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Editorial on the Research Topic 


Effector functions of therapeutic antibodies


Therapeutic antibodies are broadly used in both oncology and autoimmune indications. Currently there are more than hundred antibodies approved by the FDA and many more are in development. Therapeutic antibodies of the human IgG1 subclass with an unmodified Fc portion are increasingly being replaced with engineered antibodies or novel antibody formats. In order to improve the therapeutic index of antibodies, the Fc portion of IgG can be protein- or glyco-engineered (1). Other IgG subclasses or antibody isotypes are also being explored. These modifications are aimed at altering the natural interactions with immune effector functions, such as Fc receptors or the complement system to ultimately improve the efficacy and safety of therapeutic antibodies.

The effector functions induced by the IgG Fc domain of therapeutic antibodies are characterized by complex interactions in vivo. The type and magnitude of these interactions depend on a number of factors. However it is not well understood how in vitro results, and pre-clinical in vivo studies, translate into clinical efficacy and safety. In in vitro assays, IgG effector functions are often studied in isolation and the effector functions in pre-clinical mouse models differ from those available in humans. Therefore bridging data from these different model systems is important to enable the use of preclinical results to predict clinical efficacy.

This Research Topic collates eleven articles focusing on the role of the IgG Fc domain for the effector functions of antibodies and highlights different strategies to alter IgG Fc to modify wanted and unwanted biological effects.

In addition to immune checkpoints on adaptive immune cells, targeting similar checkpoints on myeloid cells are also being explored. Chan et al. provides a comprehensive overview of the most prominent example of these, the CD47-SIRPα axis, and describes other potential myeloid checkpoints that could be explored to enhance immunotherapy. IgA is being explored as an alternative isotype instead of IgG for anti-cancer antibodies. As IgA antibodies predominantly engage Polymorphonuclear Leukocytes (PMNs) as effector cells, the authors also discuss the potential advantage of combining IgA antibody therapy with myeloid checkpoint blockade. Baumann et al. show in vitro anti-tumor activity with an IgA2 version of the anti-CD38 antibody daratumumab (Dara) in in vitro antibody-dependent cell-mediated cytotoxicity (ADCC) and ADCP assays. The activity of the IgA Dara variant could be further boosted by the inhibition of myeloid checkpoints CD47-SIRPα axis.

Zeller et al. analyzed whether dual checkpoint inhibition of the CD47-SIRPα and HLAI/LILRB1 axes in combination with CD20-directed antibodies is a suitable approach to further boost antibody-dependent cellular phagocytosis (ADCP) of lymphoma cells. Analysis of lymphoma cell lines revealed that the ratio of CD20 to HLA class I cell surface molecules determined the sensitivity to ADCP by the combination of rituximab and CD47 antibody. LILRB1 blockade promoted serial engulfment of lymphoma cells and potentiated ADCP but required CD47 co-blockade and the presence of the CD20 antibody. These data provide first in vitro evidence that dual checkpoint blockade of CD47 and LILRB1 may be promising to improve antibody therapy of lymphoma patients through enhancing ADCP by macrophages.

Agonistic antibodies that engage co-stimulatory receptors, such as anti-CD40 antibodies, have great promise but their clinical use is complicated by the small therapeutic window. The challenge is to separate the mechanisms that lead to anti-tumor response from those that result in unwanted toxicity. Salomon and Dahan provide an overview of the next generation of anti-CD40 antibodies. These strategies may include Fc engineering for enhanced FcγRIIB binding, intratumoral administration but also the use of bispecific antibodies to restrict CD40 agonism exclusively at the tumor site or specifically to dendritic cells.

For a number of agonistic therapeutic antibodies the IgG Fc part has been shown to be important for therapeutic activity but also play a role in the induction of unwanted side effects. Some of these antibodies are of the IgG4 isotype which is expected to have mild interactions with human FcγRs. Using a deglycosylated version of urelumab, an anti-CD137 antibody, Reitinger et al. showed that abrogating residual FcγR interactions by glycan removal maintains T cell stimulatory activity while ameliorating toxicity. These results suggest that glyco-engineering of IgG4 is an interesting strategy to explore. Furthermore, their data highlights the importance of dosing in order to separate beneficial effects from toxic side effects.

Protein engineering of the IgG Fc is an attractive strategy to enhance or to ameliorate IgG effector functions. Gehlert et al. used the anti-CD19 antibody tafasitamab in which the Fc domain has been modified by two mutations (S239D/I332E) that result in enhanced ADCP and ADCC. The authors have introduced a third mutation, E345K that improves Fc-Fc interactions and increases hexamer formation on the cell membrane resulting in improved complement activation. This mutation was functional, and resulted in improved Complement-dependent Cytotoxicity (CDC) when effector functions were studied in isolation. Importantly, however, in whole blood assays when all effector functions were available, stronger complement activation negatively impacted FcR engagement, highlighting the need for experimental systems where all effector functions can be studies simultaneously.

IgG1 contains one N-linked glycosylation site (Asn-297) and the glycan structure on the IgG has profound functional effects. In particular the presence of core fucose is of high importance, as antibodies with low core fucose are able to trigger stronger FcγR-mediated effector functions. Golay et al. provided a comprehensive overview of the literature on the biological effects of the IgG core fucosylation both in the context of therapeutic antibodies where it can be explored to modulate antibody effector functions and in physiological polyclonal IgG response.

IgG antibodies lacking the penultimate fucose residue are well known to bind with increased affinity to FcγRIIIa. Hatfield et al. now show that in afucosylated sugar moieties galactose residues play an important role in this enhanced binding. By using an enzymatic transglycosylation approach allowing addition of add defined sugar moieties to IgG, they demonstrate that galactosylation at the α6 but not the α3 antennae was responsible for this enhanced binding. The authors further validate their finding by demonstrating that these IgG glycovariants have an enhanced ADCC activity.

In addition to the impact of the sugar moiety attached to the Fc-domain of antibodies it is well established that glycosylation of FcγRs may also impact the IgG-FcγR interaction. For example a specific sugar moiety in FcγRIIIa is critical for detecting IgG glycovariants with low fucose with higher affinity (2). It remained unclear, however, which sugar residues in IgG or FcγRIIIa associated sugar domains have a major impact on this interaction. Van Coillie et al. addressed this important question by generating well-defined libraries of IgG and FcγRIIIa glycosylation variants and demonstrate that afucosylated IgG1 has the highest affinity for oligomannose containing sugar moieties attached to the Asn162 site on FcγRIIIa. Of note, this FcγRIIIa glycovariant seems to be present predominantly on NK cells and much less on monocytes.

Antibodies have become an essential therapeutic tool to treat autoimmune diseases. Thus, antibodies in the form of cytotoxic or immunomodulatory antibodies have become part of established or experimental treatments. Mariottini et al. discuss which antibody-based treatment options are available for patients with multiple sclerosis (MS) and which antibody-dependent effector mechanisms contribute to the therapeutic effect. In addition, they include an in depth comparison of antibody-based versus other treatment options, such as autologous hematopoietic stem cell transplantation.

de Vor et al. studied the potential of monoclonal antibodies against S. epidermidis to induce phagocytic killing by human neutrophils. Different mAbs recognizing Staphylococcal surface components were characterized. To study the immune-activating potential of selected clones, bacteria were opsonized with mAbs in the presence or absence of complement. Activation of the complement system was essential to induce efficient phagocytosis of S. epidermidis. Similar to the study of Gehlert et al. in the context of cancer, complement activation and phagocytic killing of S. epidermidis could be enhanced by Fc-mutations that improve IgG1 hexamerization on cellular surfaces. The authors were able to show that mAbs could greatly enhance phagocytosis of S. epidermidis in neonatal plasma and provide insights that are crucial for optimizing anti-S. epidermidis mAbs as prophylactic agents for neonatal Central line associated bloodstream infections (CLABSI).

Taken together, a collection of original papers, Reviews and Perspective published in this Research Topic highlight recent insights and extend our understanding of the effector functions of human antibodies. We hope that the new insights will contribute to the better understanding of antibody biology and help translate this knowledge into even more effective therapeutic interventions.
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The presence of fucose on IgG1 Asn-297 N-linked glycan is the modification of the human IgG1 Fc structure with the most significant impact on FcɣRIII affinity. It also significantly enhances the efficacy of antibody dependent cellular cytotoxicity (ADCC) by natural killer (NK) cells in vitro, induced by IgG1 therapeutic monoclonal antibodies (mAbs). The effect of afucosylation on ADCC or antibody dependent phagocytosis (ADCP) mediated by macrophages or polymorphonuclear neutrophils (PMN) is less clear. Evidence for enhanced efficacy of afucosylated therapeutic mAbs in vivo has also been reported. This has led to the development of several therapeutic antibodies with low Fc core fucose to treat cancer and inflammatory diseases, seven of which have already been approved for clinical use. More recently, the regulation of IgG Fc core fucosylation has been shown to take place naturally during the B-cell immune response: A decrease in α-1,6 fucose has been observed in polyclonal, antigen-specific IgG1 antibodies which are generated during alloimmunization of pregnant women by fetal erythrocyte or platelet antigens and following infection by some enveloped viruses and parasites. Low IgG1 Fc core fucose on antigen-specific polyclonal IgG1 has been linked to disease severity in several cases, such as SARS-CoV 2 and Dengue virus infection and during alloimmunization, highlighting the in vivo significance of this phenomenon. This review aims to summarize the current knowledge about human IgG1 Fc core fucosylation and its regulation and function in vivo, in the context of both therapeutic antibodies and the natural immune response. The parallels in these two areas are informative about the mechanisms and in vivo effects of Fc core fucosylation, and may allow to further exploit the desired properties of this modification in different clinical contexts.
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Introduction

IgGs are among the most abundant proteins in the circulation (700-1600 mg/dl in healthy adults), and specific IgGs are induced in response to infection, endogenous or allogeneic challenges, or by vaccination. Different IgG subclasses are found in man, which are very similar structurally but have distinct functions due to their differential binding to FcɣRs, complement components as well as other proteins. About 60% of plasma IgG is IgG1, 32% IgG2 and 4% each IgG3 and IgG4 in humans (1). IgGs are glycoproteins and their glycosylation pattern can change during time, due to age, diseases or environmental factors (2, 3).

