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Nanourchin-like Uricase-Poly(L-proline) Conjugate with Retained
Enzymatic Activity, Mitigated Immunogenicity, and Sustained
Efficacy Upon Repeated Administrations

Ruichi Zhao+, Yangming Zhang+, Banlai Ruan, Hairuo Zhang, Niannian Lv, Jiayi Li,
Yuhe R. Yang,* Xiaozhou Luo,* and Hua Lu*

Abstract: The poor half-life and strong immunogenicity of proteins such as uricase (UOx), a therapeutic enzyme for
chronic refractory gout and hyperuricemia, are pressing clinical challenges. Although conjugation of poly(ethylene
glycol) (PEGylation) of UOx can improve the pharmacokinetics, preexisting or induced anti-PEG antibodies, which lead
to accelerate blood clearance (ABC) and reduced response rate, have been a major clinical hurdle. Herein, we report the
facile “grafting-from” preparation of a nanourchin-like uricase-poly(L-proline) conjugate, namely UOx-PLP, with high
grafting-density, enhanced thermal, lyophilization, freeze-thaw, and proteolytic stability. Through a transient preblocking
strategy in the synthesis, the UOx-PLP overcomes activity loss and retains ~82% enzyme activity. In Sprague-Dawley
rats, UOx-PLP stimulates minimum complement activation and anti-UOx antibodies. Unlike PEG-UOx gave a
significantly reduced half-life after repetitive administrations, UOx-PLP shows no sign of ABC effect. Moreover, the
half-life of UOx-PLP remain almost unchanged when cross-administrated to rats previously received PEG-UOx and
with high titers of anti-UOx antibodies. Finally, UOx-PLP shows minimum loss of efficacy after five straight
administrations in a UOx knock-out hyperuricemia mice model, whereas PEG-UOx experiences sharp loss of efficacy
upon the same treatment. Overall, the simple preparation and outstanding nonclinical results highlight the enormous
potential of UOx-PLP for future clinical translation.

Introduction

Hyperuricemia and gout are complicated, painful, and
prevalent diseases characterized by excessive buildup of uric
acid in the body.[1] Currently, there are over 55 million
patients suffer from gout worldwide, and the population of

hyperuricemia far exceeds 200 million.[2] Uric acid is the end
product of purine metabolism, and due to its low solubility
in water, any excess production of uric acid or failure in its
excretion can lead to hyperuricemia or the formation of
monosodium urate crystals.[3] A functional enzyme known as
uricase (UOx), which converts the poorly soluble uric acid
into the more soluble and easier-to-excrete allantoin, is
present in most organisms but not certain primates, includ-
ing human.[4] To date, the enzyme replacement therapy
(ERT) is a proven treatment of the above diseases by
supplementing exogenous UOx to degrade excessive uric
acid in the body.[5]

Rasburicase, a recombinant Aspergillus flavus uricase
was approved for primary treatment of hyperuricemia
during chemotherapy by the FDA in 2002.[6] However, the
high immunogenicity of Rasburicase makes it an unlikely
choice for the treatment of chronic hyperuricemia and gout.
Antibody responses were observed in 64% of volunteers
within 1 to 6 weeks after the initial course, with persistent
antibodies for over 1 year.[7] To address these clinical
challenges, a PEGylated pig-baboon chimeric uricase called
Pegloticase (KRYSTEXXA®) with prolonged half-life and
reduced immunogenicity has been developed and approved
by the FDA for the treatment of chronic refractory gout in
2010.[8] Despite significant improvements in pharmacoki-
netics, still, to Pegloticase was issued a black box warning by
the FDA and discontinued in Europe due to low response
rate and strong immunogenicity raised by antidrug
antibodies.[9] Specifically, 92% of patients developed anti-
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bodies against Pegloticase, and 42% developed antibodies
against PEG.[10] The production of anti-PEG antibodies is
associated with a decrease in the efficacy of Pegloticase over
time and an increase in the incidence of infusion reactions.[11]

