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1 Summary 

The scope of this Ph.D. thesis is the extended biological characterization of a therapeutic 

monoclonal antibody (mAb) directed against the programmed death ligand 1 (anti–PD-L1 

mAb). The work is performed in the framework of an Industrial PhD program conducted by the 

University of Palermo and Merck Serono S.p.A., Rome, Italy; an affiliate of Merck KGaA, 

Darmstadt, Germany. 

 

 Programmed cell death protein-1 (PD-1; CD274) and its ligand Programmed death 

ligand-1 PD-L1 (PD-L1; CD274; B7-H1), are two transmembrane glycoproteins that play a 

physiological role in regulating the human immune response (1). However, under certain 

conditions, many cancer cells overexpressing PD-L1 exploit this biological axis as a strategy 

for eluding immune system and form tumors (2). 

Anti–PD-L1 mAb belongs to the immune checkpoint inhibitors, a class of compounds 

that find application in the immune-oncology field. Being an IgG-based drug, it is a far more 

complex than a classical small molecule and a deep characterization is a key requirement for 

the maintenance of its structural and biological features. Such characteristics are commonly 

known as Critical Quality Attributes (CQAs). CQAs are defined as physical, chemical, 

biological or microbiological properties of the molecule that determine its quality profile, which 

are a result of product itself or dependent on manufacturing process (3). These properties must 

be guaranteed and kept under control throughout the entire biotechnological development 

program. However, since each lead compound is characterized by a unique quality profile, the 

latter must be first explored and then being monitored in routine. 

In view of these premises, through the development of a tailored analytical panel and 

leveraging ad-hoc structure-activity relationship studies, here is proposed a strategy applicable 

to the in-depth biological characterization of a therapeutic Anti–PD-L1 mAb and, potentially, 

to similar new biological entities (NBEs).  

Throughout this work, dedicated studies for the generation of Anti–PD-L1 specific 

variants and degraded products have been carried out. Then, orthogonal bioassay platforms 

have been exploited to evaluate the impact of these species on the anti–PD-L1 functional 

profile, biological behaviour and therapeutic efficacy. Among all the potential molecule 

functions, the following have been mainly investigated in this study: the ability of Anti–PD-L1 

to bind its target PD-L1 and block the PD-1/PD-L1 interaction, the binding affinity towards the 
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main fragment crystallizable gamma receptors (FcγRs) (4), the affinity to the in-vitro 

Pharmacokinetic (PK) predictive indicator FcRn (5) and the Antibody-Dependent Cell-

mediated Cytotoxicity (ADCC). At the same time, in order to support biological data, physico-

chemical analysis has been also performed for the detection of molecule’s structural elements.  

The outcome of this work is a relevant information package concerning the Anti–PD-L1 

mAb functional profile, reached by bridging biological data with detected structural 

characteristics. The consequence is an increased scientific knowledge with an impact on 

product value. Furthermore, the set-up of a proper analytical strategy shortens the times for 

submissions and market authorization, which translates into an ethical other than economic 

impact. 

 

The main activities and results obtained in this work are:  

 

1. Anti–PD-L1 mAb was confirmed to exert its activity through two main biological 

functions: it is able to bind its target PD-L1 while enhancing an ADCC activity via its 

Fc moiety. Furthermore, it was demonstrated that two typical IgG effector functions, 

antibody mediated cellular phagocytosis (ADCP) and complement dependent 

cytotoxicity (CDC), are not part of Anti-PD-L1 mAb mechanism of action (MoA). 

A forced degradation study performed at earlier stages of development, led to the 

definition of the main degradation pathways and to the preliminary assessment of Anti–

PD-L1 CQAs. In this instance, the exposure of the antibody at 50° C for 2 and 4 weeks 

resulted considerably detrimental on its structure, leading to an overall increase of 

deamidation and oxidation of several residues together with the formation of high and 

low molecular weight species (HMW/LMW). Consequently, antibody functionality in 

terms of binding to the target PD-L1, FcγRIIIa (V158) and FcRn resulted affected. In 

the frame of this study, high pH and oxidative treatments were carried out as well. While 

these conditions did not extensively affect Anti–PD-L1 Fab binding towards its target 

PD-L1, Fc portion affinity for FcγRIIIa and FcRn, together with ADCC activity, 

resulted moderately impacted.  

2. A critical asparagine site particularly prone to deamidation was identified. In order to 

elucidate its role on Anti–PD-L1 biological functions, a site-specific variant was 

obtained by substituting an asparagine (Asn, N) with an aspartic acid (Asp, D). This 

residue was located in one of the antibody’s CDRs (complementary-determining 

regions) of the LC (light chain) loop. This sample showed similar biological properties 
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in terms of binding to the target PD-L1 and FcRn receptor when compared to an anti–

PD-L1 mAb reference material. On the other hand, despite the antibody Fc portion 

affinity toward the FcγRIIIa resulted unmutated, the ADCC activity (generally 

enhanced following Fc-FcγRIIIa interaction) was slightly decreased, an event probably 

due to the overall structural stability. 

3. During a biotechnological production process, HMWs (high molecule weights) and 

LMWs (low molecular weights) must be kept under control as these species may affect 

antibody functions. In order to study the effect of these degraded forms on Anti–PD-L1 

mAb ability to block the PD-1/PD-L1 interaction, these species were isolated and 

purified from manufacturing. Then, samples containing different amounts of 

HMWs/LMWs were prepared and tested via cell-based blockade assay. Results proved 

that the presence of small amounts of both degraded forms were negatively correlated 

to the Anti–PD-L1 Fab functionality. 

4. Finally, the effect of different N-Glycosylation patterns characterizing the biological 

properties of the Anti–PD-L1 Fc portion were also assessed. More specifically, binding 

affinity to the FcγRIIIa and ADCC activity were monitored via SPR and a cell-based 

reporter gene assay, respectively. Both activities resulted strongly enhanced in highly 

A-fucosylated and mannosylated samples. Moreover, through a dedicated correlation 

study, samples at different % of these forms were analyzed and threshold values at 

which these structural modifications significantly affected Anti–PD-L1 biological 

activity have been set up. 
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2 Introduction 

2.1 Monoclonal antibodies as biotherapeutics 

Monoclonal antibodies (mAbs) are immunoglobulins (Igs) produced from an identical 

immune cell derived from a single parental clone (6). Such molecules take advantage of their 

ability to recognize through the Fab portion a single epitope on an antigen (7), and such a 

characteristic make them appropriate therapeutic candidates.  

MAbs for therapeutic purposes were first developed during the '70s from Hybridoma cell 

lines (8) and during last decades the plethora of published manuscripts and clinical studies have 

corroborated their application in medicine. Nowadays, many classes of chimeric humanized 

and fully humanized mAbs can be produced by recombinant DNA engineering technologies 

(9). As a result, mAbs are already representing a quarter of all drugs developed by biotech 

companies.  

From a biochemical point of view, immunoglobulins are glycoproteins physiologically 

produced by activated B-cells. Among the different isotypes, immunoglobulin G (IgG) is the 

most abundant in human serum (10). In particular, subclass IgG1 is the most commonly used 

for medical treatments, due to its stability, less propensity to aggregate and for triggering several 

Fc-mediated effector functions such as ADCC, ADCP and CDC (11), (12). The architecture of 

a typical IgG1 together with representative examples of engineered mAbs are shown in Figure 

1.  In panel A, it is represented a typical IgG1 type mAb. It is composed of two light chains 

(CL; lambda or kappa) and two heavy chains (CH) of ca. 25 kDa and ca. 50 kDa respectively. 

These are connected by a disulfide bond, forming two heterodimers. Light chain contains a 

constant (CL) and a variable (VL) subdomains, while heavy chain one variable (VH) and three 

constant domains (CH1, CH2, CH3) (11). A central and flexible region containing two disulfide 

bonds, named “hinge”, crosslinks the CH1 and CH2 domains, leading to the typical “Y-shape” 

antibody conformation. A further subdivision is into two functional areas: two fragment antigen 

binding (F(ab′)2) domains, structurally subdivided as 3 complementarity determining regions 

(CDR1, CDR2 and CDR3) and one fragment crystallizable (Fc). In Panel B, examples of 

different engineered therapeutic mAbs are sketched. As well known, human anti-mouse 

antibody (HAMA) response (13), is an adverse reaction of host organism toward injected Abs. 

HAMA is triggered by immune cells following their interaction with non-human sequences and 

T cell epitopes contained in the injected mAb. Molecular engineering practices such as 
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chimerization, humanization and de-immunization are routinely performed to reduce this event. 

However, a fair compromise between a reduced immunogenicity and drug efficacy should be 

reached (14). 

 

Figure 1 Outline of an immunoglobulin structure and examples of engineered IgG-based 
mAbs. 

A. Schematic drawing of structural and functional areas of a typical IgG1 isotype B. Representative 

examples of different engineered therapeutic IgG-based mAbs. 

Nowadays, therapeutic mAbs are largely used to treat a wide range of diseases and 

importantly, during last years, new encouraging research results together with a more thorough 

structural and functional characterization, led many pharmaceutical companies to develop more 

complex and potent bioproteins (Figure 2). Panel A shows a typical monoclonal antibody 

(mAb) that represent the ancestors of new generation Ig-based biotherapeutics (9), (11). In 

2019, at least 570 therapeutic mAbs have been investigated in clinical trials (15), and 79 drug 

products have been approved by the United States Food and Drug Administration (US FDA) 

(16). Bi-specific and tri-specific mAbs (Figure 2 B, C), are a subclass of mAbs designed to 

recognize specific epitopes of the same, two or three different antigens. Their implementation 

is intended to improve both target specificity and therapeutic efficacy. Another emerging class 

of Ig-based therapeutics are represented by the Antibody-drug conjugates (ADCs) (Figure 2 D), 

which is currently one of the most complex, potent and promising class of drugs in the oncology 

field (8). Their structure consists of a classic mAb conjugated through a linker to a highly potent 

drug substance (payload). Following epitope recognition and subsequent internalization into 

targeted cell, the ADC is transported to the lysosome and processed, so that the 

pharmacologically active drug can be released to exert its cytotoxic effects on host cell. 

Recombinant fusion proteins (Figure 2 E), are proteins consisting of two or more moieties 
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encoded by different genes. These genes are previously joined, then transcribed and translated 

to produce a single polypeptide (17). Those intended for therapeutic purposes, are generally 

composed by a functional moiety directed against a specific target and an Ig-Fc portion 

triggering effector functions. Beyond these “classical” antibodies based on a typical Ig 

structure, alternative strategies have been designed with the aim of optimizing several 

therapeutic features such as stability, target accessibility and efficacy as well as reducing 

production costs. For example, Nanobodies (Figure 2 F) , also known as heavy‐chain antibodies 

(hcAb), are a class of compounds firstly discovered in the sera of Camelidae (18). Being 

antibody fragments, the antigen‐binding portion is reduced to a single variable domain (VHH). 

These are easier and cheaper to produce compared to large mAbs, and generally show high 

stability under different harsh conditions. Finally, another novel class of biotherapeutics to be 

mentioned are the Bi-specific and Tri-specific T-cell engager (BiTEs and TriTEs) (Figure 2 G), 

recombinant proteins formed by different single-chain variable fragments (scFvs) of individual 

antibodies. From a functional point of view, a moiety is able to target a cell-surface molecule 

on NK or T cells, while other portions, target antigens on the surface of malignant cells (19) 
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Figure 2 Representative classes of Ig-based biotherapeutics 

The figure shows the structure of main classes of Ig-based biotherapeutics currently developed in 

pharmaceutical industry A. Monoclonal antibodies (mAbs), represent the wider class of antibody-based 

drugs currently marketed and ancestors of new generation compounds belonging to this class. B, C. Bi-

specific and tri-specific mAbs, are specifically designed to recognize multiple epitopes of the same or 

different antigens. D. Antibody-drug conjugates (ADCs), are based on a typical mAb structure at which 

is attached a highly potent payload exerting cytotoxic effect on targeted cells E. Recombinant fusion 

proteins are generally composed by different functional moieties, and among these, specific Ig-Fc 

portions are responsible for triggering efficacious effector functions F. Nanobodies, are a sort of antibody 

fragments whose take advantage from their structure for improving their stability. These are easier and 

cheaper to produce compared to large mAbs, and generally show high stability under different harsh 

conditions G. Bi-specific and Tri-specific T-cell engager (BiTEs and TriTEs) are recombinant proteins 

formed by different single-chain variable fragments (scFvs) of individual antibodies. From a functional 

point of view, a moiety is able to target a cell-surface molecule on NK or T cells while other portions 

target antigens on the surface of malignant cells (19). 

These molecules are characterized by different mechanism of actions (MoA). Shining a 

light on common mAbs, besides antigen or receptor blocking, they also play a crucial role in 

triggering powerful effector functions against targeted host cells. Indeed, the concurrent 

binding of Fab and Fc portions to the Fc gamma receptors (FcγRs) widely distributed on the 

cells of immune system, lead to the activation of typical innate and adaptive cell mediated 

immune responses. (Figure 3). Antibodies belonging to the class of immune checkpoints 
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inhibitors, have been shown to release the suppression of the T cell-mediated antitumor immune 

response by direct blocking a target antigen overexpressed on tumor surface (20) (Figure 3 A). 

Together with antigen binding, therapeutic efficacy of this class of compounds is amplified by 

several effector functions carried out through the interaction between antibody Fc portion and 

Fcγ receptors expressed on several immune cells.  For example, the antibody-dependent cellular 

phagocytosis ADCP is a mechanism of elimination of antibody-opsonized target cells, which 

is activated following the interaction of antibody Fc portion with FcγRIIa receptors (CD32, 

FcγRIIa-131H/R, arginine or histidine polymorphic variants) expressed on the surface of 

macrophages. As a result, target cells are phagocytized and degraded into a phagosome (21) 

(Figure 3 B). Also, mAbs trigger an antibody-dependent cell-mediated cytotoxicity (ADCC), 

mostly attributed to Natural Killer cells (NK) (22) (Figure 3 C). Typically, this mechanism is 

elicited upon FcγRs such as the FcγIIIa (CD16, FcγRIIIa-158 V/F, Valine or phenylalanine 

polymorphism) is recognized by the Fc fragment of IgGs (23). Moreover, the binding between 

the first subcomponent of the C1 complement complex (C1q) and Fc region of a cell-bound 

antibody, triggers the CDC activity. As a consequence, a series of complement proteins are 

recruited, leading to the formation of a membrane attack complex (MAC) that causes the lysis 

of targeted cells (24). (Figure 3 D). 
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Figure 3 IgG-based mAb Fab and Fc-mediated biological functions 

A. The binding to a specific epitope of a targeted antigen is the major mechanism of action of antibody-

based drugs and it basically represents the main purpose for which mAbs are designed. B-C. Antibody-

dependent cellular phagocytosis (ADCP) and antibody-dependent cellular cytotoxicity (ADCC) are two 

fc-mediated effector functions which are part of the mAbs’ therapeutic armory. Both mechanisms are 

triggered following both antigen recognition and fc interaction with specific types of Fcγ receptors 

expressed on several immune cells. As a consequence, two potent cell-mediated immune response like 

phagocytosis and cell cytotoxicity are enhanced, resulting in the elimination of targeted cells (21), (22). 

D. Complement-dependent cytotoxicity (CDC) is another physiological immune response which is 

exploited by therapeutic mAbs for killing host cells. In this case the Fc portion interacts with the C1 

complement complex (C1q) and activate a protein cascade leading to the formation of a membrane 

attach complex (MAC) and consequently to the cell lysis (24). 
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2.2 PD-1/PD-L1 immune checkpoint 

The design and development of mAbs, together with the rise of complex next-generation 

antibodies, marked the beginning of a new era in immuno-oncology. Immuno-oncology 

represents a branch of Science that studies and develop specific immunotherapies (therapies 

based on the natural response of host’s immune system) to fight cancer. In recent years, 

important progresses have been made toward a deeper understanding of the molecular pathways 

involved in cancer cell resistance to host anti-tumor immunity. Among these, the PD-1/PD-L1 

(Programmed cell Death protein-1, CD279/PCDC1; Programmed Death Ligand-1, CD274/B7-

H1) pathway has emerged as a key checkpoint for the suppression of the immune anti-tumor 

activity and as an important adaptive immune resistance mechanism exerted by tumor cells.  

