without knowledge of genotype or the MR miwater ingested and sixfold more urine voided, compared with

croscopy results. normal mice. The urine osmolality for thBox—/— mice
ranged from 520 to 630 mosmol/kg, compared with 900 to
Results >2500 mosmol/kg for normal mice with access to water. The
Uric Acid Excretion, Water Balance, and Renal ability of Uox—/— mice to concentrate urine when deprived of
Concentrating Ability water was severely impaired (Figure 2); the maximal urine

The uric acid/creatinine molar ratio in the urineldbx—/—  osmolality for five Uox—/— mice deprived of water for 12 h
mice was 30- to 100-fold higher than that for heterozygoteseraged approximately 680 mosmol/kg and did not exceed
(Uox+/-). For both genotypes, the highest ratio occurred 885 mosmol/kg, whereas heterozygotes increased urine osmo-
the second week of life (Figure 1). Foiox—/— mice, the uric lality to approximately 3500 mosmol/kg.
acid/creatinine ratio peaked at approximately 35 and then deExcept for moderate azotemia, we did not observe signs of
creased to a stable level of approximately 10 after weaningnal insufficiency in adulox—/— mice. Thus, when evalu-
Total 24-h urinary uric acid excretion by 4-mo-oldbx—/— ated at 50 to 60 d and 9 to 13 mo of age, the serum urea
mice was 6+ 2.4 mg (35 14 umol) per 20-g mouse (meannitrogen concentrations fddox—/— mice were 56+ 20 and
+ SD,n = 10). On a body weight basis, this value is 20- td3 = 10 mg/dl (mean+ SD), respectively, or 1.5- to 2-fold
40-fold higher than that for human subjects. Crystals appeat@dgher than for heterozygotes. BP and serum creatinine, cal-
rapidly as urine fromJox—/— mice cooled (data not shown).cium, phosphorus, and albumin levels were normal (data not
Bladders of some adults were dilated and contained uric asldown), and ascites was never observed.
stones.

Most adult Uox—/— mice were similar in appearance tolreatment with PEG-Uricase
Uox+/— or Uox+/+ mice of the same C57BL/6J-129Sv hy- Although it is stable and active at high pH, unmodified
brid genetic background. However, we noticed thlatx—/— (native) recombinant uricase was not effectie vivo in
mice as young as 10 to 12 d of age produced copious palex—/—mice. Thus, serum uricase activity remained undetect-
urine. This led to studies of water balance and renal conceable (<0.005 U/ml) at 4 and 24 h after intraperitoneal injection
trating function. When animals were given free access to watef,1 unit of native uricase (diluted 20-fold, to 0.23 mg/ml, in



1004 Journal of the American Society of Nephrology J Am Soc Nephrol 12: 1001-1009, 2001

4000 + 1000+
.+»""Bm, 12m P ﬂ- n=12
2 E--gm 100- E -
£ 3000+ B--2021m n=4 o
o 2
E T 104 °
> > o n=10
T 2000+ = ¥
] - n=6
= -
7 w (-
O
2 1000+ Qeli
= |
0.01- | T
ol A B C D E
0 8 12 Figure 3. Immunogenicity of unmodified uricase and PEG-uricases.
Hours Without Water The development of anti-uricase antibody was assessed in three ex-

periments examining the efficacy of intraperitoneally injected uricases
Figure 2.Urine-concentrating ability during water deprivation. Urindn Uox—/— mice (see Results section). (A to C) Twelve mice (2.5 to
osmolality was measured in samples obtained before and 8 and 120 of age) each received four injections of unmodified PBC uricase
after withdrawal of water. Each vertical bar represents one moué@:23 mg) at 6- to 7-d intervals. Enzyme-linked immunosorbent assays
The mice studied included twidox heterozygotes/—), which were (ELISA) were performed after injections 2 (A), 3 (B), and 4 (C) for 4,
8 and 12 mo of age, and fiudox homozygotes{/—), of which two 8, and all 12 mice, respectively. (D) Ten 4-mo-old mice received 0.08

were 8 mo and three were 20 to 21 mo of age, as indicated. mg of PEGylated PigK uricase every 5 d. ELISA were performed 9 d
after the 11th injection. (E) Beginning at 3 to 10 d of age, six mice

received weekly injections of PEGylated PBC uricase (0.04 mg until
. . . ... .6 wk of age and then 0.08 mg). ELISA were performed after the 10th
PBS, pH 7.4, just before mpctlon, to maintain SOIUbIIIty)'rnjection. The open bars and error bars represent the me&D

Serum urate levels for these mige< 12) decreased from 10'2response, in ELISA units (see Materials and Methods section); the