Therapeutic monoclonal antibodies (mAbs) have emerged as an important therapeutic option in cancer since the approval in 1997 of the anti-CD20 antibody rituximab for the treatment of B-non Hodgkin's lymphoma (B-NHL). Since then, antibodies directed against different antigens expressed by cancer, immune cells or infectious agents have been developed to treat a variety of diseases. Indeed, so far, over 130 antibodies have been approved by the US and EU Drug Agencies, with 45% for oncological disorders, 27% for immune- or inflammation-related conditions and the rest for infectious or other diseases (4).

Most unconjugated therapeutic mAbs are IgG1 or in some cases IgG4 or IgG2. This is because the human IgG1 Fc moiety interacts efficiently with activating FcɣRs (FcɣRI, IIA, IIC, IIIA and IIIB), expressed on the surface of immune cells (1, 5). This interaction leads to antibody-dependent cellular cytotoxicity (ADCC) by NK cells (mostly via FcɣRIIIA, CD16A) (6, 7), antibody dependent phagocytosis (ADCP) by macrophages (mostly through FcɣRI, CD64 and to some extent FcɣRIIA, CD32A) (8–12) and ADCC/ADCP by polymorphonuclear neutrophils (PMN)(mostly via FcɣRIIA, CD32A) (13–15). IgG1 also interacts with FcɣRIIIB (CD16B), a GPI-linked molecules lacking activating domain, highly expressed by PMN and involved in PMN mediated ADCC and ADCP, but whose role may be either activating or inhibiting, perhaps depending on stimulus (13–16). Immune cell activation via FcɣRs also induces the release of cytokines and chemokines that may cooperate in eliminating the target cells but also induce unwanted side-effects (17). Finally the Fc region of human IgG1 can bind to the first component of the complement cascade C1q and activate the classical pathway of complement which may lead to cell lysis and death through complement dependent cytotoxicity (CDC), as well as phagocytosis by macrophages and PMN through complement receptors on these cells (18). Therefore, many therapeutic antibodies against cancer cells or other targets are of the IgG1 isotype to allow activation of a panoply of immune-mediated mechanisms, many of which rely on FcɣRs.

When the activation of the immune system is not desired, for example when a therapeutic antibody is required only to neutralize the antigen, such as a growth factor or checkpoint inhibitor, then the human IgG4 or IgG2 subclasses are often chosen, because they do not interact efficiently with FcɣRs or with C1q. The more recent human IgG4 formats include a mutation in Fc (S228A) to avoid Fab arm exchange, a natural phenomenon that leads to IgG4 instability (19).

Over the last 10-15 years, various modifications of antibody structures have been introduced to increase the efficacy of therapeutic mAbs in vitro and in vivo: these include extensively modified Abs with additional effector functions, such as bispecific antibodies (bsAbs), antibody-drug conjugates (ADCs) and fusion proteins carrying for example cytokines (17, 20). Less dramatic modifications of therapeutic mAbs include the introduction of point mutations in the Fc domain, as well as modification of Fc N-linked glycans that modulate IgG binding to FcɣRs and therefore enhance or abolish Fc mediated immune activation (ADCC, ADCP and/or CDC) (17, 20).

In this paper, we will summarize the knowledge gained about the role of IgG1 N-glycan core fucosylation in the in vitro and in vivo functions of IgG1 antibodies. Ig isotypes or subclasses other than IgG1 bear N-glycans, but less is known about the role of core Fc fucosylation in their case and these will not be further discussed here. Interestingly, the studies on the role of Fc core fucose in therapeutic IgG1 mAbs has facilitated the detection and understanding of the significance of this modification, observed during the polyclonal IgG1 response to some infectious agents, alloimmunization and in some autoimmune conditions. The knowledge on these aspects will therefore also be summarized and discussed.



The IgG N-Linked Glycans

Human IgGs are glycosylated proteins with a complex and variable glycosylation pattern. An important and extensively studied N-glycosylation site is present at conserved Asparagine 297 (Asn 297) in the CH2 domain, that interacts with FcɣRs. 20-30% of IgGs also bear N-glycans on Fab arms (21). Although there are reports of functional effects of different Fab N-glycosylation patterns in some antibodies (22), these are likely to be mostly antibody specific (23). Detailed structural studies of several commercial therapeutic mAbs has revealed that although Fab interacts with FcɣRIIIA and stabilizes the Fc-FcɣRIIIA binding, Fab fucosylation has a limited effect on the affinity of IgG for FcɣRIIIA (23, 24). The modulation of Fab fucosylation will therefore not be further discussed here.

The IgG Asn 297 N-glycans show a high degree of microheterogeneity, and they can be grouped in oligomannose, hybrid or complex type, the latter being the most abundant (about 90%) in IgG, either circulating or produced by cell lines in vitro (25) (Figure 1A). The presence of Fc N-glycan induces in general a more open structure compared to aglycosylated IgG, favors binding to activating FcɣRs and promotes antibody stability in vitro and in vivo (1, 26). The complex type N-glycosylation itself shows microheterogeneity: whereas it always contains a heptaglycan biantennary core structure (four GlcNAc and three mannose residues), the core can bear an additional bisecting GlcNAc (in about 10% of IgGs), and 1 or 2 galactose residues (in 35% and 15% of IgG, respectively) and 1-2 terminal N-acetylneuraminic acid (sialic acid, SA), on 10-15% of IgGs (Figure 1B). Finally, an α-1,6 fucose residue (core fucose) is present in 90% of complex type IgG N-glycans (Figure 1B). Interestingly the presence of bisecting GlcNAc inhibits α-1,6 core fucosylation due to steric hindrance and therefore IgGs generally contain either a bisecting GlcNAc or a core fucose residue, although some IgGs may have both bisecting GlcNAc and fucose (2, 27–29). IgGs are composed of least 30 glycovariants, to which specific abbreviations have been assigned: G0 (no Gal residue), G1 (1 Gal), G2 (2 Gals), F (fucose) etc (Figure 1B) (2, 27–29).




Figure 1 | The IgG Asn-297 N-glycan heterogeneity. Panel (A) major types of N-glycosylation observed in IgG. Panel (B) detail of complex type glycosylation with percentage of circulating IgG containing either fucose or bisecting N-Acetylglucosamine. The orange circle indicates the core structure. The blue broken lines and text indicate the heterogeneity of complex N-glycans, carrying either no Gal (G0), 1-2 Gal (G1/2), 1-2 Sialic acids (S1/2), with (F) or without core α-1,6-fucose.





The Biosynthesis of Human IgG N-Linked Glycans

N-glycosylation is a multi-step enzyme-mediated biochemical process. IgG N-glycan biosynthesis starts in the endoplasmic reticulum with the addition of a pyrophosphate-dolichol precursor (Dol-P, Glc3Man9GlcNAc2) to the Asn 297 N-glycosylation site of IgG. This structure is then trimmed by glucosidases and mannosidases, as the process moves to the Golgi, leading to the formation of high mannose, hybrid and the complex types N-glycans (26, 30–33). The main enzymatic reactions taking place in the Golgi are summarized in Figure 2. The stable overexpression or reduction/inhibition of some of these enzymes in antibody producing cell lines have been used to modify IgG glycan composition and perform structure-function studies of N-glycan microheterogeneity ( (31); and see below). The structure of N-linked and other IgG glycans and glycosylation pathways have already been extensively reviewed by others (30, 32, 34, 35) and we refer the readers to these more complete descriptions of the process.




Figure 2 | Simplified scheme of enzymatic reactions involved in N-linked glycosylation of IgG. The major glycosylation steps and enzymes involved in N- linked glycosylation of IgGs taking place in ER and Golgi are shown. GnT, N-Acetyl glucosamine transferase; FUT, Fucosyl transferase; Man, Mannose; Gal, Galactose; GlcNAcm N-acetylglucosamine; SA, sialic acid (N-Acetylneuraminic Acid).