Physiologically, PD-L1 is a glycoprotein which interacts with receptor PD-1 expressed 

on activated T cells, forming an immunomodulatory checkpoint that ensures the immune 

system activation only at appropriate time to avoid chronical responses. The PD1/PD-L1 

binding delivers inhibitory signals such as inhibition of T lymphocyte proliferation, survival 

and effector functions (cytokine release, cytotoxicity, phagocytosis, complement system 

activation), all mechanisms that allow tumor immune escape (25) (Figure 4A, left-panel side). 

Blocking the PD-1/PD-L1 pathway by anti–PD-L1 antibodies, promotes the proliferation of T-

effector cells and the inhibition of T-cell mediated regulatory mechanisms, events that lead to 

tumor rejection. (Figure 4, right-panel side). 
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Figure 4 PD-1/PD-L1 blockade releases PD-L1 mediated T-cell suppression leading to 
tumor regression.  

Under physiological conditions, PD-1/PD-L1 axes represents an immune checkpoint. Their interaction 

promotes cellular and molecular regulatory mechanisms such as inhibition of T effector and memory 

cells proliferation while enhancing differentiation of T-exhausted and T-regulatory cells. The sum of 

these events avoids a chronical activation of the immune response. A. However, several types of 

cancers, exploit this mechanism by overexpressing PD-L1 on their surface to elude human body 

defenses. B. The employment of mAbs directed against PD-L1 interrupts PD-1/PD-L1 interaction and 

restores T-effectors and T-memory functions. Inspired and adapted from reference (25). 

Anti–PD-L1 mAb is a therapeutic monoclonal IgG1-based antibody that specifically 

targets the transmembrane protein PD-L1, found constitutively over-expressed in certain 

tumors besides host immune cells. Anti–PD-L1 mAb has been shown to release the suppression 

of the T-cell mediated immune response by blocking PD-L1/PD-1 interaction and induce the 

innate immunity via ADCC mechanism. (Figure 5): 
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Figure 5 Anti–PD-L1 mAb MoA 

1. Blockade of PD-1/PD-L1 interaction releases T cell from immune-suppression enhancing anti-tumor 

activity. 2. ADCC activity is carried out by engaging immune effector cells (typically natural killer cells) 

against a targeted cell. 

 
2.3 Principles of pharmaceutical development and analytical control 

strategies 

In pharmaceutical industry, the process that from initial drug discovery leads to the 

commercialization of a lead compound takes from 10 to up to 15 years (26). Before becoming 

“real” drug and prior to their test in human clinical trials, these candidates must be well 

characterized in terms of pharmacodynamic (PD), pharmacokinetic (PK) and toxicological 

proprieties through both an in-vivo and an in-vitro pre-clinical phase. In  Figure 6 the workflow 

of a typical pharmaceutical program is described. As already seen above, pharmaceutical 

development of a new biological entity lasts approximately a decade from drug discovery to 

market authorization. Typically, drug discovery begins with the selection of a specific target 

responsible for a disease condition. Then, thousands drug candidates are screened to test their 
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ability to interact with the target. Among these, only a few molecules are selected and proceed 

with further steps. Once the best candidate is chosen, this proceeds with pre-clinical 

experimentations during which the toxicological and pharmacokinetics/pharmacodynamics 

profiles are assessed. If pre-preclinical data demonstrated a high grade of safety and efficacy 

on these models, it is allowed to enter in clinical phase I, also defined “First in man”, where the 

first GMP batch is manufactured and tested on a small group of human voluntaries. Clinical 

experimentation requires several years, and during this time, the manufacturing process is 

developed, optimized and qualified to be ready for the massive production and administration 

in advanced clinical phases. Finally, if regulatory package is complete and the requests made 

by the different health authorities are fulfilled in all clinical stages, it is possible to proceed with 

the launch of a drug product. However, even after the commercialization, the control of all 

product quality attributes must be continuously monitored by a validated analytical panel. In 

this regards, in-vitro assays are usually preferred over the in-vivo approach (which requests a 

massive animal employment) because of their high reproducibility and applicability on 

laboratory scale, cost-effectiveness, minor ethical impact and greater convenience to test many 

samples. Through all clinical phases of drug development, laboratory tests are requested to 

evaluate and monitor drug efficacy and stability. Physico-chemical and biological assays are 

the main approaches used to assess the quality, efficacy and stability of a drug during pre-

clinical and clinical stages of development. 

 

 

Figure 6 Simplified flowchart of a typical pharmaceutical development program  

Representation of the main R&D, preclinical and clinical phases before market authorization of a 

candidate compound. 

With the advent of the high-throughput technologies, there has been a significant 

improvement in terms of screening capability and scientific knowledge of selected candidate 

compounds. (27). Specifically, concerning the determination of efficacy and biological 
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behaviour, bioassays such as cell-based or ligand binding assays are routinely performed in 

order to ensure the quality and consistency of a given product. The outcome of a bioassay is 

generally a relative value obtained by comparing the result of a tested sample to that of a 

reference material (e.g. International Standard or Internal Standard). For being suitable for drug 

testing, a bioassay should meet some requirements that are reported in international guidelines: 

it has to be specific for the tested product and fulfil strict criteria of linearity, accuracy, precision 

and robustness (27). Also, an assay fit for purpose, should be user-friendly for routinely use, as 

well as stability indicating for regulatory purposes. In this regard, health authorities and 

regulatory agencies (e.g. EMA, FDA, PMDA), which are responsible for approving drugs for 

clinical trials, require assays that reflect as much as possible the mechanism of action of the 

molecule and that serve as a tool to perform an extensive characterization of any potential 

degradation (28). Finally, the need for orthogonal methods is made explicit in the EMA/FDA 

guidelines, which require cross-validation with independent but complementary or orthogonal 

approaches to prove and strengthen the reliability of results. 

 
2.4 Structure-Activity relationship studies (SAR) and biological 

characterization in support of CQAs assessment  

The definition of pharmaceutical operations includes all the activities needed for the 

production, distribution and control of medicinal products. Throughout the clinical 

experimentation, these series of practices are aimed at assuring the appropriate level of product 

quality before being administered. The Quality by Design (QbD) is a regulatory concept 

introduced in the pharmaceutical field by ICH and USP during last decades. The basic “tenet” 

of QbD implemented in pharmaceutical industry is to design the quality of the final product 

instead of testing it (29). It represents a systematic approach for drug development which 

emphasizes the product. 

As a starting point of QbD approach, the guideline ICH Q8(R2) provides the definition 

of quality target product profile (QTPP): it is “a prospective summary of the quality 

characteristics of a drug product that ideally will be achieved to ensure the desired quality, 

taking into account safety and efficacy (30). Basically, it describes all essential qualitative 

characteristics to be maintained in order to assure a defined quality standard. Typical examples 

are dosage strength and form, container system, distribution, stability etc. and some of these 

parameters are usually defined critical for product quality.  
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A critical quality attribute (CQA) is defined as “a physical, chemical, biological or 

microbiological property or characteristic that should be within an appropriate limit, range, 

or distribution to ensure the desired product quality” (31), in other words a CQA defines  a 

variety of molecular features that could potentially affect its quality profile in terms of efficacy, 

safety, PK and immunogenicity. For complex biotechnological products like mAbs, three 

representative categories of CQAs have been identified: product specific variants (i.e. post-

translational modifications, glycans, aggregates, fragments), process-related impurities (i.e. 

host cell proteins, residual DNA) and mandatory attributes (to be monitored regardless of 

criticality).  

In this work, the first category of attributes will be treated and the magnitude of their 

effects on product quality will be assessed through dedicated Structure-Activity Relationship 

studies (SAR). This kind of analysis is proposed and carried out as part of bioanalytical 

characterization studies normally required for the deep analysis of the critical attributes of a 

new therapeutic candidate. This approach is even more useful if applied for molecules 

characterized by a high degree of complexity as mAbs. It is indeed not always immediate to 

find a direct cause-effect relationship on how antibody’s structural elements (usually 

characterized by different % and complexity grade) can impact biological functions. Under 

certain circumstances, these structural features may potentially lead to complex assemblies, 

causing different or even overlapping biological effects. The deployment of advanced 

bioanalytical platforms based on different principles, complemental or orthogonal among them, 

in some cases allow to figure out these relationships. Furthermore, for certain attributes that are 

well-known to affect antibody’s biological functions (e.g. aggregation, fragmentation, glycans 

modifications etc.), the establishment of a theoretical functional threshold at which an effect is 

expected or abolished, results highly supportive for the development of a tailored analytical 

strategy able to control specific attributes.  

SAR studies have been here integrated in the frame of the classical process development 

and validation workflow summarized in figure 7. This task requires many years and during this 

time a well product and process understanding must be reached. The purpose of process 

validation indeed, is to demonstrate that such process is capable to deliver a therapeutic 

molecule maintaining all its quality attributes within defined limits, namely “product 

specifications”. As reported by several Food and Drug Administration (FDA) guidelines, a 

typical biotech manufacturing process is grossly divided into a development, validation and 

continuous verification stages. At each step, a CQAs assessment is performed on the basis of 

literature information, prior knowledge and experimental data. Regarding the latter, 
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considerations are made by leveraging dedicated SAR studies aimed at determining the impact 

of structural elements (impurities, degraded products and sequence variants) on biological 

activity and behaviour. The outcome of these studies are collected and included into regulatory 

modules and then submitted to Health Authorities at the end of each clinical phase. As per FDA 

nomenclature, these “checkpoints” are defined as Investigational New Drug Application (IND) 

and Biologics License Applications (BLA) and represent the milestones to be achieved before 

launching on market a new drug product.  

 

 

Figure 7 A typical process development and validation flowchart 

In the figure are summarized the several steps of a typical development and validation process, together 

with the CQAs assessments and SAR studies to be performed. 

The CQAs assessment is an essential part of process development (blue rectangles in 

Figure 7); a  common practice carried out to assess criticality of a specific quality attribute is 

the application of a risk scoring system (graded from very low to very high). This scoring 

system, however, might change based on the internal organization of different companies and 

their strategic decisions (32). Starting from prior knowledge and information found in literature 

at the beginning of a development programme, this assessment evolves being repeated several 

times throughout the project, supported by accumulated experimental evidences. However, 

since early stages of development, the availability of experimental results obtained via physico-

chemical and biological assays provide relevant information for the early understanding of the 

manufacturing process and for improving the overall product knowledge. In this regard 

structure-activity relationship (SAR) studies, if well-designed, represent a valid bioanalytical 

approach to explore the relationship between the drug’s biological activities and its physico-
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chemical modifications, which support the assignment of criticality scores (green rectangles in 

Figure 7) (33). During dedicated characterization studies, it would be recommendable the 

application of this analytical strategy to highlight potential differences in the product quality 

profile, as such differences could affect molecule’s safety and efficacy (34). The fundamental 

premise is that the structure of a molecule implicitly determines its physico-chemical properties 

and reactivities, which, interacting with a biological system, determine its 

biological/toxicological properties. For example, it is well-known that the presence of antibody 

aggregates and fragments, commonly generated during prolonged thermal stress exposure, 

affect biological properties such as antigen-binding affinity and some of the Fc-mediated 

functions (35). Also, it is widely documented in literature that different glycosylation patterns 

occurring at certain levels during several manufacturing steps, significantly impact antibody 

effector functions, in particular the  antibody dependent cell-mediated cytotoxicity (36). 

 

2.5 Influence of glycosylation pattern on biological properties of mAbs 

As already mentioned in the previous paragraph, specific post-translational modifications or 

other degradation profiles could affect the biological activities of antibody-based molecules. 

Among these, glycosylation is one of the most complex. The attachment of different sugar 

moieties lead to the generation of different patterns potentially impacting the biological activity 

of the antibody, especially those carried out through its Fc portion (37). 

From a biochemical point of view, glycosylation can be described as a post-translational 

modification process which leads to the attachment of simple sugars or an oligosaccharide chain 

(glycan) to proteins. This is a multi-step process carried out by several enzymes, and in 

eukaryotes occurs among endoplasmic reticulum and Golgi apparatus.  

Glycans, are generally divided into two main categories based on their chemical structure: 

linear and branched. The first class is composed by repeated disaccharide units, mostly O-linked 

to serine and threonine residues of a peptide chain. Branched chains instead can be O-linked 

and N-linked to aminoacidic residues. The latest, forms an amidic bound with the nitrogen of 

asparagine residues in different antibody’s regions. The type and abundance of specific N-

linked glycans mainly depends on the organisms where they are expressed, the type of proteins 

they are attached and the cells in which they are synthetized. The most abundant IgG branched 

N-linked glycans are represented in Figure 8: 
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Figure 8 Representative examples of IgG N-linked glycans  

The most common N-glycan types attached to the conserved N-glycosylation site on the two IgG heavy 

chains are complex di-antennary N-linked glycans. There are many possible combinations of these 

glycans which share a common core. In this image, as representative examples, are drawn a highly 

mannosylated, a typical G2F complex and a hybrid form. 

Branched N-linked glycans present in IgG are complex di-antennary type and are 

typically bound to Asn297 in CH2 domain (38). These oligosaccharides are composed of a 

combination of the following sugars: mannose (Man), N-acetylglucosamine (NAcGlc), 

galactose (Gal), fucose (Fuc) and sialic acid or N-acetylneuraminic acid (S). Broadly, 

oligosaccharides are defined as G0, G1 and G2 based on the numbers of galactose residues 

brought. If the fucose is present, the nomenclature changes in G0F, G1F and G2F. Similarly, 

G0BF indicates the bisection at N-acetylglucosamine level. To the pentasaccharide core can be 

added variable combinations of the aforementioned sugars. The generation of complex 

combinations of branched glycan chains (i.e. high mannose) as well as hybrids forms are also 

possible and four different monosaccharides can be combined to form 35,560 unique 

oligosaccharides (39), most of which may impact molecule functionality beyond structure and 

stability. 

Glycomics, is the science that studies and links glycans’ structural heterogeneity to 

protein functions (40). These functions are usually influenced by the presence of several 

oligosaccharides’ combinations that can affect or enhance IgG’s biological functions in 

dependence of their type or complexity degree. Beyond putative binding properties for which 

therapeutic antibodies are designed for (typically the binding towards a specific target), other 
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effector functions are usually part of their mechanism of action. These functions are triggered 

by the interaction of specific sites on Fc portion and the Fcγ receptors exposed on different cells 

of immune system (41). A great variety of studies demonstrated that there are many reasons 

why oligosaccharide structures influence the pharmaceutical properties of mAbs, such as 

impairing their structural stability, creating steric hindrance for the Fc-Fcγ receptors binding or 

reducing their bioavailability in serum (42). In some circumstances for instance, different N-

glycans types stabilize and hold CH2 domains apart to providing an open state of the Fc 

fragment, which favorites the binding to different Fcγ receptors (43). Fab glycosylation is only 

found in ~15-25% of serum IgGs and its effect in modulating antigen binding can vary case by 

case (44). Similarly, there are not clear evidences pointing out a univocal effect of these species 

on affinity towards the FcRn (45). Moreover, immune effector functions may considerably 

change. In fact, the presence of such forms at certain levels can significantly impact both safety 

and biological activity of the therapeutic antibodies. Specifically, on one side safety can be 

impacted in terms of immunogenic effects (46), which is influenced by the type, complexity 

and amount of these forms; on the other, a not well fine-tuned glycosylation activity may lead 

to an excessive response in terms of antibody-mediated effector functions, resulting in an over 

activation of the host immune system. Among these effects, typical antibody effector functions 

triggered by antibody Fc portion are ADCC, ADCP and CDC, whose can be affected or 

enhanced by the presence of different glycans species.  