* 2.5 mg/dl before treatment to 6:8 1.8 mg/dl & 4 h after sympols within the bars represent the responses of individual treated
injection but returned to baseline values by 24 h. The urinagyice. The stippled areas within the bars indicate the range of ELISA
uric acid concentration transiently decreased from #649 values for sera from untreatddox—/— mice, assayed using as im-
mg/dl before injection to 139 and 146 mg/dl at &ehh after mobilized antigen the unmodified uricase corresponding to the PEG-
injection, respectively, but no decrease was observed at 3, ad;ase under study (PBC uricase for A, B, C, anchE 16 serum
or 30 h. With weekly administration, anti-uricase antibod§amples; PigK uricase for By = 10 serum samples).
appeared in all 12 mice after the second injection and levels
increased after the third and fourth injections (Figure 3, A to
Q). + 364 mosmol/kg, compared with an increase of 31236
Compared with the native enzyme, PEG-uricase exhibitesdosmol/kg before treatmenP (< 0.05). The residual con-
greater bioavailability and was far more effective in decentrating defect may have been attributable to irreversible
creasing urate levels, including results after repeated injestructural renal damage (see below).
tions. In one study, 4-mo-oldJox—/— mice (O = 10) PEG-uricase therapy initiated early in life was effective in
received intraperitoneal injections of 0.34 U of PEG-uricageeventing the development of renal injury. We determined
every 5 d. Each injection produced a marked reduction this by studying two groups of siklox—/— mice, one of
the urinary level of uric acid; reductions were greatest aftarhich was given a series of 10 or 11 intraperitoneal injec-
24 h but were evident throughout the period between injetiens of PEG-uricase and the other of which was given
tions (Figure 4). In urine obtaink5 d after the 11th injec- saline solution, administered at 4- to 10-d intervals (mean,
tion, the uric acid/creatinine ratio was 17 2.5, compared 6.7 d) between the first 10 d and the 10th week of life (0.095
with 10.6 = 1.5 before treatment. Sera obtain@d after the U/dose until 6 wk of age and then 0.19 U/dose). After 10
11th injection exhibited detectable uricase activity (0.G53 injections, none of the PEG-uricase-treated mice exhibited
0.025 U/ml) and lacked significant anti-uricase antibodgtetectable anti-uricase antibody (Figure 3E). When mea-
(Figure 3D); the mean serum urate concentration was+l.3sured at 6 to 9 wk of age, the mean urinary uric acid/
2.1 mg/dl, compared with 7.3 0.8 mg/dl before treatment. creatinine ratio for the six PEG-uricase-treatddx—/—
After the 10th PEG-uricase dose, we evaluated renal canice was 1.2 to 2, which was much lower than that for the
centrating ability. During a 12-h period of water deprivauntreatedUox—/— mice (Figure 1). At 10 wk, the treated
tion, urine osmolality for the treated mice increased by 628ice demonstrated significantly greater renal concentrating
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Figure 5.Effect of treatment with PEG-uricase on the development of

diabetes insipidus. (A) Urine-concentrating ability. (B) Water balance.

As described in Results, beginning at 3 to 10 d of age, two groups of

six uricase-deficientl{ox—) mice were given a series of 10 or 11

weekly intraperitoneal injections of either saline solution or PBC

PEG-uricase (Tx). At the end of the treatment period, the ability to

concentrate urine after 12 h of water deprivation (A) and the amounts
Day of Treatment of water ingested and urine produced in 24 h (B) were analyzed. These

results are compared with data obtained separately for wild-type (WT)

Figure 4.Effect of treatment with PEG-uricase on uric acid excretiorc57BL/6J-129Sv hybrid mice.

Ten 4-mo-oldUox—/— mice were given intraperitoneal injections of

0.34 U of PigK PEG-uricase every 5 d. The uric acid/creatinine molar

ratio was assessed in urine samples from all mice on two occasion

S . . . -
before treatment (Pretreat; bars, SD). During treatment, the uric acrigpal damage induced by excretion of uric acid in amounts that

creatinine ratio was assessed for all mice in urine samples obtair?@ﬁ:eed 'tS, SO!UD'“ty in urine. The ,magthde c,)f_ uric "{‘C"?'
approximately 24, 72, or 120 h after injection (post inj) (for clarityoVerexcretion is remarkable. The uric acid/creatinine ratio in

