
Enzymes as Immunotherapeutics

Shaheen A. Farhadi*, Evelyn Bracho-Sanchez*, Sabrina L. Freeman, Benjamin G. 
Keselowsky+, and Gregory A. Hudalla+

J. Crayton Pruitt Family Department of Biomedical Engineering, College of Engineering, 
University of Florida, Gainesville, FL 32611

Abstract

Enzymes are attractive as immunotherapeutics because they can catalyze shifts in the local 

availability of immunostimulatory and immunosuppressive signals. Clinical success of enzyme 

immunotherapeutics frequently hinges upon achieving sustained biocatalysis over relevant 

timescales. The timescale and location of biocatalysis are often dictated by the location of the 

substrate. For example, therapeutic enzymes that convert substrates distributed systemically are 

typically designed to have a long half-life in circulation, whereas enzymes that convert substrates 

localized to a specific tissue or cell population can be more effective when designed to accumulate 

at the target site. This Topical Review surveys approaches to improve enzyme immunotherapeutic 

efficacy via chemical modification, encapsulation, and immobilization that increases enzyme 

accumulation at target sites or extends enzyme half-life in circulation. Examples provided 

illustrate “replacement therapies” to restore deficient enzyme function, as well as “enhancement 

therapies” that augment native enzyme function via supraphysiologic doses. Existing FDA-

approved enzyme immunotherapies are highlighted, followed by discussion of emerging 

experimental strategies such as those designed to enhance anti-tumor immunity or resolve 

inflammation.
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Enzymes drive key processes in immunology

Enzymes are proteins that rapidly convert many copies of substrate molecules into products 

with fine specificity. Nearly all reactions within living systems are catalyzed by enzymes. 

Within the innate immune system, for example, neutrophils secrete granules containing 

various enzymes that can synthesize anti-bacterial compounds, as well as degrade the host 

extracellular matrix to enable cell migration through damaged or diseased tissue.1–2 

Likewise, classically-activated macrophages produce pro-inflammatory nitric oxide via 

upregulated expression of inducible nitric oxide synthase, and secrete matrix 

metalloproteinases (e.g., MMP-1, -2, -7, -9, and -12) that degrade various extracellular 

matrix components, including collagen, elastin, and fibronectin.3 Enzymes also mediate 

resolution of inflammation. For example, arginase 1 expressed by alternatively-activated 

macrophages depletes arginine supplies required for nitric oxide synthesis, and also 

contributes to polyamine and proline syntheses that are important for cell proliferation and 

tissue repair.4 Tissue transglutaminase secreted by alternatively-activated macrophages 

stabilizes the extracellular matrix during wound healing by covalently crosslinking matrix 

components.5 Additionally, CD39 and CD73 work in concert to resolve inflammation by 

dephosphorylating adenosine triphosphate, a pro-inflammatory signal, to adenosine, an anti-

inflammatory signal.6–7 As a final example, immunological tolerance at the fetal-maternal 

interface and within tumor microenvironments is established in part by the enzyme 

indoleamine 2,3-dioxygenase, which catalyzes the breakdown of tryptophan into 

kynurenines, where both tryptophan depletion and kynurenine production act in concert to 

produce immunosuppressive effects.8–9

Enzymes as immunotherapeutics

The diverse, yet highly specific activities of enzymes have fostered interest in their use as 

therapeutics since the early 1960s. At present, approximately 15% of all FDA-approved 

proteins are enzymes for use in a wide variety of therapeutic applications ranging from 

cancer treatment, to clot lysis for ischemic stroke, and digestion.10–11 A smaller subset of 

these are used to treat immune-related disorders, either by replacing enzymes that are 

deficient or to supply supra-physiologic enzyme doses to enhance activity. Surveyed herein 

are both established and emerging examples of enzymes as immunotherapeutics, with 

emphasis placed on strategies to improve enzyme stability, bioavailability, and targeting to 

specific cell or tissue sites via chemical modification, immobilization, or encapsulation 

(Figure 1). In particular, the following sections illustrate examples of enzyme therapies to 

restore or enhance immune system function via glycosylation or PEGylation, the use of 

enzyme-antibody conjugation for cancer immunotherapy and to treat neuroinflammation, 

and the use of nanoparticle vehicles for localized enzyme delivery to treat acute and chronic 

inflammation in different areas of the body.

