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ABSTRACT

The use of asparaginase (ASNase), a first line drug for lymphoma treatment, is impaired by short circulation and notoriously high immunogenicity. Although
PEGylation can prolong the circulating half-life of ASNase, however, it also induces anti-PEG antibodies that lead to accelerated blood clearance (ABC) and hy-
persensitivity reactions. Here, we create an urchin-like polypeptide-ASNase conjugate P(CB-EG3Glu)-ASNase, in which the surface of ASNase is sufficiently shielded
by an array of zwitterionic helical polypeptides through the labeling of the e-amine of lysine. The conjugate is fully characterized with size exclusion chromatog-
raphy, SDS-PAGE, dynamic light scattering, and circular dichroism. In vitro, P(CB-EG3Glu)-ASNase retains full activity based on the enzymatic assay using the
Nessler’s reagent and cell viability assay. In vivo, examination of the enzyme activity in serum indicates that P(CB-EG3Glu)-ASNase prolongs the circulating half-life of
ASNase for ~20 fold. Moreover, P(CB-EG3Glu)-ASNase significantly inhibits tumor growth in a xenografted mouse model using human NKYS cells. Importantly, P
(CB-EG3Glu)-ASNase elicits almost no antidrug or antipolymer antibodies without inducing ABC effect, which is in sharp contrast with a similarly produced PEG-
ASNase conjugate that develops both antidrug/antipolymer antibodies and profound ABC phenomenon. Our results demonstrate that urchin-like conjugates are
outstanding candidates for reducing immunogenicity of therapeutic proteins, and P(CB-EG3Glu)-ASNase holds great promises for the treatment of various lymphoma
diseases.

1. Introduction protein originated from bacteria such as E. coli. or Erwinia, however,

ASNase is well known to evoke hypersensitivity and/or allergic (HA)

Lymphoma, caused by malignant transformation of lymphoid cells, is
a family of cancers with many subtypes including acute lymphocytic
leukemia (ALL), lymphoblastic lymphoma (LBL), and NK/T cell lym-
phoma [1]. Among them, NK/T cell lymphoma is a relatively aggressive
subtype and naturally resistant to anthracyclines such as doxorubicin
due to the high expression of P-glycoprotein (P-gp) [2]. The implement
of ,-Asparaginase II (ASNase), now a first-line drug for NK/T cell lym-
phoma treatment, improves the five-year overall survival rate from
~31% for anthracycline-containing regimens to ~55% [3]. By depleting
external circulating ,-asparagine (Asn), the tetramer of ASNase induces
the apoptosis of tumor cells that cannot make their own Asn, while
normal cells are less affected [4]. As a notoriously high immunogenic
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reactions of patients. According to previous clinical studies, ~20-30%
patients developed HA reactions to ASNase, with approximately half of
those defined as severe [5,6]. To tackle these clinical challenges, a
PEGylated E. coli. ASNase, under the trade name of Oncaspar®, has been
developed to shield the antigenic epitopes and prolong the in vivo acting
lifetime of ASNase [7]. In a recent retrospective analysis, the so-called
SMILE regimen with Oncaspar® as one of the major components
resulted in a 80% complete response rate, significantly higher than the
30% of conventional CHOP-like regimen (combination of cyclophos-
phamide, doxorubicin, vincristine, and prednisone) [8]. The global sale
of Oncaspar® reached 205 million USD in 2019 and is projected to climb
to 320 million by 2025.
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Scheme 1. Synthesis of the two polymer-ASNase conjugates, P(CB-EG3Glu)-ASNase and PEG-ASNase. Structural cartoon of the ASNase tetramer was adapted from

PDB ID 3ECA [41].

Despite the effectiveness of PEGylation, there were still 12.8% pa-
tients (79/615) developed HA to the treatment of Oncaspar® [9]. In
another clinical study, nearly half the Oncaspar® treated patients
(13/28) were tested positive for anti-PEG antibodies in the sera, and a
strong correlation was established between the occurrence of anti-PEG
IgM and the rapid drug clearance (undetectable ASNase activity),
known as the accelerated blood clearance (ABC) [10]. In a recent phase
2 clinical trial, a recombinant PEGylated Erwinia asparaginase was
shown to induce hypersensitivity reactions and rapid clearance of serum
ASNase activity in 75% (3/4) pediatric patients due to the presence of
anti-PEG antibodies [11].