In biotechnological industry, attention is placed in studying and monitoring the impact of 

glycans on ADCC activity whenever a new biological entity exerting this mechanism is 

developed. Specifically, during the upstream steps of manufacturing, several parameters 

inherent the cellular model chosen must be monitored as they result critical for the glycosylation 

levels of the nascent mAb. Indeed, if not well controlled, it is not unusual to observe slight 

variation in the level of several glycosylation patterns of different batches. These differences 

whether compared to a reference value are relatively small, but the resulting biological effect 

may increase exponentially.  This is the reason why such levels must be kept under control 

through the establishment of a well-defined analytical strategy and an appropriate setting of 

product specifications is mandatory. In this way, during last decades, great efforts have been 

made towards the monitoring of these patterns during process development and validation, 

through the design of dedicated characterization studies and the application of orthogonal 

platforms able to monitor antibodies biological activities. Among these approaches, dedicated 

structure-activity relationship studies (SAR) represent an effective strategy to carried out 

thorough analysis and in-depth characterize a new biological entity.  
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3 Results 

As stated by the European Medicine Agency through its Guideline ICH guideline Q8 (R2) 

(3) on pharmaceutical development: “A greater understanding of the product and its 

manufacturing process can create a basis for more flexible regulatory approaches. The degree 

of regulatory flexibility is predicated on the level of relevant scientific knowledge provided in 

the registration application. It is the knowledge gained and submitted to the authorities, and 

not the volume of data collected, that forms the basis for science- and risk-based submissions 

and regulatory evaluations. Nevertheless, appropriate data demonstrating that this knowledge 

is based on sound scientific principles should be presented with each application”. 

 

In this thesis an analytical strategy for the extended biological characterization of a 

therapeutic Anti–PD-L1 mAb, is reported. This experimental platform with selected 

experiments and defined CQAs is potentially applicable to similar new biological entities 

(NBEs). The presented approach is based on the employment of a series of functional methods 

as cell-based and SPR technologies supported by structural and physico-chemical data. The 

analysis of a single quality attribute was performed by using a set of orthogonal techniques 

which allowed the design of a tailored strategy used for the extended characterization of an 

Anti–PD-L1 mAb. The rationale of the experimental choices is based on the idea of bridging 

critical structural elements like post translational modifications, aggregation, fragmentation and 

several fc-glycans patterns to the Anti–PD-L1 mAb biological activity. In addition to that, 

whenever possible, a theoretical functional threshold at which the level of an attribute affects 

molecule’s functionality is proposed as well. The scope is reaching a deep molecule knowledge 

and overcome the possible gaps related to the data obtained applying a single technique per 

attribute. The set-up of such a strategy leads to an improved product value besides shortening 

times for submissions and market authorization. 

 
 
 
 



22 
 

3.1 Forced degradation studies and Anti–PD-L1 mAb main degradation 
pathways  

During both earlier and then later stages of drug development, the determination of 

product-specific degradation pathways is an essential part of the characterization process of a 

new biological entity. In the case of earlier phases, such assessment is mainly based on literature 

data, in-silico structural predictions as well as prior knowledge gained with compounds 

belonging to similar pharmaceutical class. Based on these preliminary considerations, a list of 

critical aminoacidic residues on which modification may occur are identified. After that, several 

experimental activities are designed, and the first characterization begins. During these kinds 

of studies, as soon as these “artificially-induced” modifications are detected by physico-

chemical analytical methods, the impact of such modifications on safety, efficacy and 

immunogenicity are also assessed. Based on the outcome of this assessment, a specific attribute 

can be “scored” as critical and monitored during routine. Typical examples of common 

structural elements or chemical modifications that generally affect the biological properties of 

IgG-based drugs are deamidation, oxidation and presence of high molecular weights (HMWs) 

and low molecular weights LMWs species.  

There is common agreement among different regulatory agencies and Health authorities, 

that such attributes must be checked and then monitored during routine, regardless of the fact 

they significantly affect the antibody biological functions. Indeed, as these modifications are 

generally considered critical for the majority of mAbs and have an impact on immunogenicity 

and safety beyond efficacy and pharmacokinetics, these are anyhow included in a typical 

product specification document.  In this regard, in order to detect these species, forced 

degradation studies represent a useful tool applied to explore the main degradation pathways of 

a molecule and provides an opportunity to gain in-depth understanding of its biological 

behavior in relation to structural features. In particular, when employed at earlier stages, a rough 

assessment of the impact of such modifications is performed, which contributes to build the 

initial information package. Then, it is set up a proper analytical strategy for controlling process 

parameters that may affect molecule’s attributes during routine manufacturing. Regarding the 

latest consideration, during the development of bioanalytical methods, degraded products are 

also used to challenge the method capability to be stability indicating. In this regard, an 

analytical method should have such sensitivity to be able to detect a small number of degraded 

products in order to evaluate their impact on drug’s biological properties.  
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The scope of a forced degradation study is to figure out what may happen to a molecule 

in terms of structural changes and biological activity under specific stressing conditions. For 

example, extended incubation at high temperature is known to compromise the structural 

stability of almost all IgG based therapeutics.  

Since during long term and accelerated stability studies, months if not years are needed 

to detect any appreciable effects on the molecule, these kinds of studies are performed under 

extreme conditions in order to accelerate degradation pathways. However, although the evident 

advantages in carrying out forced degradation studies, a consideration must be made to draw 

proper conclusions. The degradation performed under harsh conditions indeed, offers the 

opportunity for an adequate characterization of drug product, which considerably shorten times 

for defining critical hot spots of mutation. However, it is worth to note that such a practice leads 

to the generation of degraded species which may not be fully representative of what happens 

during conventional stability studies performed over months or years. 

 

3.2 Effects of intensive stress conditions on Anti–PD-L1 mAb structure  

In this work, a dedicated forced degradation study has been performed to explore the most 

relevant structural attributes affecting Anti–PD-L1 mAb activity. Starting from an Anti–PD-L1 

mAb representative batch, different harsh conditions have been applied to induce the generation 

of degraded products. The stress study started with a thermal stress exposure of the antibody, 

where it was incubated at 50°C for 2 and 4 weeks. Temperature is a physical parameter that can 

accelerate several degradation pathways and generally leads to the formation of antibody 

fragments and aggregates (47). In some cases, deamidation of asparagine and glutamine 

residues, methionine oxidation or isomerization of other residues are also observed (48). The 

fact that all these species may potentially impact molecule structure and stability, depends on 

their concentration in the sample, the criticality of the aminoacidic residue modified or species 

generated, and finally the specific antibody function involved.  

Samples were prior characterized applying a physico-chemical panel. All relevant data 

regarding the main degraded products generated after forced thermal stress at 50° C for 2 and 

4 weeks are reported in Figure 9. For the main post translational modifications monitored such 

as deamidation and oxidation, in the graph bar are only reported the % of modification of those 

residues which are believed being most susceptible to these stress condition and mainly 

affecting Anti–PD-L1 mAb functions in terms of fab-binding ability (49), PK (50) and ADCC 
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activity (51). Anti–PD-L1 mAb size variants were also monitored as three main populations 

based on their molecular weight: total high molecular weights species (HMWs), dimers and 

total low molecular weights species (LMWs). 
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Figure 9 Determination of the Anti–PD-L1 mAb degradation profile following a forced 
thermal stress 

A representative batch of Anti–PD-L1 mAb was exposed at 50°C for 2 and 4 weeks to characterize its 

main degradation pathways. Results come from a single analysis for the sole purpose of providing the 

levels of each species. Therefore, no statistical analysis was performed (A–B) Reducing Peptide 

Mapping by LC-MS/MS was used to quantify the main deamidated and oxidized sites (4 asparagine and 

4 methionine residues respectively). (C) On the other hand, size variants were detected and quantified 

by CE-SDS in non-reducing conditions for total LMWs while SEC-MALLS was exploited for detecting 

dimers and total HMWs.  
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Degraded products and modified aminoacidic residues were quantified and expressed as 

absolute % respect to the total amount of detected species. Post translational modifications 

occurred in the Anti–PD-L1 mAb structure such as deamidation and oxidation were monitored 

through four asparagine residues (Asn 1-4) and four methionine residues (Met 1-4) respectively, 

chosen on the basis of their criticality for antibody functions (Fab functionality, ADCC activity 

and PK). While Asn 1-2 and Met 1-2 are located on the CDRs and mainly involved in the Fab-

antigen recognition, Asn 3-4 and Met 3-4 are in the Fc region and mediate the FcγRIIIa and 

FcRn bindings respectively. However, it should further be noted that Asn 1-2 are just marginal 

mediators of the Anti–PD-L1 mAb binding to its target, as they are located relatively far form 

sites interacting with PD-L1. In addition to that, it is evident from the antibody structure (not 

shown) that there are no critical asparagine sites prone to deamidation on the three antibody’s 

CDRs. 

The amount of deamidated species in untreated and treated Anti–PD-L1 mAb were 

detected and quantified by Reducing Peptide Mapping by LC-MS/MS. As expected, the 

deamidation % resulted increased in all the Asn sites after 2 and 4 weeks at 50°C. Such increase 

was particularly evident on Asn 3 (30.6 % after 2 weeks and 52.2 % after 4 weeks), which is 

located in proximity of an asparagine known in literature for being a critical site for the binding 

to FcγIIIa receptor and, consequently, for ADCC activity (51). Furthermore, also the Asn 1 

located in one of the CDR regions and mainly involved in the Fab function, was particularly 

affected by the stress as its starting level of deamidation was 2.10 % and dropped to 8.00 % 

after 4 weeks. In the same analysis, it was also demonstrated that thermal stress did not cause 

relevant changes in the oxidation profile of Anti–PD-L1 mAb. The only remarkable change in 

terms of oxidation is the enrichment at Met 3 level, which is a residue located in proximity of 

the area recognizing the neonatal fc receptor (FcRn). The % of oxidation on such site was more 

than doubled if compared to that of untreated sample. On the other hand, the total amount of 

HMWs and dimeric species in the untreated and stressed sample were detected and quantified 

by SEC-MALLS analysis. Overall, the treatment at high temperature induced only a very slight 

raising of Anti–PD-L1 mAb HMWs species after 2 and 4 weeks of exposure at 50°C, while 

dimeric species were found to be increased of about 2.5 times. Furthermore, non-reducing 

sodium dodecyl sulfate-polyacrylamide capillary gel electrophoresis (non-Red-CGE-SDS) was 

able to detect a moderate increase of total LMWs species, indicating that the incubation of the 

sample at high temperature leads to antibody fragmentation. Regarding size variants species, it 

has to be mentioned that when such structural elements populate the sample, it is not always 

immediate to create a correlation among these structural elements and biological functions, so 
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that all the considerations for this relationship have to be contextualized and revised case by 

case.  

After thermal stress exposure, another study was performed to figure out the effect of 

extreme pH on anti–PD-L1 mAb structure and activity. As seen for the exposure at high 

temperature, events like pH variations may occur during several steps of antibody production 

and storage. A typical condition applied during forced degradation studies is the incubation of 

tested molecule at low and high pH. Following this approach, Anti–PD-L1 mAb was incubated 

with 1.2M Ammonium bicarbonate (pH 9.2) at room temperature for 5 days and with 0.5 M 

sodium citrate (pH 4.0) at 37°C for 3 days. 

The same physico-chemical analytical panel was applied for the detection of Anti–PD-

L1 mAb degradation products under certain conditions and most relevant results are shown in  

Figure 10: 
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Figure 10 Determination of the Anti–PD-L1 mAb degradation profile following the exposure 
at high and low pH  

A representative batch of Anti–PD-L1 mAb was incubated at high and low pH with 1.2 M Ammonium 

bicarbonate (pH 9.2) for 5 days and with 0.5 M sodium citrate (pH 4.0) at 37°C for 3 days. In order to 

highlight potential degradation pathways following these treatments, samples were initially 

characterized from a physico-chemical point of view. Results come from a single analysis for the sole 

purpose of providing the levels of each species. Therefore, no statistical analysis was performed. 

Reducing Peptide Mapping by LC-MS/MS were used to quantify the main deamidated (A-B) and 

oxidized sites (C-D) (4 asparagine and 4 methionine residues respectively). On the other hand, size 

variants (E-F) were detected and quantified by CE-SDS in non-reducing conditions for total LMWs while 

SEC-MALLS was exploited for detecting dimers and total HMWs. 
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The basic pH treatment at 1.2 M Ammonium bicarbonate (pH 9.2) for 5 days, resulted in 

an overall deamidation as main degradation pathway, involving Asn residues on both LC and 

HC. However, only Asn 1 showed major differences in comparison with the untreated levels 

(1.60 % vs 6.60 %) (Figure 10). Moreover, minor changes in oxidation were detected, with a 

consistent increase in the oxidation of Met 3. High pH exposure also led to an increase of 

aggregation, mainly in forms of dimeric species and small fragments, which was already 

evident in the starting material. Similar effects were observed following the treatment at acidic 

pH (0.5 M sodium citrate pH 4.0 at 37°C for 3 days). While an overall deamidation was not 

expected, a similar increase of the levels of oxidation on Met 3 was noticed. Also, all three 

subpopulation of size variants were considerably increased. In particular, high pH exposure 

mainly led to the fragmentation of the antibody; on the other hand, the incubation under acidic 

conditions provoked the formation of high molecular weights species. 
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Figure 11 Determination of the Anti–PD-L1 mAb degradation profile following an oxidative 
treatment and light exposure 

A representative batch of Anti–PD-L1 mAb was incubated under an intensive oxidative condition with 

0.1% H2O2 for 60 minutes at room temperature and exposed at 765 W/m2 for 24 hours. After the stress, 

these samples were analyzed by reducing Peptide Mapping by LC-MS/MS to quantify the main 

deamidated (A-B) and oxidized sites (C-D) (4 asparagine and 4 methionine residues respectively). In 

addition to that, also size variants produced by the forced conditions were detected and quantified (E-
F). CE-SDS in non-reducing conditions was applied for detecting total LMWs forms while SEC-MALLS 

was exploited for dimers and total HMWs species. Results come from a single analysis for the sole 

purpose of providing the levels of each species. Therefore, no statistical analysis was performed 



31 
 

Finally, two further studies typically used for exploring antibody degradation profiles 

were carried out: an incubation under oxidative conditions (0.1% H2O2 for 60 minutes at room 

temperature) and a light exposure ( at 765 W/m2 for 24 hours), whose provided quite similar 

results regarding the Anti–PD-L1 mAb degradation profiles. These forced treatments had two 

main effects on antibody structure: the increase of size variants abundance and the oxidation of 

met 3 and met 4 residues. Indeed, oxidation mainly occurred on HC (met 3-4) and minor 

changes were observed on LC. A certain aggregation degree was observed as well, with a 

noticeable increase of dimeric species (greatly increased if compared to that of untreated 

material). On the other hand, while LMWs increased to a minor extent in the case of oxidative 

stress (3.34 % of the untreated vs 3.39 % of treated sample), these species were found 

moderately increased after light exposure (about 2.5 times respect to untreated sample).  

 

3.3 Relationship between Anti–PD-L1 mAb degraded products and its 
biological properties 

Looking at previous physico-chemical characterization data, it can be noted that Anti–

PD-L1 mAb was prone to be modified under certain conditions. Forced conditions undergone 

by the antibody indeed, led to the formation of several degraded products causing post 

translation modifications of several aminoacidic residues, which in turn, might potentially 

affect Anti–PD-L1 mAb functions. In order to understand whether specific antibody’s 

biological activities were impaired by these degradation products and establish the magnitude 

of their effect, a series of bioanalytical methods were developed and qualified. Together with 

structural methods, biological assays (Bioassays) are routinely developed and validated as part 

of a typical characterization panel and applied to determine mAb’s biological functions based 

on their peculiar MoA (52).  

During last decades, bioanalytical field has emerged as a discipline exploited for 

analyzing data of other branches of research. Nowadays, it has become a true and independent 

scientific sector particularly relevant in the pharmaceutical industry environment. The advent 

of high-throughput technologies together with great advancements in terms of sensitivity, 

precision and accuracy of such platforms, allowed the establishment of this scientific branch in 

many strictly regulated manufacturing areas. Biological assays can be broadly classified on the 

basis of their format and the scope they are developed for. For example, cell-based assays 

mimicking the in-vivo mechanism of action of a new candidate, are generally developed and 

validated for assessing with a high degree of reliability the biological efficacy of batches to be 
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administrated in clinics. For the same purposes, in certain circumstances cell-free ligand 

binding assays, like ELISA-based methods, can be also developed if they reflect the drug’s 

mode of action (e.g. for the mere binding to a ligand or receptor without any activation of 

intracellular pathways). However, in addition to their application for the release of clinical 

batches, these two assay formats are also used for characterization studies, providing relevant 

information concerning the product functional profile. Other two well-known platforms 

primarily used for characterization purposes and in support of manufacturing process are the 

Biacore technology, which is based on the surface plasmon resonance (SPR) phenomenon and 

Bio-layer interferometry (BLI), which analyzes the interference pattern of white light reflected 

from two surfaces. Both techniques, leveraging different principles, provide similar information 

on biomolecular interactions.  

