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Abstract

Enzyme-based therapeutics (EBTs) have the potential to tap into an almost unmeasurable amount
of enzyme biodiversity and treat myriad conditions. Although EBTs were some of the first
biologics used clinically, the rate of development of newer EBTs has lagged behind that of other
biologics. Here, we review the history of EBTSs, and discuss the state of each class of EBT, their
potential clinical advantages, and the unique challenges to their development. Additionally, we
discuss key remaining technical barriers that, if addressed, could increase the diversity and rate of
the development of EBTS.
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Introduction

Enzymes have a unique therapeutic potential rooted in their ability to not only catalyze
chemical reactions, but also perform reactions with environmental sensitivity (i.e., catalytic
rates that are dependent on environmental variables, temperature, pH, cofactor levels,
activators, inhibitors, etc). Both of these abilities allow for diverse therapeutic functions
(Figure 1; Table S1 in the supplemental information online), ranging from supplementing
essential digestion and cellular metabolism to targeting infectious diseases. Their therapeutic
potential is expansive given the biodiversity of heterologous enzymes that have the

ability to perform either unique chemistry in the human body or chemistry with different
environmental sensitivity.13
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Early EBTs took advantage of this biodiversity (Figure 1; Table S2 in the supplemental
information online). These therapies had promising clinical success in a range of
applications, including wound debridement, and as antiparasitics and antitoxins (via toxin
degradation). Despite this historical success, few early EBTs gained or maintained US
Food and Drug Administration (FDA) approval.*> The lack of FDA approval can be
explained primarily by safety concerns and, over the years, the diversity of therapeutic
enzyme applications and their origins have dwindled®” (Figure 1b,c; Tables S1-S3 in the
supplemental information online). These early enzymes often had unwanted promiscuous
activity at sites other than those targeted, resulting in adverse events.®:8:9 Additionally,
enzymes from nonhuman sources posed a greater safety and tolerability risk because of their
inherent immunogenicity.”-910 Given these safety concerns, with the advent of recombinant
DNA technology, human enzymes replaced their early isozyme predecessors whenever
possible.>” Several heterologous enzymes remained therapeutically viable because of their
oral or topical routes of administration (which pose a lower risk for immunogenicity) or
via development of immune-tolerant enzyme conjugates, such as PEGylated variants®11.12
(although anti-PEG antibodies are now becoming a problem in the clinicl3). Today, enzymes
are primarily used in replacement therapy. Most of the 39 unique FDA-approved enzymes
are recombinant human enzymes (Figure 1c; Table S1 in the supplemental information
online).? In this review, we share a historical perspective of these therapies, discuss

the current state and potential of enzymes as therapeutics, and highlight key remaining
challenges and opportunities in advancing this class of therapeutics.

A historical perspective of enzyme therapeutics

Historically, the development of enzymatic therapeutics has paralleled biotechnological
advances, although the rate of EBT development has declined over the past decade (Figure
1d; Table S4 in the supplemental information online). Here, we briefly review the history of
EBTSs to understand the diverse applications of early EBTSs, and the recent decline in new
drugs.

One of the earliest protein therapeutics was trypsin, which was used clinically to treat
tumors during the early 1900s.14 Although localized injections decreased tumor size, trypsin
degrades proteins nonspecifically and also digested healthy tissue.14 When studies in mice
confirmed that trypsin was not specific against cancer, it was no longer considered a safe
treatment.15 Over the following decades, another protease, pepsin, began to have clinical use
in treating gastritis (taken orally); however, injected EBTSs required further development.16

The field of biologics was revolutionized in 1922 with insulin developed as the first
injectable protein-based therapeutic. The efficacy of insulin and need for large-scale
production catalyzed a wave of interest in protein therapeutics, protein purification, and
modern biotechnology, and the clinical potential of EBTs.1” Equipped with these new
protein purification techniques, there was a wave of enzymes under clinical investigation
during the 1930s. These included the plant proteases ficin and papain, which had a history
of use in traditional medicine as anthelmintics.18:1° Ficin, isolated from Ficus laurifolia
latex, degrades the mucosa of both hookworm and Ascaris, killing these worms within

an hour Jin vitro.X® The therapeutic potential of ficin was short-lived once it was found to
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have unwanted proteolytic activity against lesions in the digestive tract, causing erosion
and hemorrhaging.6:1° Papain was evaluated, both in animals and humans, for its ability to
clear peritoneal adhesions.20 It was hypothesized to degrade fibrin deposits, but studies
reported conflicting results, attributed to variations in enzyme purity.2! Once enzyme
purification procedures had been improved, pure formulations caused severe hemorrhaging
and lethality in rats. Additionally, lab personnel who inhaled papain had severe and even
lethal anaphylactic reactions, which halted attempts to develop therapeutic applications that
required papain injection or pulmonary administration.?!

Protein therapeutics and enzymes saw another wave of development during the 1940s with
the advancement of the Cohn process to fractionate human blood.?2 Isolation of human
blood products was driven by wartime necessity to treat shock (treated with albumin), severe
bleeding (treated with clotting proteins, zymogens, and thrombin), and burns.23 Fibrinogen,
prothrombin, and thrombin were also incorporated into medical materials, such as surgical
instruments, films, and foams, which improved outcomes for skin grafts, wound healing,
and burns.24 Additionally, the need for debridement expanded the utility of topically applied
enzymes. Streptokinase—streptodornase mixtures, derived from hemolytic streptococci, were
used to degrade necrotic tissue and hydrolyze DNA released from injured cells. The use of
these enzymes decreased viscosity and improved permeability, enhancing the local delivery
of antibiotics, which led to improved clinical outcomes.2

Research during the 1950s focused on expanding these applications with heterologous
enzymes. New enzymes were evaluated for efficacy in wound treatment, including

a Clostridium collagenase that selectively degrades denatured collagen.® Additionally,
enzymes that were successful for debridement were used to treat bacterial infections in

the lungs and sinuses, both as an adjuvant to improve the delivery of antibiotics, and by
decreasing sputum viscosity to improve clearance.26 However, administering these enzymes
occasionally resulted in anaphylactic reactions.2’

Despite these adverse effects, continued research efforts took advantage of enzymes with
novel activities. For example, p-lactamases obtained from penicillin-resistant bacteria
were exploited to treat penicillin hypersensitivity reactions that were unresponsive to
antihistamines.28 p-lactamase improved symptoms (urticaria and angioedema) in most
patients initially studied, and removed penicillin from circulation within an hour.28:29
Unfortunately, cases of anaphylactic reactions halted further investigation.3 Additional
examples of toxin degradation applications can be found in Table S1 in the supplemental
information online.>

In 1962 the Kefauver—Harris amendment improved regulation and required proven safety
and efficacy of all therapeutics. This influenced ongoing and future research and
development of enzymes.3! This safeguard was necessary, but limited approved enzymes
to human blood products. Early debridement agents quickly gained approval, but the

only injectable bacterial enzyme approved (until the early 2000s) was L-asparaginase.® In
1978, insulin became the first protein therapeutic produced with recombinant DNA27 and,
equipped with the technology to produce additional recombinant human enzymes coupled
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with the Orphan drug act of 1983, human-derived enzyme replacement therapies and clotting
factors experienced the largest growth in approvals.

