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The complexity of molecular entities being advanced for therapeutic purposes has continued to evolve. A main propellent
fueling innovation is the perpetual mandate within the pharmaceutical industry to meet the needs of novel disease areas
and/or delivery challenges. As new mechanisms of action are uncovered, and as our understanding of existing
mechanisms grows, the properties that are required and/or leveraged to enable therapeutic development continue to
expand.
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| 1. Introduction

Proteins and peptides have played a foundational role in the treatment of diseases for nearly a century, beginning with the
first commercial use of insulin in 1923. Early protein-based therapeutics, developed prior to the introduction of
recombinant DNA technology, were limited by their immunogenicity. The use of chemical conjugation to enhance the
properties of proteins dates back to at least the 1970s, when Frank Davis hypothesized that conjugation of a hydrophilic
polymer such as PEG could reduce the immunogenicity of non-native proteins and unexpectedly discovered that
PEGylation improved the circulating half-life of proteins as well 2B Since then, at least 30 polymer—protein and
polymer—peptide conjugates have been approved by the FDA ¥, each of which use polymer conjugation to improve their
pharmacokinetics and shield them from antidrug antibody recognition. In addition, the 50-year span of research into the
properties of polymer conjugates has unveiled many new properties in this class of therapeutics that have expanded both
their prevalence and mechanisms of action in the clinical space.

While the protein represents the active pharmaceutical ingredient (API) for polymer conjugates, other chemically
enhanced therapeutics take the opposite approach, using conjugation to proteins as the delivery strategy. Inspired by Paul
Ehrlich’'s “magic bullet” approach, conceptualized in 1907, antibody—drug conjugates (ADC) were developed to target
malignant cells for the delivery of cytotoxic drugs. In this approach, the role of the antibody is to improve circulating half-
life and cell-specific uptake of the drug in its target tissue, thereby improving its therapeutic index (TI). Since the first
report in 1958 81 12 ADCs have been approved to date, while over 80 are currently undergoing clinical trials. Another
example of using proteins for a purpose other than as API is in the case of protein-based vaccines, with the first approved
hepatitis B vaccine some 30 years ago 4. In this case, the protein is acting as an agonist to stimulate an immune
response, thereby increasing the efficacy of the vaccine. Since then, various novel protein-based approaches have been
developed to offer a wider variety of tools for effective vaccines against difficult pathogens. More recently, antibody
conjugates have expanded beyond cytotoxic drugs to include novel payloads such as oligonucleotides, offering new and
innovative ways to tackle what were previously thought to be undruggable targets. For example, the recent advancements
of oligonucleotide-based therapies, designed to bind noncoding RNAs and toxic RNAs associated with disease
pathogenesis, have greatly expanded the numbers and types of selectable targets.

The advancement of these novel modalities has nonetheless brought with it new challenges. For polymer—protein and
polymer—peptide conjugates, recent progress has been directed towards the design of novel polymers and conjugation
chemistries to retain or improve biological activity and evade immune recognition in vivo. Meanwhile, the refinement of
both the payload and linker chemistries to improve safety and on-target delivery has been a major focus for ADCs. In the
case of therapeutic oligonucleotides, the druggable space within the genome is quite expansive, and their efficacy is
mostly limited by ineffective delivery to their intracellular targets. Thus, devising and evaluating an array of delivery
strategies has become a critical component of the development of this emerging class of therapeutics. Likewise, the field
of protein conjugate vaccines has also benefited from recent innovations leveraging modern protein engineering and
chemical conjugation strategies to address the long-standing challenge of generating a robust immune response to
difficult carbohydrate antigens.



2. Protein/Peptide Therapeutics That Are Enhanced through Chemical
Modification

2.1. Introduction to Polymer-Protein Conjugates

Conventional polymer conjugates were developed to reduce immunogenicity and improve half-life of peptides and
proteins with poor systemic PK. The increase in size afforded by polymer conjugation reduces renal filtration, while steric
shielding by the polymer may allow proteins to resist opsonization, protease degradation, and antidrug antibody binding.
The combined effect of these properties is a significant increase in the circulating half-life of polymer—protein and
polymer—peptide conjugates, which sustains serum concentrations within the optimal therapeutic window for longer
periods of time. The core principle in the design of polymer—protein conjugates is patient convenience; polymer
conjugates are often designed as “biobetters”, leveraging established biology but decreasing the dosing frequency or
improving the safety profile of existing therapeutics to enhance the overall patient experience during treatment.