The enzymatic pathways for GDP-fucose biosynthesis and Fc core fucosylation are shown in Figure 3 (26, 30, 36). L-Fucose (6-deoxy-L-galactose) is a monosaccharide obtained by glycoprotein degradation or diet. In the salvage pathway, L-fucose is phosphorylated in the cytosol to fucose-1-phosphate by fucokinase (FUK), and then converted to GDP-fucose by GDP-fucose-pyrophosphorylase (GDPP), an essential substrate for the fucosylation of proteins (Figure 3). Alternatively, and most commonly, de novo GDP-fucose is synthesized from GDP-mannose by GDP-mannose 4,6 dehydratase (GMD) and then GDP-4-keto 6-deoxymannose 3,5-epimerase-4-reductase (FX) (Figure 3). GDP-fucose is transported to the ER via the SLC35C1 and SLC35C2 transporters and used by several fucosyltransferases (FUT) in the Golgi to fucosylate glycoproteins. There are 11 different FUTs, but only FUT 8 catalyzes IgG Fc core fucosylation via an α-1,6 linkage (Figure 3). As mentioned above, the presence of bisected GlcNAc inhibits the addition of core α-1,6 fucose (26, 30, 36).




Figure 3 | Major pathways of GDP-fucose biosynthesis and IgG Fc core fucosylation. FUK, Fucose Kinase; GDPP, GDP-fucose-pyrophosphorylase; GMD, GDP-mannose 4,6 dehydratase; FX, GDP-4-keto 6-deoxymannose 3,5-epimerase-4-reductase; FUT, Fucosyltransferase.



These pathways show that there are multiple steps where a modulation of fucosylation can take place including the supply of diet fucose (36). The mechanisms of IgG Fc glycosylation regulation in B cells in healthy individuals and in disease are however still little understood.



Strategies to Generate Therapeutic IgG1 With Low Levels of Fucose Levels

In the last 10-15 years, removal of IgGs Fc core fucose has been shown to be an important method to enhance ADCC by therapeutic IgG1 mAbs (37–39). Based on the knowledge of the pathways of N-glycan fucosylation described above, several strategies have been used to generate therapeutic IgGs with low or no fucose [reviewed by Pereira et al. (40)]. These are briefly summarized below:

i. The selection of cell lines that naturally have low FUT8 enzyme, such as the Y2B/0 rat cell line (38).

ii. The creation of FUT8 knock out cell lines such as CHO FUT8-/- (41, 42). These produce antibodies completely lacking fucose, but may have a low growth rate unless specifically adapted.

iii. The selection of natural cell lines with defects in other enzymes involved in fucosylation, such as Lec 13, which has defective GDP mannose 4,6 dehydratase (GMD) which converts GDP mannose to GDP-fucose, the substrate for N-glycan core fucosylation (Figure 3) (37, 43).

iv. The creation of engineered cell lines lacking GMD, GDP-L-fucose synthase (FX) and/or the GDP-fucose transporter SCL35C1 (Figure 3) (44, 45). For example, the FX-/- and GMD-/- CHOZN® cell clones produced IgG1 antibody with core fucosylation reduced to 6-8% or 1-3%, respectively. The FX-/- clones also showed some aberrant glycan forms suggesting the GMD-/- CHOZN® cell line may be the best choice (44).

v. Another strategy is to engineer CHO clones with higher β-1,4-N-acetylglucoseaminyl-transferase III (GnTIII), best with a Golgi localization domain (2, 31, 46, 47). GnTIII catalyzes the transfer of GlcNAc to a core mannose residue in N-linked oligosaccharides via a β-1,4 linkage, which results in the formation of a bisected sugar chain. The bisection GlcNAc inhibits the transfer of fucose by FUT8, so that GnTIII overexpressing cells produce antibodies with lower levels of core fucose.

vi. Another modality is to use non-mammalian cells such as plant or insect cells that are engineered to synthesize human-type N-glycans, to reduce potential immunogenicity, but lack core fucosylation capacity (48).

vii. Cells can be treated with inhibitors of FUT8 such as 2F-Peracetyl-Fucose (49) or anti-FUT8 antibody (50).

viii. Finally, antibodies can also be enzymatically modified in vitro by treatment with glycosidase and glycosynthase enzymes. This is somewhat more complex since it requires antibody deglycosylation followed by a controlled glycosylation (51, 52).

The major strategies based on engineered mammalian cell lines are listed in Table 1.


Table 1 | Examples of cell lines and strategies developed for low fucose antibody production.



It is worth noting that, depending on the system used, the amount of fucose may vary from 0% for cell lines lacking FUT8 enzyme to 10-30% for the those with reduced FUT8 or other enzymatic modifications (Table 1). Also, different production cell lines and systems may lead to antibodies with different N-glycan profiles, not only regarding fucose residues. These may in turn affect function of antibodies since carbohydrates other than fucose, for example galactose or sialic acid may affect CDC or inflammation, respectively, among others (33, 53). A more detailed description of the role of galactosylation and sialic acid is beyond the scope of this review.



Functional Consequences of Low Core Fucose on IgG1 Asn 297 N-Glycan


Binding to FcγRIIIA and FcγRIIIB

Human, humanized or chimeric IgG1 antibodies lacking fucose on the Asn N-glycan bind with 10-100 fold higher affinity to human FcɣRIIIA and FcɣRIIIB (CD16B) (37, 54, 55). Structural studies have shown an increased carbohydrate-carbohydrate interaction between the N-glycans of FcγRIIIA and Fc, explaining the higher affinity of afucosylated IgG1 (56, 57).



NK Cells and ADCC

Since FcɣRIIIA is the major activating receptor on NK cells and mediates ADCC, the net result of increased binding to FcγRIIIA is a significant enhancement of ADCC by afucosylated IgG1 antibodies with respect to their fully fucosylated counterpart (2-40 fold, also depending on galactosylation) (37–39) (Table 2). In addition, FcɣRIIIA has relatively low-medium affinity for IgG so that ADCC is inhibited by excess IgG in plasma. In contrast, ADCC induced by afucosylated IgG1, which has a significantly higher affinity for FcɣRIIIA, is not significantly inhibited by plasma IgG. Thus afucosylated anti-CD20 antibody may be more effective in inducing ADCC in whole blood by 2 mechanisms: 1) higher affinity for FcɣRIIIA and 2) significantly reduced inhibition by serum IgG (99). Afucosylated IgG1 has also been reported to induce greater FcɣRIIIA downmodulation from the NK cell surface, a phenomenon which takes place via shedding of the extracellular domain by the ADAM 17 metalloproteinase and may participate in the serial target cell killing by NK cells (100).


Table 2 | Selected therapeutic antibodies with low or no fucose, approved by FDA/EU or in clinical development.





Phagocytosis by Macrophages

FcɣRIIIA is expressed by monocytes/macrophages, particularly M2 and red pulp macrophages as well as microglial cells. However, macrophages also express the activating FcɣRI and FcɣRIIA, and FcγRI is thought to be the major mediator of phagocytosis of IgG1 opsonized targets (10, 11, 101). Therefore, afucosylated therapeutic mAbs, despite binding with higher affinity to FcɣRIIIA, are not generally reported to significantly enhance phagocytosis, at least in vitro (10, 11, 102). There is some evidence that phagocytosis of targets opsonized with anti-CD20 by liver Kupfer cells in vivo is enhanced by the afucosylated mAb (103), but this point still needs to be further investigated and confirmed. In the context of polyclonal alloimmune anti-HPA1a IgG1 antibodies (see below), increased phagocytosis of target platelets in vitro by both monocytes (via FcɣRIIIA) and PMN (via FcɣRIIIB) has been reported (104).



ADCC by ɣδ T Cells

FcɣRIIIA is also expressed by ɣδ T cells and these can mediate ADCC in presence of IgG1 antibodies (105, 106). There are reports of increased ADCC by ɣδ T cells in presence of low fucose anti-CD20 mAb obinutuzumab compared to rituximab (58, 107). ɣδ T cells represent <5% of T cells in the circulation of healthy individuals; they are also localized in non-lymphoid tissues and constitute the majority of immune cells in some epithelia (108). The role of ɣδ T cells in the response to IgG1 antibody in vivo is not well understood.



ADCC and Trogocytosis by PMN

IgG1 with low Fc core fucose also binds more strongly than fucosylated antibody to FcɣRIIIB, which has >97% sequence identity with FcɣRIIIA in its extracellular IgG binding domain (14, 15, 55). FcɣRIIIB is a GPI-linked receptor lacking activating module (ITAM), is expressed only by PMN and at high levels on these cells (5, 55, 109). Low fucose anti-CD20 therapeutic antibody obinutuzumab was shown to activate PMN more effectively than rituximab, which is ≥90% fucosylated, initially suggesting that enhanced FcɣRIIIB binding was responsible for this effect (55). However, subsequent experiments performed with PMN isolated from a rare FcɣRIIIB null donor, as well as the observation that PMN may express very low levels of FcɣRIIIA, indicated that PMN activation by afucosylated anti-CD20 antibodies may be mediated by FcɣRIIIA, FcɣRIIIB, or both, depending on conditions (110). The presence of low levels of FcγRIIIA on resting or activated PMN however still needs to be confirmed. The activation of PMN by anti-CD20 antibodies does not induce ADCC or phagocytosis, but only trogocytosis and cytokine production (55, 110). Interestingly other antibodies, such as anti-EGFR antibodies do mediate ADCC of tumor targets by PMN, but this function strictly requires FcɣRIIA (15). Furthermore, PMN and FcɣRIIA mediated ADCC is inhibited by FcɣRIIIB (111, 112). Indeed, ADCC by PMN is diminished in the presence of afucosylated anti-EGFR, because the latter binds more strongly to FcɣRIIIB, which is highly abundant on PMN and is thought to compete with FcɣRIIA. Therefore, at least in this context, FcɣRIIIB may act as a decoy receptor (111, 112). It remains to be established whether and how the level of fucosylation of other antibodies, for example those directed against microbes, affect PMN functions.