To circumvent the limitations of PEG [12-17], a number of recom-
binant or synthetic polymers have been proposed as alternatives to PEG
including XTEN [18], PAS [19], ELP [20], polyglycerol [21,22], poly
(2-oxazoline)s [23], zwitterionic polymers [24-28], polysulfoxide
[29], poly(2-hydroxypropyl methacrylate) (PHPMA) [30], polypeptides
[31,32], and poly(N-acryloylmorpholine) [33]. For instance, Gauthier
and coworkers exploited a cylinder-like comb polymer pOEGMA, that is
OEGylated poly(methacrylate), for ASNase modification, which out-
performed a mPEG-ASNase conjugate in terms of reduced immune
response [34]. However, the study reported considerable in vitro activity
loss of ASNase without in vivo antitumor efficacy disclosed. Moreover, as
pointed out by Chilkoti, the antigenicity of pPOEGMA is dependent on the
length of the side chain OEG, and a OEGg side chain is long enough to
induce anti-PEG antibodies [35]. As such, more detailed follow-up
studies are necessary to determine whether the ASNase-pOEGMA con-
jugates (in which the OEG length = 8-10) can avoid the undesired ABC
effect upon repeated administration.

In nature, sea urchins use a cluster of rigid spines to protect them-
selves from predators. Inspired by this, we hypothesize that an urchin-
like conjugate (Scheme 1 inset), in which the core protein is protected
by an array of rigid spine-like polymers rather than conventional flexible
PEG, could be promising for low immunogenicity. The rigidity of anti-
fouling polymer may help form a more repulsive layer preventing the
immune system from approaching and attacking. For example, the semi-
permeability pPOEGMA with an extended conformation, when conju-
gated to ASNase, played a better role in reducing immunogenicity than
the flexible PEG did [34]. Some polypeptides are well known adopting
a-helical conformation with a rigid rod-like shape. For example, the
helical poly(y-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)esteryl -gluta-
mate) (.-P(EG3Glu)), showed superior surface antifouling performance
as relative to PEG [36,37]. This phenomenon was further validated in
the context of protein conjugates, in which the site-specific conjugation

of {-P(EG3Glu) to the N-terminus of human interferon (IFN) or growth
hormone led to profoundly less antidrug antibodies (ADA) generation as
compared to PEGylation [38]. However, it remains largely unknown
whether such observations can be generally applied to more immuno-
genic proteins, using different helical polypeptides, and/or with
different conjugation sites. For this, we hypothesize that an urchin-like
ASNase conjugate randomly attaching multiple rigid helical poly-
peptides, could maximumly block the immunogenic epitopes of ASNase
and thus reduce its immunogenicity in vivo. It should be mentioned that,
during the review process of this manuscript, Jiang et al. masked the
surface of ASNase using a triple-layered EK-peptide cloak for elimina-
tion of the immunogenicity [39].

2. Methods
2.1. General protocol for the synthesis of polymer-ASNase conjugates

To ASNase (4.5 mg, 0.12 pmol, 1.0 equiv) in phosphate buffer (pH
8.0) was added 2-iminothiolane hydrochloride (1.0 mg, 7.3 pmol, 60
equiv) in dimethyl sulfoxide (5% V/V). The reaction was incubated at
25 °C for 80 min before removing all the unreacted small molecules by
passing through a PD-10 desalting column (GE, USA). The obtained
solution was concentrated to 1.0 mL, mixed with the designated
maleimide-functionalized polymer (60 equiv), and incubated at 4 °C
overnight. SDS-PAGE indicated a complete conversion of ASNase and
the free polymer was conveniently removed using AKTA with a SEC
column (superdex 200 increase 10/300 GL). The afforded pure conju-
gate was stored in PBS buffer (pH 7.4) at 4 °C and lipopolysaccharide
(LPS) was removed before in vivo injection by using endotoxin affinity
beads (Senhui Microsphere Tech Co., Ltd, China).