An excellent case study exemplifying the benefits of polymer conjugation is pedfilgrastim, a PEGylated human
granulocyte colony-stimulating factor (G-CSF) approved in 2002 for the prophylactic treatment of neutropenia during
chemotherapy. Pedfilgrastim’s non-PEGylated predecessor, filgrastim, was limited by the short half-life of G-CSF, requiring
a daily dosing regimen that placed a large burden on patients and healthcare systems. Covalent conjugation of a 20 kDa
PEG to the N-terminus of filgrastim significantly extends its serum half-life (from a median half-life of 3.5-3.8 h with
filgratism to 42 h with pegfilgratism) and enables administration of a single dose per chemotherapy cycle [E. A
retrospective comparison of pedfilgrastim and filgrastim use in breast cancer patients revealed that single-dose
pegdfilgrastim resulted not only in a lower patient burden, but improved therapeutic outcomes as well. A total of 72.4% of
pedfilgrastim patients received their intended dose on time, compared to only 58% in the filgrastim group. Most notably,
pegfilgrastim patients were nearly three times less likely to experience severe neutropenia [, The impact of pegfilgrastim
on the healthcare system and patient burden is illustrated by its commercial success; pedfilgrastim recorded USD 69
billion in lifetime sales as of 2017, and six biosimilar products exist on the market today 9. This narrative is mirrored in
many other commercial polymer—protein conjugates; for example, weekly dosing of pegintron as a monotherapy in chronic
hepatitis C patients led to a twofold higher incidence of a durable, complete response compared to the administration of
the native IFN-a2b three times weekly 1. Similarly, pegylation of asparaginase markedly reduced the frequency of
hypersensitivity reactions in patients. As a consequence, although the cost per vial is higher for pegasparaginase, its
superior safety profile leads to similar total payer costs relative to native asparaginase and a better treatment experience
for patients (121,

Over the past few decades, monoclonal antibodies have comprised an increasingly large proportion of the biologics
market. This has arguably reduced the need for systemic half-life extension through polymer conjugation, as FcRn
recycling gives these molecules long circulation times with half-lives ranging from 6-32 days 13|, Genetic fusion of Fc,
albumin, or albumin-binding domains have also become popular methods for extending the half-life of nonantibody
proteins, such as cytokines and enzymes 4], Nevertheless, the clinical landscape is shifting, with a greater emphasis on
tissue-specific drug delivery, a need to access targets once considered “undruggable”, and a demand for new approaches
to further reduce the treatment burden on patients and healthcare systems. Concurrently, advances in polymer—protein
conjugates have revealed new functionalities beyond increased size that position them to have a broader impact on the
design of next-generation, chemically enhanced peptides and biologics.

2.2. Polymer Selection
2.2.1. PEG

PEG has an extensive history in protein formulations, with >1000 approved therapeutics using PEG as an excipient. The
first PEGylated protein, Adagen, was approved in 1990, giving PEG conjugates more than 30 years of clinical experience
(151 Adagen consists of a PEGylated bovine enzyme, adenosine deaminase (AD). Non-site-specific attachment of a 5 kDa
PEG onto the enzyme both increased the half-life of AD and decreased immunogenicity against the nonhuman protein 18!,
Many product approvals have followed, each of which employ increased half-life and/or reduced immunogenicity as
central design principles. In addition, PEGylation may improve the physical stability of proteins, including their solubility 12!
(181191 colloidal stability 2%, and melting temperature (T, 2U2223024][25] Today, PEGylated proteins still comprise the
majority of clinical polymer conjugate candidates. Despite this widespread use, PEG is known to have several drawbacks
that have motivated a wealth of research into novel polymeric alternatives to PEG. Among these drawbacks include its
polydispersity, lack of biodegradability, and potential immunogenicity.