error bars are not shown for these data points). urine was>30 in young mice and approximately 10 in adults.
By comparison, urinary uric acid/creatinine ratios of 3 to 5
ability than did the untreatetlox—/— control mice, with have been observed in children with hypoxanthine-guanine
nearly normal fluid balance. Thus, after 12 h of watgphosphoribosyltransferase deficiency, and uric acid/creatinine
deprivation, the untreated control animals exhibited a me#@fios of>1 have been associated with acute uric acid nephrop-
urine osmolality of approximately 750 mosmol/kg; théthy in human patients (35,36). In comparison with body
treated mice exhibited a mean basal urine osmolality wreight, we estimate that uricase-deficient mice excrete 20- to
approximately 1850 mosmol/kg, which increased to 270#-fold more uric acid/d than do human subjects. .
mosmol/kg (Figure 5A). With free access to water, the The DI of uricase-deficient mice resembles the persistent
untreated mice ingested 4.4-fold more water and producg@ncentrating defect in Gunn rats, which lack hepatic glucu-
6.3-fold more urine than did normaUpx+/+) mice, com- fonyl transferase; the defect was reversible if unconjugated
pared with 1.7-fold more water and 1.4-fold more urine fapilirubinemia was corrected in young animals, before perma-
the treated mice (Figure 5B). nent structural renal damage occurred (37). The DI is also
As assessed by MR microscopy (Figure 6), the renal arckglated mech.ar_listically to thel transignt DI. that may follqw
tecture was largely preserved in the PEG-uricase-treated mi&hal tubular injury caused by ischemia, toxins, or obstruction
in contrast to the scarred, irregularly shaped, hydronephrotfd. Postobstructive diuresis). This transient DI might be a
kidneys of untreatedJox—/— mice. Histologic sections of Mmanifestation of injury or of the recovery of tubular epithe-
kidneys from untreated mice exhibited cortical foci of fibrosium. It can result in severe volume depletion, but it may also
and tubular atrophy, with apparent crowding of glomerufi€rve a protective functiong., to reduce the concentration of
(Figure 7). In both the cortex and medulla, collecting duc@ offending toxin or obstructing agent. The persistent DI of
were markedly dilated, possibly because of elevated tubutgicase-deficient mice may be lethal in nursing animals but
flow. In contrast, kidneys from treated mice exhibited no gro&ssential for the survival of adults. _
irregularities. Atrophy of the inner medulla was absent, tubulesStructural kidney damage and DI are evidentUox—/—
were packed tightly, and glomeruli exhibited normaice by 2 wk of age, when mortality (26) and uric acid

Urine Uric Acid/Creatinine Ratio

distribution. excretion (Figure 1) are highest. Adultox—/— mice with
severe DI exhibited little evidence of progressive renal insuf-

Discussion ficiency, and many exhibited normal lifespans. However, be-

DI Attributable to Uricase Deficiency fore our recognition of their fivefold greater water requirement,

We have observed that mice that lack uricase developsame died as a result of dehydration after exhausting water
severe, persistent, renal concentrating defect that results frempplies adequate for normal mice. The high mortality rate
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before weaning is probably attributable to the inadequacy of
maternal milk as the only source of fluid replacement. Death
resulting from dehydration was similarly attributed to polyuria
in nursing mice in which the gene for the NaK2Cl cotrans-
porter had been disrupted (38). However, after weaning, a
sixfold elevated urine volume, compensated by adequate water
intake, may limit further deposition of uric acid in renal tu-
bules, preventing progressive renal failure. Such a protective
role for nephrogenic DI is consistent with the finding that high
tubular fluid flow attributable to inherited pituitary DI pre-
vented acute uric acid nephropathy in a rat model in which the
serum urate concentration was increased to 20 mg/dl by the
infusion of both urate and oxonic acid (an inhibitor of uricase)
(39). Maintenance of high urine volume is used clinically to
treat uric acid renal stones and acute uric acid nephropathy in
human patients (5,6).

Relevance to Evolution

Discussions of uricase evolution have often speculated on
advantages derived from loss of the enzyme, such as increased
longevity resulting from the radical-scavenging ability of urate
(3). A less anthropocentric view might consider the benefit of
uricase to other species for which renal water conservation has
been an essential adaptation to seasonal drought or arid cli-
mates. The avoidance of uric acid precipitation in maximally
concentrated urine would strongly favor the retention of
uricase; its loss might lead to lethal nephropathy, as in uricase-
knockout mice. In contrast, ancestors of New World monkeys,
hominoid apes, and humans, in whithox gene mutations
became fixed (2), may have lived in rain forests. With abun-
dant water, maintenance of relatively dilute urine may have
been better tolerated and favored as an adaptation to environ-
mental toxins, as well as to the loss of uricase. Other protective

) ) ) o mechanisms might have been in place or selected subse-
Figure 6. Nephropathy resulting from uricase deficiency and thra‘jc
!