Cytokine Release by Immune Cells

Several studies indicate that afucosylated IgG1 antibodies induce a more rapid and intense cytokine release by NK cells, monocytes/macrophages, PMN and/or ɣδ T cells compared to their fully fucosylated counterparts. Induced cytokines include IFN-ɣ, MCP1, IL-6, TNF, MIP1αβ, Rantes, IL-8 (55, 100, 107, 113–115). The level of cytokines induced in vitro is however generally quite low and the significance of such release in vivo is not fully clear. Nonetheless, the more frequent or severe immediate reaction syndrome observed in patients treated with obinutuzumab compared to rituximab indicates that increased cytokine release, particularly IL-6 and IFN-ɣ by afucosylated antibodies may be relevant in vivo (64, 116, 117). Cytokine release should therefore be carefully studied during the pre-clinical and clinical development of afucosylated antibodies.

The functional effects of IgG1 Fc core afucosylation are summarized in Figure 4.




Figure 4 | Major mechanisms of action of Fc core afucosylated IgG1 antibodies. IgG1 antibodies lacking Fc core α-1,6-fucose show a 10-100 fold increased binding to FcɣRIIIA and FcɣRIIIB on the indicated immune cells (NK, monocytes/macrophages and PMN), which results in increased ADCC by NK cells, enhanced competition with plasma IgGs, increased PMN activation, increased inhibition of FcγRIIA-mediated ADCC by PMN, induced by some antibodies (e.g. anti-EGFR mAbs). The effect of monocyte/macrophage induced ADCP is less clear. Low Fc core fucose can also increase release of cytokines, such as IL-6, TNF-α and IL-8, both in vitro and in vivo.






Evidence That Afucosylation Enhances the Efficacy of Therapeutic mAbs In Vivo in Animal Models

Studying the role of Fc core fucosylation using small animal models is complicated by the fact that mice express different set of FcɣRs compared to humans (5, 118–120). The more recently discovered mouse FcɣRIV molecule has been shown several years ago to be the murine ortholog of human FcɣRIIIA and to be an important mediator of human IgG1 efficacy in mice. Afucosylated human IgG1 binds with higher affinity also murine FcɣRIV (121). This suggests that, despite species differences, human IgG1 therapeutic antibodies can be tested in mice, at least for some aspects of their functions. However, because of differences in FcɣR expression pattern in mice, humanized mice or human FcɣRIIIA transgenic mice may be used more appropriately. Nonetheless one should bear in mind that mice do not have the equivalent of FcɣRIIIB, which therefore makes this species not completely adequate to test the role of PMN in antibody efficacy in vivo, unless fully humanized models are used (119). Despite these caveats, it is worth noting that afucosylated or low fucose anti-cancer mAbs have consistently been shown to control tumor growth more efficiently than their fully fucosylated parent molecules in mice (69, 84, 92, 122), as well as macaque, the latter having a more similar pattern of FcɣRs to humans (123). These results have led to an increased attention to the N-glycan profile of therapeutic mAbs (124), as well as the development of new afucosylated therapeutic antibodies in a variety of clinical contexts. These are discussed below.



Anti-Cancer mAbs With Low Core Fucose in the Clinic

Many antibodies with no or low Fc core fucose have entered pre-clinical or clinical development to treat different diseases. Seven such antibodies have been approved so far by FDA/EMA (Table 2). They include one bispecific and one ADC, the others being unconjugated IgG1 antibodies. Five are approved for cancer therapy and two for immune/inflammatory diseases. Many other antibodies are in clinical trial (Table 2, part 2) or in pre-clinical development (47, 55, 58–79). In all cases, a significantly enhanced ADCC activity by NK cells has been shown in vitro and, in some, more effective target depleting activity in vivo in mice or non-human primates, as discussed above (Table 2).

It is obviously difficult to evaluate whether removal of Fc core fucose significantly increases the efficacy of therapeutic anti-cancer mAbs in patients without performing phase III comparative studies of parent and afucosylated counterpart, studies that are rarely performed. Glycoengineered anti-CD20 antibody obinutuzumab was the first therapeutic antibody with low fucose to be approved in 2013 for the treatment of B-cell neoplasia. It has been extensively compared with rituximab in vitro and in clinical trials in Phase III studies in chronic lymphocytic leukemia and B-NHL, usually in combination with chemotherapy. Obinutuzumab has shown either enhanced activity or, in some cases, non-inferior activity to rituximab depending on disease contexts and treatment protocols (64, 116, 125). However, these two anti-CD20 antibodies differ from each other in aspects other than level of core fucosylation. They differ in epitope recognition, binding mode to CD20, and to some extent mechanisms of action (125). Rituximab induces higher CDC whereas obinutuzumab induces homotypic adhesion and direct cell death, in addition to the higher ADCC due to low fucose (62, 102, 126). It is therefore difficult to clearly identify the mechanism of higher efficacy of obinutuzumab in some disease contexts, compared to rituximab.

Another way to understand whether FcɣRIIIA binding affinity (and therefore the degree of IgG1 core fucosylation) is important for antibody efficacy is to study the response of patients carrying different FcɣRIIIA variants, in particular the 158V (high affinity) and 158F polymorphism (lower affinity). The studies of rituximab activity in follicular lymphoma patients treated with rituximab as single agent and the correlation between clinical response and the FcɣRIIIA-158V carriers suggested that FcɣRIIIA and ADCC by NK cells are important for the in vivo efficacy of this antibody (127). Similar data have been obtained in HER2 overexpressing breast cancer patients treated with trastuzumab (128). Nonetheless, for both rituximab and trastuzumab, these data have not been confirmed in all clinical contexts, perhaps also due to the fact that these therapeutic mAbs are generally used in combination with chemotherapy, which itself may modulate cell-mediated mechanisms (9, 129). Thus, both FcγRIIIA-dependent and independent mechanisms are likely to be important for anti-cancer IgG1 efficacy and these may vary in different clinical and therapeutic conditions.

Importantly, defucosylation has been shown not to alter significantly FcRn binding or pharmacokinetics in vivo, encouraging the development of afucosylated antibodies for clinical use (30).

To summarize, the fact that afucosylated IgG1 have consistently shown higher FcɣRIIIA binding and ADCC in vitro as well as often a greater efficacy in vivo in animal models without significant changes in antibody pharmacokinetics in vivo (69, 92) has led many groups to design and generate afucosylated therapeutic IgG1 mAbs or BsAb, as well as ADCs.



Modulation of IgG Fucosylation in Physiological States and Disease


Physiological Modulation of Fc N-Glycan Fucosylation

The glycosylation pattern of IgGs has been shown to be modulated during life. Children starting to produce their own IgGs show higher N-glycan core fucose levels, which decrease during childhood (130, 131). In adults, the levels of IgG fucosylation is quite stable in absence of pathology or interventions, but quite variable between individuals (ranging from 1.3 to 19.3% afucosylation), presumably due to hereditary as well as environmental factors (29).

How changes during pregnancy or aging are brought about is not clear. During pregnancy, chorionic gonadotropin (hCG) has been shown to promote the development of IL-10 producing B cells which are associated with production of highly core fucosylated IgG (132). The B cell response to infections that induce afucosylated IgGs probably explains the increased afucosylation during childhood (see below), but the mechanisms are unclear. Recently the spleen has been suggested to be an important site of fucosylation regulation: IgG1-Fc core fucosylation was observed to be increased in trauma splenectomized healthy individuals as well as in spherocytosis or immune thrombocytopenia (ITP) patients that were splenectomized, compared to non-splenectomized controls (133). There are several possible explanations for this observation: 1) The spleen may be a site of afucosylated IgG generation. Indeed in ITP, the spleen is also a source of anti-platelets IgGs which are highly afucosylated compared to total IgGs. 2) The spleen removes preferentially immune complexes containing afucosylated IgGs via FcɣRIIIA positive myeloid cells, so that splenectomy induces a change in the ratio of fucosylated/afucosylated IgGs (133). Further investigation of these possible mechanisms is warranted.

Several gene array analyses correlating IgG N-glycan traits with genome-wide polymorphic variants have allowed to identify gene pathways involved in N-glycome regulation, several of which were confirmed in more than one study (134–140). Some of the genes identified are glycosyltransferases, most significantly FUT8, B4GALT1 and MGAT3 (the latter encoding the GnTIII enzyme)(Figure 2), as well as transcription factors known or suspected to regulate these genes, such as RUNX1, RUNX3, IKZ1, IKZ3, IRF1, SMARCB1, TBX21O and HFN1 (138). Others are novel genes with no known role in glycosylation (135). With specific regard to fucosylation, FUT8 itself, the fucosidase FUCA2 and transcription factors regulating FUT8, most notably IKZF1, have been implicated in several studies (135, 137, 141). Altogether these results suggest that the expression level, localization and perhaps substrate availability of glycosylation enzymes define IgG glycosylation patterns. Clearly, further work will be required to fully identify the pathways involved and their role in the physiological regulation of IgG Fc N-glycan composition and core fucosylation in B cells.

Since N-glycosylation and core fucosylation take place in the ER and Golgi (Figures 2 and 3), the physiological state, pH, ionic and redox of ER and Golgi can also affect glycosylation (142, 143). Indeed some studies have evidenced the role of ER stress in modifying protein glycosylation patterns (144). In particular in B cells, the mutation or deletion of the ER protein Jagn1 leads to ER stress, reduced IgG core fucosylation and increased sialylation, indicating that afucosylated IgG1 may be induced during ER stress (145).