The therapeutic potential of enzymes

EBT applications

EBTSs can address a range of diseases (Figure 1a) and are used as enzyme replacement
therapies, in wound healing, in clotting (both coagulants and anticoagulants), as
antineoplastic agents, as adjuvants to improve permeability, in degrading toxins and toxic
metabolites, and as antibacterials, antiparasitics, and anti-inflammatories. Here, we discuss
the current state of enzymes in each of these key application areas in turn. A complete
summary of therapeutic enzymes, their clinical uses and adverse effects can be found in
Table S1 in the supplemental information online.>

Metabolism and digestion

EBTSs that supplement deficiencies in metabolism and/or digestion are the largest class of
FDA-approved enzyme therapies, comprising 40% of EBTs. These enzymes have had the
shortest clinical development time of any biologics, with an average of only 5.9 years
compared with 7.8 years for monoclonal antibodies and 8.3 years for receptor modulators.32
This shorter barrier to approval and market entry can be attributed to four factors. First,
metabolic enzyme replacement therapies are primarily recombinant human enzymes, where
there is no need to evolve or engineer a novel activity (Figure 2a). Second, these therapies
tend to have a lower risk for hypersensitivity reactions. However, immune tolerance varies
within these patient populations. If a patient is missing an enzyme altogether, they have

a higher likelihood of an immune response. Those with less severe mutations or partial
activity tend to tolerate these therapies better than do those with more irregular phenotypes
resulting from insertions, deletions, and complex rearrangements of the natural genes.33:34
Third, many of these enzyme therapies are treatments for rare genetic disorders, and

are often granted orphan drug status.3%:36 Orphan drug status offers tax incentives, grant
availability, seven years of marketing exclusivity in the USA, and, on average, shorter

FDA review timelines.3536 Lastly, enzymes that supplement digestion, such as pancrelipase
and sacrosidase, do so in the digestive tract (Figure 2b), where there is smaller risk for
immunogenicity compared with systemically administered drugs.

Although there are incentives to decrease the risks associated with the development of
enzyme therapies for genetic diseases, by their very nature, orphan diseases have a limited
patient population, offering smaller returns on the investment of development efforts. As a
result, commercial research and development (R&D) efforts have focused on more prevalent
rare diseases. For example, 45 drugs (including biologics and small molecules) have been
developed to treat lysosomal storage disorders, which have a prevalence of =5 per 1 000
000, but only 25 drugs have been developed for lysosomal storage diseases, for which
there is a prevalence of <5 per 1 000 000, and there have been no drugs developed

for 17 lysosomal storage disorders classified as very rare.3° Therefore, although enzyme
replacement therapies work, there is limited incentive for growth in treating other very rare
metabolic disorders. The development of new drugs for these smaller patient populations
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will likely require additional incentivization, such as further extensions of marketing
exclusivity.

EBTSs used to manage clotting can be divided into coagulation and thrombolytic treatments.
Enzyme-based coagulation is either administered systemically to supplement missing
clotting factors to treat hemophilia (similar to ERTs) or applied locally to stop surgical
bleeding. For surgical bleeding, thrombin is applied at the site of the bleed to activate

the clotting cascade (Figure 3a). Thrombin formulations are derived from human plasma,
recombinantly produced, or extracted from bovine plasma. Recombinantly produced
thrombin is often preferred because human blood products carry some risk of viral
infection.3” Table S1 in the supplemental information online provides a classification of
EBTs by manufacturing method (either extraction from a native source or recombinant
production). Additionally, bovine thrombin has a higher incidence of antidrug antibody
formation compared with recombinant human thrombin (21.5% versus 1.5%).38 Bovine
antidrug antibodies are cross-reactive against human thrombin and Factor V, which in
combination can have lasting adverse effects, such as inhibiting thrombin activity and
prolonging clotting time (thrombin time) compared with treatment with human thrombin (by
eightfold).3°

Thrombolytic EBTs dissolve clots to treat acute myocardial infarction, thromboembolism,
and ischemic stroke. Enzyme therapies that have been used clinically for thrombolysis are
streptokinase, staphylokinase, tissue plasminogen activator (tPA), and urokinase.> However,
only tPA and its variants are FDA approved. Both tPA and urokinase are serine proteases
that directly cleave/activate plasminogen to produce plasmin to degrade fibrin clots (Figure
3b). By contrast, streptokinase and staphylokinase are microbial enzymes that must first
complex with plasminogen before they have catalytic activity against plasminogen.4? Given
that streptokinase and staphylokinase are microbial enzymes, they have higher rates of
immunogenicity, and efforts have been made to reduce antigenicity with epitope engineering
to disrupt antidrug antibody binding.#142 Both tPA and urokinase are human proteases but
tPA has the advantage of a fibrin-binding domain. The tPA variant tenecteplase has six
amino acid substitutions that improve fibrin-binding affinity, prolong half-life, and improve
resistance to plasminogen activator inhibitor-1. Combined, these improved functions allow
for bolus administration rather than infusion as well as fewer adverse bleeding events
relative to recombinant human tPA (alteplase).*3 Additional attempts to improve tPA

and urokinase specificity with fusions to antibodies directed against fibrin, platelets, and
damaged endothelial cells are reviewed elsewhere.®

Cancer treatment

Antineoplastic enzymes are used in four ways. First, enzymes can be used to deplete specific
amino acids essential for the growth of auxotrophic carcinomas.1% Second, enzymatic
depletion of metabolites involved in cell signaling pathways that promote tumorigenesis can
have antineoplastic effects. Third, antibody-directed enzyme prodrug therapy (ADEPT) uses
enzymes conjugated to antibodies along with prodrugs to target drug activity to tumors. Last,
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enzymes such as hyaluronidase can be used to degrade the diseased extracellular matrix
(ECM) of tumors, which can act as a barrier to the delivery of chemotherapy.