In patients with high titers of PEG antibodies, approx-
imately 50% experienced an infusion reaction during
subsequent administration (26% severe, 6.5% life-threat-
ening allergic reactions).[12] More concerning is the prevalent
and significantly boosted anti-PEG antibodies in healthy
populations after receiving two or more PEGylated lipid
nanoparticle (PEG-LNP) mRNA vaccines during the COV-
ID-19 pandemic, which jeopardizes the use of any other
PEGylated drugs for patients with high preexisting anti-
PEG antibodes.[13]

To address these unmet clinical needs and challenges,
various synthetic polymers and recombinant polypeptides
(to name a few: PAS, EK, XTEN, ELP, POEGMA,
zwitterionic polymers, polyglycerol, polyoxazoline,
polypept(o)ides such as polysarcosine, polysulfoxide, poly-
(N-oxide), etc.) have been fused/conjugated to therapeutic
proteins for reduced immunogenicity, including UOx.[14]

Nanogels and nanoparticles encapsulating UOx are also
developed to give reduced immunogenicity of UOx.[15] More
recently, UOx-loaded red blood cells or LNP-delivered
UOx mRNA were used.[16] However, fusion and the so-
called “grafting-to” approaches often afforded low or
modest degree of modifications, which is suboptimal to fully
shield the immunogenic epitopes of UOx.[17] On the other
hand, conventional grafting-to strategy suffers low grafting
efficiency due to steric hindrance, and there was a dilemma
that the higher the grafting density, often the lower the
activity. To this end, a simple strategy for high modification
degree, complete epitope masking, yet without compromis-
ing the enzymatic activity, is highly desirable toward next-
generation UOx-based therapeutics.

Herein, we report the “grafting-from” preparation of
uricase-poly(L-proline) conjugates, namely UOx-PLP, through
ultrafast in situ protein-initiated ring-opening polymerization
(ROP) of proline N-carboxyanhydride (ProNCA). The facile
method yields nanourchin-like conjugates ~20 nm in size,
featuring in UOx in the core and a high grafting-density
protecting layer of neutral, water-soluble PLP bearing the rigid
polyproline II (PPII) helix on the surface (Figure 1A). By
applying a transient preblocking strategy during the synthesis,
the obtained UOx-PLP overcomes the activity loss and retains
~82% enzyme activity of UOx with enhanced thermal,
lyophilization, freeze-thaw, and proteolytic stability in vitro
compared to the PEG-UOx control. In Sprague-Dawley rats,
UOx-PLP stimulates minimum complement activation, and
decreases titers in anti-UOx and anti-PEG antibodies for more
than 250 and 30 times, respectively. Unlike PEG-UOx gave a
significantly reduced half-life after repetitive administrations,
UOx-PLP showed no sign of ABC effect. Moreover, the
pharmacokinetics (PK) of UOx-PLP remain almost unchanged
when cross-administrated to rats previously received PEG-
UOx and with high titers of both anti-UOx and anti-PEG
antibodies. Finally, UOx-PLP shows minimum loss of efficacy
after five straight administrations in a UOx knock-out (Uox-

KO) hyperuricemia mice model, whereas PEG-UOx experi-
ences sharp loss of efficacy upon the same treatment.