Mounting evidence suggests the possibility of immunological responses to PEG such as allergic reactions and formation
of anti-PEG antibodies (APAs), which may impact the toxicology profile or efficacy of a therapeutic. A subset of patients
experience hypersensitivity reactions such as anaphylaxis and infusion reactions after administration with PEG-containing
formulations. Furthermore, up to 72% of the human population may have pre-existing anti-PEG antibodies, although
reported prevalences vary widely depending on the assay used 28271 |n most cases, the relatively low concentrations of
APAs prevent them from impacting efficacy, but low-dose therapeutics may suffer from accelerated blood clearance (ABC)
initiated by anti-PEG antibodies. In a Phase 2 trial of pegylated uricase (pegloticase), 41% of patients developed high-titer
antibodies against the PEG portion of pegloticase, resulting in lower serum concentrations of pegloticase and a poor
response to treatment in these patients (28, Similarly, serum anti-PEG antibody levels were associated with a loss of PEG-
asparaginase activity in acute lymphoblastic leukemia patients 2. The increasing exposure to PEG in therapeutics may
also lead to increasing overall APA levels in the human population over time; for instance, a small study of patients
receiving the COVID vaccines revealed that the PEG-containing mRNA-1273 vaccine increased plasma anti-PEG IgM
and 1gG antibody concentrations 68.5- and 13.1-fold, respectively Y. More research is required to fully understand the
impact of repeated exposure to PEG-containing products on the safety and efficacy of these therapeutics.

PEG is not biodegradable, resulting in an upper limit on the half-life extension achievable and potential concerns over its
ability to accumulate in the body. PEGs up to 40 kDa have been used in the clinic, which is close to the renal filtration limit
for PEG (roughly 50 kDa) Bl. PEGs in this size range also accumulate in the form of vacuoles in cells, but vacuolization
has not been associated with any safety concerns in currently marketed therapeutics B2, Finally, PEG is synthesized by
ring-opening polymerization of ethylene oxide. The resulting product is polydisperse, which increases analytical
complexity in both the PEG intermediate and the resulting conjugate. In addition, commercial PEGs are only
functionalized at their termini, limiting their drug-loading capacity. These challenges have paved the way for the
development of next-generation polymer chemistries (Figure 1A) and architectures (Figure 1B).
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Figure 1. Overview of polymer (A) chemical structures and (B) architectures.

2.2.2. Next-Generation PEG Derivatives

PEG derivatives with modified architectures have been proposed as potential alternatives to linear PEGs. For instance,
the use of multiarm PEGs allows multiple APIs to be loaded onto a single polymer. Branched architectures may have
more favorable PK properties as well. In one example, comb-shaped PEG polymers (“PolyPEG”) were prepared by
grafting pendant PEG chains onto a polymethacrylate backbone. Despite their smaller hydrodynamic size, PolyPEG-IFNa
conjugates had longer serum half-lives in rats; this effect was attributed to the modified architecture, which may allow the
conjugate to further resist renal filtration or proteolytic degradation. In addition, PolyPEG conjugates were less viscous
than the corresponding linear PEG conjugates 221,



Qi et al. extended this work to bottlebrush PEGs, a subclass of comb-shaped polymers characterized by very high graft
densities 24 (Figure 1B). Dense bottlebrush architectures have been reported to be nonfouling, e.g., resistant to both cell
and protein adsorption, which may enable them to evade APA recognition. Poly(oligo(ethylene glycol) methyl ether
methacrylate) (POEGMA) bottlebrush polymer conjugates reduced APA-related immunogenicity and accelerated
clearance; compared with two commercial PEG conjugates, Adagen and Krystexxa, POEGMA-exendin conjugates
exhibited significantly lower binding to APAs in human plasma. Based on previous reports that the minimum antigenic
PEG length is 6-7 ethylene glycol repeats, these authors further demonstrated that decreasing the average ethylene
glycol side chain length to three eliminated APA reactivity entirely. These findings were then extended by Ozer et al. to
include POEGMA conjugates with highly immunogenic uricase as a model protein. Administration of POEGMA-uricase
conjugates eliminated both the accelerated blood clearance and the development of ADAs observed in groups treated
with PEGylated uricase (231381,

