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1 Introduction

Prodrug–carboxypeptidase G2 (CPG2) is a promising anticancer strategy: clinical trials
confirm that it can realize a targeted therapy, with a specific advantage of lacking human
CPG2 analogues; further, preclinical trials demonstrate that it is effective against
chemoresistant ovarian and lung cancers (Sharma and Bagshawe, 2017; Liu et al., 2020;
Liu et al., 2022; Yu and Li, 2023; Qoura et al., 2024). CPG2 cleaves the amidic bond to release
the active drug from the prodrug. Therefore, mutating or modifying CPG2 to improve the
safety and efficacy is a hot topic, e.g., CPG2 is linked to an antibody or a ligand to realize the
antibody/ligand directed prodrug therapy, and mutating CPG2 to alter the affinity or
specific activity to a specific prodrug.

Native CPG2 (Pseudomonas sp. RS-16) has 23–415 and 26–415 variants due to removal
of the signal peptide. These two forms have equal specific activities (400–600 U/mg) and Km

(8 μM), when using methotrexate (MTX) as the substrate. The catalytic domain contains
23–213 and 326–415 residues (Rowsell et al., 1997). Recombinant CPG2(26–415) has been
clinically approved to rescue MTX intoxication; this form is therefore the preferred
reference to determine the data reliability when developing next-generation CPG2.

2 Clinical info of licensed CPG2(26–415) (voraxaze)

Clinical data of voraxaze provide references for understanding the safety profile of
CPG2. Voraxaze hydrolyzed MTX to decrease the toxic plasma MTX level in patients
receiving high-dose MTX (>1 g/m2) such as treatments of osteosarcoma, leukemia and
lymphoma, thereby rescuingMTX toxication (Bielack et al., 2024). The safety was verified in
clinical trials and post-marketing experiences: no drug-related serious adverse events, and
no common or very common adverse events were reported (US Center for Drug Evaluation
and Research, 2012; EU Committee for Medicinal Products for Human Use, 2021).

Antidrug antibodies (ADA) were detected in 21% patients after injecting voraxaze.
ADA did not impact on the safety profile, and was not a major concern because of the
immunosuppressed status of cancer patients and a short treatment time (only one dose on
most cases) (US Center for Drug Evaluation and Research, 2012). The findings are favorable
to prodrug–CPG2 therapy, considering that immunogenicity of CPG2 is commonly
considered as a defect (Sharma and Bagshawe, 2017; Yu and Li, 2023).
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3 Concerns on mutated/modified
CPG2 for prodrug–CPG2 therapy

Here analyses were based on mutated or modified
CPG2 reported in 2000–2024. Those CPG2 molecules were
developed for prodrug–CPG2 therapy, and therefore certain
pharmacological and clinical concerns were discussed.

3.1 Affinity and catalytic efficacy

Specific activities of almost all novel CPG2 were not quantified,
but which was a characteristic parameter of an enzyme
(Supplementary Table S1). The CPG2 activity based on MTX
utilizes the kinetic method, i.e., the reaction rate is linear in a
short time that reflects the activity. However, the absorbance
decrease within 10–60 min was used to compare activities
between CPG2 in certain trials (Rashidi et al., 2018; AlQahtani
et al., 2019; Al-Qahtani et al., 2019; Al-mansoori et al., 2020; Al-
mansoori et al., 2021). The specific activity determines the
CPG2 dose required for hydrolyzing an amount of prodrug, and
can mirror the purity of CPG2 protein that impacts on the safety
profile. Therefore, no specific activity is a major flaw.

CPG2 was mutated or modified to modulate the affinity.
CPG2(23–415).A1extM-1;I99T, CPG2(23–415).A1extM-1;G122S
or CPG2(23–415).A1extM-1;T328A had a higher affinity with Km

of 63–82 μM MTX, where Km of CPG2(23–415).A1extM-1 was
172 μM (Al-Qahtani et al., 2019). Km of pegylated Xen-CPG2 or
human serum albumin–linker–Xen-CPG2 (70/66 μM MTX) was
higher than that of Xen-CPG2 (51 μM; Xenophilus azovorans
SN213), while Km of CPG2(26–415).Q1extM-1 was 172 μM
(Rashidi et al., 2018; AlQahtani et al., 2019). Km demonstrated a
lower affinity of CNGRC–Xen-CPG2–CNGRC, pegylated Xen-
CPG2, pegylated CNGRC–Xen-CPG2 or pegylated CNGRC–Xen-
CPG2–CNGRC (287–676 μMMTX) in comparison with Xen-CPG2
(236 μM) (Supplementary Table S1) (Al-mansoori et al., 2020; Al-
mansoori et al., 2021). Km of native CPG2 was >>8 μM MTX in
those trials. Therefore, those data cannot be directly compared, and
require particular concerns. Actual Km of those CPG2 remain
unclear. A drastic difference of Km of Xen-CPG2 (4.7-fold)
between trials indicates that novel CPG2 should be characterized
under a standard operating procedure where the range of each
character of the reference CPG2(26–415) should be preset.