1. FDA-approved enzyme immunotherapeutics

Deficiencies in enzyme expression or catalytic activity underlie numerous pathologies. For 

example, inadequate lysosomal enzyme function underpins the family of lysosomal storage 

diseases (LSDs) characterized by substrate accumulation within lysosomes leading to cell 
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dysfunction or death.12 Numerous LSDs are linked to immune system irregularities.13 

Likewise, adenosine deaminase-severe combined immunodeficiency disorder (ADA-SCID) 

is characterized by lymphocyte dysfunction due to a deficiency in adenosine deaminase. 

Enzyme replacement therapy (ERT) is a clinical modality to restore deficient enzyme 

function in which patients receive regular parenteral enzyme infusions.14 Despite active 

investigation since the early 1960s, however, only a handful of enzymes have proven 

successful for ERT, while many more have failed.15

In contrast, enzyme-based cancer therapy is an adjunctive clinical modality to degrade a 

substrate into a product that renders tumor cells more susceptible to chemotherapy or 

immunotherapy. At present, there is only one FDA-approved enzyme for cancer treatment, 

L-asparaginase, for acute lymphoblastic leukemia.10 The success of both ERT and enzyme-

based cancer therapy is limited primarily due to issues of rapid enzyme clearance from the 

body, enzyme degradation via proteases, enzyme immunogenicity, or the inability to 

accumulate enzymes at target tissue sites or within specific cell populations.16–18 

Glycosylation and PEGylation are two chemical modification strategies to address these 

issues that have enabled successful clinical translation of immunotherapeutic enzymes for 

both ERT and enzyme-based cancer therapy, as discussed in more detail below.

A. Glycosylation to improve the efficacy of immunotherapeutic enzyme 
replacement therapy

Glycosylation of β-glucocerebrosidase for treatment of Gaucher disease: Increased 

lysosomal levels of glucosylceramide, a type of sphingolipid, can lead to onset of Gaucher 

disease, a lysosomal storage disease characterized by anemia, thrombocytopenia, bone 

disease, hepatomegaly, and splenomegaly.14, 19–20 β-glucocerebrosidase is a lysosomal 

enzyme that catalyzes the hydrolysis of glucosylceramide to glucose and ceramide. β-

glucocerebrosidase deficiency leads to glucosylceramide accumulation within lysosomes, 

particularly the lysosomes of reticular endothelial system (RES) macrophages. ERT using 

placenta-derived β-glucocerebrosidase has poor efficacy because only small amounts of 

enzyme are taken up into lysosomes of RES macrophages, with the vast majority instead 

taken up by hepatocytes.21 Targeting the macrophage mannose receptor (MMR; CD206) and 

mannose-6-phosphate receptor (M6PR) by modifying native glycans on β-

glucocerebrosidase with mannose can increase recognition and uptake by RES macrophages, 

and also facilitate receptor-mediated endocytosis into lysosomal compartments,22 thereby 

improving ERT efficacy. For example, mannosylated placenta-derived β-glucocerebrosidase 

(Ceradase®) significantly increases pediatric patient hemoglobin levels and platelet counts, 

decreases hepatosplenomegaly, and improves skeletal symptoms.23–25 To address limited 

availability of donated placental tissue, a recombinant form (Cerezyme®) has since been 

developed with mannose-terminated N-glycans. Notably, Ceredase® and Cerezyme® are the 

first protein therapeutics for which carbohydrate engineering was used to improve efficacy 

by targeting a specific cell type.25 Building from this success, glycoconjugation has been 

used to improve the efficacy of various enzyme and other protein drugs. For more on this 

topic, we direct the reader to an excellent recent review.26
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Glycosylation of α-galactosidase A for treatment of Fabry disease: Given the success of 

mannosylated β-glucocerebrosidase to treat Gaucher disease, glycoconjugate targeting for 

ERT has been expanded to other lysosomal storage diseases. Fabry disease for example, is 

caused by deficiency of α-galactosidase A which digests globotriaosylceramide and other 

related glycolipids. Excess globotriaosylceramide accumulates primarily within lysosomes 

of endothelial cells in the microvasculature of the kidneys, heart, and brain,27 and is linked 

to chronic pro-inflammatory Toll-like receptor activation.28 Recombinant α-galactosidase A 

(Fabrazyme®) has been modified with a terminal mannose to target MMR and M6PR. 