The most notable depletion therapy, L-asparaginase, which eliminates asparagine, has

been used for decades to treat lymphoma and leukemia. These cancers often lack or

have low expression of L-asparagine synthetase (Figure 4a).** Treatment with PEGylated
L-asparaginase alone can lead to remission rates of 40-60% in acute lymphoblastic
leukemia.#> By contrast, treatment with the chemotherapeutics vincristine and prednisone
alone has a remission rate of 86%.46 However, when PEGylated L-asparaginase is combined
with vincristine and prednisone, remission rates improved to 93%.46 Approved formulations
are derived from two microbial sources (Escherichia coli or Erwinia chrysanthemi). As

a result, asparaginase has been the focus of several deimmunization efforts, but none

have progressed beyond mouse models.#” Additional cancers have auxotrophy for other
nonessential amino acids, such as arginine, methionine, glutamine, leucine, lysine, tyrosine,
and phenylalanine.1048 Similar systemic depletion efforts are under investigation with these
amino acids.® These ongoing studies can be grouped into two approaches.

The first approach parallels L-asparaginase by utilizing the microbial enzymes arginine
deaminase, methionine-y-lyase, phenylalanine ammonia lyase, and lysine oxidase for
depletion.® Predictably, these microbial enzymes are all limited by immunogenicity and
short half-lives /in vivo, which range from 1.5 to 7 h. Improvements have been made via
PEGylation and encapsulation.*%:50 Given that PEGylated phenylalanine ammonia lyase
(Palynziq) was recently approved for phenylketonuria, and has demonstrated efficacy against
colorectal cancer, it is a likely candidate for further clinical evaluation.>>

The second approach utilizes human enzymes, which have a reduced risk of
immunogenicity, but often require engineering to either improve substrate affinity (by
decreasing Kp,) or activity for a new substrate. For example, human arginase-I has a K,
of 1-5 mM, whereas serum concentration ranges from 80 to 120 pM,10 substitution of
the cofactor Mn2* with Co%* decreases the Ky, to ~0.2 mM, which improves in vitro
cytotoxicity based on an ~15-fold decrease in I1Csq values.52 As another example, the
closest human homolog to microbial methionine-y-lyase, cystathionine-y-lyase, has been
successfully engineered to enable methionine degradation, decreasing serum methionine
concentrations in mouse models.53

Circulating amino acid concentrations are also known regulators of the mammalian target

of rapamycin complex 1 (mTORC1), which regulates cell growth and is essential for

cancer progression.>* The metabolite kynurenine, a product of upregulated tryptophan
catabolism, is elevated in the tumor microenvironment. Kynurenine suppresses effector T
cells through transcriptional regulation, which promotes tumor immune escape.®® Degrading
extracellular kynurenine with kynureninase is an attractive option to reprogram effector T
cells; however, the human kynureninase has a low catalytic efficiency relative to microbial
enzymes, which have a 500-700-fold increase in Kc,/Kpy. As a result, the human enzyme
had no therapeutic effect on tumor growth in mice, whereas Pseudomonas fluorescens
kynureninase reduced serum concentration 100-fold, improved median survival by 45%, and
significantly increased the concentration of CD8+ effector T cells.%8 Given the likelihood of
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an immune response to microbial enzymes, improving the turnover of human kynureninase
is a promising next step.

The third subclass of enzymes used in cancer therapy are applied in ADEPT, which is a two-
step procedure in which an enzyme conjugated to a tumor-specific antibody is administered.
In the second step, a prodrug is administered and converted into a cytotoxic drug with a
short half-life specifically at the tumor site (Figure 4b). Given the heterologous activity
required to convert a prodrug to a drug, microbial enzymes are primarily used.>” Although
bacterial enzyme carboxypeptidase G2 is the most common enzyme used in clinical trials,
antidrug antibodies have been reported in 97% of patients.58 Options for improving immune
tolerance include co-administration with an immunosuppressant or epitope engineering.>®
Mapping B cell epitopes of carboxypeptidase G2 and subsequent mutagenesis reduced
immunogenicity by 38.5-99% Jn vitro, and steric hindrance of epitopes with a C-terminal
tag had the best results.? This improvement also translated to humans in the clinic, with
only 23% of patients developing antidrug antibodies after a single administration. However,
this modification reduced specific enzyme activity by 45%, which reduced rates of prodrug
activation.50

ADEPT has been also limited by low enzyme affinities for the prodrug relative to serum
concentrations, or by prodrugs that are cytotoxic without enzyme activation.6! Both of these
limitations have been addressed either by improving the K, of the enzyme for the substrate,
or developing less-toxic prodrugs.62:63 Improved prodrug activation has been achieved

by engineering enzymes (nitroreductases) to have K, s decreased by 1.2-14 fold while
maintaining catalytic efficiency.61:64 This reduction in K, is necessary when peak prodrug
plasma concentrations are orders of magnitude lower than the K, of the wild-type enzyme.
Given the advances in ADEPT and antineoplastic enzymes, and the tools available to
address the challenges, there is room for improvement over the two asparaginases approved
in the class. A complete list of antineoplastic enzymes and their challenges is provide in
Table S1 in the supplemental information online.>

EBTSs are also commonly used as adjuvants to improve the delivery of antibiotics,
chemotherapeutics, and even antibodies. As noted previously, deoxyribonuclease has been
used as an adjuvant for wound treatment to improve antibiotic penetration.® This technique
has also been applied in the treatment of respiratory infections that are common with cystic
fibrosis, and hyaluronidase has long been used to enhance the permeability of injected
contrast agents and therapies.>65

Enzyme adjuvants are also under investigation in cancer to degrade diseased irregular
ECM components for improved chemotherapeutic permeability (Figure 4c). Specifically,
hyaluronan and collagen-1 levels are elevated in many tumors. This fibrous tissue imposes
limitations on the perfusion and delivery of therapeutics and negatively correlates with
survival.%® Infusions of PEGylated recombinant human hyaluronidase, which degrades
the thickened hyaluronan, increased tumor perfusion by 16-547% in clinical trials.5” In
tumors with high concentrations of hyaluronan, co-administration of hyaluronidase with
gemcitabine improved progression-free survival by 2.9 months for patients with stage 1V
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metastatic pancreatic ductal adenocarcinoma.b7:68 Additional clinical trials of hyaluronidase
in combination with trastuzumab have shown improved subcutaneous administration leading
to comparable efficacy with infused therapies at decreased treatment costs.%9 In addition

to hyaluronan degradation, excess collagen has been targeted with collagenase in mouse
models.”? Collagenase administration also improved monoclonal antibody uptake 1.1-4-fold
in xenografts.”0

Despite these promising results, antineoplastic adjuvants are contentious. Constitutive
hyaluronan and collagen degradation can promote metastasis because the ECM barrier

also impedes tumor migration.”! Additionally, systemic administration can cause off-target
hyaluronan and collagen degradation, increasing toxicity.’? Improvements in biomarker
characterization are being investigated to determine whether a tumor has low or high levels
of ECM components because only tumors with thickened ECM benefit from the adjuvants.”2
Additionally, adjuvant delivery can be localized. Nanoparticles and hydrogels have been
used to improve tumor-specific delivery.”3-7> An interesting next step would be using
enzyme engineering to improve activity in the presence of irregular stimuli in the tumor
microenvironment, such as lower tumor pH or irregular tumor metabolite profiles.