Results and Discussion

Grafting-from Synthesis and Characterizations of UOx-PLP

Previously, we developed a simple, water-assisted ultrafast
controllable ROP of ProNCA to prepare PLP, which was
later widely used by others owing to the robustness and
simplicity of the method.[18] Importantly, the protocol
allowed the use of proteins, with the solvent-exposed lysine
ɛ-NH2, as initiators for the ROP of ProNCA without the
need of pre-modification. To make UOx-PLP, ProNCA in
acetonitrile (ACN) was mixed with UOx purified by affinity
chromatography (Figure S1) in phosphate buffer and agi-
tated gently. Immediate release of CO2 bubble was
observed, which typically finished within 5 min (Figure 1A).
The size of the conjugated PLP could be controlled by the
feeding UOx and ProNCA ratio. However, substantially
reduced enzyme activity was found for the product (Fig-
ure 1B), likely due to undesirable block of catalytic center
by the grafted PLP. To circumvent this problem, a transient
preblocking strategy was applied, namely by adding a
competitive inhibitor of uric acid, xonic acid potassium salt,
to the polymerization solution, which was easily removable
during the size exclusion chromatography (SEC) purifica-
tion. In this generation-two protocol, the prepared UOx-
PLP conjugate was able to preserve ~82% activity of the
pristine enzyme (Figure 1B). The purified UOx-PLP re-
vealed a significantly shifted unimodal peak to the higher
molecular-weight (Mn) region in SEC (Figure 1C) and
dynamic light scattering (DLS) measurement gave a hydro-
dynamic diameter of ~18.9 nm for UOx-PLP, roughly
~10 nm greater than the wild type UOx (Figure 1D). Sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) analysis of the product gave a smeared band shifting
to the upper Mn region (Figure S2). These data collectively
confirmed the successful PLP conjugation. The overlay of
SEC traces of three different batches showed almost
identical retention time and peak shape of the products,
which also displayed comparable enzymatic activities, under-
lying the reproducibility of the method (Figure S3), under-
scoring the excellent reproducibility of the synthetic method.
Cryo-electron microscopy (cryo-EM) comparison of UOx
and UOx-PLP indicated that the higher-ordered structure of
UOx was not affected by PLP conjugation (Figure 1E and
Figure S4). Direct observation of the conjugated PLP by
Cryo-EM, unfortunately, was unsuccessful, perhaps a result
of the small diameter of outstretched PPII helix (~7.36 Å)
and low resolution of the PLP strand.[19] Due to the
extensive modification of PLP, circular dichroism (CD)
spectroscopy of the purified product exhibited typical
pattern of PPII helix masking the original pattern of UOx
(Figure S5). A PEG-UOx conjugate was also synthesized
through random grafting-to strategy using amine-NHS
chemistry for comparison (Scheme S1). PEG of 10 kDa was
selected for conjugation as this was the Mn used in Pegloti-
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case. SEC, DLS, and SDS-PAGE analyses all suggested that
PEG-UOx was slighter larger in size than UOx-PLP (Fig-

ure 1C� D and Figure S2), a result we attributed to the high
Mn and extended conformation of PEG.

Figure 1. Synthesis and characterization of UOx-PLP and PEG-UOx. (A) Synthetic Scheme of UOx-PLP using the grafting-from approach. (B)
Enzymatic activity of UOx-PLP prepared without or with addition of xonic acid potassium salt (oxo). (C) Size exclusion chromatography (SEC), (D)
dynamic light scattering (DLS) of UOx, UOx-PLP, and PEG-UOx. G(d) represents the size distribution function based on the number of particles.
(E) Representative 2D class averages of UOx and UOx-PLP particles, with double arrows and values indicating size measurements in various
directions. For each particle, the side view is on the left, while the top view is on the right. (F) Degree of PLP modification determined by the
chemoselective assay for secondary amines. (G) Scheme of UOx and UOx-PLP by proteinase K digestion (left) and the SEC analysis of the
degraded products (right).
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To determine the degree of PLP modification in UOx-
PLP, we employed a triazene chemistry developed by Raj
et al. that could selectively quantify the amount of secondary
amines using UV/Vis spectrometry.[20] Briefly, the terminal
secondary amine of PLP chains reacted with arene diazo-
nium ions rapidly to generate a stable triazene with
characteristic absorbance at 340 nm (Scheme S2 and Fig-
ure S6). Using this method, UOx-PLP was calculated to
bear approximately ~13.8 PLP chains per UOx subunit after
deduction of background absorption from UOx (Figure 1F).
The degree of modification for both PEG-UOx and UOx-
PLP was also determined indirectly by measuring the free
primary amines of UOx before and after polymer conjuga-
tion using trinitrobenzene sulfonic acid (TNBS). As shown
in Figure S7, approximately 26% and 33% of the primary
amines were modified with PEG and PLP, respectively. This
suggests that, theoretically, each subunit of UOx is con-
jugated with about 8.1 PEG chains for PEG-UOx and 10.6
PLP chains for UOx-PLP. The 8.1 PEG chains per subunit
in PEG-UOx align well with the 9–10 PEG chains per
subunit found in the commercial drug Pegloticase. Next, we
sought to determine the averageMn of the PLP on the UOx-
PLP conjugate. Notably, we found free PLP was barely
degradable by proteinase K even after 48 h incubation
(Figure S8), whereas UOx was rapidly degraded within 24 h
(Figure 1G, black trace). By harnessing this different degra-
dation rate, we digested UOx-PLP with proteinase K for
48 h, and then analyzed the products with SEC (Figure 1G,
red trace). Apart from the typical peaks corresponding to
the fragments of degraded UOx (Figure 1G, red and black
traces, retention volume of 15.5–20.5 mL), the degraded
UOx-PLP also showed an additional peak around the
retention volume of 10.0–14.5 mL, which was assigned to be
PLP. This PLP peak after UOx-PLP degradation was found
to be almost overlaid but slightly broader than the standard
PLP5k (Figure 1G, grey trace). Thus, the Mn of PLP on the
UOx-PLP was tentatively determined between 3–5 kDa.
This notion was further confirmed by examining the
intensity at both 280 and 215 nm in the UV spectroscopy of
UOx and UOx-PLP (Figure S9), which gave an average Mn