However, this glycoconjugate also targets enzyme uptake via the asialoglycoprotein receptor 

in the liver, as well as uptake in the spleen. For example, 10–100 times more α-galactosidase 

A activity was observed in the liver and spleen of mice after intravenous infusion, compared 

to the kidney and heart.29 Because the liver and spleen are not severely affected in Fabry 

disease, this significant off-site uptake reduces the effective dose of Fabrazyme reaching the 

kidneys, heart, and brain where it is most needed. Thus, treatment of Fabry disease via ERT 

will likely benefit from improved targeting approaches.

B. PEGylation to improve the efficacy of immunotherapeutic enzyme 
replacement therapy

PEGylation of adenosine deaminase for treatment of SCID: Adenosine deaminase is an 

enzyme that converts adenosine and deoxyadenosine to inosine and deoxyinosine, 

respectively. Adenosine deaminase deficiency (ADA) accounts for 20% of SCID cases, and 

is an autosomal recessive immune system deficiency which results in diminished or absent 

T, B, and NK cells. Readers interested in ADA and the mechanisms that lead to its 

pathological presentation are directed to an excellent recent review.30 The hallmark of ADA-

SCID is recurrent infections due to impaired adaptive immunity as a result of progressive 

lymphopenia after birth.31 A treatment for ADA-SCID is infusion of adenosine deaminase to 

reduce intra- and extracellular deoxyadenosine levels that are toxic to developing 

lymphocytes,32 as well as extracellular adenosine levels that can inhibit T cell activation and 

expansion.33–34

Native adenosine deaminase has a short in vivo half-life, with activity lasting only a few 

hours after injection.35 Covalent conjugation of polyethylene glycol (i.e., “PEGylation”) to 

lysine residues of adenosine deaminase significantly increases its hydrodynamic radius, 

decreases its renal excretion, and shields it from proteolytic cleavage, which together 

increase its half-life in circulation from hours to days.36 A commercial formulation of PEG-

adenosine deaminase, known as Adagen®, has been approved in the United States since 

1990. For more on the history and use of Adagen®, we direct the reader to a recent review.32

C. PEGylation to improve the efficacy of immunotherapeutic enzymes for 
cancer treatment

PEGylation of L-asparaginase for treatment of acute lymphoblastic 
leukemia: Lymphoma is a group of cancers found in the blood, which originate from 

aberrant lymphocytes. Acute lymphoblastic leukemia (ALL) occurs specifically in 

lymphocyte precursors that become arrested during development and replace normal bone 

marrow components.37 Lymphoblastic leukemia cells have reduced capacity for L-
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asparagine biosynthesis, which renders them more susceptible to chemotherapeutic-induced 

death in asparagine-deficient plasma. Infusion of supraphysiologic doses of L-asparaginase, 

an enzyme that degrades L-asparagine, is FDA-approved for treatment of ALL. However, 

recombinant L-asparaginase has a half-life in blood of only ~12 hours. PEGylation can 

extend L-asparaginase half-life to approximately 6 days,38 and PEGylated asparaginase 

administered five-fold less frequently than the non-PEGylated formulation had comparable 

efficacy for event-free survival three years after a safety study.39 This serves as another 

example of how systemic enzyme infusions can have remarkable therapeutic efficacy, if the 

challenges of proteolytic degradation and renal clearance can be avoided via simple PEG 

modification.

Challenges of PEG-protein conjugates: Although PEGylation has shown promise in the 

past and has led to approval of approximately 10 protein-based therapies, there is increasing 

concern regarding its potential immunogenicity. Anti-PEG antibodies can diminish efficacy 

of the PEG therapeutic or result in adverse reactions, such as anaphylaxis.40 A number of 

pre-clinical and clinical reports indicate the rise of anti-PEG antibodies in both patients and 

animals.41 Reports by Armstrong and colleagues suggest that more than 25% of blood 

donors are positive for anti-PEG IgG antibodies.42–43 However, contrasting reports that 

claim only 1 in 500 (0.2%) donors have anti-PEG antibodies.44 In light of this ongoing 

debate, alternatives to PEG should be investigated, especially for enzymes that are delivered 

systemically and repeatedly.