 

Going more in-depth into technical matter, in Figure 12 is reported a typical bioassay 

workflow. The example illustrates a high-throughput assay format in which is carried out a 

common cell-binding experiment, where it is tested the ability of an antibody in binding its 

target expressed on a cellular model. The experiment is usually conducted by performing 

several step dilution points of the antibody, while the dose of other reagents and cells 

concentration are fixed to a determined value. The aim of this type of analysis, is the generation 

of a dose-response curve that is elaborated by a mathematical model. The 4PL (parameter 

logistic regression) nonlinear fitting model, is one of the most used as it is appropriate for the 

elaboration of a dose-response curve describing a drug’s biological behavior. Once elaborated, 

the curve is analyzed from both a qualitative and quantitative point of view. Generally, a 

biological efficacy result is expressed as EC50, described as the  concentration required to obtain 

a 50 % of the biological effect (53) or, alternatively, in a relative manner like potency %, given 

by the ratio between the EC50 of a sample and its reference material. Similarly, in the case of 

Biacore results, data are formally expressed as absolute equilibrium dissociation constant (KD) 

or relative KD % respect to a reference material, representing a measure of the antibody binding 

affinity. Moreover, some considerations on the kinetics of the binding can be made by analyzing 

the two rate constants ka and kd, which describe the kinetics of ligand-analyte complex 

formation. 

https://en.wikipedia.org/wiki/Interference_(wave_propagation)
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Figure 12 A typical bioassay workflow 

In this figure is described a typical ligand-receptor dose-response curve, generated by performing a cell-

based bioassay in a high-throughput format. (A) The experiment is usually performed in a 96-wells plate, 

where the set of reagents and the drug of interest are plated. (B) After a proper incubation time, each 

well is incubated with a read-out reagent and derived signal is read by a plate reader. (C) The dose-

response curve generated is elaborated with a specific mathematical model (D) and analyzed from a 

qualitative point of view respect to a reference material. (E) Finally, a quantitative data is also provided 

by calculating a relative potency %, given by the ratio between EC50 of reference material on the EC50 

of the analyzed samples. 

As already described in the introductory chapter, Anti–PD-L1 mAb exerts its therapeutic 

effects through two different mechanisms of action: the binding against its main target protein 

PD-L1, which is commonly found overexpressed on a variety of tumors, and the antibody 

dependent cell cytotoxicity (ADCC), triggered by antibody Fc portion following the binding to 

FcγRIIIa receptor exposed on several cellular types of immune system. Furthermore, like many 

other classes of therapeutics based on an Ig structure, its pharmacokinetic properties are 

generally monitored via Fc-FcRn binding. 

Starting from these premises, a tailored analytical panel was developed in order to 

elucidate the effect of the main degradation pathways and structural modifications induced by 
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the forced degradation study on Anti–PD-L1 mAb biological functions. Once assessed, at each 

attribute has been assigned a score for defining its criticality in terms of biological activity and 

pharmacokinetics. Such biological assays are essentially based on different cell based and SPR 

platforms. Briefly, a schematic representation of methods’ layouts used in this study is provided 

in Figure 13: 
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Figure 13 Schematic representation of the biological tests performed in the study 

In this figure a series of biological assays are represented. In A-B-C panels are described three cell-

based methods monitoring the direct binding of Anti–PD-L1 mAb to PD-L1, the blocking of PD-L1/PD-1 

interaction and ADCC activity. On the other side, D-E-F panels are described three SPR-based 

methods. The first SPR method represents an orthogonal assay respect to the cell-based one, which 

monitors the binding to the PD-L1. The other two instead, are used to detect the interaction to the FcRn 

and FcγRIIIa, which respectively, represent a tool for measuring the in-vitro predictive PK and an 

orthogonal way to characterize the ADCC activity.  
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The first set of methods, characterized by the presence of living cells, are typical assays 

that should be always included into a bioanalytical panel during a pharmaceutical development 

program. Their implementation indeed is strongly recommended by several guidelines and in 

most cases such assays are used to determine the efficacy of drug’s clinical batches as well as 

for characterization purposes. SPR technology instead is basically applied in the frame of 

characterization studies and provides complementary data to those already obtained with other 

biological methods. In this work, the binding to PD-L1 was firstly assessed via cell-based 

assays, closely representing in-vivo mechanism of action of the antibody of interest  (Figure 13 

A-B, see also Material and methods section). Then, when necessary, binding affinity was 

further investigated by SPR. SPR analysis was carried out to determine the kinetics and binding 

affinity of the interaction between Anti–PD-L1 mAb and its specific ligand (Figure 13 D, see 

also Material and methods section). Adopting the same criteria, ADCC activity (Figure 13 C, 

see also Material and methods section), FcγRIIIa binding (Figure 13 E, see also Material and 

methods section) and FcRn binding representing the pharmacokinetic properties (Figure 13 F, 

see also Material and methods section)  were also assessed. As shown in Figure 14, samples 

exposed at 50°C for several weeks were the most affected if compared to the degraded products 

and modifications occurred applying other stress conditions. Thermally stressed Anti–PD-L1 

mAb samples indeed, showed a decreased binding affinity towards the PD-L1 and a reduced 

activity in blocking PD-1/PD-L1 interaction. From the analysis of association (ka) and 

dissociation (kd) rate constants (data not shown), while the first was basically unaltered, the 

latter resulted considerably increased under both stress conditions, meaning that the overall 

decreased affinity of the Anti–PD-L1mAb/PD-L1 complex was mainly determined by an 

increased dissociation rate. 
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Figure 14 Effect of forced thermal stress on Anti–PD-L1 biological properties  

Relative potency and relative KD % data were obtained comparing each sample EC50 or absolute KD 

values with respect to an internal reference material and were then represented on a graph bar. 

Biological results were obtained by exposing the tested batch under the following conditions: (A) thermal 

stress conducted at 50°C for 2 and 4 weeks, (B) acidic pH incubation with 0.5 M sodium citrate pH 4.0 

at 37°C for 3 days, (C) high pH exposure with 1.2M Ammonium bicarbonate (pH 9.2) at room 

temperature for 5 days, (D) light stress exposure at 765 W/m2 for 24 hours (E) incubation with 0.1 % of 

H2O2 for 60 minutes at room temperature. The error bars represent the coefficient of variance of 

technical replicates calculated on 3 and 2 independent runs for bioassay and SPR respectively. One 

exception concerned the results of blockade assay that was performed in a single run. Each sample 

was loaded on a 96-wells plate as a technical triplicate, following a plate layout that ensure a sufficient 

level of analytical variability and prevent potential plate effects due to the loading mode.  
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Representative bioassay dose-response curves are reported in Figure 15. Looking at 

graphs, it was highlighted a clear shift of curve to the right of x-axis (towards higher EC50 

values), an event that is directly related to a decreased antibody efficacy in relation to the 

increased exposure time at high temperature.  

 
 
Figure 15 Representative dose-response curves of Anti–PD-L1 mAb at +50°C (2-4 weeks) 

A-B Representative dose-response curves obtained by cell-based blockade assay of samples exposed 

at 2 and 4 weeks at +50°C, respectively. Curves similarity were firstly evaluated by F-test before the 

determination of potency results. All curves showed similar behaviors compared to the reference 

material (p-value 0,05). 
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Even if not immediately appreciable like dose-response curves, also the sensorgrams obtained 

by Biacore analysis (Figure 16, Figure 17) indicated a different affinity of stressed Anti–PD-

L1 mAb towards its target. 

 

Figure 16 Representative sensorgrams of Anti–PD-L1 mAb at +50°C (2 weeks) 

A Representative sensorgram of Anti–PD-L1 sample exposed at +50°C for 2 weeks. Data were analyzed 

by single cycle kinetic (SCK) model using a Biacore T200 evaluation software to determine the 

equilibrium dissociation constants (KD) of binding. 
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Figure 17 Representative sensorgrams of Anti–PD-L1 mAb at +50°C (4 weeks) 

A Representative sensorgram of Anti–PD-L1 sample exposed at +50°C for 4 weeks. Data were analyzed 

by single cycle kinetic (SCK) model using a Biacore T200 evaluation software to determine the 

equilibrium dissociation constants (KD) of binding. 

Similarly, Fab-PD/L1 binding and Fc capability to bind FcγRIIIa receptor were 

consistently reduced respect to untreated samples. Accordingly, ADCC activity was even not 

determinable as dose-response curves of treated samples were not comparable to that of 

reference material. Regarding the latter result, in order to clearly show such evidence, 

representative dose-response curves of Anti–PD-L1 mAb reference material and after thermal 

treatment for 2 and 4 weeks are shown in Figure 18: 
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Figure 18 Representative dose-response curves of untreated and heat stressed Anti–PD-L1 
mAb  

Dose-response curves of the samples treated for 2 and 4 weeks at +50°C, showed a different profile 

respect to that of reference material, which indicates a different biological behavior of these samples. 

This aspect is particularly evident on the top of curves, where the maximal effect is not comparable to 

that of reference material. 

Heat-stressed Anti–PD-L1 mAb after 2 and 4 weeks of exposure at 50°C, was compared 

in terms of similarity to that of reference material. Specifically, the top, bottom and slope 
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parameters describing a biological dose-response curve, was compared head-to-head to that of 

reference material. Despite both curves were well-described, it was highlighted that treated 

samples were not comparable in terms of similarity to that of reference material. It was also 

noticed that, the major difference between the curves was found at the top level, which is a 

direct expression of the maximal efficacy. Therefore, due to these differences, it was not 

possible to calculate a relative potency % value, that represents the measure through which the 

antibody biological activity is formally expressed. The only possible consideration is based on 

the qualitative interpretation of treated samples and reference material curves. The different 

behavior of these samples respect to reference material is associated to the presence of degraded 

products generated following the heat exposure. Furthermore, it has to be considered also the 

high % of deamidation on the Asn 3 reported in Figure 9, which is a residue known to be close 

to  FcγRIIIa binding site (51). This post translational modification together with the presence 

of other degraded products, contributed to the anomalous biological behavior in terms of ADCC 

activity. However, considering that all samples tested showed similar profiles, the two 

processes are considered comparable. Finally, also FcRn binding seemed to be affected by this 

stress condition after 2 weeks of thermal stress. Biacore results indeed, which ability to bind 

the FcRn receptor is expressed as KD %, was considerably decreased respect to the untreated 

sample (109 % vs 73 %). This result is in according to the fact that samples resulted particularly 

degraded under such conditions and oxidation levels on Met 3 residue were slightly increased. 

Unexpectedly, the results obtained by testing samples incubated for 4 weeks at 50°C showed a 

KD % of about 159 %, meaning that the binding to the FcRn receptor was significantly increased 

respect to the untreated sample and the time-point 2 weeks. Despite the sample was grated 

affected at this time point, this result could be more related to the presence of different species 

generated by the thermal stress at 4 weeks such as aggregates, that can affect in a conversely 

way the binding to the receptor (54).  

Concerning the Anti–PD-L1 mAb incubated at low and high pH, it was not highlighted 

significantly changes from both a physico-chemical and biological point of view. Overall, only 

PD-L1 binding results slightly decreased after both incubations (99 % vs 79 % following high 

pH incubation and 99 % vs 73 % at acidic pH), which anyhow did not cause any significant 

effect on the Anti–PD-L1 mAb efficacy in blocking PD-1/PD-L1 interaction pathway. 

Similarly, the moderate increase of Asn 1 deamidation % and Met 3 oxidation % (Figure 10), 

were not sufficiently enriched to such an extent to affect any biological function. Furthermore, 

as concluded for thermally stressed samples, the presence of even small amount of size variants, 
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may lead in some cases to a modification of the molecule functionality in dependence of size 

and amount of such species (54), (55). 

Finally, as expected, oxidative stress and light exposure conditions, led to a strong 

increase of Met 3 and Met 4 oxidation %, which are known being two mutational hot spot 

residues located in the Fc portion, prone to be oxidized. While the affinity for PD-L1 resulted 

slightly decreased, according to the other stress conditions showing similar degraded size 

variants distributions (Figure 14 D-E), the antibody FcγRIIIa and ADCC functions resulted not 

affected. Furthermore, as seen for the previous conditions, FcRn binding was found not 

particularly impaired by the oxidations detected on met 3 and met 4 residues. As already 

mentioned, this result could be explained as a balance of two effects: on one hand a decreased 

FcRn binding activity and on the other a higher binding affinity of total aggregated species 

(HMWs + dimers). Indeed, from the analysis of rate constants (data not shown), it was noticed 

that the overall improved affinity of the complex was mainly due to an increased kinetics in 

association phase. In addition to that, Bajardi-Taccioli Et al demonstrated and confirmed 

previous results from other studies, that very high oxidation levels (above 40%) of met 3 are 

required in order to see a significant decrease in FcRn binding (54), (56), an event which is 

anyhow unlikely occurring during a routinely and well-defined  common manufacturing 

process. 

 

3.4 In-depth evaluation of oxidation and deamidation biological effect on 
Anti–PD-L1 mAb binding properties 

The analysis of the main Anti–PD-L1 mAb degradation profiles brought out that the most 

frequent post translational modifications occurring on critical residues close to functional 

binding sites, did not significantly affect the biological properties of the antibody. However, 

although the overall potency and efficacy of the antibody was maintained, for some stressed 

samples the Biacore analysis showed a slight decreased affinity in the binding to PD-L1. In this 

regard, it was not fully clarified if the lower affinity was due to changes in the molecule 

structure or to the presence of size variants generated following the forced stress. In addition to 

the expected aminoacidic modifications, it was also observed that several degradation pathways 

following harsh incubations carried out during the study, led to the generation of small or 

moderate amounts of “undesired” antibody size variants. Forced degradation studies indeed, do 

not selectively address a desired modification to the molecule, or at least, it is not the only one 

occurring. The generation of several degradation products besides those expected from a well-
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planned stress condition is an event that commonly happens. Indeed, the main aim of these 

studies is shortening times to investigate unknown degradation pathways, but under the 

condition of accepting that sometimes it is not possible to specifically ascribe a biological 

function to a structural attribute. Furthermore, the presence of several types of size variants 

beyond a certain threshold, may affect assays’ performances in terms of specificity, selectivity, 

accuracy and precision.  

In view of this and in order to answer the initial question that is whether the slight impact 

on Fab binding activity was mostly due to modifications occurring on binding sites or to the 

presence of size variants, the role of oxidation and deamidation have been analyzed more in 

depth.  

An evaluation of the impact of oxidation on the biological function of Anti–PD-L1 mAb 

was conducted by testing an artificially oxidized sample treated under milder conditions respect 

to those carried out in the present study. This sample showed almost the same degradation 

profile as the samples described in this work, but lesser amount of aggregates and fragments. 

Moreover, it was used an alternative cell binding assay for the testing of this sample. This assay 

is a complemental cell-based method compared to the receptor blocking assay, which is usually 

used for characterization purposes in order to complete the information package on PD-L1 

binding. The potency determined through this method was expressed as the Anti–PD-L1 mAb 

ability to directly bind its target PD-L1, overexpressed on a stably transfected HEK-293 cell 

line. Therefore, while receptor blocking assay provided information regarding the ability of 

Anti–PD-L1 mAb to block the PD-1/PD-L1 interaction, this assay is able to monitor the direct 

binding of the antibody to PD-L1 expressed on a cellular model, providing a complemental data 

concerning Fab activity. As shown in Figure 19 A, the oxidized sample showed a biological 

behavior similar to that of reference material and biological activity, provided as EC50 value, 

resulted not affected. Furthermore, it is known from Anti–PD-L1 mAb primary structure, that 

there are two methionine residues on the CDRs of heavy chain and one on light chain. However, 

in Figure 19 B, an in-silico analysis of the molecule structure showed that these residues are 

partially or not exposed to the external environment, being located in the inner part of the 

structure, without any direct interaction with the target. Consequently, it was overall concluded 

that the oxidation may just marginally or not affect at all the Anti–PD-L1 mAb ability to bind 

its target PD-L1.  
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Figure 19 In-Silico analysis and cell binding assay confirmed that Fab activity was not 
affected by oxidation 

Data provided by structural analyses and literature were used to assess the criticality of some 

methionine residues prone to oxidation, whose were located in the Anti–PD-L1 mAb CDRs. Moreover, 

an alternative cell-binding assay was run in order to complement the information package obtained with 

previous biological methods. 