of PLP ~3.7 kDa, in good agreement with the above SEC
analysis. Matrix-assisted laser desorption/ionization time-of-
flight (MALDI-TOF) mass spectrometry was also employed
to garner additional insights into the Mn of PLP fragments
from the proteinase K-treated UOx-PLP (Figure S10). Peaks
assignable to PLP attaching different peptide fragments in
the range of 1500–5000 Da were observed. As the ionization
and flight of PLP fragments in MALDI are influenced by
many factors, it should be noted that the MALDI spectrum
cannot faithfully reflect the dispersity of the PLP.

In Vitro Activity and Stability of UOx-PLP

The in vitro activities of the conjugates were examined by
the fluorometric assay measured with Amplex red reagent,
which revealed ~82% and 71% retention of the original
UOx activity for UOx-PLP and PEG-UOx, respectively
(Figure 2A). Thermofluor assay (Figure 2B) showed a

slightly increased Tm (78 °C) for UOx-PLP compared to
UOx (72 °C) and PEG-UOx (68 °C), suggesting an improved
thermostability. Additionally, UOx-PLP was found to retain
~62% of the enzymatic activity after 30 min of heat shock at
70 °C. In contrast, UOx and PEG-UOx retained only 30%
and 35% of the catalytic activity after the same treatment,
respectively (Figure 2C), echoing the conclusion of previous
thermofluor assay. As Gibson et al. previously demonstrated
the antifreeze capacity of PLP by inhibiting ice crystal
growth, we also tested the enzymatic activity of UOx-PLP
after freeze-drying and repeated freeze-thaw cycles.[21]

Remarkably, upon reconstitution with double-distilled
water, the enzyme activity of freeze-dried UOx-PLP re-
tained ~65%, which was significantly higher than the 29%
retention of PEG-UOx (Figure 2D). Furthermore, UOx-
PLP showed almost negligible changes in enzyme activity
after two repeated freeze-thaw cycles, while UOx and PEG-
UOx were found to retain ~62% of the enzymatic activity
after the same treatments (Figure 2E). UOx-PLP also
displayed enhanced proteolytic stability: UOx-PLP pre-
served nearly 100% of the activity after 1 h of incubation
with trypsin, as compared to ~80% and ~25% activity loss
after the same treatment for UOx and PEG-UOx, respec-
tively (Figure 2F).