2. Emerging opportunities in enzyme immunotherapeutics

A. Targeted immunotherapeutic enzyme delivery via antibody conjugation—By 

the mid-1970s, monoclonal antibodies were emerging as a new a class of targeted 

therapeutics. The concurrent advent of recombinant DNA technology enabled development 

of antibody-enzyme fusion proteins, in which therapeutic enzymes are endowed with 

targeting properties by joining their gene with that of an antibody or antibody fragment. In 

1987, for example, fusion proteins of chemotherapeutic prodrug converting enzymes and 

tumor targeting antibodies emerged as an experimental cancer treatment known as, 

“antibody-directed enzyme prodrug therapy (ADEPT)”.45,46 Inspired by this concept, a 

plethora of different antibody-enzyme fusion proteins emerged over the last several decades. 

Alternatively, covalent conjugation or cross-linking of enzymes onto antibodies provides a 

simple approach to circumvent difficulties with recombinant antibody-enzyme fusion protein 

production. Here, we highlight pre-clinical examples of antibody-mediated enzyme targeting 

for cancer immunotherapy and anti-inflammatory ERT.

Antibody-enzyme conjugates to amplify tumor immune recognition: Natural killer (NK) 

cells play a vital role in eliminating cancer cells and restricting tumor growth. For example, 

NK cells can detect tumor cells via the natural killer group 2D (NKG2D) receptor that 

recognizes abnormal glycans.47–48 However, surface glycans on tumor cells that become 

modified with excess sialyl groups (i.e., “hypersialylated”) are preferentially recognized by 

Siglec receptors expressed by NK cells instead of NKG2D, which serves as an immune 

escape mechanism by inhibiting NK-mediated tumor cell lysis.48 Desialylating tumor cell 

glycans with enzymes, such as sialidase, can therefore increase tumor immunogenicity by 
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concurrently preventing Siglec binding and promoting NKG2D binding.49 Recently, 

Bertozzi and colleagues developed a novel strategy to increase tumor cell susceptibility to 

antibody-dependent cell-mediated cytotoxicity (ADCC) by conjugating sialidase to 

trastuzumab, a HER2-specific antibody (Figure 2).50 The trastuzumab-sialidase fusion 

protein desialylated cancer cell surface glycans, which increased NK cell activation by 

promoting NKG2D binding and preventing Siglec binding in vitro. Thus, using antibody-

enzyme conjugates to edit the cancer cell surface glycocalyx provides a promising new 

approach to improve cancer immunotherapy.

Antibody-enzyme conjugates to treat neuroinflammation resulting from lysosomal 
storage diseases in the central nervous system: Many lysosomal storage diseases are 

associated with altered inflammatory cytokine levels that result in neuroinflammation.51 

Several mucopolysaccharidosis (MPS) metabolic disorders, for example, are characterized 

by a deficiency of enzymes that catalyze glycosaminoglycan degradation, which leads to 

neuroinflammation and neurodegeneration. Conventional ERT approaches often fail for 

lysosomal storage diseases within the brain because the enzymes are too large to cross the 

blood-brain barrier (BBB). Antibody-enzyme conjugates can address this challenge by 

engaging insulin receptor-mediated IgG antibody transport across the BBB.52 For example, 

IgG fused to iduronate 2-sulfatase penetrated the brain and treated mice with MPS Type II 

after intravenous administration.53 Similarly, IgG fused to arylsulfatase A for treatment of 

metachromatic leukodystrophy and IgG fused to N-sulfoglucosamine sulfohydrolase for 

treatment of MPS type IIIA rapidly penetrated the brain of Rhesus monkeys following 

intravenous delivery.54–55

B. Nanocarriers for sustained delivery of anti-inflammatory enzymes—
Immobilizing anti-inflammatory enzymes on or within nano-scale carriers is emerging as a 

useful approach to accumulate enzyme within a target tissue. Below we survey recent pre-

clinical examples of PEG-modified (i.e., “PEGylated”) liposomes, as well as organic and 

inorganic nanoparticles, for sustained local delivery of enzymes to treat acute and chronic 

inflammation.