Interestingly many loci identified to play a role in regulating the glycosylation pattern of IgGs and other plasma proteins are also associated with autoimmune and inflammatory diseases (135, 137). The specific role of IgG Fc core fucosylation in these pathological conditions is discussed below.



IgG1 Fc Core Fucosylation in Alloimmunity

The fact that IgG Fc core fucosylation is physiologically modulated was first observed in the context of alloimmunization, frequently occurring during pregnancy, and mostly involving red blood cells (RBC) and platelets. Rhesus D antigen alloimmunization during pregnancy and delivery of a RhD+ fetus by a RhD negative mother has been in the past the most common cause of hemolytic disease of the fetus and newborn (HDFN), occurring in sensitized mothers who had given birth to a previous RhD+ baby. The disease is due to anti-RhD IgG antibodies crossing the placenta and destroying the RhD+ RBC in the reticuloendothelial system of the fetus and newborn, causing severe fetal anemia and hydrops fetalis in severe cases. Before the advent of prophylaxis of RhD negative women with anti-RhD immunoglobulin, which prevents allo-immunization, HDFN affected 150 per 100 000 births and 10% of perinatal deaths in the Caucasian population. Analysis of IgG glycosylation in alloimmunized pregnant mothers has revealed a variable decrease in IgG1 Fc core fucosylation (even down to 12%), whereas the total IgG remained highly fucosylated, as in healthy individuals (>90%). Furthermore, the level of anti-RhD Fc core fucosylation correlated significantly with FcγRIIIA-mediated ADCC and with low fetal-neonatal hemoglobin levels (146).

A later in vitro study investigated the functional activity of monoclonal anti-RhD antibodies of different subclasses (IgG1, 2, 3 or 4), bearing either low (usually <30%) or high (>90%) Fc core fucose levels (147). Whereas reduced fucosylation increased FcɣRIIIA binding of all IgG subclasses, only defucosylated IgG1 and IgG3 showed a 12- and 7-fold increase in ADCC by NK cells, respectively, presumably due to the fact that IgG2 and IgG4 are poor binders of FcɣRIIIA (147). Afucosylation of the anti-RhD mAbs did not enhance in vitro phagocytosis of RBC by GM-CSF (M1) or M-CSF (M2) induced macrophages, reminiscent of what has been most often observed with anti-tumor antibodies (see above). Another study of an anti-RhD mAb with low core fucose showed a higher RBC clearance capacity in vivo in mice, compared to highly fucosylated antibody (148).

These data altogether show that IgG Fc core fucosylation is likely to be an important pathological feature in HDFN with diagnostic potential, and that a significant mechanism of the disease may be RBC destruction by NK cells (149), in addition to ADCP by the reticuloendothelial system.

RBC alloantigens other than Rhesus D (c, E, Kell) can induce an antibody response and HDFN. The level of defucosylation of anti-Kell, but not anti-c or anti-E, was shown to correlate with severe fetal anemia. These data suggest that the antigens shape the type of response (150).

Alloimmunization of mothers by fetal platelets can also occur during birth or pregnancy, leading to the generation of antibodies directed against polymorphic human platelet antigens (HPAs), the phagocytosis of opsonized platelets in fetal spleen and liver and the development of fetal and neonatal alloimmune thrombocytopenia (FNAIT), a rare but potentially fatal diseases of the fetus and newborn (151). FNAIT can also occur during first pregnancy of incompatible mothers and can have severe consequences, including intracranial hemorrhage. In 80% of FNAIT cases, the targeted antigen is human platelet antigen-1a (HPA-1a), i.e. a polymorphic epitope of the β3 integrin (152). The HPA-1a antigen is presented to maternal T and B cells in combination with the HLA DRB3*01:01 molecule and leads to production of anti-platelets, mostly IgG1 antibodies (151, 153). Several groups have shown that pregnant women have decreased, although variable, IgG1 Fc core fucosylation, which is specific for anti-HPA-1a as opposed to total IgG. Low core fucose on anti-platelet antibodies appeared to increase phagocytosis by monocytes and PMN (104). Reduced anti-HPA-1a Fc core fucosylation as well as antibody levels correlated with decreased neonatal platelet counts and increased disease severity in FNAIT patients (104, 152, 154). Interestingly, low fucosylation of anti-HPA antibodies was observed in patients with FNAIT but not in those with refractory thrombocytopenia following platelet transfusion, indicating that the level of fucosylation is antigen dependent and/or related to the immune milieu defined by pregnancy (104).



IgG1 Fc Core Fucosylation in Autoimmune and Inflammatory Diseases

The IgG Fc N-glycosylation pattern of total or antigen specific IgGs has also been investigated in several autoimmune and inflammatory diseases, including rheumatoid arthritis (RA), systemic lupus erythematosus (SLE), multiple sclerosis (MS), autoimmune thyroid diseases, inflammatory bowel diseases (ICB), chronic obstructive pulmonary disease (COPD), ulcerative colitis (UC), etc. In these clinical contexts the greatest changes have been observed in galactosylation and sialylation, which in some cases such as in RA correlate with disease activity (155, 156). Fc core fucosylation has been observed to be modulated in only few autoimmune diseases, with an increase observed in RA, juvenile idiopathic arthritis and Crohn's diseases and a decrease in SLE, MS, and Lambert-Eaton myasthenic syndrome, immune thrombocytopenia (ITP) and either increase or decrease in different thyroid autoimmune diseases (157–159). It is worth noting that in this context, total IgGs rather than antigen-specific IgG have generally been analyzed. The pathological significance of these results is still unclear, except that low galactosylation and sialylation as well as high fucosylation of IgGs have been associated with a pro-inflammatory state (160). Several reviews of the state of the art regarding Fc N-glycosylation in autoimmune and inflammatory diseases has been published recently and we suggest the reader to consult these articles for further details on the subject (157, 161–163).

Interestingly, intravenous immunoglobulins (IVIGs) are extensively used as an immunomodulatory agent to treat autoimmune and inflammatory diseases. One mechanism of action of IVIGs is thought to be through competition with pathogenic IgG for Fcɣ receptors on immune cells. A very recent report analyzed the functional effects of different IVIGs glycoforms (i.e. IVIGs carrying 2 galactose, 2 sialic acids or no galactose, with or without α-1,6-fucose). Galactosylated and afucosylated IVIGs [(G2)2] had the highest affinity for FcɣRIIIA. The greatest effect was given by fucose removal as expected, but presence of 2 Gal residues increased affinity still further. Interestingly, (G2)2 IVIGs were also most potent in blocking ADCC in vitro and in reducing inflammation and serum IL-6 levels in a collagen antibody-induced arthritis model in mice (164). These data confirm that the anti-inflammatory activity of IVIGs is in part mediated via blockade of FcɣRIIIA by their galactosylated, non-fucosylated IgG component, at least in some clinical settings (165). They also corroborate the immunomodulatory capacity of Fc N-glycan composition in health and disease, particularly regarding core α-1,6-fucose and galactose. Finally, they suggest that modified IVIGs [(G2)2] may be a more effective immunomodulatory agent than unmodified IVIGs. This hypothesis will need to be verified.



IgG1 Core Fucosylation During the Humoral Response to Infectious Agents

Evidence for an important role of antibodies in the control viral or parasitic infections has gained strength over the last decade. IgG1 antibodies in infection, just like for anti-cancer mAbs, can act through a variety of mechanisms: via Fab they can neutralize viruses and parasites by blocking cellular entry and the replication cycle; through Fc they induce complement activation and phagocytosis by macrophages or PMN of opsonized immune complexes, clearing the infectious agent, as well as activate ADCC by NK cells which will destroy infected cells (166–170). Fab- and Fc-mediated activities probably synergize with each other, at least in some cases, although some antibodies under some circumstances can also enhance infection probably by facilitating the entry of the virus into FcɣR positive target cells, a phenomenon called antibody dependent enhancement (ADE). This has been particularly well described following secondary infection by a different Dengue virus serotype (166, 167, 171–173).

The role of the different FcɣRs and immune cells in protection from viral or parasitic diseases is not fully established, also because establishing suitable models is particularly challenging. Nonetheless FcɣRs as well monocytes and macrophages have been implicated as important effectors in controlling viral diseases caused by Influenza A virus, SARS-CoV and SARS-CoV-2 viruses, Chikunguya virus, West Nile virus and Yellow Fever virus (166, 170, 172, 174). Less frequently a role of NK cells or NKT cells has been demonstrated (166).