Adopting a similar “holistic” approach, the role of deamidation on Fab functionality was 

also elucidated. At this aim, an Anti–PD-L1 mAb variant characterized by the fully deamidation 

of Asn 1 located on one of the CDRs of light chain and potentially involved in the binding to 

the target, was generated by site-direct mutagenesis. Specifically, an asparagine residue was 

completely substituted by an aspartic acid, which is the classic residue in which the asparagine 

is converted. In this regard, the generation of specific sequence variants is a common practice 

conducted during later stages of a drug development program, as it is a costly and time-

consuming practice. As this variant brought a sequence mutation, an impact on the entire 

structure cannot be excluded. For this reason, the sample have been analyzed by an extended 

characterization panel constituted by an in-silico analysis (data not shown) and different 

functional assays.  
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Figure 20 Site-specific deamidation mutant and its role on Anti–PD-L1 biological properties 

As already done for the oxidation assessment on the CDRs, the role of deamidation on Fab portion 

biological activity was further assessed as well. In this case, it has been induced a site-specific mutation 

on an Asn site located in one of CDRs loops. This residue was fully converted to an aspartate residue. 

Then, the mutant was analyzed by the panel above, in order to assess its structural stability and 

biological properties. A. Nano DSF analysis of the stability profile of wild-type and variant Asn/Asp B. 
Functional analysis of Asn/Asp variant. 
 

The Asn interaction network looked slightly changed compared to wild type, but the new 

interactions seemed in any case preserve the secondary structure (structure not shown). 

As a consequence of such modification, the nano differential scanning fluorimetry (nano 

DSF) analysis Figure 20 B provided useful information regarding the overall molecule stability, 

which seemed to be moderately affected following the substitution event. Nano DSF indeed, 
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leverages the intrinsic fluorescence of tryptophan and tyrosine residues, whose may change in 

relation to their exposure to the external environment, indicating whether the antibody results 

unfolded in comparison to its reference standard. The fluorescence ratio (F350/F330) is 

measured respect to the increment of temperature and it monitors changes in fluorescence 

intensity as well as tryptophan specific shift of the fluorescence emission maximum. In Figure 

20 B the Asn variant is drawn in red, while the reference material in blue.  

Looking at ratio of F350/330, it was noticed that the variant shows the same three thermal 

transition typical of the reference material, probably associated to a different structural stability 

of the domains where the mutation is located. Moreover, focusing on the several Tonset 

(temperature at which unfolding begins) it was noticed that the variant sample showed a 

reduction of about 5°C then reference material (55.8°C vs 60.8°C.). From the 1st derivative 

transformation, the profile results of easier interpretation. In conclusion, the thermodynamic 

stability of this variant seems to be slightly decreased if compared to that of reference material. 

However, despite this data, the results shown in Figure 20 C indicated that all the antibody 

functional properties monitored on both Fab and Fc portions were preserved. Indeed, neither 

Fab binding nor Fc-mediated effector functions resulted affected by the mutation. Finally, from 

the analysis of dose-response curves (not shown), it was confirmed that both mutant and 

reference material were comparable also from behavioral point of view.  

In conclusion, these results indicate that the Anti–PD-L1 mAb deamidation occurring on 

critical asparagine residues on the Fab portion, alone, does not significantly affect its biological 

activity to bind the ligand PD-L1; also, the presence of secondary degraded products like large 

or small aggregates and antibody fragments, may have a relevant role in reducing this binding 

by enhancing the small effect carried out by some post translational modification occurring on 

critical sites. 

 
 
 
 
 
 
3.5 Isolated High molecular weight and low molecular weight species 

significantly affect Anti–PD-L1 mAb ability to bind its target PD-L1   

Starting from assumptions made in the previous paragraph and following the approach of 

isolating specific antibody degraded products to be analyzed by a functional point of view, the 

same was made for HMWs and LMWs forms.  
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Generally, it is reported that HMW species have a negative effect on the biological 

activity, both in terms of binding to the target and antibody-mediated effector functions. Data 

from literature show that multimeric self-assembled recombinant proteins activity was 

decreased by FACS and ELISA analysis and responses were lower when HMWs % rose up 

(57). In order to confirm or deny this hypothesis, it was conducted a dedicated structure-activity 

study to explore the relationship between the presence of these species and the ability of Anti–

PD-L1 mAb in binding its target PD-L1. At this aim, Anti–PD-L1 mAb HMWs and LMWs 

native forms were isolated and purified by SEC-LC starting from the intermediate bulk of a 

production batch. The procedure followed is described in “materials and methods” section. 

These materials were then used to generate four different levels of enriched HMW and LMW 

samples respectively, by diluting the native-HWMs (85.1%) and native-LMWs (97.9%) 

enriched fractions, with an anti–PD-L1 mAb control batch having a measured level of HMW 

species of 0.53% and of LMW species of 3.80%. The two series of mixtures were then analyzed 

by blockade assay to monitor the Anti–PD-L1 mAb ability to block PD-L1/PD-1 interaction. 
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Figure 21 Structure-Activity relationship of Anti–PD-L1 mab HMWs/LMWs forms and 
biological activity 

(A) HMWs and LMWs mixtures were prepared and tested by cell-based blockade assay for their ability 

to block PD-1/PD-L1 interaction. (B) Relative potencies results were generated and analyzed by linear 

analysis, resulting in a linear relationship among the increase of these species and a reduced biological 

activity. (C) Each relative potency value was compared head-to-head with that obtained testing the 

control batch.  The difference in terms of relative activity was already significant when sample 1 was 

tested against control. However, a “real” negative effect of these species on the antibody function is 

more appreciable starting from sample 3. 
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In Figure 21 are reported the results obtained in terms of PD-L1/PD-1 blocking activity 

of Anti–PD-L1 mAb HMWs and LMWs native species tested. Firstly, it was demonstrated a 

clear relationship between these species and biological activity by linear regression analysis. 

Then, the several dilutions were analyzed head to head against the control batch by one-way 

ANOVA analysis. Results proved that biological activity was found statistically different from 

control batch starting from very low amount of these species (sample 1 and 2), even if a 

dramatic effect was obtained with mixture 3. As levels of HMWs and LMWs contained in 

samples 1 and 2 are usually those obtained during typical forced stressed conditions, it was 

assumed that at certain %, these species in combination with other types of structural 

modifications, may moderately contribute to the changes in biological activity. 
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3.6 Lack of core fucose and high mannosylation influence Anti–PD-L1 
effector functions but does not affect its binding to PD-L1 and PK 

As already defined in the introduction, ADCC is an Fc-mediated effector function that is 

typically part of Monoclonal antibody’s Mechanism of Action (MoA). A mAb is able to trigger 

the ADCC activity by engaging through its Fc portion the FcγRIIIa (CD16, FcγRIIIa-158 V/F, 

Valine or phenylalanine polymorphism). FcγRIIIa is a receptor belonging to the FcγRs family, 

which is found widely expressed on several immune cells types, and more frequently, on 

Natural killer cells (NK). Anti-PD-L1 mAb, as IgG1-based antibody, exerts its therapeutic 

effect by leveraging this innate immune mechanism beyond targeting the transmembrane 

protein PD-L1 on tumor cells. 

Anti–PD-L1 is an IgG-based mAb produced in CHO cells and has one Fc glycosylation 

site at Asn300. Beyond blocking PD-1/PD-L1 immune inhibitory pathway, a potent ADCC 

activity is also part of its mechanism of action. Like other therapeutic IgGs, ADCC activity 

depends on the quantity and complexity of the glycosylation patterns characterizing its 

structure. From literature it is known that the absence of core fucose in an IgG results in higher 

affinity binding to the FcγRIIIa allotypes F158 and V158 and increased ADCC activity (58). 

Other evidences demonstrated that, even if to a lesser extent, also high mannose species and 

galactosylation positively influence the binding to FcγRIIIa receptor and consequently the 

ADCC activity, while sialylation has an opposite effect (45). Finally, beyond the specific 

generation of such classes of glycans, the effect of the overall glycation of mAbs is also 

investigated during characterization studies, as it may occur during routine manufacturing and 

storage as well as during in vivo circulation (59). However, in most of published papers there 

are no particular reportable effects on Fab functionality, PK, FcγIIIa receptor and ADCC 

activity, so no major effects are expected for this stress (60). 

Taking into consideration these assumptions, the following study aimed at defining a 

relationship between structural elements and functional properties of Anti–PD-L1 mAb, 

providing relevant data to support the current manufacturing process and define functional 

threshold limits in support of current product specifications. Through the application of tailored 

analytical strategy, it is possible to highlight potential differences in the product quality attribute 

profile that potentially affect safety and efficacy at certain levels. 

In this study, the results obtained so far are related to the glycation, a-fucosylated and 

high mannose species. Experiments for evaluating the biological effect of galactosylated and 

sialylated variants are still ongoing and will be included in future works. 
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Anti–PD-L1 mAb samples were treated in order to increase the amount of overall glycation by 

incubating the samples with Glucose 1M. High mannose and a-fucosylation instead, were 

induced by adding Maduramycin ammonium and 2F-Peracetyl-Fucose (a Fucosyltransferase 

Inhibitor) in production medium. 2-AB peptide glycan mapping analysis was performed to 

quantify the total % of glycated, high mannosylated and a-fucosylated species. Results 

confirmed that treatments successfully modified Anti–PD-L1 mAb samples as shown in Figure 

22, A-B. Afterwards, these species were qualitatively and quantitatively characterized by 

several in vitro platforms in terms of FcRn binding, Fab portion ability to block PD-1/PD-L1 

interaction (target binding) and binding to the FcγRIIIa receptor (V158), Figure 22, C-D-E. 

 

Figure 22 2-AB glycan mapping and biological results 

2-AB glycan mapping analysis confirmed an increase of high mannosylated, A-fucosylated and glycated 

species. A. Total mannosylation and a-fucosylated glycans levels were quantified after being treated 

with specific enzymes. Results are expressed as fold change, given by the ratio of HM and AF forms of 

treated samples respect to those of untreated reference material. B. Three specific lysine residues were 

monitored as hot spots of glycation. Results were expressed as total % of glycation of critical lysine 

residues. C, D, E. Binding to Fab portion, FcRn and FcγIIIa receptor were monitored by blockade 

bioassay and SPR analysis. Results were expressed as relative potency % in the first case while FcRn 

and FcγIIIa receptor bindings were quantified as relative KD %. The Anti–PD-L1 mAb FcγIIIa binding 

was clearly affected by high mannosylation and a-fucosylated complex species. 
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As shown in Figure 22, 2-AB peptide mapping confirmed that treatments led to a strong 

increase of Anti–PD-L1 mAb high mannosylated, A-fucosylated complex and glycated species. 

In particular, mannosylation and a-fucosylation were increased of 11.1 and 10.7 folds 

(compared to the reference material) while glycation affected several critical lysine residues 

(Figure 22, A-B). The functional analysis of Anti–PD-L1 mAb confirmed some evidences 

found in literature for other similar drug products (Figure 22, C-D-E). Indeed, while Anti–PD-

L1 Fab portion functionality and its binding to the FcRn were not affected at high level of these 

post translational modifications, the binding to the FcγIIIa receptor was significantly enhanced 

due to the presence of a-fucosylated complex (696 %) and high mannose species (256 %).  

Glycation instead, did not affect but neither enhanced Anti–PD-L1 mAb binding to the FcγIIIa 

receptor.  

 

3.7 A-fucosylated and higly mannosylated variants significantly enhance 
Anti–PD-L1 mAb binding to FcγIIIa receptor and its ADCC activity 

In order to understand up to which level complex a-fucosylation and mannosylation 

significantly enhance the binding to the FcγIIIa receptor and whether this activity correlates 

with antibody ADCC activity, a-fucosylated complex and highly mannosylated Anti–PD-L1 

mAb mixtures were prepared and tested by reporter gene assay and SPR technology ( Figure 

23 A). These mixtures were generated by spiking several amounts of a control batch into 

samples containing high concentration of high mannose and a-fucosylated complex species. 

Results of these experiments were used to define a relationship between these biological 

activities and the levels of glycans tested. From a technical point of view, it is important to note 

that the presence of high mannose species within generated a-fucosylated complex samples was 

considered as having a negligible impact as their concentrations were low. Additionally, as 

reported in the literature and demonstrated by results of the current paragraph, the impact of 

mannosylated species on the ADCC activity and FcγIIIa receptor binding activity was relatively 

low, around those levels tested during this study. Regarding this latest consideration, M. 

Hutterer et al. (61) reported that values of about 5 % of high mannose species did not affect the 

FcγIIIa receptor binding or ADCC activity of their human IgG1-based mAb, a Trastuzumab 

biosimilar candidate. For these reasons, a potential cross-functional effect on ADCC caused by 

the concurrent presence of high mannose species in the tested a-fucosylated variants, should be 

negligible. Furthermore, the same considerations can be due for galactosylated and sialylated 

species, whose slight changes should not impact the ADCC activity overall.  
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The spiked a-fucosylated complex and high mannose species were then analyzed by 

reporter gene assay in order to monitor their ability in exerting ADCC. Specifically, dose 

response curves obtained were analyzed from a qualitative point of view (Figure 23, Figure 24). 

 

 

Figure 23  Qualitative evaluation of dose-response curves of AF complex species 

A. Different mixtures of complex a-fucosylated forms were generated by spiking neat variants (about 

90% of complex a-fucosylated species) with a control batch sample characterized by low levels of a-

fucosylation % B. Exemplary dose-response ADCC curves of the reference material, control batch and 

the several a-fucosyalted mixtures. Curves were fitted with a 4 Parameter Logistic nonlinear regression 

model and compared to the reference material by F-test, in order to verify whether their biological 

behavior were comparable to the standard. 
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Figure 24  Qualitative evaluation of dose-response curves of HM species 

A. Different mixtures of high mannose forms were generated by spiking neat variants (about 35 % of 

high mannose species) with a control batch sample characterized by low levels of high mannose % B. 
Exemplary dose-response ADCC curves of the reference material, control batch and the several high 

mannose mixtures. Curves were fitted with a 4 Parameter Logistic nonlinear regression model and 

compared to the reference material by F-test, in order to verify whether their biological behavior were 

comparable to the standard. 

EC50 values were calculated from dose-response curves fitted with a 4 Parameter Logistic 

nonlinear regression model, while the comparison among the different dose-response curves 

against reference material was performed by F-test analysis. The qualitative analysis of dose-

response curves obtained by testing these samples, proved that the biological behavior resulted 

comparable to the reference material up to 10 % of complex a-fucosylation and 35 % of high 

mannosylation. In particular, it is quite clear the differences highlighted to the top of the dose-

response curves (maximum efficacy), where Anti–PD-L1 mAb a-fucosylated complex species 
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(15 %, 20 % and 30 %) were found statistically different respect to Anti–PD-L1 mAb reference 

material. However, the values of R2 of all dose-response curves (data not shown) were found 

within the analytical procedure limits, meaning that the biological behavior was appropriately 

described, thus not lost due to the modification. Finally, due to the disproportionate biological 

response of the sample characterized by the highest level of a-fucosylation complex (about 90 

%), it was not possible to fit the dose-response curve and to calculate a potency value. 

 

The same a-fucosyalted complex type and high mannose samples reported above, were 

also analyzed by SPR, in terms of binding to FcγIIIa receptor (Figure 25 A-B). In the case of 

a-fucosylated complex species, the qualitative analysis was performed by fitting sensorgrams 

deriving from treated samples (red line) and control batch (green line). As shown in Figure 25 

A, the sensorgrams of these samples resulted comparable to the reference material up to 10 %. 