2.2. Enzyme activity assay

In vitro enzyme activity was measured by detecting the produced
ammonium using Nessler’s reagent (Merck, Germany). Briefly, in a
transparent 96-well plate, phosphate buffer (90 pL, pH 7.4), sample
solution (10 pL), and ,-asparagine solution (20 pL, 40 mM) were mixed
and reacted at 37 °C for 10 min. The reaction was terminated by tri-
chloroacetic acid solution (TCA, 20 pL, 1.5 M) and centrifuged at 1000 g
for 5 min. The supernatant (20 pL) was added to another transparent 96-
well plate containing Nessler’s reagent (20 pL, Merck, Germany) in
phosphate buffer (160 pL, pH 7.4). Absorption at 410 nm were then
measured by using a multimode plate reader (PerkinElmer, USA). A
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Fig. 1. Characterization of polymers and the corresponding polymer-ASNase conjugates. (A) Circular dichroism (CD) spectroscopy and (B) size exclusion
chromatography (SEC) of P(CB-EG3Glu) and mPEG used for conjugation. (C) A representative SEC trace of the conjugation reaction mixture. (D) SDS-PAGE analysis,
(E) dynamic light scattering (DLS), and (F) SEC traces of wt ASNase and the purified polymer-ASNase conjugates.

series of ammonium with known concentrations were used to prepare
the standard working curve for the calculation of ASNase concentration.
One unit of ASNase is defined as the amount of enzyme required to
generate 1.0 pmole ammonia per minute at pH 7.4 and 37 °C.

2.3. Immunization and ELISA

Male and female SD rats were randomly grouped (n = 4) and
received wt ASNase, P(CB-EG3Glu)-ASNase, or PEG-ASNase subcuta-
neously at a weekly 200 U ASNase/kg dose. Blood were drawn and sera
were acquired before the immunization for benchmark (day 0), and one
week after each injection (day 7, 14, 28, and 35). The ADA and anti-
polymer antibodies in the sera were then evaluated by ELISA. For the 5th
immunization, sera were collected at pre-determined time points after
the i.v. injection for pharmacokinetic evaluation (based on the enzyme
activity assay described above).

The antigens used in direct ELISAs: wt ASNase (for the detection of
anti-ASNase IgG and IgM), P(CB-EG3Glu)-IFN conjugate (for the detec-
tion of anti-P(CB-EG3Glu) antibody), and PEG-IFN conjugate (for the
detection of anti-PEG antibody). The polypeptide-IFN [40] and PEG-IFN
[32] conjugates were made by following the published protocols.

ELISA procedure for antipolymer IgM measurement: Polymer-IFN
conjugates in PBS (100 pL x 1.0 pg/mL/well) were added to high-
binding transparent 96-well plates (Corning, USA) and incubated at
4 °C overnight for antigen coating. The plate was washed with Wash
Buffer (0.5%0 CHAPS in PBS, 200 puL/well x 3), and blocked with Assay
Buffer (5% BSA in wash buffer, 100 pL) at room temperature for 2 h
before adding the sample solution. Next, prediluted sera (100 pL, 200-
fold dilution with the Assay Buffer) were added to the washed plate
and incubated at room temperature for 1 h. Subsequently, the plate was
washed for three times using Wash Buffer, and incubated with the sec-
ondary antibody goat anti-rat IgM mu chain HRP (100 pL, 5000-fold
dilution with Assay Buffer) at room temperature for 1 h. Finally, after
washing for four times, the plate was incubated with TMB solution (100
pL, CWBIO) at room temperature for the chromogenic reaction. The
reaction was terminated 5 min later with 2 N HySO4 (100 pL) before
reading the absorption at 450 nm in a plate reader.

ELISA procedure for anti-ASNase IgG/IgM and antipolymer IgG: the
procedure was similarly carried out as mentioned above but different in

the coating antigens, dilution fold, and buffer recipe. More detailed in-
formation were available in Table S1.

2.4. Statistical analysis

Data are presented as means + standard deviations. Statistical
analysis was calculated on GraphPad Prism 5.0, based on one-way or
two-way ANOVA using Type III sum-of-squares, and multiplicity of post-
tests was controlled by Bonferroni correction. Statistical significance
was marked with asterisk (*P < 0.05, **P < 0.01, ***P < 0.001) in the
figures, ns = no significant difference.