Interestingly, recent technical improvements in dissecting glycan structures have allowed to demonstrate that during natural antibody responses to viral or parasitic infections, there may be in some cases a decreased Fc core fucosylation of antigen-specific IgGs. Table 3 lists the major examples of this phenomenon and indicates the levels of afucosylation and duration that has been reported (whenever known). IgG1 antibodies against cytomegalovirus (CMV) (175) or against the plasmodium falciparum erythrocyte membrane antigen 1 (pfEMP1), a parasite antigen expressed on infected erythrocytes (183), show the highest levels of afucosylation following infection (median 30-75%), although this was highly variable between individuals. The effect appeared to be quite stable during time, perhaps due to continuous stimulation and/or formation of long-lived plasma cells secreting these afucosylated antibodies (175, 183). Other infectious agents, such as SARS-CoV-2 virus (175–179, 184), Dengue virus (180–182), Hepatitis B virus and Mump virus (175), induce lower (median 12-18%), although significant, levels of afucosylated antigen-specific IgG1s (Table 3). Worth noting is that afucosylation has been demonstrated to be specific for the IgG1s that recognize the viral or parasite membrane antigen and has not been observed in total circulating IgG1 or IgGs. The mechanism involved is not yet clear. Nonetheless, present evidence suggests that antigens presented in the context of host cell membranes may induce specific Fc core afucosylation. Indeed, infection by enveloped viruses or by plasmodium falciparum decreases Fc core fucosylation of IgGs induced by membrane associated antigens, whereas vaccination with the soluble antigens from the same microorganisms does not (175, 183).


Table 3 | Examples of modulation of Fc core fucosylation of antigen-specific IgGs in infectious diseases.



A recent paper investigating total plasma IgG N-glycosylation patterns in patients with asymptomatic filariasis (MF+) or with chronic disease (CP), compared to non-infected local control donors showed that CP patients had higher N-glycan heterogeneity. Afucosylation was highest in the CP group and lowest in MF+ group compared to controls. Other changes in glycosylation were observed, which may also have affected the immune and inflammatory state of the patients (185). Further studies will be required to investigate N-glycosylation pattern also on antigen-specific IgGs in the context of filariasis.

An important question is the functional effect of an increased level of antibody afucosylation during viral or parasitic infections and whether modulation of Fc core fucosylation is important for the control of the infecting microorganisms. This is obviously a difficult question to answer, also because afucosylation may be accompanied by other modifications in glycan structure and because glycosylation of other proteins could also be modified during infection (175, 186). Fc core fucosylation also affects the B cell receptor assembly (BCR) and BCR signaling (32). There is however some evidence that Fc core afucosylation may help in the control of infection, since the humoral response, ADCC and NK cells can play a role on the control of viral spread (187–190). Nonetheless afucosylation may also lead to major side effects, through pro-inflammatory mediators released by FcɣRIII expressing immune cells (see paragraph 5.5). Indeed, a correlation has been observed in some studies between degree of Fc core afucosylation and acute respiratory syndrome (ARDS) and inflammatory markers following SARS-CoV-2 virus infection (175, 177). Pongracz et al. confirmed decreased core fucosylation of anti-Spike protein in Covid-19 hospitalized patients, but could not observe a difference between those recovered or not in intensive care unit (178). Nor did they observe a negative correlation with inflammatory markers. In another study, degree of core afucosylation appeared to correlate with younger age of hospitalized patients (179). Recent work suggests that antibody titers, modifications of the IgG1 N-glycome profile other than afucosylation and FcɣRs other than FcɣIIIA, such as FcɣIIA, may contribute to Covid-19 disease severity (177–179, 191, 192), which would be in line with the complexity of the immune response. Clearly much work still needs to be done to fully define the factors contributing to SARS-CoV-2 infection control and ARDS.

During secondary infection with Dengue virus, the degree of Fc core afucosylation correlated with disease severity and with low platelets and RBCs (180–182).




Discussion

Afucosylation of Asn-297 N-glycan of human IgG1 is the glycan modification with the highest impact on the effector functions of therapeutic IgG1 antibodies, notably a 10-100 fold increase in affinity for human FcɣRIIIA and 2-40 fold increased ADCC by NK cells. The effect of Fc core afucosylation on phagocytosis by macrophages is less clear and may depend on context, because these cells express several other activating FcɣRs that participate in the process of phagocytosis, in addition to FcɣRIIIA. Afucosylation of IgG1 also enhances its binding affinity to human FcɣRIIIB, a major receptor on PMN. The functional effect of this on the PMN response to therapeutic antibodies is not well understood, since many data suggest that FcγRIIIB is an activating receptor for PMN, whereas others suggest that it may act as a decoy receptor in some circumstances.

The strong enhancement of ADCC by Fc core afucosylated IgG1 antibodies has led to the development of many novel therapeutic antibodies, with the idea that enhancing their activity in vivo. How much more effective these antibodies are in vivo in the clinic, compared to their fully fucosylated counterparts is still not completely clear. Despite these uncertainties, given that animal models suggest greater efficacy of therapeutic mAbs with lower Fc core fucosylation and that afucosylation does not significantly affect the pharmacokinetics of antibodies, this modification is frequently used as a method to try and enhance the efficacy of therapeutic IgG1 mAbs. Removal of fucose can also be combined with point mutations of IgG1 antibodies to further enhance their immune-mediated mechanisms of action (193).

Novel data have accumulated showing an increase in IgG1 Fc core afucosylation during the polyclonal antibody response to infections by some enveloped viruses and parasites and during alloimmunization by RBC or platelets in pregnancy. The correlation between disease severity in alloimmunization points to a more effective removal of target cells by the core afucosylated antibodies, mediated by NK cells and/or the mononuclear phagocyte system. In the case of infectious diseases, a decreased in core fucose in IgG1 antibodies directed against membrane-associated antigens has been demonstrated in several cases. A correlation with disease severity is suggested in some cases, such as SARS-CoV-2 infection, in which the modified N-glycome may indeed induce higher immune cells activation and inflammatory cytokine release. This observation is interesting in view of the more severe or frequent cytokine release syndrome reported with some therapeutic anti-tumor afucosylated antibodies compared to fucosylated antibodies, indicating that similar mechanisms may play a role in these phenomena.

These results emphasize the strong parallelism between the activities of therapeutic IgG1 mAbs and polyclonal IgGs naturally induced in health and disease. Still much remains to be investigated and clarified about the in vivo role of Fc core fucosylation, not only of IgG1 but also other Ig isotypes. Further studies on the physiological mechanisms of regulation of IgG core fucosylation in B cells in vivo is another exciting area of research, that may allow in the future to control pharmacologically this phenomenon in different pathological conditions.
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Immunotherapy with therapeutic antibodies has shown a lack of durable responses in some patients due to resistance mechanisms. Checkpoint molecules expressed by tumor cells have a deleterious impact on clinical responses to therapeutic antibodies. Myeloid checkpoints, which negatively regulate macrophage and neutrophil anti-tumor responses, are a novel type of checkpoint molecule. Myeloid checkpoint inhibition is currently being studied in combination with IgG-based immunotherapy. In contrast, the combination with IgA-based treatment has received minimal attention. IgA antibodies have been demonstrated to more effectively attract and activate neutrophils than their IgG counterparts. Therefore, myeloid checkpoint inhibition could be an interesting addition to IgA treatment and has the potential to significantly enhance IgA therapy.
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Introduction

For many patients, cancer is a devastating disease that is caused by an unfavorable imbalance between the immune system and the tumor. Many current cancer immunotherapies attempt to restore this balance by boosting the patient’s immune system through strategies such as monoclonal antibodies (mAb), adoptive T-cell transfer, or therapeutic vaccines. mAbs are an established therapeutic tool due to their well-documented clinical activity in many different tumor types and indications. Following the approval of rituximab in 1997 for the treatment of B-cell lymphoma, many others, including trastuzumab (approved in 1998 for HER2 overexpressing breast cancer) and cetuximab (approved in 2009 for colorectal cancers) were developed (1). However, over recent years it has become apparent that clinical responses to therapeutic antibodies are often critically affected by the balance of immunostimulatory signals – typically mediated by immunoreceptor tyrosine-based activation motifs (ITAM)-containing Fc receptors (but also other molecules) – and immunoinhibitory signals mediated by a plethora of different ITIM-containing molecules (2). The term immune checkpoint blockade refers to the interference of these interactions between immunoinhibitory molecules and their ligands (3).

Identifying and blocking checkpoint molecules on T cells has evolved as a successful strategy for cancer treatment. For example, the discovery of cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) and programmed cell death protein 1 (PD-1)/programmed death-ligand 1 (PD-L1) accelerated the field’s progress. Antibodies that inhibit these checkpoints, thereby preventing inhibitory signals from suppressing T cells, have been shown to improve anti-tumor responses. After the discovery of these checkpoint molecules, in 2011, the FDA approved ipilimumab, an anti-CTLA-4 blocking antibody, for patients with metastatic melanoma (4). Pembrolizumab and nivolumab, both PD-1 blocking antibodies approved for the same indication, followed in 2014 (4). Later the FDA approved atezolizumab and avelumab, both antibodies against PD-L1 (5). In the following years, the list of indications for these antibodies quickly expanded to many different tumor entities (6). However, tumor types with typically low response rates were also observed, which stimulated research into the mechanisms of antibody response and resistance (7).

Today’s inhibitory checkpoint landscape extends beyond T cells and adaptive immunity. Antibody-mediated phagocytosis of cancer cells is a primary anti-tumor response mediated by macrophages in innate immunity (8). Genome-wide CRISPR screens have identified critical regulators of macrophage-mediated antibody-dependent cellular phagocytosis (ADCP) of tumor cells. The well-known CD47 anti-phagocytic factor and genes associated with protein sialylation are among the top hits. Moreover, a novel gene, adipocyte plasma membrane-associated protein (APMAP), traditionally associated with white adipose tissue differentiation but not previously associated with phagocytosis, was discovered to strongly desensitize tumor cells to ADCP (9). Such regulators are overexpressed on cancer cells to evade immune surveillance by myeloid immune cells. For example, the binding of CD47 to signal regulatory protein α (SIRPα) on macrophages reduces their anti-tumor response, which can be restored by blocking this interaction (10). Interestingly, SIRPα and other myeloid regulators are often also expressed on neutrophils, which are the most abundant immune cell in the circulation and are also found in many tumor cell infiltrates (11).