. . X uently, e.g, efficient proximal tubular reabsorption to limit
effect of treatment with PEG-uricase. Selected magnetic resonance y.€.9 P b

(MR) microscopy images are shown for nonperfused left kidneyse access of uric acid to collecting ducts, where maximal

from four mice. (A) A 51-d-old heterozygote. (B and C) Two un.concentration and acidification occur, or shorter renal papillae

treated Uox—/— mice, 72 and 65 d of age, respectively. (D) ato limit disFaI water reabsorption. The _re_duce_d ability of the
68-d-old Uox—/— mouse that had received 10 intraperitoneal injed?€0natal kidney to concentrate and acidify urine may protect
tions of PBC PEG-uricase between 3 and 65 d of age (see Resul¢)man infants from uric acid nephropathy at a time when urate
For each mouse, three MR images are shawn,a three-dimensional clearance is considerably higher than that in adults (40).
surface-rendering (left), a midcoronal section (center), and a midaxial

section (right) (voxel size, (3@m)?). Although differing somewhatin PEG-Uricase as a Potential Therapy for Refractory
textural detail, the three-dimensional surface-rendered MR imagegyt

from the heterozygote (A) and the PEG-uricase-tredtiex—/— Fungal and pig liver uricases, PEGylated in various ways,
mouse (D) both show a smooth uniform pattern corresponding ﬁ%ve been studied in uricase-expressing animals (41-43).
underlying cortical components (medullary rays and cortical lab}(/_\/here reduced immuno . . .

) - ! X ; genicity has been achieved, it has been
rinth). This contrasts with the irregular shape and surface scarrln?I Is of i h b ial | f
evident to varying degrees on kidneys from two untreded—/— a _eves_ 9 PEG coupling t a_t cause substantia O_SS of cata-
mice (B, asterisk). The coronal and axial MR sections from A anyftic activity. PEGylatedCandidaand Arthrobacteruricases

D show well defined morphologic details because of blood retaind¥ere demonstrated to decrease serum urate concentrations in a
in the organ, which provided a negative contrast agent for tfiew patients with malignancies, but neither preparation was
observation of blood vessels, cortex, medulla, and papilla. Tiselbsequently produced for clinical trials (44,45).

same sections from B and C show an effaced corticomedullaryWe have taken several steps aimed at producing a PEG-
junction and atrophic inner medulla (B, arrowheads). The featurgricase more suitable for long-term therap{) WWe chose

less gray areas in the axial and coronal MR images for theggrcine uricase, which has85% identity with the deduced
kidneys (C, asterisks) are attributable to fluid in cysts and in thgying acid sequence of human uricase, rather than a microbial
dilated pelvocalyceal region. enzyme with<40% identity or baboon uricase, which has
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gt

r;i:;"’o‘ﬁ;‘ &

Figure 7.Kidney histomorphologic features. Representative sections of the renal cortex (A and B) and inner medulla (C and D) are shown f
kidneys from a 72-d-old, untreated, uricase-knockalgx—/—) mouse (A and C) (MR images of the companion kidney are shown in Figure
6B) and from a 68-d-oldJox—/— mouse that had received 10 intraperitoneal injections of PBC PEG-uricase between 3 and 65 d of age (E
and D) (MR images of the companion kidney are shown in Figure 6D). Magnificaid®0. The cortex of the untreated kidney shows
crowding of glomeruli, with an enlarged Bowman’s space (A, arrows) attributable to focal tubular dropout and fibrosis extending from the
kidney surface. These changes are absent in the kidney of the treated animal (B). The inner medulla of the kidney from theJantréated
mouse shows markedly dilated collecting ducts (C, arrows), whereas collecting ducts from the PEG-uricase-treated mouse are norma
diameter and appearance (D).

slightly greater sequence similarity but is much less active. Vilefore weaning, prevented the development of nephropathy.
considered “reactivating” human uricase by eliminating bofthhis treatment elicited minimal antibody response. In contrast
known nonsense mutations but concluded that it would e PEG-uricase, unmodified recombinant mammalian uricase
difficult to identify and “correct” any missense mutations acwas ineffective in decreasing uric acid levels and was highly
quired during evolution.2) Addition of potential PEG attach- immunogenic. These results suggest that this form of PEG-
ment sites (lysine residues) enhanced the ability of PEGylatigficase could be effective in treating both acute and chronic
to reduce the immunogenicity of a bacterial enzyme in mi¢g/peruricemia and uricosuria. In addition to use in the acute
(32). This presumably resulted from better epitope maskingetting of chemotherapy for malignancies, PEG-uricase could
We applied this strategy to pig uricase by changing Arg-291 fovide a much-needed therapy for controlling chronic hyper-
lysine. The resulting PBC and related enzymes are fully activgicemia in patients with inherited metabolic disorders and in

and_ possess one to four more Iysi_nes than other clgned MyYBtients with severe gout who are allergic or unresponsive to
malian uricases (mouse, rat, rabbit, and baboon uricasys). {onventional therapy.

We optimized PEGylation to achieve a PEG-uricase that re-
tains the activity of the native enzyme but is substantially more
soluble at physiologic pH and is much less immunogenic mcknowledgments
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