2.2.3. Poly(2-oxazoline)s

Poly(2-oxazoline) (POZ) polymers represent promising alternatives to PEG, with reported benefits including low
immunogenicity, low viscosity, high drug-loading capability, and oxidative stability. POZ polymers were shown to be
significantly less viscous than PEG solutions at the same molecular weight with only a slight reduction in hydrodynamic
size 37, Lower drug product viscosity results in lower pain during injection for patients and enables the use of smaller
diameter needles for administration [28l. POZ conjugates were successfully prepared with a variety of proteins, including
BSA, insulin, and uricase, and the loss in bioactivity upon polymer conjugation was similar to the corresponding PEG
conjugates. Additionally, repeat administration of POZ-BSA conjugates generated lower anti-BSA antibody titers in rabbits
when compared with the PEG-BSA group, suggesting that POZ conjugates were more effective than PEG at shielding
BSA immunogenicity &7,

POZ polymers can be synthesized with diverse properties; for example, POZs exhibit thermoresponsive behavior that is
tunable by altering the monomer hydrophobicity. Poly(2-ethyl-2-oxazoline) has a cloud point temperature (T¢,) of 61-69
°C, while the more hydrophobic poly(2-isopropyl-2-oxazoline) has a T, between 26-34 °C, and hydrophilic poly(2-methyl-
2-oxazoline) is not thermoresponsive at any temperature 2. In addition, conjugation handles can be incorporated directly
into the polymer backbone during synthesis, allowing multiple drugs to be loaded onto a single polymer. Serina
Therapeutics is in Phase 1 clinical trials with a POZ-rotigotine conjugate (SER-214), but to date, no large molecule POZ
conjugates have entered the clinic.

2.2.4. Zwitterionic Polymers

Zwitterionic polymers are gaining attention as alternatives to PEG for their ability to stabilize proteins against denaturation
and evade immune recognition while maintaining extended circulation in vivo. These polymers contain an equal number of
positive and negative charges to form net-neutral polymers that interact strongly with water, and their high degree of
solvation is reported to impart ultra-low fouling properties 2%, Examples of zwitterionic polymers used to prepare polymer—
protein conjugates include poly(carboxybetaine) (pCB), poly(phosphorylcholine) (pPC) 41, poly(sulfobetaine) (pSB), and
poly(trimethylamine N-oxide) (pTMAO). KSI-301, a conjugate between an 800 kDa branched phosphorylcholine polymer
and an anti-VEGF IgG, represents the most advanced zwitterionic polymer—protein conjugate in the clinic.

In the preclinical space, pCB conjugates have been prepared for a variety of therapeutically relevant peptides and
proteins, including uricase, insulin, glucagon-like peptide-1, and IFN-02a 4214311441451 The pCB-IFN-a2a conjugates
mitigated the accelerated blood clearance and partially restored the activity loss observed in the PEGylated counterpart,
and pCB conjugation was also shown to protect a-chymotrypsin from thermal and chemical denaturation. More recently,
pPpTMAO conjugates have been reported as potential next-generation zwitterionic polymers. Similar to pCB, pTMAO
conjugates have been shown to generate significantly lower anticonjugate antibody titers in vivo and eliminate accelerated
blood clearance observed in the PEGylated controls. For example, pTMAO-uricase conjugates maintained extended
serum half-life and sustained in vivo efficacy after three consecutive injections in mice. In contrast, PEG-uricase-treated
groups exhibited lower serum half-lives and reduced efficacy after repeat injections, consistent with the loss of efficacy
observed in the clinic for pegloticase. pTMAO conjugation was also shown to be superior to PEG in stabilizing uricase
against thermal treatment at 50—70 °C and after incubation with urea.

Molecular dynamics simulations revealed that, relative to PEG, pTMAO accepted more hydrogen bonds from water per
monomer, each hydrogen bond had a longer lifetime on average, and water formed a contiguous hydration shell around
the polymer. All of these attributes likely contribute to the ultra-low fouling characteristics in this new class of polymer
conjugates 481, Nevertheless, additional work is required to understand the specific design features that enable
zwitterionic polymers to be nonfouling. For example, the Leckband group recently found evidence that linear pSB



polymers interact with certain proteins, leading to decreases in T, while densely packed brush pSB polymers resist
protein adsorption 4Z48],

2.2.5. Amino-Acid-Based Polymers

One of the most elegant approaches to reduce the CMC complexity of polymer—protein conjugates is the genetic fusion of
unstructured polypeptides to the N- or C-terminus of the protein. A major advantage of this approach is that it allows for
direct expression of the conjugate, substantially reducing the manufacturing complexity by eliminating several conjugation
process steps. Notably, this strategy also enables the production of monodisperse, chemically defined conjugates, which
simplifies analytical characterization. Finally, polypeptide fusion proteins are fully biodegradable, mitigating concerns
about accumulation in vivo.