UOx-PLP Mitigates the Immunogenicity of UOx

The immunogenicity of UOx, PEG-UOx and UOx-PLP
were evaluated in Sprague-Dawley (SD) rats with repetitive
subcutaneous (s.c.) administrations, and the antisera were
acquired before the immunization and one week after each
injection. Remarkably, enzyme-linked immunosorbent assay
(ELISA) examination of the antisera indicated that UOx-
PLP induced almost no detectable anti-UOx IgG or IgM
throughout the immunization course, while both UOx and
PEG-UOx elicited significantly high levels of anti-UOx
antibodies (Figure 3A–B). At the end of the experiments,
the anti-UOx IgG titer for the UOx-PLP group was 250 and
30 times lower than that of UOx and PEG-UOx (Fig-
ure S11A� B and Figure 3C). Similarly, the levels of anti-
polymer IgG and IgM in the UOx-PLP antisera were
negligible as compared to those in the UOx-PEG antisera
(Figure 3D–E). The titer of anti-PEG IgG in the week 4
PEG-UOx antisera was found to be about 10 times higher
than that of anti-PLP IgG in the antisera of UOx-PLP
(Figure 3F, Figure S11C–D).

UOx-PLP Showed Minimum Accelerated Blood Clearance (ABC)
Effects upon Repetitive Administrations

The presence of these anti-PEG antibodies can lead to mild
allergic reactions or even life-threatening anaphylaxis, and
can accelerate the clearance of PEG-containing materials
from the bloodstream, known as the “accelerated blood
clearance” (ABC) effect. To evaluate the in vivo pharmaco-
kinetics (PK) and ABC effects upon repeated injections,
UOx and the two conjugates were intravenously (i. v.)
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injected into SD rats for three weeks and the sera at
designed time points were collected after the 1st and 3rd

administrations (Figure 4A). Besides the conventional dos-
age groups administrated with consecutive and identical
UOx variants, a “cross-dosing” group was also set in which
the rats were infused with PEG-UOx for the first two weeks
and switched to UOx-PLP for the 3rd week (Figure 4A).

Previous studies have suggested complement activation
upon injection of PEGylated proteins or LNP.[22] For this,
we measured the contents of Sc5b-9, the terminal comple-
ment complex mutually shared by all three pathways of
complement activation. UOx-PLP displayed weaker boost in
the concentration of Sc5b-9 at 0 h to 6 h after the first
injection than PEG-UOx (Figure 4B–C) and was not signifi-
cantly different from UOx, suggesting PEG, rather than
UOx, stimulated the activity of complement system. Inter-
estingly, the cross-dosing group also displayed lower level of
Sc5b-9 after the 3rd injection compared to PEG-UOx. The
concentration of Sc5b-9 appeared to peak earlier in the 3rd

injection as compared to the 1st injection (Figure 4B–C).
The plasma UOx and uric acid levels at different time

points after the 1st and 3rd injections were measured by the
Amplex Red uricase and uric acid assay, respectively. For
the 1st injection, both PEG-UOx and UOx-PLP showed
significantly prolonged PK profiles compared to UOx, with
the elimination half-life determined as 31.3, 30.5, and 3.2 h,
respectively. No significant difference in PK was found for
PEG-UOx and UOx-PLP upon the 1st injection (Figure 4D).
Likewise, there was also no difference in the uric acid

knockdown curves for PEG-UOx and UOx-PLP after the 1st

injection (Figure 4E). Remarkably, PEG-UOx showed sig-
nificantly rapid clearance from blood after the 3rd injection
(Figure 4F), a clear indication of ABC effect. In contrast,
both UOx-PLP and the cross-dosing group gave no sign of
ABC effect with the PK profiles almost identical to the 1st

injection (Figure 4F). Echoing the PK results, PEG-UOx in
the 3rd injection suffered a markable decline in uric acid-
eliminating capacity (Figure 4G). In contrast, both UOx-
PLP and cross-dosing group reduced the uric acid level in
the 3rd injection in a fashion similar to UOx-PLP in its 1st

injection (Figure 4G).
Furthermore, the biodistribution of UOx variants was

evaluated by quantifying the fluorescence of cyanine5
(Cy5)-labeled UOx conjugates in major organs at 48 h
following the 1st and 3rd injections. After the initial injection,
PEG-UOx and UOx-PLP demonstrated comparable biodis-
tribution profiles, with the liver exhibiting the highest Cy5
fluorescence for both conjugates. Notably, UOx-PLP pre-
sented a slightly higher fluorescence signal compared to
PEG-UOx. In contrast, UOx itself was virtually undetect-
able in all organs (Figure S12A). At 48 h post the 3rd

injection, both UOx-PLP and the cross-dosing groups
retained the biodistribution pattern and fluorescence inten-
sity observed after the 1st injection (Figure S12B). In
contrast, PEG-UOx showed a diminished fluorescent signal
after the 3rd injection, suggesting a more rapid clearance
from systemic circulation compared to the initial dose.