Wound healing

EBTSs that are used to promote wound healing focus on enzymatic debridement (Figure

5a), and include proteases and deoxyribonucleases. Proteases include bacterial collagenases,
serine proteases, and cysteine proteases.® These proteases remove necrotic tissue from

the wound bed to leave a healthy scaffold for re-epithelialization. This debridement

also increases the production of anti-inflammatory cytokines (I1L-10 and TGF-g) and
decreases production of proinflammatory cytokines (TNF-a and IL-1p) to promote healing
and decrease inflammation.”® Deoxyribonuclease also helps to minimize infection and
inflammation by degrading DNA released from degenerating cells that can contribute to
increased viscosity in wounds.”” In combination, these therapies allow for better penetration
of antibiotics and decreases bacterial loads, decreasing infection and leading to better
clinical outcomes.

Antibacterials and antiparasitics

EBTs have efficacy in both antibacterial and antiparasitic applications, but have not yet
been FDA approved (except for deoxyribonuclease as an antibacterial adjuvant). However,
antibiotic resistance is on the rise,’® and EBTs could be used as novel solutions to this
growing problem. Current enzymatic antiparasitics and antibacterials depolymerize capsular
components or disrupt quorum-sensing signals required for bacterial virulence. These EBTs
have shown promise in recent /n vivo studies.” As early as the 1930s, a depolymerase
isolated from Bacillus was found to degrade the capsular polysaccharide of type 111
pneumococci and was used as a prophylactic and curative treatment for pneumonia in mice
and nonhuman primates.89:81 Although this enzyme did not undergo further investigation,
capsule depolymerases were recently demonstrated to be effective /n vivo against Bacillus
anthraciand E. coli K1, which cause anthrax and neonatal bacterial meningitis, respectively.
The pathogenesis of these bacteria is enhanced by the protective poly-y-D-glutamic acid
capsule, which suppresses the humoral immune response (Figure 5b). The enzyme EnvD
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cleaves the y-glutamyl bonds between D-glutamate residues in the capsule to promote
phagocytosis of anthrax. EnvD treatment significantly improved survival after exposure to
70% and decreased symptoms relative to the control group.82:83 Similarly, enzyme-mediated
degradation of the £. coli K1 polysialic acid capsule with endosialidase E effectively treated
neonatal bacterial meningitis in rats. Treatment with endosialidase E prevented death, and
significantly decreased the inflammatory response, in nearly all neonatal rats, whereas the
control group did not survive.8

Bacterial lysis, specifically via hydrolysis of the peptidoglycan cell wall, has been promising
in preclinical trials with bacteriophage-encoded endolysins that have evolved to lyse bacteria
at the end of bacteriophage Iytic cycles (Figure 5¢).”9:8% Endolysins are fast-acting (within
minutes) and specific for their target because they comprise both a catalytic domain
(specific to the peptidoglycan bond cleavage) and a specific cell wall-binding domain.”9:85
Clinical trials are ongoing in the treatment of staphylococcal infections-/9:86 Limitations

to endolysin therapies have included: narrow specificity, slow permeability through the
outer membrane of Gram-negative bacteria, and short-half life. Engineering efforts to
address these challenges were recently reviewed 86, Briefly, therapeutic activity has been
altered by: (i) mutating the catalytic or cell-binding domain to alter specificity; (ii) fusions
of multiple catalytic domains and/or multiple cell binding domains; (iii) fusions with
membrane-permeabilizing peptides; and (iv) Fc fusions to improve half-life. Although some
patients in Phase I clinical trials developed anti-endolysin antibodies, the impact of antidrug
antibodies on efficacy has not yet been studied.8”

Enzyme degradation of quorum-signaling molecules can disrupt communication and
decrease production of virulence factors (Figure 5d). Enzymatic quorum quenching has
focused primarily on the hydrolysis of A-acyl-L homoserine lactones (AHLS), signals that
enhance the production of virulence factors and pathogenicity.88 AHLs are quenched, in
vitro, with either AHL acylases, which hydrolyze the amide bond between the lactone ring
and acyl side chain, or AHL lactonase, which hydrolyzes the ester bond of the lactone
ring.88:89 A common challenge for AHL lactonases and AHL acylases is low catalytic
efficiency, and enzyme engineering efforts to improve efficiency were recently reviewed.8°
However, further characterization is needed to evaluate their biocompatibility and potential
efficacy /in vivo.

Not only can antibacterial therapies take inspiration from naturally occurring enzymes,

but several antiparasitic enzymes are also present in the latex of many plants. As noted
previously, papain and ficin have historical antiparasitic activity in the gut, but off-target
effects in the presence of digestive tract lesions raised safety concerns.618 Antiparasitic
activity has also been demonstrated with other plant-based proteases, including bromelain,
chymopapain, and milkweed latex®. /n7 vitro incubations with the Heligmosomoides bakeri
nematode have ECsg values ranging from 3 to 150 uM, with most of these enzymes
tolerating gastric acidity.%? Better characterization of these enzymes and their consensus
sequences, in combination with mutagenesis, could lead to novel and more specific
vermifuges to combat evolving resistance.
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Toxin degradation

Drugs and toxins accumulate in the body because of ingestion or impaired renal clearance.
Historically, EBTs have been used to treat poisoning by poison ivy, atropine, cyanide, and,
more recently, cocaine.® Additionally, enzymatic digestion of ingested allergens has gained
attention as a therapy for celiac disease.1-92 Unfortunately, there is only one FDA-approved
therapy in this class, glucarpidase, which converts methotrexate into less-toxic products
(Figure 6a).