3. Results and discussion
3.1. Synthesis and characterization

To test the hypothesis mentioned above, we synthesized |-P(CB-
EG3Glu) (M, = 17 kDa, DP = 40, synthesis and characterization see SI), a
helical poly(,-glutamate) that bears a short EG3 linker connecting to a
zwitterionic carboxybetaine group in its side chain (Scheme 1 and
Fig. 1A) [36,42]. This polymer was previously found exceptional in
constructing ultralow fouling surfaces in vitro, but was never attempted
for protein conjugation nor studied in any in vivo experiment. Thus, it
would serve as a suitable candidate for ASNase modification. Random
and complete labeling of ASNase by excessive polymers were conducted
in the current study using thiol-maleimide chemistry in order to afford
an urchin-like three dimensional structure (Scheme 1). To do this, the
e-amines of lysine residues of ASNase were converted to thiols by using
2-iminothiolane (Traut’s reagent) to afford ASNase-SH. In the mean-
time, -P(CB-EG3Glu) was reacted with N-succinimidyl 3-maleimidopro-
pionate to install the maleimide moiety (Scheme S1 and Figure S1-2).
The conjugation of maleimide-functionalized ;- P(CB-EG3Glu) to
ASNase-SH were carried out under physiological conditions, e.g. pH 8.0
and 4 °C for 12 h, yielding the desired product P(CB-EG3Glu)-ASNase. A
control conjugate PEG-ASNase was synthesized by following the same
chemistry using a mPEG of 5 kDa (a molecular weight that was used in
Oncaspar®), which showed a similar hydrodynamic size to r-P
(CB-EG3Glu) (Fig. 1B). Complete conversions of ASNase to conjugates
were observed in both two reactions, as revealed by SDS-PAGE analysis
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Fig. 2. In vitro epitope shielding and activity of ASNase conjugates. (A) Signals of sandwich ELISA assay detecting wt ASNase and the ASNase conjugates at
gradient concentrations. Coating antibody: GTX40848 (GeneTex, USA); Detecting Antibody: ab34616 (Abcam, UK). (B) Enzymatic activity of ASNase conjugates
detected using Nessler’s reagent. One unit of ASNase is defined as the amount of enzyme required to generate 1 pmol of ammonia per minute at pH 7.4 and 37 °C. (C)
Cytotoxicity assay. Human NKYS cell line was treated with wt ASNase or various ASNase conjugates at gradient concentrations for 48 h (n = 3). Data are presented as
means =+ standard deviations (SD). P value was determined by ANOVA, which showed significant difference between wt ASNase and conjugates (***P < 0.001) in A,

while no significant difference in B and C.

of the crude mixtures (Figure S3). Conjugates in high purity were ob-
tained after a simple size exclusion chromatography (SEC) purification,
which removed the excessive polymers efficiently (Fig. 1C & S4). P
(CB-EG3Glu)-ASNase was calculated to bear approximately 20-24
polypeptide chains per ASNase tetramer by examining the intensity at
both 215 and 280 nm in the UV spectroscopy (Figure S5, detailed math
see SI). The two conjugates were found sharing a comparable apparent
molecular weight and hydrodynamic size, as collectively demonstrated
by PAGE (Fig. 1D), dynamic light scattering (DLS, Fig. 1E), and SEC
(Fig. 1F). The hydrodynamic diameters of both conjugates were ~20
nm, ~12 nm greater as compared to the ~8.0 nm of the wt ASNase
tetramer. Considering the theoretical length of one [-P(CB-EG3Glu)sg
chain was ~6.0 nm (0.15 nm x 40), the expected diameter of the con-
jugate would be ~20 nm (8.0 + 6.0 x 2, Scheme 1), agreeing well with
the experimental observations. These characterizations suggested that
the P(CB-EG3Glu)-ASNase conjugate was indeed urchin-like with the
polymeric “spines” forming a rigid shell (corona) of ~6 nm.