At higher % levels instead, the differences in terms of association and dissociation of the Fc-

FcγIIIa receptor complex were clearly appreciable. On the other hand (Figure 25 B) 

sensorgrams obtained from high mannose variants (green line) were qualitatively comparable 

to that of control batch up to 20 % of high mannose species (red line), while at 35 % it showed 

a different behavior in binding to FcγIIIa receptor. 
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Figure 25 Sensorgrams analysis of AF and HM complex mixtures 
A. Sensorgrams obtained from the analysis of different mixtures of a-fucosylated variant (green line) 

were compared from a qualitative point of view with reference material (pink line) and evaluated B. The 

same analysis was performed also for highly mannosylated species. In both experiments, a control 

batch was also run in parallel as internal control of the analysis and instrument performance.   
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In addition to a qualitative assessment, these samples were also analyzed from a 

quantitative point of view. Looking at Figure 26 A-B, it was demonstrated a direct correlation 

between high mannose and a-fucosylated complex type species with biological activity, in 

terms of both relative potency and KD %. Specifically, ADCC activity was directly correlated 

to the abundance of these species, and SPR analysis provided even more pronounced results in 

terms of binding affinity to the FcγRIIIa receptor. It is also to be mentioned that a-fucosylated 

complex samples 4 and 5 provided potency % values falling outside the analytical linear range 

of the method (set between 50-150 of relative potency % during method development and 

validation study), in which the potency estimation may result not accurate. Finally, due to the 

disproportionate biological response of the sample characterize by the highest level of a-

fucosylation complex (about 90%), it was not possible to fit the dose-response curve and to 

calculate a potency value. 

In addition to previous findings, while dose-response curves and sensorgrams indicated 

that qualitatively AF and HM species were comparable to the reference material up to 10% and 

20% respectively, the relative potency % and relative KD % resulted affected at lower levels 

(Figure 26 A-B). In fact, potency data resulted statistically different from control sample at 10 

% of total a-fucosylation complex and 15 % of total mannosylation. On the other hand, the 

binding to the FcγIIIa receptor resulted statistically different respect to reference material in 

presence of the 15 % of complex a-fucosylated species and 20 % of species characterized by 

high mannose.  
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Figure 26 ADCC activity and FcγIIIa binding results  

The different mixtures obtained from two variants at high a-fucosylation and high mannosylation % were 

analyzed by reporter gene assay and SPR analysis. A. Anti–PD-L1 mAb ADCC activity and affinity 

towards FcγIIIa receptor are positively correlated to increased % of mannosylation and a-fucosylation, 

in a linear and exponential manner respectively B. Reporter gene assay and SPR results were reported 

on a graph bar as relative potency % and fold change respectively. Each spiked sample was analyzed 

one-by-one with a control batch containing basal levels of each oligosaccharide form by one-way 

ANOVA analysis. The degree of significance was expressed considering different P-values levels.  
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As overall conclusion, taking into consideration both qualitative and quantitative 

analysis, the Anti–PD-L1 mAb binding activity to the FcγIIIa receptor and its ability to trigger 

ADCC activity, resulted significantly impacted when it brings the 10 % of complex a-

fucosylated and 15 % of high mannose species. 

 

3.8 Anti–PD-L1 ADCC activity is maintained down to low levels of a-
fucosylation (complex forms) and high mannosylation  

Considered data collected in the previous experiments, as a general rule it can be inferred 

that low or moderate levels of high mannosylation can be considered not such a critical attribute 

like a-fucosylated complex species. Many evidences found in literature indeed demonstrated 

that the effect of high mannose species on ADCC activity of several types of biotherapeutics is 

considerably less extended when compared to those caused by a-fucosylated complex species. 

M. Hutterer et al. (Amgen) reported that both values up to 5 % of high mannose species (61) 

did not affect the FcγIIIa receptor binding and ADCC activity of their ABP 980 human IgG1-

based mAb, a Trastuzumab biosimilar candidate. Consideraing the data obtained and evidences 

in literature, the high mannose species are not critical in terms of ADCC activity and binding 

towards the FcγIIIa  receptor down to the 4% of these species. In addition to the previous 

conclusions, as minimum amounts of a-fucosylated complex forms can significantly affect the 

aforementioned biological functions, the reverse could affect molecule properties as well. 

Indeed, even low levels of a-fucosylated complex forms may lead to an inefficacious ADCC 

activity. Maja Pučić and collegues, reported that in a population study, the fraction of neutral 

IgG glycans without the core fucose was found to vary between 19.3% and 1.3 %, where the 

lower value can negatively affect effector functions in individuals (62). For this reason, 

considering the criticality of this attribute to Anti-PD-L1 mAb structure, behavior and function, 

a subsequent study was performed to explore whether there is any lower a-fucosylation limit, 

below which, ADCC activity would no longer be therapeutically efficacious. 

With the aim to deeply explore the relationship between very low amount of a-fucosylated 

samples and their biological activity, a new experiment has been designed. Specifically, it was 

used a new control batch containing almost the same levels of other oligosaccarides but lower 

levels of a-fucosylated complex forms respect the previous control batch. Starting from this 

sample, a new set of spiked samples was generated. The new mixtures were produced starting 

from the 15% of a-fucosylated complex species going down to the 3.3% (control batch). 
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Furthermore, since the control batch is characterized by the 3.3 % of a-fucosylated complex 

species, in addition to the classical linear regression analysis, it was performed also a predictive 

analysis in order to extrapolate the “theoretical” EC50 value when 2% of a-fucosylated complex 

glycan type is present into the sample. Indeed, one of the obejective of this activity was the 

determination of the biological activity of levels below the 3 %, which is difficult to reach in 

the current manufacturing process. At this aim, for the generation of these different mixtures, a 

new spiking experiement was performed using this new control batch and mixing it with the 

previous highly a-fucosylated sample. Since the reporter gene assay is fully representative of 

the ADCC mechanism of action and it is the assay used in routine for monitoring this activity, 

it was used to test the Anti–PD-L1 ADCC activity. However, biological assays are 

characterized by a general intrinsic variaibility that usually does not allow to really appreciate 

slight differences in terms of biological activity in relation to the presence of small ammounts 

of structural elements. For this reason, it was decided to perform a correlation analysis using 

EC50 values and % of a-fucosylated complex species, rather then analyze potencies of each 

sample one to one against the potency provided by a control batch. Furthermore, since the EC50 

value is an absolute measure of biological efficacy, and it may depends on the physiological 

state of the cell culture used on the day of experiment, results were technically standardized by 

performing the entire analytical session ( 3 runs) in one single day. The scope to adopt such a 

technical expedient was to “normalize” as much as possible the basal activity levels of cells 

used, which depends on both their metabolic state and by the variability due to the manipulation 

from different operators. This modification allowed to test all different spikes side by side and 

to perform a qualitative comparison of all the dose response curves. Anyhow, each replicate 

was prepared independently to guarantee the requirement of the independence of technical 

replicates. 

In Figure 27 are shown the several mixtures characterized by several amounts of a-

fucosylated complex forms and results of the ADCC activity are reportered. The dose-response 

curves of the three experiments were compared one to one with that of reference material. 

Despite some differences in the top values, overall, the statistical F-test assessed that all curves 

obtained testing 3.3 % to 10 % of a-fucosylated complex species in each experiment were found 

to be comparable to the reference material. Furthermore, each curve resulted well-described ( 

in terms of top, slope and bottom values) and showed a high value of the goodness of fit (greater 

than 0.98). However, as already observed in the previous SAR study, the dose-response curves 

obtained testing the mixtures containing 12 % and 15 % of a-fucosylated complex type species 

were statistically different respect to the dose-response curve of reference material. Typically, 
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the potency value generated by a dose-response curve which does not result to be statistically 

similar to that of reference material, is considered not comparable and cannot be calculated. In 

addition to the RGA analysis, the same samples were also tested by biacore platform in order 

to also monitor the Fc-FcγRIIIa binding. The qualified SPR procedure was applied as the 

technology allows the testing of up to 12 samples in the same analytical run, allowing a head 

to head comparison of all the tested samples. The EC50 results were obtained by analyzing the 

three runs performed on the same day. Similarly, SPR data were expressed as relative KD % 

obtained from three independent analytical runs. 
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Figure 27 Experimental layout and dose-response curves 

A. Several mixtures of the a-fucosylated variant previously used was mixed with a control batch 

containing low basal levels of a-fucosylated complex species. B. ADCC results are reported as fold-

change given by EC50 of treated sample respect to that or reference material. Each mixture was loaded 

one time on three different plates (biological triplicate). C. In order to verify their biological behavior, 

curves were fitted with a 4 Parameter Logistic nonlinear regression model and compared to the 

reference material by F-test. 
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After that, these mixtures characterized by several levels of a-fucosylated complex 

species were further analyzed by linear regression analysis to define a theoretical functional 

threshold limit (Figure 28). 

 

 
Figure 28 Linear regression and prediction analysis of low levels of complex a-fucosylated 

species  

ADCC results expressed as EC50 values and the different levels of complex a-fucosylated species were 

plotted and analyzed by a regression analysis. The increased levels of a-fucosylation was linearly 

correlated to EC50 values and this linear relationship allowed to make reliable EC50 prediction down to 

low levels of a-fucosylated species.  

The three EC50 values generated from these different runs, were plotted on a scatter graph and 

analyzed by linear regression. Overall, the check of the several parameters defining the 

goodness of this statistical model (not fully shown), led to the conclusion that it was enough 

representative in describing the biological relationship between  a-fucosylated complex species 

and ADCC activity. In the end, also this analysis which started from the 15% of a-fucosylated 

species and went down to the 3.3 % showed a clear correlation among these species and ADCC 

activity. However, the main objective for which this regression was performed, was the fact 

that during the first study it was not possible to make any prediction of the biological activity 
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of samples not experimentally tested ( specifically a “theoretical” EC50 at 2% of a-fucosylated 

complex type species). In other words, in the previous regression study there were no sufficient 

data points to create a reliable statistical linear regression model allowing a correct generation 

of  relative potency values from samples showing not comparable top values (15%, 20% and 

30% showed in Figure 23). In this new study, the use of the EC50 values was anyhow 

representative of the biological activity of the samples tested, but contextually, did not implied 

a preliminary comparison with a reference material to calculate a reliable relative potency 

value. Furthermore, this time 9 data points (9 different mixtures) useful to create a 

representative statistical model were available. As a consequence, it was performed a predictive 

analysis aimed at extrapolating a theoretical EC50 value of a sample bringing 2 % of a-

fucosylated complex type species. The results in Figure 28 indicated that a possible EC50 value 

provided by a sample with 2 % of a-fucosylated complex forms could be about 38. Given that 

the average of the EC50 value obtained from dose-response curve of reference material was 

close to that value (data not shown), the two results can be considered comparable.  
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4 Discussion 

The characterization of new biological entities is a mandatory practice that starts since 

the earlier stages of drug development and continues even after marketing authorization. This  

procedure is highly recommended by Health Authorities (which are responsible for reviewing 

the documental package for submission) and regulated by several international guidelines. 

Nowadays, biotech companies are even more prone to define well-tuned analytical strategies 

for the deep understanding of their biotherapeutic candidates. Among these strategies, several 

companies used to carry out dedicated structure-activity relationship studies to reach a deep 

molecule knowledge and improve final product understanding (32). These studies are 

conducted to complement the CQA assessment and bring out structural and functional features, 

with the final aim of ensuring the highest quality standards. 

In this work, an advanced biological characterization of an Anti–PD-L1 mAb has been 

carried out by leveraging structure-activity relationship studies designed for this purpose. The 

results obtained so far clarified the role of several Anti–PD-L1 mAb degradation pathways on 

its binding properties, PK and ADCC activity while others are still under investigations. 

Starting from the accumulated knowledge on Anti–PD-L1 mAb mechanism of action, different 

experiments based on forced degradation studies and the generation of specific variants have 

been performed. Products generated by such stress were then characterized by an extended 

physico-chemical and functional analytical panel. Besides the mere characterization of this 

therapeutic antibody, it was also proposed an analytical strategy aimed at defining functional 

thresholds at which specific structural attributes can affect antibody biological activity. This 

latest experimental information has been obtained through dedicated structure activity 

relationship studies conducted  for those attributes believed most critical for Anti–PD-L1 mAb 

functionality.  

Firstly, in order to support functional data, a series of physico-chemical analysis were 

performed to highlight molecule structural modifications mainly induced by chemical and 

physical treatments. Among the several treatments undergone by the molecule, thermal stress 

had an impact on several attributes, resulting in an extended degradation profile. It is well-

known indeed that such condition commonly induces antibody aggreagation and fragmentation. 

Although high temperature mainly favorites the formation of these degraded products, such 

condition can also induce deamidation of asparagine and glutamine residues, methionine 

oxidation, isomerization events as well as the generation of other minor degradation products 
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(48). Looking to the physico-chemical results reported in Figure 9,  the overall deamidation of 

molecule was increased in all the four asparagine residues monitored. However, looking at 

Anti–PD-L1 mAb structure (not shown), despite Asn 1-2 are located on a Fab portion which is 

less involved in the antigen binding, they seem not having a main role in the interaction with 

PD-L1. In particular, the Asn 1 located in a loop of one of the CDRs, which could be partially 

involved in the binding to PD-L1, was found only moderately deamidated compared to 

reference material (8.0 % and 2.10 % respectively) after thermal stress. Regarding the Anti–

PD-L1 mAb biological activity, monitored via cell-based assay and expressed as its ability in 

blocking the PD-L1/PD-1 interaction, it was considerably decreased over the weeks at +50°C ( 

96 % at time zero and 84 % and 78 % after 2 and 4 weeks). Orthogonally, a Biacore analysis 

aimed at determining the binding affinity between Anti–PD-L1 mAb fab portion and its target 

PD-L1, was quite aligned with cellular results. Indeed, the relative KD % decreased from 99 % 

of untreated sample to 93 % and 78 % after 2 and 4 weeks of exposure. From an in-depth 

analysis of the rate constants in PD-L1/PD-1 complex formation, it was noticed that these 

results were mostly impacted by an increased propensity to dissociate, more than a change in 

terms of association. Concerning this result, together with the post translational modifications 

following thermal stress, it should be considered that the presence of fragments or small and 

large aggregates could also contribute to the observed slight decrease of potency and binding 

affinity. In fact, while deamidation should not dramatically impact potency (based on 

deamidation % of Asn 1 and the criticality of this residue), simultaneous changes in HMWs 

and LMWs make it difficult to selectively address the impact to the deamidation only.  

Concerning the effects on Anti–PD-L1 mAb incubated at high and low pH (Figure 10 A), 

as expected it was detected an increased at Asn 1 level (6.60 % versus 1.60 % of untreated 

sample). Also, while oxidation levels were substantially unchanged, size variants % were found 

moderately increased. On the other side, the acidic incubation did not provoke any significant 

impact in terms of post translational modifications, while an increase of size variants was 

detected according to the other stress applied (Figure 10 B). Despite these slight structurally 

changes, it was not highlighted significant effects on the mAb biological activity expressed as 

the ability to block PD-L1/PD-1 interaction (Figure 14 B-C). Both samples were also analyzed 

via Biacore technology in terms of binding affinity to the PD-L1, where a slight decrease of KD 

% was observed. Similar results were also obtained following both forced oxidative and light 

stresses. Indeed, the moderate increase of Asn 1 deamidation %, were not sufficiently enriched 

to such an extent to significantly affect the potency, while the affinity for PD-L1 resulted 
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slightly decreased. This result is aligned with other stress conditions that have shown similar 

degradation profiles in terms of size variants.  

Like observed with low and high pH stress, incubation under oxidative conditions and 

light exposure provided quite similar results in terms of modifications occurring on CDRs and 

size variants %. While the critical asparagine and methionine residues were basically unmuted, 

it was reported a noticeable increase of dimeric species and fragmentation following both 

treatments (Figure 11 A-B), particularly relevant following the light stress. 

Considered all these evidences, it can be concluded that all the stress performed on the 

Anti–PD-L1 mAb did not significantly affect its biological activity in binding the PD-L1. 