Liposome-encapsulated enzymes to treat acute and chronic inflammation: Superoxide 

dismutase (SOD) is an enzyme that generates molecular oxygen or hydrogen peroxide from 

superoxide produced by pro-inflammatory cytokine signaling, and extracellular SOD (EC-

SOD) can inhibit inflammation.56–57 Likewise, catalase is an enzyme that regulates the 

signaling activity of hydrogen peroxide, such as that generated by SOD, by converting it into 

water and oxygen. Encapsulating SOD in PEGylated liposomes can decrease inflammation 

in a rat model of rheumatoid arthritis by increasing enzyme intra-articular retention time and 

improving localization.58,59 SOD-loaded PEGylated liposomes also reduced levels of TNF-

α and oxidative species more effectively than free SOD in a rat model of peritonitis 

established via intraperitoneal injection of lipopolysaccharide (LPS), a pro-inflammatory 

bacterial endotoxin.60 SOD and catalase encapsulated within liposomes also reduced skin 

inflammation in a murine ear edema model,61 as well as periodontal inflammation in a 

canine model.62
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Nanoparticle encapsulated enzymes to treat acute and chronic inflammation: In recent 

years, various enzyme-nanoparticle formulations have been developed to treat acute and 

chronic inflammation in different areas of the body. For example, protective antioxidant 

carriers for endothelial targeting (“PACkET”), are enzyme-loaded nanoparticles engineered 

to bind pulmonary vasculature endothelium (Figure 3).63 PACkET nanoparticles are 

formulated with oleate, oleate-coated magnetite, calcium cations, and a biotinylated Pluronic 

F-127 copolymer that is used to immobilize streptavidin-conjugated mouse anti-PECAM 

antibodies on the particle surface. Antioxidant enzymes (SOD or catalase) loaded into 

PACkET nanoparticles were efficiently delivered to the lung after intravenous injection in 

LPS-challenged mice. Catalase PACkET alleviated endothelial damage and inflammation by 

mitigating the pathogenic accumulation of bronchoalveolar lavage protein in the alveolar 

compartment in LPS-challenged mice. Likewise, catalase PACkET inhibited leukocyte 

transmigration at inflammatory sites more effectively than nanoparticles containing the same 

enzyme but coated with isotype control IgG. Alternatively, in LPS-challenged mice, SOD 

PACkET effectively inhibited endothelial activation by pro-inflammatory cytokines and 

significantly reduced the pulmonary level of macrophage inflammatory protein-2 (MIP-2) 

and TNF when compared to particles coated with isotype control IgG.

Along this line, SOD encapsulated in nanoparticles of poly(lactic-co-glycolic acid) (PLGA), 

a polymer widely used in FDA-approved devices and formulations, protected human 

neurons from oxidative stress ex vivo more effectively than native SOD and PEG-SOD.64 

Likewise, SOD-nanoparticles constructed from polybutylcyanoacrylate and PLGA 

conjugated to antibodies reduced neuroinflammation and improved behavior in a mouse 

model of cerebral ischemia and reperfusion injury.65 Furthermore, SOD encapsulated within 

poly(L-lysine-PEG) nanoparticles reduced aortic inflammation associated with hypertension 

in a mouse model of diet-induced obesity.66 Finally, a copolymer system of SOD conjugated 

to divinyl ether and maleic anhydride reduced inflammation associated with fibrosis of rat 

liver via uptake by Kupffer and liver endothelial cells.67

Nanocarriers have also been used to deliver enzymes other than SOD and catalase. For 

example, serratiopeptidase is an enzyme that is widely used to reduce pain and inflammation 

associated with arthritis, chronic bronchitis, and atherosclerosis.68 Local delivery of 

serratiopeptidase via magnetic nanoparticles enhanced its anti-inflammatory effects in a rat 

paw edema model.69 Additionally, nanoparticles comprising an anti-inflammatory 

Salmonella acetyltransferase enzyme (AvrA) and crosslinked green fluorescent protein 

effectively treated acute inflammation characteristic of inflammatory bowel disease using a 

murine colitis model.70

Enzyme-nanoparticle formulations are also being investigated to treat autoimmune diseases, 

such as rheumatoid arthritis. Rheumatoid arthritis is characterized by chronic joint 

inflammation due to overexpression of various pro-inflammatory cytokines, such as TNF-α.
71 Treating rheumatoid arthritis with TNF-α inhibitors remains the clinical standard,72–73 

despite growing evidence that systemic delivery of TNF-α antagonists over prolonged 

periods can adversely affect normal TNF-α function, or establish TNF-α reservoirs.74 