Figure 2. In vitro activity and stability of UOx-PLP. (A) Enzymatic activity of UOx conjugates determined by Amplex Red uric acid/uricase assay kit.
(B) Melting temperatures (Tm) of UOx and UOx conjugates measured by thermofluor-based assay. (C) Enzymatic assay of UOx conjugates after
incubation at 37 and 70 °C for 0.5 h. (D� E) Enzymatic assay of UOx conjugates after (D) lyophilization and reconstitution, (E) two cycles of freeze-
thaw, and (F) trypsin digestion at 37 °C for 1 h. Data are presented as means � SD. P values are determined by t-test analysis: *P<0.05,
**P<0.01, ***P<0.001.
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UOx-PLP Showed Sustained and Unchanged Efficacy in Knock-
Out (Uox-KO) Hyperuricemia Mice Model after Repetitive
Administrations

We further evaluated the therapeutic performance of UOx-
PLP in a UOx knock-out (Uox-KO) hyperuricemia mice
model lacking endogenous UOx. The model mice have full
immune systems and exhibit stable and high blood uric acid
levels for more than 20 weeks, allowing long-term evalua-
tions of the impact of immunogenicity on the efficacy of
different UOx conjugates. For this, the hyperuricemia mice
received five consecutive intraperitoneal (i.p.) dosing of
UOx-PLP, PEG-UOx or PBS (n=3–4) at 6 U/kg each and
the plasma uric acid levels were quantified by ultra perform-
ance liquid chromatography-tandem mass spectrometry
(UPLC-MS-MS). To avoid uric acid fluctuations caused by
stresses from excessive blood drawings, efficacies were
monitored from the 3rd injection and thereafter. It was found
the plasma uric acid concentrations in the sera of PEG-UOx
and UOx-PLP groups were similar throughout the week
after the 3rd administration. Six days after the 3rd injection,

the plasma uric acid levels of both UOx conjugate groups
were significantly lower than the control group with PBS
administration, indicating that the efficacy of both PEG-
UOx and UOx-PLP can last for at least 7 days (Figure 5A).
Remarkably, the plasma uric acid levels of UOx-PLP group
were significantly lower than those in the PEG-UOx group
in the week after the 4th injection, indicating a greater
efficacy of the former (Figure 5B). This difference in
efficacy between UOx-PLP and PEG-UOx became more
pronounced in the week after the 5th injection (Figure 5C).
Six days after the 5th administration, the plasma uric acid
levels in the PEG-UOx group returned to a level compara-
ble to the control PBS group, while the UOx-PLP group
gave a significant knockdown concentration of plasma uric
acid (p<0.006). Overall, it was found that the efficacy of
PEG-UOx in reducing plasma uric acid levels gradually
diminished with repeated dosing, as compared to no
significant decrease in the efficacy for UOx-PLP with the
same dosing regimen (Figure 5A–C). ELISA analysis re-
vealed that both the titers of anti-UOx and anti-polymer
antibodies increased gradually upon repeated dosing of

Figure 3. In vivo immunogenicity of UOx, PEG-UOx, and UOx-PLP in SD rats. SD rats (n=4) were s.c. injected with UOx variants at a weekly dose
of 0.7 mg/kg for 4 weeks; antisera were drawn every week starting from day 0. (A–B) ELISA determination of anti-UOx IgG (A) and IgM (B)
contents after each immunization. The plates were coated with UOx and incubated with 10000-fold (for IgG) or 500-fold (for IgM) prediluted
antisera. (C) Anti-UOx titers in the antisera drawn from week 4. The antibody titers were determined as the maximum dilution ratio with a signal/
noise ratio over 2. (D–E) ELISA determination of anti-polymer IgG (D) and IgM (E) contents after each immunization. For each polymer-of-interest,
the plates were coated with the corresponding N-terminal specific polymer-interferon conjugate and incubated with 500-fold (for IgG) or 200-fold
(for IgM) prediluted sera. (F) Anti-polymer titers in sera drawn from week 4. Data are presented as means�SD. P values are determined by two-
way ANOVA analysis (B–C, E–F) and t-test analysis (D, G): *P<0.05, **P<0.01, ***P<0.001.