Examples of these polymers include XTEN (unstructured, hydrophilic, biodegradable protein polymers), proline/alanine-
rich sequences (PAS), and elastin-like polypeptides (ELP). XTEN represents the most advanced format, with multiple
programs currently undergoing clinical trials. XTEN polypeptides are constructed from hydrophilic amino acid building
blocks (A, E, G, P, S, and T), and they are designed to have high chemical and physical stability, a lack of secondary
structure, and high solubility and expression yields #2. XTEN polypeptides exhibit properties of random coil polymers,
allowing them to adopt larger hydrodynamic radii for a given molecular weight relative to globular protein. As a result,
XTENylation achieves robust half-life extension for a series of peptides and proteins, with improvements in half-life
ranging from 13-125-fold over their unmodified counterparts Y. Similarly, PAS polypeptides are composed of P, A, and S
amino acids and form hydrophilic, disordered polymers with no secondary structure. A PASylated anti-TNF-a Fab’
achieved similar half-life extension to the marketed PEGylated version, certolizumab pegol, while mitigating the antigen-
binding loss observed in the PEG-conjugated antibody BU. These disordered polypeptides can also be used as
multivalent polymer scaffolds via the incorporation of reactive amino acids such as cysteine into the sequence, enabling

the development of multivalent arrays with precisely defined ligand spacing 22 and high-DAR antibody—drug conjugates
I53],

Inspired by tropoelastin, ELPs are polypeptide chains composed of VPGXG repeats, where “X” can be any amino acid
except proline. ELPs are unique in their ability to undergo a temperature-dependent phase transition from a random coil
structure to globular aggregates; when designed appropriately, this thermoresponsive behavior can be programmed to
promote self-assembly and depot formation upon injection 24. ELP fusions have been used to attain zero-order release of
GLP1 over 14 days in nonhuman primates, a sevenfold increase relative to Trulicity, a marketed long-acting GLP1 therapy
1551 pPB1046, an ELP fusion to vasoactive intestinal peptide, reached Phase 2 clinical trials before the program was
voluntarily terminated due to COVID-19-related enroliment and manufacturing challenges (28!,

2.2.6. Dendrimers

Dendrimers represent a unique class of nearly monodisperse polymers, with compact structures, a high density of
functional groups, and a large range of accessible surface chemistries. Dendrimers are primarily synthesized using the
divergent approach, in which branched monomers are iteratively installed from a central core to form successive
generations with exponentially increased branching (Figure 1B). The result is a dense and highly branched polymer with
a high drug-loading capacity and physical properties that are largely governed by the identity of the terminal branches 52!
B8] The use of a hydrophobic core enables noncovalent encapsulation of hydrophobic drugs, while surface
functionalization enables targeting or multivalent display. Commonly used chemistries include poly(amidoamine) (PAMAM)
B3 poly-2,2-bis(hydroxymethyl)propionic acid (bis-MPA) €9 and poly(L-lysine) dendrimers 1, but monodisperse,
degradable PEG dendrimers have been recently reported as well 6283 Starpharma has several small molecule
candidates in the clinic using their poly(L-lysine) dendrimer platform, but there are no protein or peptide dendrimer
conjugates in the clinic to date.

2.2.7. Biodegradable Polymers

A range of biodegradable polymers are being explored for the production of polymer—protein conjugates, including
polysialic acid (PSA) 463 hyaluronic acid (HA) B8I67 and polysarcosine (pSar) €8l Biodegradable polymers may
address concerns over the potential accumulation of nondegradable polymers such as PEG in vivo, and they allow access
to much larger size ranges while ensuring that these compounds can still be metabolized. HA and PSA are anionic
biopolymers, while pSAR is a nonionic, hydrophilic polymer.