Therapies to treat poisoning used to be more common. Cocaine esterase and atropine
esterase were originally isolated from rabbit serum and used to treat poisoning.?3 Similarly,
purified rhodanese, a sulfur transferase, was previously used in combination with sodium
thiosulfate to expedite cyanide detoxification.%* These enzymes are not currently used in the
clinic and are limited by short serum-half lives. Cocaine esterase could have broader utility,
but it is a multidomain protein limited by a 15-min half-life and thermal instability at 37°C.
Engineering efforts have focused on increasing thermal stability by introducing stronger
interdomain interactions.?>9 Another limitation of cocaine esterase and toxin degradation
in general is substrate affinity. Cocaine esterase has a K, ranging from 7.3 to 21 uM,
whereas cocaine overdose fatalities occur when blood cocaine concentrations reach only 3-9
mg/l (2-10 uM).%7 Cocaine esterase variants have been engineered with improved affinity,
making it a good candidate for further investigation.%5:9

As noted previously, an early EBT (bacterially derived p-lactamase) was used to treat
penicillin anaphylaxis.2?:30 Orally delivered therapies have a lower likelihood of eliciting
an immune response, and current approaches to treat allergic reactions rely on enzymes
that can degrade ingested allergens. Specifically, recent work has been focused on EBTs

to treat celiac disease.?8 In celiac disease, proline and glutamine-rich residues found in
a-gliadin trigger a T cell-based immune response. There are more than 30 known proline
and glutamine-rich T cell epitopes that contribute to celiac disease.%2:98 To date, prolyl
endopeptidase isolated from the acidophile Sphingomonas capsulata, and kumamolisin-

As from Alicyclobacillus sendaiensis have been engineered to digest the immunogenic
proline and glutamine-rich sequences. Prolyl endopeptidase engineering improved specific
activity by 20% for proline and glutamine-rich sequences.® Kumamolisin-As has been
engineered for improved a-gliadin selectivity over other peptide sequences.%2:9 The
improved Kumamolisin-As variant performed well in simulated gastric digests of bread and
wheat beer, where peptides degraded to under 20 ppm, which meets the FDA requirement
for gluten-free labeling.92 Based on these results, acidophilic bacterial proteases selective
for immunogenic gluten peptides are promising prophylactics or emergency therapies and a
combination of engineered proteases could ensure that all a-gliadin epitopes are degraded.

Limited clearance can also cause molecules to accumulate to toxic levels. For example,
impaired renal clearance causes methotrexate toxicity in patients with cancer. Methotrexate
toxicity is treated with carboxypeptidase G2 (glucarpidase), also discussed above, which
hydrolyzes methotrexate into glutamate and 2,4-diamino- AA%-methylpteroic acid. which
are less toxic.9° Carboxypeptidase G2 elicits an immune response, with 17% of patients
developing antidrug antibodies, with <1% having a hypersensitivity reaction.1%0 Although
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carboxypeptidase G2 has been deimmunized for ADEPT therapy, this variant has not yet
been broadly used in the clinic.10

of accumulated metabolites

EBTSs can also be used to degrade accumulated products of metabolism, which can

either be specific proteins or metabolites. Analogous to toxin accumulation, proteins and
metabolites accumulate because of increased production or impaired clearance. For example,
protein accumulation causes Dupuytren’s contracture and Peyronie’s disease, vitreomacular
adhesions, Alzheimer’s disease (AD), and transplant rejection. Metabolite accumulation is
responsible for uric acid crystallization, which causes gout. Currently, EBTSs are either used
clinically or under investigation as treatments to target protein and metabolite accumulation.

Dupuytren’s contracture and Peyronie’s disease are caused by collagen deposits in the hands
and penis, respectively. Both of these disorders are treated with Clostridium histolyticum
collagenase, which is FDA approved for local injection. Collagenase injections have
improved joint range of motion by up to 35° and reduced penile curvature by 34-37%,102.103
Nearly all patients develop anticollagenase antibodies, but there have been no reports of
anaphylaxis.102103 The impact of antibody formation on efficacy has not yet been studied.
To date, because collagenase treatment is only used as a non-invasive alternative to surgery,
there have not been any attempts at deimmunization.

Similarly, build-up of collagen, fibronectin, and laminin can cause vitreomacular adhesions,
which can lead to a macular hole and disrupted vision.1%4 Ocriplasmin is a recombinant
truncated human plasmin that is also administered as a local injection to facilitate vitreous
liquefaction as an alternative to a vitrectomy.19% Since the eye is immune privileged and
ocriplasmin is human, it has been well tolerated, with mostly transient adverse events that
are not significantly different from a placebo. Ocriplasmin is primarily limited by efficacy,
with a success rate in macular hole closure of only ~40%.105

In addition to FDA-approved proteases, an active area of protease research involves
selectively targeting amyloid beta that aggregates into oligomers that form plaques in
AD.106 Engineering efforts have focused on three priorities in an ideal therapeutic
candidate: high specific activity for amyloid beta, low activity for off-target sequences,
and immune tolerance. Therefore, human proteases with a low level of pre-existing
activity for amyloid beta have been templates for most engineering efforts.107.108 The
two human proteases engineered for amyloid beta selectivity are human kallikrein 7 and
neprilysin.197.108 Hyman kallikrein 7 was engineered to increase selectivity by decreasing
off-target activity, with the most-selective variant having 80% of the wild-type activity
for amyloid beta, and at least a twofold reduction in activity toward other physiological
substrates (cell adhesion proteins).199 Although this selectivity improves the therapeutic
potential, neprilysin engineering had success at both improving amyloid beta degradation
(~18 fold) and decreasing activity toward off-target neuropeptide and natriuretic substrates
( from 3 to >1000-fold).108 Future work is needed to evaluate these potential therapies /in
VIvo.
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The last EBT for protein accumulation directly targets the longstanding challenge of
immunogenicity. The accumulation of antidrug antibodies is often a limitation for many
protein therapeutics as well as organ transplants and gene therapies. Specifically, transplants
can be rejected because of the antidonor HLA IgG-mediated immune response, and
pre-existing anti-adeno-associated virus (AAV) vector antibodies decrease transduction
efficiency during gene therapy. Higher titers of unwanted antibodies are associated with
worse outcomes for each.110:111 To mitigate these unwanted immune responses, microbial
endopeptidase, imlifidase (IdeS), is infused to cleave 1gG at the lower hinge between G236
and G237112 (Figure 6b). This cleavage separates the Fc region from the Fab region,
disrupting the humoral immune response to allow for immunogenic therapies to evade the
immune system. IdeS circulates for 24-48 h. This approach has depleted donor-specific
antibodies in Phase I-I1 clinical trials, and 96% of patients who were HLA incompatible had
successful initial transplants.112 Additionally, recent /n vitroand in vivo studies used IdeS to
deplete anti-AAV IgG to improve transduction in gene therapy. /n vitro incubation of IdeS
with patient blood significantly decreased anti-AAV antibodies after 24 h of incubation. This
approach has been tested in nonhuman primates in /n vivo experiments, which resulted in
enhanced transduction efficiency and transgene expression in the pretreated primate relative
to the control.113 Based on these results, 1deS is a promising EBT for applications in which
improving immune tolerance is needed, such as the administration of other biologics, and
could have a broader impact in treatment of autoimmune diseases.14