Angewandte
ChemieForschungsartikel

Angew. Chem. 2025, e202425559 (6 of 11) © 2025 Wiley-VCH GmbH

 15213757, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ange.202425559 by Peking U

niversity H
ealth, W

iley O
nline L

ibrary on [09/03/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



PEG-UOx, with a significant boost after the 4th injection
(Figure 5D–G). In contrast, the antibody titers in the UOx-
PLP group showed minimal increase over time (Fig-
ure 5D� G). Taken together, the results suggested a strong
association of the ADA generation with the efficacy loss for

the PEG-UOx group. Also, no significant loss in weight was
observed for all mice (Figure S13). Blood biochemistry
analysis showed no sign of liver or kidney injury (Fig-
ure S14). The excellent biosafety profile of all UOx variants
was illustrated by the histological examination of the

Figure 4. In vivo PK profile and ABC effect evaluation. (A) Schematic illustration of the dosage regimen and antisera collection schedule: SD rats
(n=3) were i. v. injected with UOx variants at a weekly dose of 15 U/kg for 3 weeks; sera were collected before and at designed time points after
the 1st and 3rd administration. (B–C) Terminal complement complex Sc5b-9 contents in 0 h, 3 h and 6 h sera after the (B) 1st and (C) 3rd

administrations, respectively. (D, F) The PK profiles, determined by enzyme activity assay, of UOx and different UOx conjugates after the (D) 1st

and (F) 3rd administrations. (E, G) The uric acid-eliminating ability of UOx and different UOx conjugates after the (E) 1st and (G) 3rd

administrations. Data are presented as means�SD. P values are determined by two-way ANOVA analysis: *P<0.05, **P<0.01, ***P<0.001.
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dissected organ sections, which showed no major damage in
the liver, spleen, and kidney (Figure S15).

Repetitive Injection Toxicity of Free PLP Polymers

The repeat-dose toxicity of PLP was examined in SD rats.
Briefly, PBS and PLP of different Mn (2.5, 5, and 10 kDa,
namely PLP25, PLP50, and PLP100, respectively, Figure S16)
were individually injected into SD rats via the tail vein at a
weekly dose of 30 mg/kg (roughly 50 times higher than
regular dose in efficacy study) for totally 12 weeks. No death
nor significant differences showed in body weight (Fig-
ure 6A). Examination of the organ weights showed no sign
of liver or kidney dysfunction for rats receiving one week
after the last administration (Figure 6B). Blood biochemical
(Figure S17) and complete blood count (Figure S18) were
found in normal ranges for all groups. Finally, Immunohis-
tochemistry of the hematoxylin-eosin (H&E)-stained sec-
tions of major organs showed no signs of organ damage
(Figure 6C). Of note, repetitive administration of PEG at
high dosages is well-known to cause significant vacuolation
in the kidneys and spleen.[23]

Conclusion

For immunogenic proteins like UOx, high modification
degree to fully cover the epitope on its surface is vital to
achieve the desired protection. By using the grafting-from
approach, and adding a competitive inhibitor of UOx to
transiently block the catalytic center during the polymer-
ization, we successfully solved the problem and achieved
facile preparation of UOx-PLP conjugate with high PLP
density (~13.8 strands per subunit) and minimum loss of the
pristine enzyme activity (~82% preserved activity). The
high efficiency and simplicity of method allowed the syn-
thesis to be completed in a single step and within 5 min.
Also, we established a comprehensive and semi-quantitative
characterization protocol to better determine the key
structural characters of the conjugates. The modification of
PLP was found to impart UOx with enhanced thermal,
frozen, freeze-thaw, and proteolytic stabilities. As Pegloti-
case was supplied in saline buffer, the superior ability of
UOx-PLP in withstanding lyophilization may allow it to be
supplied as powder with reduced storage and transportation
costs abandoning cold-chain, although further optimization
is needed.