Polysialic acid is a biodegradable polymer of sialic acid, a component of cell membranes and glycoproteins. A PSA-rhFVIII
recently completed Phase 1 clinical trials but was discontinued for lack of efficacy B9, HA is an endogeneous
polysaccharide that is degraded via hyaluronidases present in many tissues, including in the liver and kidneys. This



semirigid polymer has a long estimated persistence length of 4 nm 29, giving it a significantly larger hydrodynamic size for
a given molecular weight when compared with more flexible polymers such as PEG. HA is also internalized into cells
through binding to CD44; this property has been exploited for delivery to CD44-overexpressing tumor cells 2],

Polysarcosine is a polypeptoid derived from sarcosine, an endogenous, noncoded amino acid. The polymer’s solution
properties, including its solubility, hydrodynamic size, and interactions with proteins, are similar to those of PEG [Z3IZ4] pyt
pSar-IFN-a conjugates exhibited lower antidrug antibody (ADA) levels and better antitumor efficacy than the PEGylated
comparators after multiple administrations in mice 2. Monodisperse, short pSAR chains have also been used to improve
the physicochemical properties of ADCs 28],

2.2.8. Trehalose-Based Glycopolymers

Proteins are susceptible to aggregation in aqueous formulations, and this physical instability often limits their shelf lives
and storage temperatures. As many protein aggregates have been reported to be immunogenic X4, the levels of
aggregates must be tightly controlled during the manufacturing and long-term storage of the drug product. The majority of
therapeutic proteins must be stored frozen or refrigerated to maintain their physicochemical stability; these cold-chain
requirements increase the cost and complexity of the supply chain and preclude global access to these therapeutics.
Thus, strategies that permit the long-term storage of therapeutic proteins at room temperature remain highly desirable.

Inspired by commonly-used excipients such as trehalose and sucrose, the Maynard group demonstrated the ability of
trehalose-based glycopolymers to protect proteins against environmental stresses such as thermal and agitation stress.
Conjugation of the trehalose polymer stabilized lysozyme against successive lyophilization cycles, while conjugation to
insulin stabilized the protein against agitation stress 873, These properties may permit the removal of agitation-
stabilizing surfactants such as polysorbates in poly(trehalose)-conjugated protein and peptide formulations, which are
prone to instability and particle formation in aqueous formulations Y. Similarly, lyophilized formulations may have greater
flexibility to remove osmolality-increasing excipients such as monomeric trehalose or sucrose, which are included to
protect against freezing and desiccation stresses during lyophilization. Multiple poly(trehalose) conjugates also showed
improved stability during thermal stress at high temperatures, including 90 °C stress for lysozyme and insulin as well as
75 °C stress for Herceptin and its Fab fragment 1. While these results are promising, no studies have evaluated the
impact of polymer conjugation on protein stability at relevant storage temperatures, such as room temperature or 2—-8 °C,
where thermal unfolding and T,, are often poor predictors of stability B2, This dataset will be needed to understand the
broader potential of polymers such as poly(trehalose) to improve drug product shelf life.

2.3. Advances in Conjugation Chemistries

Advances in conjugation chemistries for the synthesis of polymer—protein conjugates are extensively covered in several
excellent reviews [B3IBAIBSIBE] and will only be reviewed briefly here. Conjugation to peptides is relatively straightforward,
as solid-phase peptide synthesis allows for the facile incorporation of functional handles into the peptide sequence.

2.3.1. Grafting To

All commercial polymer—protein conjugates follow the “grafting to” approach to produce the final drug product (DP), in
which the polymer is synthesized and functionalized prior to conjugation to the protein. This approach enables the use of
mild, protein-compatible reaction conditions, but it often requires large molar excesses of polymer to drive conversion and
the development of subsequent purification steps to remove the residual unreacted polymer. First-generation protein—
polymer conjugates were prepared using nonspecific conjugation to lysine amino groups within the protein via PEGs
terminated with activated esters such as NHS esters. This strategy typically generated heterogeneous conjugates with
diminished activity due to the lack of control over the conjugation site &7,