Lastly, there are also two FDA-approved enzymes to treat metabolite accumulation. Uric
acid can accumulate beyond solubility limits and crystallize in joints, causing gout. Uricase
converts uric acid into a less toxic product, allantoin, which has improved solubility

and clearance, decreasing crystal formation. The two FDA-approved uricases are a non-
PEGylated uricase from Aspergillus flavus and a PEGylated chimeric porcine/baboon
uricase.® Predictably, both of these enzymes have unwanted immune responses. At least 25%
of patients who take the A. flavus uricase develop antidrug antibodies that decrease efficacy,
and the anaphylaxis rate ranges from 3.9 to 7.3%.115.116 Similarly, repeated administration
of PEGylated chimeric porcine/baboon uricase results in 41-89% of patients developing
antidrug antibodies and 6.5% anaphylactic reactions.117-119 Higher antibody titers are

also associated with infusion reactions and decreased efficacy, as measured by uric acid
levels.119.120 preliminary attempts to map antigenic regions and deimmunize uricase have
been performed /n silico, but have not been experimentally validated.121 A combination of
in silico and in vitro approaches has been used to engineer a variant that is less immuno
reactive, although this variant also has a 60% decrease in catalytic efficiency.11” Therefore,
although these uricase therapies can be effective, better deimmunization algorithms and
preclinical models are needed to design variants for improved clinical translation.

Anti-inflammatories

Anti-inflammatory enzymes primarily target inflammatory cytokines in three ways. First,
enzymes that scavenge reactive oxygen species (ROS) interfere with cytokine transcription.
Second, enzymes can degrade circulating inflammatory cytokines directly. Third, enzymes
can prevent cytokine release by degrading receptors that are required for exocytosis.

Drug Discov Today. Author manuscript; available in PMC 2023 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hennigan and Lynch

Page 13

The first approach targeting ROS is a broadly applicable therapeutic strategy because ROS
contributes to the pathogenesis of several diseases, such as bacterial infections, cancer,
ischemic injury, and drug-induced liver toxicity.122 Specifically, the superoxide anion and
hydrogen peroxide accumulate, causing cell damage and death.122 EBTSs treat inflammation
by supplementing innate antioxidant-scavenging enzymes, converting ROS into less toxic
or harmless products (Figure 7a). Given that ROS activate the transcription factor NF-xb,
which mediates proinflammatory cytokine expression, these scavenging enzymes limit
inflammation, 123124

Superoxide dismutase (SOD), which converts the superoxide anion into hydrogen peroxide,
has been used therapeutically.12> Subsequently hydrogen peroxide is converted into water
by catalase, which has also been used as an anti-inflammatory.126 Although humans have
superoxide dismutases, from the late 1970s through the 1990s, bovine SOD was used
clinically as an anti-inflammatory agent. Bovine SOD was effective as both a systemic
therapy to decrease ROS-mediated adverse effects of radiation after chemotherapy, and as a
local injection to decrease osteoarthritis pain resulting from inflammation.127-130 However,
in 1994, it was withdrawn because of severe anaphylactic reactions and some deaths.*
Intuitively, recombinant human SOD is likely an immune-tolerant solution. Recombinant
human SOD has demonstrated anti-inflammatory efficacy /n vivo by significantly reducing
inflammatory cytokine concentrations, along with inflammation-related symptoms, in
animal models.131-133 Efficacy has also been tested in clinical trials with recombinant
human SOD encapsulated in liposomes for the topical treatment of Peyronie’s disease. Pain
significantly decreased in 89% of patients, along with improvements in other symptoms,
with no adverse events.134

Despite this success, two limitations remain for the broader use of human SOD. First,
recombinant human SOD has a short serum half-life of only ~7—25 min.135.136 Second,
anti-inflammatory activity is more effective when SOD is concentrated at the site of ROS
production. Research efforts have focused on SOD conjugation or encapsulation to address
these two challenges, with both approaches leading to an improved half-life.135136 Gijven
that SOD needs to cross cell membranes for efficacy, alternatives to PEG, which enable
improved cellular uptake, have been investigated, with ~eightfold improvement in the
half-life.8:135 Targeting moieties (such as antibodies and ligands) have also been used to
improve site-specific delivery, leading to improvements in cell viability, and inhibition of
inflammation and cytokine concentration compared with nontargeted controls.8.137 Lastly,
targeting digestive tract inflammation with oral SOD has proven challenging because

of proteolytic degradation, yet recent enzyme engineering has been used to improve
resistance to pepsin and trypsin for more effective management of oxidative stress in the
gastrointestinal tract.138

Recombinant human catalase has also been effective /n vitroand in vivo, but has not

moved to clinical trials.239140 Similar to SOD, catalase is limited by a short half-life

(~23 min) and the need for site-specific targeting.14! Similar approaches to those used

for SOD (conjugation and encapsulation) have been used to enhance ROS inhibition via
catalase, with /n vivo success in treating cancer, Parkinson’s disease, and traumatic brain
injury.126.140.142 Gijyen that human SOD and catalase have high catalytic efficiencies (8x108
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s71 M1 and 7.3x10% s™1 M~1), protein engineering efforts that improve protease resistance
in the serum, while maintaining catalytic efficiency, can significantly improve systemic
administration,143.144

The second type of anti-inflammatory EBTSs lead to direct cytokine degradation (Figure

7b). This approach is in the early investigational stages with the Tobacco Etch Virus (TEV)
protease. Specifically, TEV protease was engineered to cleave solvent-exposed residues on
the proinflammatory cytokine IL-23, as a potential therapeutic for rheumatoid arthritis and
psoriasis.14> Wild-type TEV protease has no pre-existing activity for this substrate. More
than ~2500 generations of phage-assisted continuous evolution led to a variant with more
than 20 mutations, and ~15% of the catalytic efficiency for the IL-23 substrate, compared
with the native substrate, and inactivated IL-23 /in vitro. Although this directed evolution
approach did not include counter-selection for off-target activity, a second generation of this
method was recently developed with counter-selection to overcome this limitation.146

The last group of anti-inflammatory EBTs prevents vasoactive amine release from mast cells
involved in inflammation. Specifically, vasoactive amine release is dependent on the SNARE
protein, SNAP-23, which is an attractive therapeutic target (Figure 7c).147:148 |nterestingly,
SNAP-23 is an isoform of SNAP-25, which is the target of the enzymatic light chain of
botulinum neurotoxin type A (BoNT/A), also known as Botox, which is used therapeutically
to inhibit neurotransmitter release at cholinergic nerve terminals. SNAP-25 has >75%
sequence similarity to SNAP-23, but BONT/A has little activity on SNAP-23. Therefore,

the enzymatic domain of BoNT/A has been engineered for SNAP-23 degradation. A variant
was identified with improved selectivity for SNAP-23, which has a twofold increase in
SNAP-23 catalytic efficiency and a decrease in activity on SNAP-25 (> 95% relative to the
wild type).148