3.2. In vitro epitope shielding and activity

To evaluate the epitope shielding effect of the ASNase conjugates, we
attempted to detect gradient concentrations of wt ASNase or ASNase
conjugates in the sandwich ELISA assay using a pair of commercial anti-
ASNase antibodies. Concentration-dependent signals were clearly
observed for wt ASNase, validating the robustness of the assay; however,
no detectable signals were found for both ASNase conjugates, indicating
they had satisfactory molecular shielding characteristics under the in
vitro condition (Fig. 2A). The in vitro activities of the conjugates were
examined by both enzymatic and cell viability assays. The catalytic ac-
tivities, measured by detecting the produced ammonium using Nessler’s

reagent, were almost identical for both ASNase conjugates and wt
ASNase (Fig. 2B). Similarly, all of the tested ASNase variants, including
wt ASNase, gave a comparable half inhibition concentration (ICsp) of
~2.0 ng/mL after 48 h incubation with the human NK/T lymphoma cell
line NKYS (Fig. 2C). Notably, the two polymers were not toxic even at
1000 ng/mL, confirming the cytotoxicity of the conjugates were mainly
derived from the enzyme ASNase (Figure S6). The unaffected biological
activity of ASNase in the conjugates was remarkable, because previous
studies reported 40-80% activity loss in polymersome-encapsulated
ASNase [43], PEGylated ASNase using other conjugation chemistry
[44], and pOEGMA-ASNase conjugates [34]. We tentatively attributed
this high activity retain of our conjugates to the better substrate acces-
sibility (as compared with ASNase-encapsulated polymersome) and/or
less degree of polymer modification (~20-24 as compared with 24-36
polymer chains per ASNase tetramer for pPOEGMA-ASNase conjugates).

3.3. In vivo pharmacokinetics and pharmacodynamics

To evaluate in vivo pharmacokinetics (PK), wt ASNase, P(CB-
EG3Glu)-ASNase, or PEG-ASNase was intravenously injected to SD rats
at a dose of 40 U and sera were acquired at predetermined time points.
Since the standard sandwich ELISA failed to determine the concentra-
tion of polymer-ASNase conjugates (Fig. 2A), the enzymatic assay
described in Fig. 2B was employed to reflect the plasma concentration of
ASNase based on the catalytic activity. To some extent, the functional
assay may provide more precise information than common binding as-
says. Fortunately, analyses of the sera by using both ELISA and the
enzyme activity assay gave almost identical PK profiles for wt ASNase
(half-life ~1.4 h), thus validating the feasibility and accuracy of both
assays for the PK purpose (Figure S7). By using the enzyme assay, the
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Fig. 3. In vivo pharmacological evaluation. (A) In vivo pharmacokinetic profiles of wt ASNase and ASNase conjugates (40 U/rat) via i.v. injection to SD rats. The
enzymatic activity in plasma at various time points were measured using Nessler’s reagent. (B) Mean fluorescent intensity of major organs extracted from NKYS
tumor-bearing B-NDG mice that received intraperitoneal injection of Cy5-labeled wt ASNase or ASNase conjugates (20 U/mouse); animals were sacrificed 24 h post
drug infusion. (C) Tumor growth curves in NKYS tumor-bearing B-NDG mice. Each mouse was s.c. inoculated 6.0 x 10° cells and tumors were allowed to grow to
~300 mm® before treatment; the randomized tumor-bearing mice received a biweekly intraperitoneal injection at a 15 U/mouse dose for totally three times (n = 8).
(D) The photograph of extracted tumors on day 40; scale bar is 20 mm. (E) Survival curve. (F) White blood cell (WBC) counting on MEK-6410C (Nihon Kohden,
Japan) using blood samples drawn on day 40. Data are expressed as means + SD.

half-lives of PEG-ASNase and P(CB-EG3Glu)-ASNase were calculated as
28.1 and 27.4 h, respectively, ~20 fold improvement compared to wt
ASNase (Fig. 3A and Table S2). The AUC;_72p, of the two conjugates were
also measured comparable (Table S2), indicating a similar level of drug
exposure of these conjugates.

Next, we successfully established a NKYS tumor model in B-NDG
mice, which was confirmed by immunohistochemical staining of the
tumor section with a characteristic human CD56 marker (Figure S8). To
explore the tumor accumulation, B-NDG mice bearing NKYS tumors
were administrated with Cy5 labeled wt ASNase, PEG-ASNase or P(CB-
EG3Glu)-ASNase. 24 h post injection, mice were sacrificed and organs
were extracted for the estimation of mean fluorescence intensity. Wt
ASNase was found to have almost undetectable signal in all organs due
to its high metabolic rate; whereas P(CB-EG3Glu)-ASNase exhibited
higher fluorescent signals in the tumor compared with PEG-ASNase
(Fig. 3B and S9). In the efficacy study, when the tumors grew to
~300 mm® (~21 days after inoculation, day 0), the mice were ran-
domized and received biweekly i.p. treatment of PBS, wt ASNase, PEG-
ASNase, or P(CB-EG3Glu)-ASNase at a 15 U/mouse dose (n = 8). On day
40, the tumor volume of all the mice in the PBS and wt ASNase groups
increased to over 1000 mm?®. In contrast, treatment of both conjugates
showed conspicuously better tumor growth inhibition (Fig. 3C-D),
which was attributable to their substantially prolonged circulation half-