However, as already mentioned above, some of the modifications and species generated under 

forcing conditions, caused the production of several secondary species like aggregates and 

fragments whose made difficult to selectively address the results specifically to a single 

structural attribute (63). Indeed, the slight loss of affinity for PD-L1, characterized by an 

increased dissociation rate of the Anti–PD-L1 mAb/PD-L1 complex, may be essentially due to 

the presence of the aforementioned species. As general rule, the presence of process derived 

size variants can affect in a negative way some of biological functions. In the frame of this 

work, a dedicated investigation concerning these species has been carried out and described in 

Figure 21. HMWs and LMWs species, showed a consistent decreased activity when tested by 

blockade bioassay, meaning that Anti–PD-L1 mAb activity was impaired by the formation of 

these degraded products. Neverthless, a 10 % of these forms caused only a slight decrease of 

biological activity, while a significative biological effect is clearly detectable around 20-25 % 

(Figure 21). Considering these assumptions and experimental evidences, the next step has been 

to evaluate how do oxidation and deamidation events alone, without the presence of secondary 

degraded products, affect Anti–PD-L1 ability to bind PD-L1. At this aim, in order to evaluate 

the impact of deamidation, it was conducted an in-depth analysis on a site-specific Anti–PD-

L1 mAb mutant, characterized by an asparagine/aspartic acid substitution in a specific region 

of antibody’s CDRs. The starting hypothesis was that this modification would potentially 

change the potency and binding affinity of antibody to PD-L1. Results shown in Figure 20 C, 

demonstrated that any of antibody’s biological functions had been modified following the 

stress, although the structural stability profile resulted slightly different to the reference material 

(Figure 20 B). The effect of oxidation was also assessed in a similar way. First of all, a 

preliminary structural analysis of the molecule was carried out in order to figure out whether 

any methionine residues were exposed to the external environment and located in regions 

critical for epitope recognition (Figure 19 A). Indeed, methionine oxidation occurring in the 
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CDRs could potentially lead to a reduced binding to the target antigen and therefore lower 

biological activity (64). The analysis revealed that a total of 3 residues were present on the 

antibody CDRs. However, two of these were only partially exposed to the external 

environment, while a third was located in the inner part of the molecule. In order to confirm 

these evidences from an experimental point of view, it was also considered the data obtained 

during a previous study where an alternative cell-based assay had been used. The oxidized 

samples tested in that case, were generated by applying milder stress conditions (if compared 

to the present oxidation study), resulting in the production of a very small amount of size 

variants (data not shown). The analysis of the dose-response curves (Figure 19 B)  showed that 

the biological behavior of the sample submitted to a forced oxidation, was fully comparable to 

that of reference material as well as its biological activity expressed in terms of EC50.  

In addition to above results, the impact of forced degradation study on the Fc-mediated 

biological functions has been also assessed. Among the post translational modifications 

occurring, Asn 3-4 and Met 3-4 were closely monitored as they are located in critical Fc region 

in proximity of FcγRIIIa and FcRn binding sites. For what concern the treatment at +50°C 

prolonged for 2 and 4 weeks, deamidation % on Asn 3 was found significantly increased after 

2 weeks (30.6 %) and 4 weeks (52.2 %) of exposure. Since asparagine deamidation occurring 

in that region is known being critical for the binding to FcγIIIa and ADCC activity (51), stressed 

samples were tested for these biological functions. On the other side, only met 3 residue has 

experienced a change in terms of oxidation, while met 4 was substantially unmuted. As both 

are located in a region close to the FcRn binding site, they could potentially influence antibody 

PK profile. Finally, as already mentioned, antibody aggregation and fragmentation increased 

proportionally to the exposure time.  As expected from high deamidation levels of asn 3, Anti–

PD-L1 binding affinity towards the FcγIIIa was significantly reduced over the weeks, while the 

ADCC activity notably impaired (Figure 18). Regarding the latter indeed, it was not possible 

to determine a reliable potency result, as the dose-response curves of reference material and 

heat-stressed samples showed clear differences in terms of biological behavior. Furthermore, 

as already observed for other antibody functions, the effect of large aggregates, dimeric forms 

and fragments on biological activity cannot be excluded and should be considered to draw 

conclusions. Finally, the effect on FcRn binding was controversial. In fact, while at 2 weeks it 

was quite clear a decreased affinity towards this receptor, after 4 weeks of exposure the binding 

strongly rose up (Figure 14 A). Regarding this latest result, it could be related to the types of 

aggregates generated following thermal stress more than other modifications occurred to the 

sample, whose can affect in a conversely way the binding to the receptor (54). These species 



71 
 

indeed, are generally associated to a reduction of biological functions as demonstrated in a 

dedicated study on isolated HMWs and LMWs (Figure 21). Neverhtless, in certain 

circumstances, the generation of these forms can also challenge the analytical methods 

developed whose are surely able to detect changes in biological activity, but under particular 

conditions cannot provide exhaustive information for interpreting such differences. In this 

regards, it is well documented in literature that an avidity phenomenon may occur as a 

consequence of the presence of large aggregates in the sample (54). These species indeed, does 

not allow to make the classical consideration regarding the relationship between a single 

attribute and a given function. Such structural changes generate a kind of new species 

characterized by a “scrambled” high order structure profiles and new exposed “functional 

epitopes”. While in most cases the loss of activity is expected and experimentally observed, in 

others the exposure of such regions make the antibody able to bind with a certain grade of 

affinity the target. As already mentioned, the nature of this binding depends on an avidity 

phenomenon more than an increased affinity towards the specific epitope. These formations are 

not fully predictable, but may change as a consequence of the stress conditions applied, protein 

concentration and presence of other substances preserving the sample stability. (55), (65). 

 In the second part of this thesis, the effect of several glycosylation patterns has been 

extensively characterized from a functional point of view. Specifically, being the ADCC part 

of Anti–PD-L1 mechnaism of action, the role of a-fucosylated complex type and high mannose 

type species at determined % were investigated by dedicated structure-activity relationship 

studies. Furthermore, as the presence of sugars in the manufacturing feed, drug’s formulation 

and in vivo circulation, induces antibody glycation, the effect of this condition on the main 

Anti–PD-L1 mAb functions was also addressed. The investigation concerning the role of other 

events occurring on Fc N-linked oligosaccharides such as high sialylation and galactosylation, 

were instead not included in this study and will be address in future works. 

The impact of core-fucose residues on N-linked oligosaccharides of CH2 region has a 

central role in regulating the antibody mediated ADCC activity (66), (67), (68), (69), (70), (71). 

The enhancement of this function is attributed to improved affinity of non fucosylated IgGs for 

FcγRIIIa expressed on natural killer cells. As described by Ferrara and colleagues (72), the 

complex structure between fucosylated Fc and FcγRIIIa causes weakening of contacts as 

compared to a-fucosylated Fc, which explains the decreased affinity for the receptor. On the 

other side, the interaction with others Fcγ receptors remains substantially unaffected (73) while 

PK is known in most cases being not significantly affected by removal of fucose (74). 

Concerning high mannose species, these at certain concentrations may impact several fc-
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mediated antibody functions, and among them, the ADCC activity. As seen in the case of a-

fucosylation, the magnitude of this effect on the ADCC mechanism depends on the abundance 

of such forms beyond their types. On the other hand, glycation events occurring on known 

Anti–PD-L1 mAb lysine residues of both Fc and Fab portions were not expected to affect 

potency and PK, while a potential effect in terms of immunogenicity should be considered (75), 

(76). 

In the current study, two Anti–PD-L1 mAb samples, characterized by a 90% of a-

fucosylated complex type and 35% of high mannosylated species were generated by adding  

2F-Peracetyl-Fucose and maduramycin ammonium in production medium. This procedure was 

followed in order to primarily increase the amount of such species, while maintaining quite 

unmuted other glycosylation patterns typical of a production batch. Furthermore, a glycated 

sample was also obtained by incubation in a glucose solution, for the evaluation of glycation 

events on mAb functionality. Following the treatments, these glycovariants have been analyzed 

by several techniques. As expected from previous knowledge in literature and preliminary data 

already available, SPR analysis confirmed the identical antigen-binding affinity to the PD-L1 

of all samples tested, irrespective of oligosaccharide groups (Figure 22 C) and the same result 

was also obtained in terms of binding affinity to the FcRn (Figure 22 D). On the other hand, the 

FcγRIIIa binding activity of each sample estimated by SPR measurement, revealed that 

glycation did not affect this binding while it was found strongly enhanced by both a-

fucosylation and high mannosylation treatments (Figure 22 E).  

Once established that Anti–PD-L1 mAb binding to FcγRIIIa and ADCC activity were 

considerably affected by elevated levels of a-fucoysated complex type and high mannosyalted 

species, a more thorough investigation was conducted in order to determine at which levels 

these two glycosylation variants were able to induce such effect. For this purpose, by spiking 

the two variants into an Anti–PD-L1 mAb control batch, two mixtures at different % of  a-

fucosylated complex type and high mannosylated Anti–PD-L1 mAb forms were prepared and 

tested by reporter gene assay and SPR technology (Figure 23 A). Firstly, a qualitative analysis 

of ADCC activity and binding affinity to FcγRIIIa was carried out by comparing dose-response 

curves and sensorgrams of samples with that of reference material. Both were used to make 

useful assumptions as for as antibody biological behavior and Fc-FcγRIIIa complex affinity. 

Indeed, a p-value lower than 0.05 from F-test demonstrated that the dose-response curves of 

both samples were comparable to the reference material up to 15% of complex a-fucosylation 

and 35% of high mannosylation (Figure 23 A). After such levels, the differences highlighted 

were basically due to the maximal responses (top values) provided by highly glycosylated 
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variants compared to reference material (Figure 23 A). The same variants were then analyzed 

by SPR, in terms of binding affinity to FcγIIIa receptor (Figure 25 A-B). The qualitative 

analysis of the same variants were rather in line with that performed by reporter gene assay, 

showing comparable profiles up to 10 % and 20 % of a-fucosylated complex type and high 

mannose species (Figure 25 A-B).  

Afterwards, results of these experiments were also analyzed from a quantitative point of view 

and then used to define a relationship between these biological activities and the levels of 

variants tested. It was clearly demonstrated a strong correlation of high mannose and a-

fucosylated complex type species with potency and KD % values (Figure 26 A). Then, in 

addition to previous findings, relative potency % and relative KD % values were calculated, 

resulting statistically different from control sample at 10 % of total a-fucosylation complex and 

15 % of total mannosylation (Figure 26 B). Considering the results of both analyses, it was 

concluded that the presence of up to 6 % of a-fucosylated complex type and 10 % of high 

mannose Anti–PD-L1 forms were enough to maintain the Anti–PD-L1 mAb binding affinity to 

the FcγRIIIa receptor and its ability to trigger ADCC activity. Beyond the determination of a 

potential high functional threshold, at which the ADCC activity should be maintained to ensure 

a certain grade of safety, a lower limit was also investigated. While during the first investigation 

it was possible to assess that at 4 % of high mannose species the biological activity was 

maintained, for a-fucosylation the establishment of a theoretical lower threshold limit was not 

immediate. The interest in exploring these lower ranges is related to the fact that low levels of 

a-fucosylated complex type species may potentially increase the risk of having an impaired 

therapeutic efficacy (62). Considered the criticality of this attribute, in this study were analyzed 

levels of a-fucosylation complex type forms down to the 4 % already tested in the previous 

experiment, in order to verify whether the biological activity was maintained. For this purpose, 

new mixtures were generated starting from the 15% of a-fucosylated complex species going 

down to the 3.3% (control batch). Furthermore, from linear regression analysis it was also 

possible to predict a theoretical EC50 value simulating the testing of a sample containing the 2% 

of a-fucosyalted complex type species. These samples were analyzed by reporter gene assay for 

their ADCC activity. As explained in the results section (Figure 27), to accomplish this task a 

modification of assay layout was needed and the use of EC50 instead of potency values were 

the only data available to draw conclusions.   

 

From the analysis of dose-response curves, these resulted comparable with that of 

reference material from 3.3 % up to 10 %. However, as already seen in the previous spiking 
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study, the mixtures containing the 12 % and 15 % of a-fucosylated species showed statistically 

different top values respect to the dose-response curve of reference material. However, the use 

of EC50 values for this experiment made possible a quantitative other than qualitative analysis 

of data generated. In this case it was demonstrated that Anti–PD-L1 mAb characterized by the 

presence of 3.3 % of a-fucosylated complex type species, showed an ADCC activity 

comparable to the control batch and reference material. Furthermore, it was also assumed that 

at 2 % of complex a-fucosylation, the biological activity was not significantly altered by the 

reduction of these forms. However, this last finding represents just a theoretical result not 

experimentally tested but extrapolated with a reliable statistical model starting from a set of 

actual data. On the other side, the in vitro effect of such a level of a-fucosylated complex type 

forms is not fully predictable and would require the testing of a real sample to be confirmed. 

 

In conclusion, the purpose of this work was the extended characterization of a new 

therapeutic Anti–PD-L1 mAb applying a tailored analytical strategy based on a series of 

structure-activity relationship studies. During the characterization task a huge amount of 

information was gained concerning the several major degradation pathways affecting molecule 

stability and as a consequence, its functionality. Most of these products, on the basis of a CQAs 

assessment, were considered being critical attributes affecting Anti–PD-L1 mAb biological 

activities, PK, immunogenicity and safety, and must be kept under control by a well-defined 

analytical strategy. A CQAs assessment workflow indeed, should be associated to a tailored 

and extended analytical monitoring of the selected attributes. Concerning the biological activity 

and efficacy, the testing carried out via a single method may not always provide all the relevant 

information for the in-depth characterization of a complex biological entity. This is the reason 

why here is emphasized how relevant could be the development of a holistic approach for an 

in-depth characterization of a drug candidate. The application of a well-defined analytical panel 

together with the use of orthogonal platforms, allow to bridge possible gap of information that 

may occur during the testing of heterogenous samples or in case of complex structural 

modifications, which can be difficult to interpret. In this regards, well designed structure-

activity studies result very supportive during a thorough characterization task. Indeed, besides 

adding further pieces of information to the “knowledge package”, the typical spiking of an 

antibody variant specifically produced for a given attributes such as aggregates, fragments or 

a-fucosylated species, allow to make a direct correlation between the levels of such structural 

elements and biological functions. Moreover, in some cases, it is also possible to define a 

threshold value at which a specific structural modification of the molecule significantly affects 
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its biological activity. This approach leads to the prompt identification of critical attributes 

affecting molecule functionality and stability beyond improving drug product knowledge and 

it is recommended from different guidelines. The proposal to apply such a strategy since the 

early stages of drug development, leads to the identification of critical characteristics 

concerning the steps of a manufacturing process, materials or the molecule itself, allowing to 

the set-up of an appropriate control strategy, which translates into an ethical as well as economic 

impact. 
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5 Material and methods 

The content of this chapter may be changed following an internal revision by Merck 

KGaA committee. The sharing of some information reported might be not disclosed despite the 

Industrial PhD agreement signed among Merck Serono S.p.A., Rome, Italy; an affiliate of 

Merck KGaA, Darmstadt, Germany and the University of Palermo.  

 

Forced degradation study 

Anti–PD-L1 mAb samples undergone to a series of stressing procedures aimed at forcing 

the generation of degraded products and exploring its main degradation pathways. The 

conditions applied are briefly described:  

 

- High temperature at 50°C for 2-4-6 weeks 

- Light stress, at 765 W/m2 for 24 hours 

- Treatment with Ammonium Bicarbonate 1.2M, pH 9.2 at room temperature for 1 

week 

- Treatment with hydrogen peroxide 0.1 % for 1 hour at room temperature 

 

The pH stressed samples were buffer exchanged in Anti–PD-L1 mAb DS buffer, in order to 

minimize the matrix effect and allow the comparability with reference material. 

 
Production and purification of Anti–PD-L1 mAb native HMW and LMW species 

The Anti–PD-L1 mAb intermediate bulk (post capture material) was loaded on a 

chromatography column packed with CHT (Ceramic Hydroxyapatite). The elution was 

performed in 2 phases: in the elution 1 it was eluted the intact Anti–PD-L1 mAb form, while in 

the elution 2 the fraction of interest, which is called “Strip” and mainly contains a mixture of 

HMWs and LMWs. The strip was treated on a SEC-LC and the eluate was fractionated based 

on the chromatograms in HMWs, intact forms and LMWs. Fractions were concentrated on 

Amicon® Ultra centrifugal filters. 
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Generation of Anti–PD-L1 mAb glycosylation variants 

For the generation of glycosylated forms, an anti–PD-L1 mAb representative production 

batch was chosen. High levels of a-fucosylation and high mannosylation were reached by 

adding Maduramycin ammonium and of 2F-Peracetyl-Fucose (a Fucosyltransferase Inhibitor) 

in production medium, while high glycation was obtained by incubating the antibody with 

Glucose 1M. 