Challenges to the development of new EBTs

As highlighted in the discussion above and as can be seen in Table S1 in the supplemental
information online,> one of the most crucial challenges in the development of EBTs

is unwanted immune responses, whether these are antidrug antibodies that facilitate
clearance or activity neutralization, or hypersensitivity responses. As a result of these
unwanted immune responses, development of microbial EBTs has lagged in favor of
human enzymes. As discussed, human enzymes are primarily used in replacement
therapies, and two more are in clinical development. One new ERT, olipudase alfa, is

the only therapy in development to treat sphingomyelinase deficiency.14® The second,
avalglucosidase alfa, is the next generation of alglucosidase alfa, with a 15-fold increase
in mannose-6-phosphate concentration, aimed to improve cellular uptake through the
mannose-6-phosphate receptor.150 Given that many ERTSs rely on this method of uptake,
itis a likely approach to improve the efficacy of other approved ERTSs for lysosomal storage
disorders.

Although recombinant production of enzymes led to rapid growth in EBT approvals from
the 1980s through 2010, since 2010, new enzyme therapy approvals have plateaued relative
to antibodies and protein therapeutics as a whole (Figure 1c; Table S4 in the supplemental
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information online), which can be attributed to new production technologies, such as

CHO and HEK cell culture, making the recombinant production of “human-like’ proteins
more feasible.151.152 Therefore, although enzyme engineering over the past decade has
also made leaps in progress, these capabilities have not translated well to new clinical
capabilities and approvals for new EBTs.153-155 This plateau is surprising because EBTs
have shorter average development timelines compared with other biologics and small
molecules.32 However, by combining recombinant DNA, new production technologies, and
enzyme engineering, human enzymes have been engineered with either new activity (such
as cystathionine-y-lyase for L-methionine depletion) or improved kinetics for therapeutic
activity (such as neprilysin for amyloid beta proteolysis). Applying these approaches to
other human enzymes can address the need for both novel, effective, and safe EBTs with low
immunogenicity and rapid development.

New improved technologies for deimmunization or immunoevasion are a crucial challenge
in the development of new EBTs and are of particular importance when considering
nonhuman enzymes.136-158 |n fact, as this review discusses, there are existing numerous
examples of enzymes with therapeutic activity that might be of clinical use if deimmunized.
Toward this goal, deimmunization has been used on lysostaphin to remove T cell epitopes,
which limited antidrug antibody responses and remained effective after repeated doses (even
with pre-existing wild-type immunity) in human HLA transgenic mice.129 Although it is
recognized that /n vitro assays and mouse models are not perfect predictors of clinical
behavior, the engineered lysostaphin variant has performed well with preclinical metrics that
support the need for clinical evaluation.

Beyond epitope-engineering approaches, there are additional approaches to prolong the
half-life.11.13.160 pEGyIation is routinely deployed to reduce immunogenicity, and decrease
clearance to prolong the half-life, although anti-PEG immunity can develop. Therefore,

the development of alternatives to PEGylation is an active area of research that has been
reviewed recently.13 Beyond synthetic conjugates, to address immunogenicity specifically,
half-life can be prolonged with Fc-fusions. This approach prolongs circulation both

by decreasing renal clearance because of the increased molecular weight, and limiting
degradation with Fc recycling.160 Recently, Palleon pharmaceuticals developed the Fc fusion
enzyme E —602 (bi-sialidase), which is intended to digest dense sialic acid-containing
glycans on the surface of T cells that block the CD28 receptor needed for activation.161 An
investigation new drug application has been filed for E —-602 (Bi-sialidase) and it is expected
to begin Phase | clinical trials this year.

Concluding remarks

Assuming challenges in deimmunization can be overcome, the potential of EBTSs is almost
limitless, far beyond the current 39 FDA-approved enzymes.® Out of these approved
enzymes, 66% are produced recombinantly, but, as a whole, <20% of the FDA-approved
enzymes have engineered sequences (Table S1 in the supplemental information online).
There are millions of nonhuman enzymes in nature, with an even greater number
considering advancements in protein engineering and directed evolution, which have the
potential to generate novel enzymes with new or altered functions.162 Therefore, by coupling
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recombinant protein expression with advancements in enzyme engineering, there are known
approaches to address the challenges associated with EBTs with directed evolution for
improved safety and efficacy, enabling a huge potential growth in novel therapeutics.

Lastly, with topical or oral administration, several therapeutic enzymes are viable without
deimmunization. In fact, there is already a therapy in Phase 111 clinical trials, NexoBrid, for
topical debridement.163.164 Specifically, anti-inflammatory and antibacterial enzymes have
great potential for growth because they could be combined with debridement agents for
topical administration to promote wound healing.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

. An overview of applications of enzyme based therapies (EBTS)

. Provides historical, clinical, and regulatory context for EBT market growth
and decline

. A review of both approved and investigational therapies.

. Discusses challenges facing EBTSs that could be addressed with enzyme
engineering.

. Specific, relevant examples of targets for enzyme engineering for improved
EBTs
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Figure 1.

Overview of enzyme-based therapies (EBTS). (a) Classes of therapeutic enzyme application
and an example from each class. (b) Distribution of therapeutic enzyme applications before
1962, when the US Food and Drug Administration (FDA) approval process was established
(N=32). EBT applications are listed with their corresponding colors and begin at the 12
o’clock position on the pie chart. Labeling continues in the order listed moving in the
clockwise direction. For more information, see Table S2 in the supplemental information
online. (c) Distribution of therapeutic enzyme applications with FDA approval in 2020
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(NV=39). Color and labeling scheme is consistent that in (b). For more information, see
Table S3 in the supplemental information online. (d) Growth of novel biologics with FDA
approval over time stratified as antibodies, enzymes, or other (such as hormones, growth
factors, and cytokines). For more information, see Table S4 in the supplemental information
online.
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Figure 2.