lives as compared to wt ASNase. No significant loss in weight was
observed for all mice in the P(CB-EG3Glu)-ASNase group, though 2 out
of 8 mice showed more than 15% weight loss for both PEG-ASNase
treatment (Figure S10). As a result, at the end of the study (day 40),
the survival rate was 100% (8 out of 8) for P(CB-EG3Glu)-ASNase, and
75% (6 out of 8) for both PEG-ASNase, in sharp contrast to the 0% (0 out
of 8) survival for the PBS and wt ASNase groups (Fig. 3E). The excellent
biosafety profile of all ASNase variants was illustrated by the histolog-
ical examination of the dissected organ sections, which showed no major
damage in the heart, liver, spleen, lung, and kidney (Figure S11). Blood
biochemistry analysis showed no sign of liver or kidney injury in the
survived mice (Figure S12). The white blood cell (WBC) counts in PBS,
wt ASNase or PEG-ASNase mice, however, were slightly but consistently
lower than the healthy B-NDG mice. Interestingly, the WBC count in
mice receiving P(CB-EG3Glu)-ASNase was comparable to the averaged
number in the healthy ones (Fig. 3F). The clinical implication of this
phenomenon, however, needs further validation.

3.4. Immunogenicity evaluation and ABC effect
Finally, we evaluated the ADA and antipolymer antibodies in SD rats

immunized with wt ASNase, PEG-ASNase, or P(CB-EG3Glu)-ASNase
weekly. Sera were acquired before the immunization (week 0), and one
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Fig. 4. In vivo antigenicity of polymer-ASNase conjugates and ABC effect evaluation. (A-B) ELISA determination of anti-ASNase IgG (A) and IgM (B) contents
after each immunization. The plates were coated with wt ASNase and incubated with 5000-fold (for IgG) or 500-fold (for IgM) prediluted sera in PBS. (C) Anti-
ASNase IgG levels in diluted sera drawn from the week 4. The antibody titer was defined as the maximum dilution ratio with a signal double that of blank well.
(D-E) ELISA determination of anti-polymer IgG (D) and IgM (E) contents in the sera after immunization. For each polymer-of-interest, the ELISA plates were coated
with the corresponding N-terminal specific polymer-interferon conjugate (100 pL x 1.0 pg/mL/well) and incubated with 500-fold (for IgG) or 200-fold (for IgM)
prediluted sera. Immunization: SD rats were randomized (n = 4) and infused with wt ASNase, P(CB-EG3Glu)-ASNase, or PEG-ASNase subcutaneously at a weekly 200
U/kg dose for 4 times. Sera were collected before the immunization (week 0), and one week after each injection but before the next dose (week 1-4). The 5th
injection was performed intravenously for testing the ABC effect. ELISA condition: goat anti-rat IgG Fc HRP (ab97090) and IgM mu chain HRP (ab98373) were used
as secondary antibodies; detection was based on absorption at 450 nm (A4s0) using TMB solution (CWBIO). For anti-polymer IgG and IgM ELISA, CHAPS was used to
replace Tween-20 in all buffers. (F) Pharmacokinetics of various ASNase conjugates at the 1st and 5th injections; concentration of plasma ASNase at different time
points was determined by blood ASNase activity. Data are expressed as means + SD.