Meanwhile, several CD47-SIRPα directed treatments are being studied in combination with tumor-directed monoclonal antibodies, which are of the human IgG1 isotype (12). While IgG1 antibodies have been found to activate neutrophils, IgA antibodies have been shown to be significantly more effective. IgA-mediated antibody-dependent cellular cytotoxicity (ADCC) by neutrophils outperforms IgG-mediated ADCC using this cell subset, and when combined with CD47 blockade, the anti-tumor capacity can be greatly increased using IgA antibodies (13, 14).

Although IgA has been proven to be particularly effective in activating neutrophils, the numerous regulators overexpressed on tumor cells indicate that antibody-driven cytotoxicity alone is insufficient to battle cancer, and that antibody therapy should be combined with checkpoint inhibition to be effective (9). This review summarizes myeloid checkpoint molecules and proposes a novel combination strategy involving therapeutic IgA antibodies.



Myeloid Immune Checkpoint Molecules

Traditional therapeutic antibodies, such as rituximab and trastuzumab, generally rely on Fc receptor expression on effector cells to induce cytotoxic effects such as cellular activation, cytotoxicity, and phagocytosis of antibody-opsonized tumor targets (15). The primary innate myeloid population driving the anti-tumor response, likely by phagocytosis, was proposed to be IgG-complex crosslinking to FcγRIIIa on macrophages (16). Crosslinking of the IgG-complex induced phosphorylation of the ITAM tyrosine residues and led to downstream regulation of actin polymerization and activation of phagocytosis (17). Just like the inhibitory Fc gamma receptor FcγRIIb, myeloid checkpoint molecules contain immunoreceptor tyrosine-based inhibitory motifs (ITIM) with tyrosine residues that, when phosphorylated, initiate downstream signaling that suppresses phagocytosis by counteracting ITAM signaling (18).

Weissman’s lab discovered the first myeloid checkpoint molecule, the CD47-SIRPα interaction, in 2009 (19). Following that, researchers have been looking for alternative myeloid checkpoints. To date, ITIM bearing sialic acid-binding immunoglobulin-like lectins (Siglecs) expressed on myeloid cells have been discovered to bind to tumor cell ligands and inhibit immune responses in a manner similar to the CD47-SIRPα interaction. Moreover, leukocyte immunoglobulin-like receptor subfamily B (LILRB) receptors 1 and 2 on myeloid cells, were discovered to bind β2 microglobulin (B2M) exerting a similar inhibitory response in myeloid cells. The role of these myeloid checkpoint molecules (Figure 1) in cancer immunotherapy will be further examined.




Figure 1 | An overview of putative immune checkpoints molecules regulating myeloid cell function in human tumor microenvironments (TME). Receptor-ligand interaction including the CD47-SIRPα axis, sialoglycans-Siglec axis and HLA1 (B2M)-LILRB 1/2 axis in the immune synapse between the myeloid cells, such as neutrophils and macrophages and the tumor cells. Src family kinases phosphorylate the ITIM upon binding of checkpoint molecules to their respective receptors. The following recruitment and activation of SHP-1 and SHP-2 suppresses the anti-tumor immune responses. Consequently, tumor cells are able to evade immune surveillance.





CD47-SIRPα Axis

One of the most studied myeloid checkpoints is the CD47-SIRPα axis. The ligand CD47, which is overexpressed on the tumor, has an Ig-like domain in its extracellular region as well as five transmembrane domains. It is ubiquitously expressed in healthy tissues, including platelets and erythrocytes, and can bind to integrins, thrombospondin-1, and signal regulatory proteins, the most relevant of which is SIRPα, since other signal regulatory proteins, such as SIRPβ and SIRPγ, bind with minimal affinity to CD47, if at all (20).

Because of its demonstrated role in immunotherapy resistance, CD47-SIRPα has received a lot of attention (21). SIRPα is a plasma membrane protein that is expressed on myeloid cells such as macrophages, granulocytes, some dendritic cell subsets, and neurons (22). SIRPα was also found to be overexpressed on natural killer (NK) cells after IL-2 activation (23). In its extracellular region, the protein has three Ig-like domains, where the NH2 terminal V-set domain is a critical CD47 interaction site (24). Furthermore, two ITIMs are present in its intracellular regions, which are phosphorylated by Src family kinases upon interaction with CD47. Subsequently, Src homology region 2 domain-containing phosphatase-1 (SHP-1) and SHP-2 are recruited and activated. These phosphatases prevent the assembly of myosin IIA at the immunological synapse, preventing phagocytosis or trogoptosis (25).

In a physiological setting, the CD47-SIRPα interaction is a critical mediator of hematopoietic cell homeostasis, most notably in erythrocytes and platelets. Healthy cells are protected from phagocytes by high CD47 expression, whereas senescent cells have low CD47 expression and are quickly cleared (20). Furthermore, recent research has discovered that functional CD47-SIRPα interaction is crucial for the survival of T-and NK cells in a steady state condition (26).


Tumor Cells Redirect the Immune System by up Regulating CD47 Expression

In both solid tumors and hematological malignancies, such as ovarian cancer, breast cancer, multiple myeloma and Non-Hodgkin lymphoma (NHL), elevated CD47 expression is associated with a poor prognosis (19, 27–35). Several mechanisms have been proposed to explain regulation of CD47 expression in cancer cells (Figure 2).




Figure 2 | Regulation of CD47 expression in cancer cells. An overview of the mechanisms that cause CD47 overexpression in cancer. When the TNF receptor and the IL-1 receptor are activated by extracellular TNF-α and IL-1, NFκB is recruited and translocated to the nucleus, where it binds to a super-enhancer to promote CD47 expression. Extracellular IL-6 induces STAT3 signaling. Phosphorylated STAT3 complex and other transcription factors, including SNAI1, ZEB1, MYC, HIF-1, PKM2-β-catenin-BRG1-TCF4 complex enhance CD47 expression by directly binding to the CD47 promotor. Extracellular IFN-γ increased the CD47 expression, albeit the exact mechanism is unknown. Subsequently, at a post-transcription level, microRNAs could bind to the 3’ untranslated region of CD47 mRNA, causing translation to be disrupted.



Transcriptional CD47 super enhancers were found in tumor cells with a high level of CD47 expression. Moreover, additional research discovered the presence of a functional enhancer E7 upstream of the CD47 gene, with increased activity correlating with CD47 overexpression in a number of cancer cell lines. Two other enhancers, E5 at a downstream CD47 gene-associated super enhancer and E3.2 within an upstream CD47 gene-associated super enhancer, were discovered in some but not all cancer cell lines, indicating that CD47 regulation may be tumor specific (36).

While on the protein level, numerous cytokines secreted by tumor-associated macrophages (TAMs) contribute to immune evasion. Tumor necrosis factor alpha (TNF-α) promotes translocation of nuclear factor kappa-light-chain-enhancer of activated B cells (NFκB) to the nucleus in tumor cells. It binds to E5 and possibly E7 at this site, allowing bromodomain-containing protein 4 (BRD4) to be recruited to the super enhancer site and promoting CD47 gene transcription (36, 37). Co-culture of TNF-α with cancer cells at concentrations up to 100 ng/ml resulted in a maximum fourfold increase in CD47 expression due to enhanced CD47 promotor activity. This could be reversed by using an anti-TNF-α antibody-to disrupt the TNF-α – TNF receptor interaction (36, 38). Similarly, interleukin-1β (IL-1β) was shown to activate NFκB and enhanced CD47 expression in cervical cancer cells (39).

Other cytokines, such as interleukin-6 (IL-6) and interferon gamma (IFN-γ), also increased CD47 expression by activating the signal transducer and activator of transcription 3 (STAT3) pathway (32). Co-culture with these cytokines at concentrations ranging from 20 ng/ml to 100 ng/ml decreased anti-tumor ADCP of various cancer cells as a direct result of increased CD47 expression (40).

In addition, several transcription factors bind to the CD47 promotor to increase CD47 transcription. MYC, a transcription factor involved in cell proliferation, differentiation, and apoptosis, was discovered to promote tumorigenesis via direct binding to the promotor of the checkpoint proteins CD47 and PD-L1 (41, 42). MYC inactivation in various tumor cells down-regulated cell surface expression of CD47 (41). Similarly, recruitment of Snail Family Transcriptional Repressor 1(SNAI1), Zinc Finger E-Box Binding Homeobox 1(ZEB1), Hypoxia-inducible factor-1 (HIF-1), and the Pyruvate kinase isozymes M2 (PKM2)-β-catenin- Brahma‐Related Gene‐1 (BRG1)- Transcription Factor 4 (TCF4) complex to the CD47 promotor increased CD47 expression (43–45).

Finally, microRNAs could negatively regulate CD47 gene expression in cancer cells by degrading messenger RNA or limiting translation. Numerous microRNAs that bind to the CD47 3’ UTR and inhibit its expression have been identified. MiR-133a, for example, is downregulated in esophageal squamous cell cancer (46, 47). In T cell acute lymphoblastic leukemia, miR-708 is downregulated and sustained CD47 expression (48, 49). Other miRNAs known to influence CD47 expression include miR-155 (50), miR-200a (51), miR-192 (52), and miR-340 (53), which all act post-transcriptionally on CD47 mRNA.