 
Cell Binding Assay (CBA) 

In this method, the Fab biological activity was measured as the ability to bind the target 

PD-L1 specifically expressed on a HEK-293 (hPD-L1) cell line. Different concentrations of 

Anti–PD-L1 mAb were coated onto a Protein A coated 96well flat-white plate, through the 

binding of antibody Fc portion, for 30 minutes at room temperature under swirling. Then HEK-

293 (hPD-L1) were added to the Anti–PD-L1 mAb coated plate and allowed to bind to the Anti-

PDL1 mAb for 1 hour at 37°C 5%, CO2. The unbounded cells were then washed out, while the 

bounded cells incubated with the ATPlite 1 step reagent (an ATP monitor system). The final 

read-out is a luminescence emission expressed as counts per second (cps), detected by the 

Infinite pro 200 (Tecan). Cps were then plotted against the Log transformed Anti–PD-L1 mAb 

concentrations and elaborated using Magellano (by Tecan) or alternatively GraphPad prism 

software, applying the 4 Parameter Logistic (4PL) algorithm (Log10-transformed 

concentrations). For each data set, the concentration of Anti–PD-L1 able to bind PD-L1 at 50% 

of the maximum capacity (EC50) was calculated. The biological activity of a sample (Potency) 

was expressed as % of activity with respect to the reference material and calculated as follows:  

 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 % =
𝐸𝐸𝐸𝐸50 𝑜𝑜𝑜𝑜 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝐸𝐸𝐸𝐸50 𝑜𝑜𝑜𝑜 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

 𝑥𝑥 100 

 

The Potency was released as average of results coming from three independent assays. 

 

Blockade Bioassay (BB) 

The PD-1/PD-L1 Blockade Bioassay is a method able to monitor the Anti–PD-L1 mAb 

biological activity by measuring its ability to inhibit the PD-1/PD-L1 interaction expressed on 

two genetically engineered cell lines. Anti–PD-L1 aAPC/CHO-k1 were plated in 96well flat-
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white plate and incubated at 37°C, 5% CO2 overnight. Next day, dose-response curves of 

reference material and Anti–PD-L1 mAb were diluted in assay medium and added onto the 

plate containing the CHO-k1 cells together with PD-1 Jurkat T effector. The plate was 

incubated at 37°C, 5% CO2 for 6 hours. Luminescence emission derived from luciferase 

expression due to TCR activation was measured by adding Bio-Glo reagent to each well of the 

plate. The luminescence is proportional to the ability of Anti–PD-L1 mAb to block the PD-

1/PD-L1 interaction. The signal expressed as cps were detected by Infinite pro 200 (by Tecan) 

and then plotted against the Log transformed Anti–PD-L1 mAb concentrations. Data were 

elaborated using Magellano (by Tecan) applying the 4 Parameter Logistic (4PL) algorithm 

(Log10-transformed concentrations). For each data set, the concentration of Anti–PD-L1 mAb 

able to induce luciferase expression at 50% of the maximum response (EC50) was calculated. 

The biological activity of a sample (Potency) was expressed as % of activity with respect to the 

reference material and calculated as follows:  

 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 % =
𝐸𝐸𝐸𝐸50 𝑜𝑜𝑜𝑜 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝐸𝐸𝐸𝐸50 𝑜𝑜𝑜𝑜 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

 𝑥𝑥 100 

 

The Potency was released as average of results coming from three independent assays. 

 

Reporter Gene Assay (RGA) 

The ADCC Reporter gene assay allows to evaluate the ability of Anti-PDL-1 mAb to 

induce ADCC. The system exploits Hek-293 (hPD-L1) as target cells and engineered Jurkat 

effector cells stably expressing the FcγRIIIa receptor (V158, high affinity variant). In the latter 

model, a NFAT (nuclear factor of activated T-cells) response element driving expression of 

firefly luciferase is also expressed. The activation of gene transcription through the NFAT 

pathway in these effector cells provides an alternative readout at an earlier point in the ADCC 

MoA pathway. The ADCC activity therefore is quantified through the luciferase produced as a 

result of NFAT pathway activation. Hek-293 (hPD-L1) cells, Anti-PDL-1 mAb diluted in assay 

medium and 150,000 cells/well Jurkat cells, were prepared and then loaded in a 96 well flat-

white plate. After 24 hours of incubation, 120 μL/well of the BioGlo Reagent was added to the 

plate. The plate was gently shaken and then the emitted luminescence read with a Luminescence 

counter (Infinite 200 pro, Tecan). The signal expressed as cps were then plotted against the Log 

transformed Anti–PD-L1 mAb concentrations. Data were elaborated using Magellano (by 
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Tecan), applying the 4 Parameter Logistic (4PL) algorithm (Log10-transformed 

concentrations). For each data set, the concentration of Anti–PD-L1 mAb able to induce an 

ADCC activity on the HEK-293 (PD-L1) cells at 50% of the maximum response (EC50) was 

calculated. The biological activity of a sample (Potency) was expressed as % of activity with 

respect to the reference material and calculated as follows:  

 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 % =
𝐸𝐸𝐸𝐸50 𝑜𝑜𝑜𝑜 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝐸𝐸𝐸𝐸50 𝑜𝑜𝑜𝑜 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

 𝑥𝑥 100 

 

The Potency is released as average of results coming from three independent assays. 

 

 

Surface Plasmon Resonance phenomenon and Biacore technology 

Surface Plasmon Resonance (SPR) is a physical phenomenon which is usually exploited 

by several platforms for the analysis of protein-protein interactions. Biacore, is a SPR-based 

technology used to study the interaction between a ligand attached onto surface of a sensor chip 

and a ligand injected in solution through the flow cell. The sensor chip is composed by a glass 

slide coated with a thin layer of gold on which a matrix of carboxymethylated dextran is 

covalently attached. The gold is required for generation of the SPR response as at the interface 

between media of different refractive index the SPR phenomenon occurs. As the analyte binds 

to ligand and accumulates on the surface, the refractive index increases. This change is 

measured in real time and expressed as resonance units (RU) plotted versus time. These 

parameters are graphically represented as a sensorgram. 

Interactions between the analyte and the ligand in SPR are observed in real time and 

provide various information about I) Kinetic: how fast the interaction is in both association and 

dissociation profile II) Affinity: how strong the interaction is. 

Qualitative analysis of biacore data: 

A sensorgram (SPR raw data) is a plot of response (Relative Unit, RU) against time, 

showing the progress of the interaction during both association and dissociation phases. 
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Schematic illustration of a typical sensorgram 

 
The BiaEvaluation software allows to obtain the overlay of sensorgrams generated by 

samples run in the same analytical session in order to provide a qualitative assessment in terms 

of interaction behavior in both association and dissociation phases. In order to focus on the 

biological behavior of the analyzed samples, the capture level (when foresees in the assay 

layout) and the regeneration phases are excluded and sensorgrams are reported normalized 

versus: 

 
- the capture level: whereas the method foreseen a ligand capturing approach 

- the baseline: whereas the method foreseen the direct immobilization of the ligand on the 

sensor chip 

- the highest sample binding point in order to highlight, as for method purpose, the sample 

biological behavior in association and dissociation phase.  

 

The qualitative assessment of the interaction profile via sensorgram overlay is carried out 

evaluating the shape of sensorgram generated by the sample in comparison with the shape of 

sensorgrams generated by the reference material run twice (beginning and ending position of 

the analytical sample session) and, if present, other reference samples. Differences in 

interaction profile are detected as distance of the sample sensorgram line respect to the line 

representing reference sensorgrams. In the evaluation the variability observed between 

sensorgrams generated by the reference material (or reference sample) run multiple times is 

considered. 

 

 

 

 

https://www.google.it/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=&url=https%3A%2F%2Fwww.aacc.org%2Fpublications%2Fcln%2Farticles%2F2019%2Fmay%2Fthe-role-of-surface-plasmon-resonance-in-clinical-laboratories&psig=AOvVaw1n8pFR3XRcoZG2jlFeLnsf&ust=1574464437096545
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Binding affinity to FcRγIIIa V158 via SPR 

The interaction in terms of binding affinity between Anti–PD-L1 mAb and the FcγRIIIa 

V158 was measured in real time via Biacore T200. A tetra His Antibody was diluted in acetate 

buffer pH 4.5 to a defined concentration. For each flow cell (measurement and reference flow 

cells) were dispensed 200µL of NHS; 200µL of EDC; 200µL of EA, 200µL of Tetra His 

Antibody and 50mM NaOH. The Tetra His antibody was immobilized running a standardized 

software method. Then, the capture molecule FcγRIIIa V158 was prepared by resuspending it 

in HBS-EP+ to a defined working concentration. An Anti–PD-L1 curve (analyte) was prepared 

in HBS-EP+ to obtain a concentration in a defined range. The his-tagged FcγRIIIa V158/F158 

was captured via anti-histidine mAb to the measurement flow cell of the sensor chip CM5 series 

S. Anti–PD-L1 mAb was then flown over both reference and measurement flow cells and bound 

onto the FcγRIIIa V158 captured on the sensor chip. The binding affinity was evaluated 

applying a “Two State Reaction” fitting model. Data evaluation was performed with Biacore 

T200 Evaluation software. Results were released as average of two independent analytical runs. 

Indeed, each Biacore assay is made of two different analytical runs where, in each run, the 

reference material is tested at the beginning and at the end of the run. Data were expressed as 

absolute affinity KD (M) and, as supporting information, the relative affinity KD (%) was also 

calculated according to the following formula: 

 

𝐾𝐾𝐷𝐷 % =
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝐾𝐾𝐾𝐾, 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑎𝑎𝑎𝑎𝑎𝑎 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓)

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 (𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝐾𝐾𝐾𝐾)
 𝑥𝑥 100 

 
 

Binding affinity to FcRn via SPR 

A detailed description of the platform, type of analysis and results that can be obtained 

with this technology, are detailed in paragraph “Binding affinity to FcRγIIIa V158 via SPR”. 

The interaction, in terms of binding affinity, between Anti–PD-L1 mAb and the FcRn was 

measured in real time via Surface Plasmon Resonance (SPR) by Biacore T200. A huFcRn was 

diluted in acetate buffer pH 5.5 to obtain a defined concentration. For each flow cell 

(measurement and reference flow cell) were dispensed in 4 different 7mm plastic vials 200µL 

of NHS, 200µL of EDC, 200µL of EA, 200µL of huFcRn. HuFcRn was directly immobilized 

via amine coupling chemistry onto the Sensor CM4 Serie S. AntiPDL-1 curve was prepared in 

sample dilution buffer in a defined range. Anti–PD-L1 mAb was then flown over both reference 
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and measurement flow cells and bound onto the FcRn captured on the sensor chip. The binding 

affinity was evaluated applying a “Two State Reaction” fitting model. Data evaluation was 

performed with Biacore T200 Evaluation software. Results were released as average of two 

independent analytical runs. Indeed, each Biacore assay is made of two different analytical runs 

where, in each run, the reference material is tested at the beginning and at the end of the run. 

Data were expressed as absolute affinity KD (M) and, as supporting information, the relative 

affinity KD (%) was also calculated according to the following formula: 

 

𝐾𝐾𝐾𝐾 % =
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝐾𝐾𝐾𝐾, 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓)

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑙𝑙𝑒𝑒 (𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝐾𝐾𝐾𝐾)
 𝑥𝑥 100 

 

SEC-MALLS 

Size exclusion chromatography coupled with Multi angle laser light scattering (MALLS), 

is a technique that determines the molecular weight and size of complex proteins or oligomers. 

In this work it was used to detect and determine the molar mass of aggregates generated as a 

consequence of the several forced stresses performed. The output signals from the different 

detectors were imported into Astra 7® software for data processing. HPLC (UV/VIS) data 

analysis was performed and Astra 7.1.3 was used for analyzing the MALLS data. The analysis 

was carried out according to an internal procedure 

 

Reducing peptide mapping analysis by LC-MS 

Reducing Peptide Mapping by LC-MS/MS of Anti–PD-L1 mAb samples was performed 

to monitor the relative distribution of post translational modifications (PTMs) of Anti–PD-L1 

mAb samples. The analysis was carried out according to an internal procedure.  

 

2-AB Glycan Mapping 

The glycan mapping analysis is based on the enzymatic release of the N-glycan species 

from the polypeptide moiety using N-glycosidase F (PNGase F). The released glycans are 

labeled with a fluorescent marker 2-aminobenzamide (2-AB), and then separated and detected 

by chromatography coupled with a fluorescence detector. The analysis and data processing 

were carried out according to an internal procedure.  
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Non reducing capillary electrophoresis – Sodium dodecyl sulphate (NR/RE-CE-SDS) 

The method was applied for the determination of purity of Anti–PD-L1 mAb samples. 

The instrument was a PA800, P/ACE MDQ and PA8000 plus (Beckman coulter) with a PDA 

detector. Samples were incubated under reducing conditions with 2-mercaptoethanol, acetate 

buffer and SDS (4%). An electropherogram obtained under non-reducing analysis generally 

show a series of peaks corresponding to the following species: Internal reference at 10 kDa, 

Light chain (LC), Heavy chain (HC), 2 heavy chains (2HH), 2 heavy chains and a light chain 

(2H1L), non-glycosylated monomer (NG), monomer (IgG). This analysis is performed for the 

determination of fragmentation level of the molecule and the result is expressed as the total % 

of the low molecular weight fragments (LMWs). Samples analyzed are in both cases analyzed 

respect to the Anti–PD-L1 mAb reference material. The analysis and data processing were 

carried out according to an internal procedure.  

 

Thermal analysis by Nano DSF 

Nano DSF is a technology used for detecting small changes in the fluorescence of 

tryptophan and tyrosine residues. Generally, tryptophan is in the hydrophobic core of proteins. 

When structural modifications occur, the conformational changes cause the exposure of this 

residue to the aqueous solvent, causing a modified fluorescence emission.  In these analyses, 

the intrinsic tryptophan and tyrosine fluorescence were monitored at the emission wavelengths 

of 330 nm and 350 nm. The fluorescence ratio (F350/F330) was measured respect to the 

increment of temperature and it was monitored changes in fluorescence intensity as well as 

tryptophan specific shift of the maximum fluorescence emission. The thermal denaturation 

curve provides two different parameters: I) The inflection point (IP), represents the temperature 

at which 50% of the protein is denatured. It was determined by detecting the maximum of the 

first derivative of the fluorescence ratio (F350/F330 nm) and it gave an indication on the 

thermodynamic stability of the protein. II) The temperature of onset (Tonset). e.g. the temperature 

at which the protein starts to denature. It provided a further indication about the thermodynamic 

stability of the protein. In fact, at equal inflection points, the protein with lower Tonset shows 

the lower stability. The analysis was carried out with nano DSF Prometheus NT Plex supplied 

by Nano Temper Technologies. The experiment was performed according to an internal 

procedure.  
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Generation of the three-dimensional (3D) model of Asn deamidation mutant and its 

interaction network  

The three-dimensional (3D) model carrying the site-specific Asn substitution, was 

generated starting from X-ray structure of Fab domain. The tool used was “Protein builder”, 

available in Molecular Operating Environment (MOE) package v. 2019.01 (77). After a local 

energy minimization run, it led to a new Fab structure: variant 1 (Asn -> Asp). Then, the 

analysis of substituted Asn interaction network was investigated by computing the number and 

type of hydrogen bonds (H-bonds) between Asn/Asp and near residues according to the Baker-

Hubbard criterion and considering only H-bonds occurring with a frequency equal or major of 

10 % of the simulated time (structural data not shown). 

 

SAR statistical analysis of A-fucosylated and high mannose species 

EC50, relative potencies % and relative KD % data were plotted and fitted to a linear 

regression model using Minitab 19 software, MS excel or GraphPad prism depending on the 

specific experiment. EC50 and relative potencies were analyzed as average of three analytical 

runs while Biacore data as average of two analytical runs. Error bars indicate corresponding 

standard deviations or CV % depending on the specific analysis. A one-way analysis of variance 

(ANOVA) was also performed on relative potency % and KD % data. 
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