Metabolic and digestive enzyme therapeutics. (a) Metabolic enzyme replacement therapies,
such as idursulfatase, which treats lysosomal storage disorders, enter cells via mannose-6-
phosphate (M6P)-mediated endocytosis (i). The endosome fuses with the lysosome (ii) and
idursulfatase metabolizes the accumulated substrate(iii). (b) The digestive enzyme therapy
sacrosidase improves absorption in the small intestine. Sacrosidase hydrolyzes sucrose (i)
into its monomers (glucose and fructose) to improve absorption (ii) and limit fermentation

by bacteria in the gut.
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Figure 3.
Clotting enzyme therapies. (a) Coagulation enzymes can catalyze clot formation directly,

such as in the case of thrombin, which converts soluble fibrinogen to insoluble fibrin (i),
which polymerizes to form the primary scaffold around red blood cells (RBCs) needed for
clotting. (ii). Thrombin also activates clotting factors that are zymogen proteases, such as
factor X111 (iii). Activated factor XIII (factor Xllla) crosslinks fibrin (iv) during coagulation
to secure the fibrin network leading to coagulation. (b) Anticoagulation is performed with
the protease tissue plasminogen activator (tPa), which converts plasminogen to plasmin

(i). Plasmin proteolyzes fibrin to fibrin degradation products (ii) to disassemble the clot,
resulting in thrombolysis.
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Figure 4.
Antineoplastic enzyme therapies. (a) Asparaginase converts circulating asparagine to

aspartic acid (i). Asparagine depletion limits cellular uptake of asparagine (ii). Auxotrophic
tumors lack asparagine synthetase needed to convert intracellular aspartic acid into
asparagine (iii). Decreased intracellular asparagine regulates mammalian target of rapamycin
complex 1 (MTORC1) (iv) to promote autophagy based on starvation signaling (v).
Decreased asparagine also promotes autophagy by inhibiting protein synthesis because of
limited precursor availability (vi). (b) Antibody-directed enzyme prodrug therapy (ADEPT)
utilizes antibody specificity for irregular or overexpressed tumor antigens (i) to localize

the conjugated enzyme, such as carboxypeptidase G2, at the tumor site. Carboxypeptidase
G2 converts the nontoxic prodrug to the toxic benzoic acid mustard drug (ii) shown to
increase potency and localization of the drug over traditional chemotherapeutic infusion.
Uptake of the cytotoxic agent (iii) results in DNA alkylation and subsequent cell death (iv).
(c) Thickened hyaluronan surrounding tumors is a physical barrier to chemotherapeutic
diffusion (i). Increased hyaluronan also elevates interstitial fluid pressure (IFP) to be
greater than intravascular pressure (IVP), which collapses the vasculature to limit diffusion
and delivery (ii). Hyaluronidase degrades hyaluronan surrounding the tumor (iii). By
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eliminating the physical barrier, chemotherapeutics readily diffuse to improve tumor
uptake (iv). Interstitial fluid pressure decreases below VP for reperfusion and reversal of
vascular collapse (v). The improved chemotherapeutic delivery and permeability improves
chemotherapeutic uptake at the tumor to induce apoptosis (vi).
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Figure 5.
Approaches of antibacterial enzyme therapeutics. (a) Wound beds that have excessive

denatured collagen prevent epithelial cell migration (i) because of the unstable scaffold.

Bacteria colonize within the denatured collagen (ii). Infected tissue accumulates the

inflammatory cytokines TNF-a and IL-1p. (iii). Debridement with collagenase specifically
cleaves collagen at the sites of denaturation to remove necrotic and unsuitable tissue (iv).
Debridement decreases bacterial loads and improves antibiotic penetration as an adjuvant
(v). Collagen in its native conformation serves as a healthy scaffold for re-epithelialization.
This tissue remodeling is associated with an increase in anti-inflammatory cytokines.
(b) Anthrax is protected from phagocytosis by the poly-glutamic acid (PGA) capsule

(i). EnvD depolymerizes the protective PGA capsule (ii) leaving anthrax susceptible to

phagocytosis (iii). (c) Endolysin strips the peptidoglycan cell wall of Gram-positive bacteria
through two mechanisms of action. It hydrolyzes either the peptide cross-linkages within
the cell wall (i) or the glycosidic linkage between A~acetylmuramic acid (MurNAc) and
N-acetylglucosamine (GIcNAc). Continued depolymerization strips the capsule (iii), which
causes bacterial lysis (iv). (d) Bacteria produce the quorum-sensing molecule N-acyl-L
homoserine lactone (AHL) (i). AHL binds to the transcription factor LuxR (ii) to activate
transcription of genes controlled by the Lux operon (iii). These genes are linked to virulence
factors, antibiotic resistance genes (iv), and biofilm formation (v), which limits antibiotic
penetration. AHL lactonase hydrolyzes the ester bond of the lactone ring (vi). This structural
change disrupts LuxR binding (vii) to block transcription of genes linked to pathogenicity.
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Figure 6.

Enzyme-based therapies for toxin clearance or accumulated products of metabolism
(metabolites and proteins). (a) Methotrexate is well tolerated in cancer therapy until renal
failure increases serum concentration (i) to toxic levels (ii). Glucoparidase hydrolyzes the
amide bond in methotrexate to produce DAMPA and glutamate. These products can be
metabolized in the liver (iv) for clearance. (b) Organ transplants are HLA incompatible
when donor cells (DCs) have MHCs encoded by a different HLA group than the recipient’s
cells (RCs) (i). In response, the recipient produces 1gG antibodies against the donor’s HLA
type (ii). These antibodies bind to the donor cells (iii) to facilitate donor cell opsonization
(iv), which causes transplant rejection. Imlifidase (IdeS) cleaves the antidonor IgG at the
hinge region (v) separating the Fc region from the Fab region to disrupt the humoral immune
response. This cleavage leads to transplant acceptance (vi).
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Figure 7.

Anti-inflammatory enzyme therapies. (a) Reactive oxygen species (ROS) cause cell damage
and death (i) with the superoxide anion being more reactive than hydrogen peroxide. Both
ROS activate the transcription factor (TF) NF-xb (ii), which activates proinflammatory
cytokine production. Cytokine release (iii) signals the inflammatory response. The enzyme
therapy superoxide dismutase (SOD) converts the superoxide anion into oxygen and
hydrogen peroxide (iv), which is less harmful, and limits cytokine transcription. Catalase
converts hydrogen peroxide into oxygen and water, which is nontoxic and does not
activate inflammatory cytokine transcription. (b) Macrophages produce 1L-23 (i), which
contributes to inflammation in rheumatoid arthritis (ii). Engineered Tobacco Etch Virus
(TEV) protease degrades IL-23 (iii) to disrupt inflammation. (c) Cytokine release is
dependent on SNAP-23 located within mast cells (i). Secretion of chemokines and histamine
(ii) leads to inflammation and allergic reactions. Engineered botulinum neurotoxin type A
(BoNT/A) degrades SNAP-23 (iii). Without SNAP-23, secretion is blocked (iv).
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