Kcat is measured under full substrate saturation, reflecting the
initial reaction rate (Davidia et al., 2016; Lu et al., 2017). Thus, Kcat

cannot be used to predict the activation of prodrugs at therapeutic
doses in vitro and in vivo. Kcat for MTX or ZD2767P was 10 or 30 s-1,
respectively (Niculescu-Duvaz and Springer, 1996; Lee et al., 2023).
In in vitro therapy, the catalytic efficacy of CPG2(26–415) for MTX
or ZD2767P was 1 or 1/40 μmol/(min·U), respectively (Liu et al.,
2020). Inconsistencies indicate that the catalytic efficacy to a specific
prodrug should be specifically calibrated under therapeutic doses
and conditions, with MTX as the reference. The time required for
activating a definite amount of prodrug, and the yield of active drug
after a definite time can be calculated:

time required � amount of prodrug /
amount of CPG2 × catalytic efficacy( )

yield of active drug � amount of CPG2 × catalytic efficacy × time

The amount of CPG2 required to activate a definite amount of
prodrug in a definite time can be assessed:

amount of CPG2 � amount of prodrug / catalytic efficacy × time( )

Therefore, the catalytic efficacy of CPG2 to a prodrug is the
critical parameter in formulating a therapy plan. Aforementioned
verdicts can be used to predict the feature of intratumoral
accumulation of active drugs vs. time (i.e., intratumoral
pharmacokinetics (PK)), thereby assessing the pharmacodynamic
effect, particularly when all independent variables in equations are
characterized in cancer tissues (Zhang et al., 2017; Chang
et al., 2023).

3.2 PK property

The clinical PK property of CPG2 drastically differed from
that of a prodrug (Figure 1). The half-life was 16 or 10 min for
CMDA (4-[(2-chloroethyl) (2-mesyloxylethyl)amino]benzoyl-L-
glutamic acid) or ZD2767P (4-[N,N-bis(2-iodoethyl)amino]
phenoxycarbonyl-L-glutamic acid), and was 5 or 3 h for
CPG2(26–415) or CPG2(23–415) linked to anti-
carcinoembryonic antigen F(ab)2 antibody, respectively
(Napier et al., 2000; Francis et al., 2002; Mayer et al., 2006; Yu
and Li, 2023). Unmatched PK is a challenge: prodrugs should be
administrated when the plasma CPG2 level decreases to a very
low level to reduce off-target activation; a rapid elimination of
prodrugs (although a short residence time favors the safety)
indicates that enough amounts of prodrugs and CPG2 should
be transferred into the tumor in a short time, i.e., a narrow
therapeutic time window. The residence time of active drugs in

FIGURE 1
Blood drug level vs. time curves of ZD2767P and CPG2: PK
property of CPG2 did not match with that of ZD2767P (data were from
Napier et al., 2000; Francis et al., 2002; Mayer et al., 2006; Yu and
Li, 2023).
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cancer cells is longer that in plasma (e.g., ZD2767D (4-[N,N-
bis(2-iodoethyl)amino]phenol), the active form of ZD2767P, had
a half-life of ≈2 min in plasma, but the mean residence time was
14–28 min in cancer cells) (Yu et al., 2024). Therefore, more
prodrugs should be activated and those active drugs should be
released into cancer cells in a short time to combat the rapid
elimination of prodrugs from blood and the tumor. These depend
on the intratumoral total activity of CPG2 (amount ×
specific activity).

A narrow time window indicates that a higher yield rate of active
drugs is favorable, depending on a higher specific activity of CPG2 (Liu
et al., 2020). Unfortunately, specific activities of certain mutated/
modified CPG2 were not quantitatively calibrated using
CPG2(26–415) as the reference, limiting analyses of clinical
potentials (Supplementary Table S1). Linking an antibody or a
peptide to CPG2 decreases the specific activity, e.g., specific activities
of CPG2, and CPG2 linked to anti-carcinoembryonic antigen single
chain Fv antibody or to F(ab)2 antibody are 460, 128 and 80 U/mg,
respectively (Yu and Li, 2023). Therefore, a higher dose of
CPG2 conjugate is required to realize an equal total activity of CPG2.

Another PK-related issue is the ratio of CPG2 in tumor to
blood, which determines the therapeutic precision. Intravenously
infusing CPG2 linked to anti-carcinoembryonic antigen F(ab)2
antibody led to a median value of 0.4 (0–10.4) on prodrug day,
i.e., low selectivity (Francis et al., 2002). The high variance is due
to heterogeneity of in vivo distribution, and will complicate the
outcome due to PK incoordination between CPG2 and prodrugs.

3.3 ADA against CPG2

ADA may impact on the behavior and activity of CPG2, and
therefore reducing immunogenicity is in development (e.g., pegylation
or modifying immunogenic epitopes) (Sharma and Bagshawe, 2017; Yu
and Li, 2023; Qoura et al., 2024). A recent clinical trial demonstrated
positive serum ADA at baseline in 3/20 cases, where the PK feature of
CPG2(26–415) did not differ from that in cases with negative ADA.
Further, CPG2(26–415) efficiently hydrolyzed MTX to reduce the
plasma MTX concentration to a safe level in 1/4 ADA-positive
patient. These data suggest that ADA against CPG2 may not be a
critical concern for prodrug–CPG2 therapy. The catalytic domain of
carboxypeptidase is highly conserved between species, and therefore
human has partial tolerance to CPG2 (US Center for Drug Evaluation
and Research, 2012).

3.4 His-tag and Met in the N-terminus

Most mutated/modified CPG2 was with poly(His) and/orMet in
the N-terminus (Supplementary Table S1). The extension does not
affect the specific activity, but may give rise to extra safety risks.
Those CPG2 hardly have chances of being approved according to the
drug regulations for therapeutic biologics (i.e., clinical futureless).
Therefore, preclinical data using those CPG2 have poor clinical
relevancies, and preclinical and translational trials should base on
tag/Met-free CPG2.

4 Conclusion

CPG2 is the pivotal determinant in prodrug–CPG2 therapy.
Intravenously injecting CPG2 or a CPG2 conjugate leads to a low
amount of CPG2 in cancer tissues, although the expected goal of
using a CPG2 conjugate is to realize an intratumoral enrichment of
CPG2. Intratumoral application may be a solution considering the
complexity of in vivo distribution. The catalytic efficacy to a specific
prodrug should be specifically calibrated under therapeutic doses
and conditions, and translational trials should utilize tag/
Met-free CPG2.
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