Figure 5. In vivo therapeutic performance in UOx knock-out (Uox-KO) hyperuricemia model mice. Model mice (n=3–4 per group) were
intraperitoneal (i. p.) injected with UOx conjugates or PBS at a weekly dose of 6 U/kg for 5 weeks; Plasma was collected every day during treatment.
(A–C) Plasma uric acid quantification by UPLC-MS-MS in UOx conjugates group after the 3rd (A), 4th (B) and 5th(C) administration. (D–G) ELISA
analysis of plasma antibody level after each administration. Anti-UOx IgG (D), IgM (E) and anti-polymer IgG (F), IgM (G) contents were
determined by the method as described above. Data are presented as means�SD. P values are determined by two-way ANOVA analysis: *P<0.05,
**P<0.01, ***P<0.001.
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It should be noted that the PEG-UOx conjugate
prepared for this study closely mirrors the performance of
the commercial drug Pegloticase (e.g. modification degree,
circulation half-life, enzymatic activity, etc.), making it a
practical and legitimate control group for comparison. Our
results found UOx-PLP elicited almost no anti-UOx/anti-
polymer antibodies and gave no sign of ABC effect after
repetitive immunizations in SD rats, which outperformed
PEG-UOx in side-by-side comparison. Moreover, the PK
profile of UOx-PLP remained unchanged after cross-admin-
istrating to rats previously received two doses of PEG-UOx
and already with high titers of both anti-UOx and anti-PEG
antibodies in the sera. The measured plasma uric acid levels
in the cross-dosing group were almost identical to the UOx-
PLP group, again underscoring the improved efficacy of
UOx-PLP over PEG-UOx upon repeated administration
(Figure 4E, G). The above result highlighted the excellent
ability of PLP in shielding UOx epitopes, and implying
potential effectiveness of using UOx-PLP even in patients
who have already received and developed ADA to PEG-

UOx. Finally, the therapeutic performance of UOx-PLP was
further demonstrated in a Uox-KO hyperuricemia model,
which showed almost no loss of efficacy even after five
repeated administrations, whereas PEG-UOx experienced
steady efficacy loss upon continuous administrations.

Based on the above results, we have coined a prelimi-
nary, simplified “nanourchin” model to interpret the
performance of the UOx-PLP and the difference with PEG-
UOx (Figure 7). The key hypothesis of this model is the
high-density, rigid spike-like PLP generated a dense layer of
physical barrier for better protection of UOx than the
flexible hair-like PEG. Such an array of rigid rod PLP outer
layer repelled and prevented the direct contact of UOx-PLP
with protease, antibodies, and various immune cells (Fig-
ure 7A). For PEG-UOx with the flexible PEG outer layer,
however, biomacromolecules and cells can still propel and
generate immune synapses, eventually stimulating immune
responses (Figure 7B). The superior proteolytic stability of
UOx-PLP over PEG-UOx is a vivid demonstration of this
simplified model (Figure 2F). Importantly, small molecules

Figure 6. Repeat-dose toxicity of PLP polymers. (A) Change of body weight over 12 weeks for the rats receiving PBS or PLP with different Mn. (B–C)
Comparison of (B) weights and (C) H&E-stained sections of major organs of the rats receiving PBS or PLP for 12 weeks. PBS and PLP were
injected into SD rats via the tail vein at a weekly dose of 30 mg/kg repeating for 12 weeks. Data are expressed as mean�SD (n=4).
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such as the substrate of UOx can still penetrate this physical
barrier of UOx-PLP and diffuse into the catalytic center
easily, allowing the conjugate for uric acid elimination.
Overall, the simple preparation and outstanding nonclinical
results highlight the enormous potential of UOx-PLP for
future clinical translation and the generality of the grafting-
from method may shed light on the development of other
therapeutic proteins, particularly enzymes.
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facilely produced via a grafting-from
approach, which showed mitigated im-

munogenicity and preserved activity in
vivo after repeated injections.
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