Second-generation conjugates used more targeted, site-specific conjugation strategies to reduce heterogeneity and
minimize activity loss. Rebinyn utilizes enzymatic conjugation with sialidase to conjugate a 40 kDa PEG to one of the two
N-linked glycans in recombinant human factor IX 8. Other conjugates were prepared through selective conjugation to the
a-amino group on the N-terminus, which often has higher reactivity relative to lysine side chains due to its lower pKa. For
example, pedfilgrastim is selectively PEGylated at the a-amino group on the N-terminus via reductive alkylation with PEG-
aldehyde B9 However, in many instances, including in mAbs, the N-terminus of the protein is in close proximity to the
binding site. An alternative strategy to minimize the loss of binding in these molecules involves the introduction of
engineered cysteines into the antibody sequence for conjugation to maleimides, pyridyl disulfides, or vinyl sulfones.
Cimzia, a PEGylated Fab, incorporates an engineered cysteine at the C-terminus of the protein for site-specific
conjugation to a maleimide-functionalized PEG via Michael addition 22,



Despite its prevalence in clinical and commercial conjugates, thiol-maleimide chemistry suffers from several CMC
challenges, including gradual deconjugation and the potential for disulfide scrambling during the conjugation process.
These shortcomings have motivated the development of next-generation, site-specific conjugation chemistries, which
range from the use of noncanonical amino acids to enzymatic ligation onto specific recognition sequences engineered into
the protein. Popular enzymatic conjugation methods include transglutaminase and sortase A. Transglutaminase catalyzes
the formation of a stable isopeptide bond between a primary amine and a glutamine-containing sequence in the protein,
while sortase A catalyzes the formation of an amide bond between a LPXTG sequence in the protein and an N-terminal
oligoglycine [2192183]94] \while enzymatic approaches have shown promise for site-specific modification of proteins, the
need to source an additional protein as an intermediate and subsequently purify it from the reaction mixture adds CMC
complexity to the bioconjugation process.

The incorporation of noncanonical amino acids into the protein sequence significantly expands the repertoire of accessible
conjugation chemistries. Since the pioneering work in this space by the Schultz lab, hundreds of non-natural amino acids
have been incorporated into proteins during expression, enabling site-specific conjugation with a variety of biorthogonal
chemistries [83l968] | particular, noncanonical amino acids facilitate the use of click chemistries such as strain-promoted
click chemistry; these bioconjugation reactions are advantageous as they typically proceed with rapid kinetics, high yield,
and under mild conditions. SAR444245 is currently in Phase 2 clinical trials and uses a non-natural N®-(2-azidoethoxy)-
carbonyl-L-lysine amino acid for site-selective conjugation to dibenzocyclooctyne-functionalized PEG. While the methods

for incorporating non-natural amino acids into protein sequences, readers are referred to several recent reviews on this
topic (2711981,

2.3.2. Grafting From

While all commercial polymer—protein conjugates utilize the “grafting to” approach for conjugation, “grafting from” has
recently emerged as an alternative to reduce purification process complexity and improve overall yields. This method uses
protein-compatible controlled radical polymerization techniques, most commonly atom-transfer radical polymerization
(ATRP) 1991200 o reversible addition-fragmentation chain transfer polymerization (RAFT) 224 to polymerize directly from
the protein after the introduction of an initiator or chain transfer agent onto the protein. Because it uses small molecule
initiators and monomers, the “grafting to” method can overcome steric barriers that may otherwise prevent the conjugation
of a polymer to a protein, allowing for conjugation to sites with lower solvent exposure or denser packing of polymer
chains near the protein surface. These monomers can also be readily separated from the protein via high-throughput
purification techniques such as tangential flow filtration (TFF) 2021,

Importantly, the “grafting from” strategy still requires modification of the protein with a reactive handle for polymerization;
thus, the identification of site-selective conjugation chemistries remains vital to the successful development of polymer—
protein conjugates. In addition, polymerization conditions must be carefully optimized to be compatible with proteins,
which require the use of aqueous solvents and low temperatures; as a result, achieving a balance between mild
polymerization conditions and low polymer dispersity is often challenging. Finally, ATRP uses transition metal catalysts
such as copper, which is a potential concern as metal ions can bind to proteins and trigger chemical degradation,
including oxidation and fragmentation [1031(104],
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