week after each injection (week 1-4). As expected, immunization of wt
ASNase quickly elicited both anti-ASNase IgG and IgM at substantially
high levels in the sera (Figure S14). The PEG-ASNase group showed a
delayed onset of the anti-ASNase IgG generation, but failed to protect
the rats from immune recognition at the end of study (Fig. 4A).
Remarkably, P(CB-EG3Glu)-ASNase induced no detectable anti-ASNase
IgG in the sera (Fig. 4A). No anti-ASNase IgM was detected in both
groups (Fig. 4B). Analysis of the week 4 sera showed a ~30 fold greater
titer of anti-ASNase IgG for the PEG-ASNase group as relative to that of P
(CB-EG3Glu)-ASNase (Fig. 4C). We further measured the antipolymer
antibodies in the sera by ELISA. For PEG-ASNase, significant production
of anti-PEG IgM in as early as week 2 was observed, which was later
replaced by the emergence of anti-PEG IgG from week 3 (Fig. 4D-E). The
specificity to PEG of the antibodies was confirmed using competition
ELISA (Figure S15). A similar isotype switch was also observed previ-
ously in other PEGylated conjugates and liposomes [10,26,32,45]. On
the contrary, P(CB-EGsGlu)-ASNase were found to produce negligible
anti-polymer IgG and IgM even at the end of the study (Fig. 4D-E). To
examine the ABC effect, an additional i.v. injection (the 5th) was per-
formed and the pharmacokinetic profiles were measured for both con-
jugates (Fig. 4F). Indeed, PEG-ASNase showed a significantly more rapid
clearance from blood in the 5th drug injection as relative to the 1st in-
jection, a clear sign of ABC effect; in contrast, P(CB-EG3Glu)-ASNase
showed no difference in drug elimination when comparing its 1% and 5th
injections at the same time points.

4. Conclusion

The high immunogenicity of ASNase and PEG-ASNase can lead to
loss of drug activity and/or allergic side effects, which has been a
worrisome issue threatening those hypersensitive patients. More con-
cerning, recent survey studies of healthy people have showed that more
than 40% populations were tested positive in preexisting anti-PEG an-
tibodies, a drastic surge likely due to the overwhelming use of PEG in
modern society [45]. Thus, there will likely be an increasing number of
patients developing HA reactions to PEGylation in the future, and the

search of new alternatives to PEG becomes urgent. Zwitterionic poly-
mers, mostly nondegradable poly(meth)acrylates-based, are
outstanding antifouling materials for therapeutic protein conjugation
[24-28]. Biodegradable zwitterionic polypeptides, however, are rela-
tively less exploited for protein modification. The only exception in
literation to our best knowledge is reported by Jiang and coworkers in
2018, in which an immunogenic protein uricase was studied [26]. In this
work, we examined the suitability of a zwitterionic polypeptide P
(CB-EG3Glu) for ASNase modification. Different from other zwitterionic
polymers, one unique feature of P(CB-EG3Glu) is its high degree of
helicity despite the high charge density along the backbone [36].
Because the substrate of ASNase is a small molecule, ~20 polymer
chains can be grafted to the tetrameric enzyme without jeopardizing its
catalytic activity. In the meantime, this extensive modification by the
helical polypeptides forms an array of rigid “spikes” on the surface of
ASNase for immune escaping. Comprehensive in vitro and in vivo eval-
uation revealed that both PEG-ASNase and P(CB-EG3Glu)-ASNase: (1)
shared a similarly augmented hydrodynamic size (Fig. 1), (2) retained
~100% in vitro activity of wt ASNase (Fig. 2), (3) prolonged the elimi-
nation half-life of ASNase for ~20 fold (Fig. 3), and (4) significantly
inhibited the NKYS tumor growth in B-NDG mice (Fig. 3). Importantly, P
(CB-EG3Glu)-ASNase elicited almost no anti-ASNase/antipolymer anti-
bodies and gave no sign of ABC effect after repetitive immunization,
which is in sharp contrast compared to PEG-ASNase that developed both
anti-ASNase/antipolymer antibodies and accelerated loss of ASNase
activity (Fig. 4). Therefore, it is highly likely that the in vivo efficacy of P
(CB-EG3Glu)-ASNase would outperform PEG-ASNase in clinic or syn-
geneic models where patients/animals are immunocompetent. Taken
together, our results demonstrate that urchin-like protein-polypeptide
conjugates are outstanding candidates for reducing immunogenicity of
heterologous therapeutic proteins, and P(CB-EG3Glu)-ASNase holds
great promises for various lymphoma diseases including acute lym-
phocytic leukemia, lymphoblastic lymphoma, and NK/T cell lymphoma.
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