Alternatively, Champion and colleagues recently reported self-assembling hybrid 

supraparticles functionalized with arginine-specific gingipain A (RgpA), a TNF-α-degrading 
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enzyme (Figure 4).75 Specifically, a recombinant ZE peptide-RgpA fusion protein was non-

covalently immobilized within porous calcium supraparticles modified with ZR peptide via 

heterodimeric ZR:ZE leucine zipper assembly. RgpA supraparticles significantly reduced 

TNF-α concentration in solution, and increased L929 murine fibrosarcoma cell viability 

upon TNF-α challenge in vitro more effectively than soluble enzyme. Thus, local delivery of 

enzymes that degrade pro-inflammatory cytokines may eventually provide a useful 

alternative to cytokine inhibitors currently used to treat rheumatoid arthritis and other 

autoimmune diseases.

Conclusions

To date, as few as 20 therapeutic enzymes are FDA-approved.76–77 Enzymes have typically 

failed to reach the clinic due to immunogenicity, decreased localized catalytic activity, and 

rapid clearance from the body.78 Approaches to encapsulate, immobilize, or append 

enzymes with chemical moieties can greatly improve therapeutic efficacy by extending in 

vivo half-life or targeting enzymes to specific cell and tissue sites. This Topical Review 

illustrates FDA-approved therapies and emerging technologies that use these approaches to 

treat immune diseases that manifest both systemically and locally. The increasing number of 

clinical and pre-clinical successes in using immunotherapeutic enzymes to replace or 

augment native enzyme activity highlights their enormous promise to treat diverse immune-

related pathologies.
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Figure 1. 
Enzyme therapy delivery strategies to restore or enhance immune system function.
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Figure 2. 
Antibody-sialidase conjugates (T-Sia) that improve cancer immunotherapy by targeting the 

sialic acid axis of immune modulation. (A) Hypersialylated glycans on cancer cells bind to 

NK inhibitory receptors (Siglecs) and block interactions with NK-activating receptors 

(NKG2Ds). (B) Sialidase fused to trastuzumab (Tras) is localized to HER2+ cancer cells. 

Sialidase desialylates cancer cell surface glycans, which concurrently prevents Siglec 

binding and promotes NKG2D binding, thereby increasing tumor cell susceptibility to NK 

cell-mediated ADCC or “antibody dependent cell-mediated cytotoxicity”. (C) Cytotoxic 

activity of NK cells against different HER2-expressing cancer cells in the presence of either 

Tras or T-Sia in vitro. Reprinted with permission from ref 50. Copyright 2016 National 

Academy of Sciences.
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Figure 3. 
Protective Antioxidant Carriers for Endothelial Targeting (PACkET). (A) Antioxidant 

enzymes are encapsulated within protective antioxidant carriers (PACs), while anti-PECAM 

monoclonal antibodies (Ab) are immobilized on the PAC surface. (B) Protection of 

endothelial cells exposed to H2O2 with catalase (CAT)-loaded Ab or IgG PACs. (C) 

Cytokine (MIP2 and TNF) expression levels in mice receiving superoxide dismutase (SOD)-

loaded Ab or IgG PACs with and without LPS for 24 h. Reprinted with permission from ref 

63. Copyright 2014 Elsevier.
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Figure 4. 
Supraparticles that proteolytically degrade TNF-α. (A) Schematic representation of self-

assembled porous hybrid supraparticles with immobilized pRgpACAT, a TNF-α-degrading 

enzyme. (B) Survival of L929 mouse fibroblasts treated with TNF-α (“Controls”), 

compared to TNF-α in the presence of soluble enzyme (black bars) or enzyme supraparticles 

(red bars). Reprinted with permission from ref 75. Copyright 2016 The Royal Society of 

Chemistry.
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