CD47 Ligation Impairs Anti-Tumor Response

The interaction between CD47 and SIRPα on macrophages inhibits phagocytosis, serving as a “don’t eat me” signal, which may counteract pro-inflammatory responses mediated by cancer therapeutic antibodies, reducing therapeutic efficacy. Targeting this axis is hypothesized to disrupt the inhibitory signal, improving the efficacy of therapeutic cancer antibody candidates targeting tumor associated antigen (TAA), such as rituximab (31). Because CD47 is expressed in both hematological and solid tumors, it is a promising and broadly applicable therapeutic target. Although CD47-specific blocking antibodies are capable of improving macrophage-mediated ADCP and neutrophil-mediated ADCC, the mechanisms underlying CD47 targeted treatment are not restricted to these functions.

Some CD47 antibodies (Table 1) have been reported to induce tumor cell death via a caspase-independent mechanism (64). Apoptosis induced by CD47 ligation appears to be epitope-dependent, as demonstrated by anti-CD47 clones MABL (60) and CC2C6 (65), but not with clone B6H12 (19, 54).


Table 1 | The characteristics of anti-human CD47/SIRPα antibodies and proteins.



Moreover, treatments using CD47 antibodies can promote adaptive T-cell immune responses. Anti-CD47 therapy administered intratumorally to colon adenocarcinoma tumor (MC38)-bearing syngeneic WT C57BL/6 mice decreased tumor growth, but no effect was observed in T cell-deficient nude mice. CD8+ T cell depletion revealed that the therapeutic effect was mediated by cytotoxic T cells. Additionally, dendritic cells, but not macrophages isolated from the tumor microenvironment demonstrated increased cross-priming of the cytotoxic T cells (55, 56). The infiltration of CD8+ dendritic cells into the spleens of colon carcinoma tumor (CT-26)-bearing mice was increased following treatment with ALX148, a high affinity anti-CD47 fusion protein with blocking capacities, Moreover the dendritic cells were more activated. Increased levels of splenic effector memory and central memory CD4+ T cells, as well as increased numbers of central memory CD8+ T cells, were observed in these mice (55). In a NHL model, CD47 mAb synergized with a CD19/CD3 bispecific T cell engagers (BiTE) and activated both macrophages and T cells. It was demonstrated that the CD47 mAb required macrophages, PBMCs, and possibly others for optimal tumor clearance, as validated by macrophage depletion using liposomal clodronate or NOD/SCID mice lacking human PBMCs (57). It has been proposed that the association between CD47 on tumor cells and thrombospondin-1 on T cells acts as an immunological checkpoint, impairing T cell activation and thereby decreasing antigen-dependent killing of tumor cells by CD8+ T cells (58). Overall, inhibition of the CD47-SIRPα axis promotes tumor antigen cross-presentation to CD8+ T cells by dendritic cells, boosting the adaptive response.



Blocking the CD47-SIRPα Axis Improves Macrophage-Mediated Phagocytosis

CD47 antibodies, such as the humanized B6H12 (often referred as B6H12.2) and BRIC126 (Table 1) have been shown to be effective in pre-clinical mouse models of acute myeloid leukemia (AML) (19), acute lymphoblastic leukemia (27), T-cell lymphoma (TCL) (54), and various solid tumors. After CD47 was blocked, TAMs in solid tumors could be converted to pro-phagocytic (59, 61). Interfering with the CD47-SIRPα interaction slowed tumor growth and prevented metastasis. Both B6H12.2 and BRIC126 are first generation CD47 antibodies that disrupt the CD47-SIRPα interaction while also triggering Fc-FcγR ADCC and ADCP, i.e. NK-mediated cell death, via an intact IgG Fc tail. Monotherapy in PDX and immunocompetent TCL mouse models using these antibodies was proven to be efficient in killing tumor cells due to their Fc effector properties, whereas antibodies with blocking properties need to be used in combination therapies (54).

Despite promising results in (pre)clinical studies, the field remains concerned about the clinical applicability of this approach. CD47 is expressed ubiquitously on somatic cells, including platelets and erythrocytes, which is of major concern for CD47 targeted therapy. Thrombocytopenia occurred spontaneously in CD47-deficient mice due to uncontrolled platelet phagocytosis. The CD47-SIRPα interaction was found to be directly involved in the regulation of macrophage uptake of CD47-negative platelets. Additionally, CD47-deficient mice develop anemia and die prematurely as a result of rapid erythrocyte clearance (62, 63, 66). As a result, CD47 must be targeted with caution. Blocking antibodies such as F(ab) fragments and Fc silent mAbs directed at CD47 were developed to overcome dose-limiting toxicity. Again, these blocking antibodies demonstrated that interrupting SIRPα signaling requires the presence a pro-phagocytic signal, as the blocking antibody alone had no effect on tumor suppression (19, 31, 67).

For example, Calreticulin and SLAMF7, are pro-phagocytic receptors that are found in a variety of malignancies but are minimally expressed on healthy cells. Calreticulin expression is increased in a range of cancers, including leukemias, bladder cancer, and ovarian cancer, whereas SLAMF7 expression is increased in predominantly hematopoietic tumor cells (68). When CD47 was blocked, Calreticulin overexpression resulted in an increase in macrophage phagocytic capability. Surprisingly, increased expression of SLAMF7 had no effect on macrophage phagocytosis (54, 68, 69). Disrupting the CD47-SIRPα downstream SHP-1 signaling in a melanoma mouse model by using mutant mice lacking the SIRPα cytoplasmic tail had no effect on tumor growth or metastasis. Tumor formation in these mice was, however, prevented when combined with an anti-gp75 antibody (28, 70). It is clear that, in addition to removing the ‘brake’, an activating cue, whether a therapeutic Fc-active antibody or another pro-phagocytic signal like calreticulin, is required for optimal immune response.

Multiple pro-phagocytic signals may be beneficial in the treatment of more advanced, resistant late-stage cancers. Blocking CD47 did, in fact, synergize with rituximab and improved macrophage-mediated phagocytosis in NHL xenotransplant mouse models (31). In a pre-clinical model of HER2+ breast cancer, a combination of a CD47 mAb and trastuzumab was also found to successfully augment macrophage-mediated phagocytosis (71).



The Development of Next-Generation Antibodies

The humanized anti-CD47 antibody developed by Arch Oncology, AO-176 (Table 1), has the distinctive property of displaying low affinity to normal healthy cells and negligible binding to erythrocytes and platelets. The differential binding was most likely caused by the antibody’s binding epitope characteristics, which allows it to bind more potently to tumors in an acidic microenvironment (72, 73). Other novel strategies for reducing the on-target toxicity of CD47 targeting have been investigated. To reduce Fc-mediated effector functions, the humanized 5F9 (Hu5F9) antibody was placed on an IgG4 scaffold. Hu5F9-G4 inhibited the CD47-SIRPα interaction and induced phagocytosis of AML cell lines by macrophages. Furthermore, Hu5F9-G4 reduced NHL engraftment in vivo, but total tumor clearance was only achieved when combined with rituximab (74, 75). The on-target toxicity of these modified antibodies is significantly reduced. These agents, however, still face the issue of a large antibody sink and are restricted to combination therapies as they lack Fc-mediated effector functions.

ALX148 is a SIRPα-Fc protein engineered by fusing a modified SIRPα to an inert human IgG1 Fc portion, not capable of binding FcγR or C1q complement protein (55). Binding to the neonatal Fc receptor, on the other hand, was retained, which is beneficial for serum half-life. When compared to the WT SIRPα, it was found to have a 7000-fold higher affinity for human CD47. Because of the inert Fc portion on-target adverse reactions were reduced. In vivo anti-tumor responses were achieved in mantle cell lymphoma and gastric tumor models using obinutuzumab and trastuzumab, respectively. ALX148 promoted macrophage phagocytosis, induced dendritic cell activation, and promoted T cell activation in non-human primates with a favorable safety profile (55).

Another strategy to limit hematotoxicity are antibodies that target SIRPα. Several SIRPα antibodies are currently undergoing clinical trials or being researched, such as BI 765063 (NCT04653142), CC-95251 (NCT05168202), and ADU-1805 (76). These antibodies do not bind to erythrocytes and platelets and show similar efficacies in vitro as CD47 antibodies (76–78). However, validation in mouse models are difficult because of the human specificity. MY-1 a SIRPα antibody that binds to the NH2-terminal Ig-V–like domain of mouse SIRPα and thereby blocks the CD47/SIRPα interactions in mice. MY-1 showed no hematotoxicity in mice and improved ADCP and ADCC activity (14, 79). Moreover, the antibody also binds the extracellular region of mouse SIRPβ1 and promoted anti-tumor immunity independent of macrophage-mediated ADCP (80). SIRPβ1 lacks an ITIM motif and does not bind CD47 efficiently (81). It was found that ligation of MY-1 to SIRPβ1 promoted TNFα secretion by macrophages and suppressed tumor growth through  activation of a DAP12-Syk- MAPK signaling pathway (80).

Small molecules are being investigated as a novel strategy for disrupting the CD47-SIRPα interaction. A haploid genetic screen revealed that the enzyme glutaminyl-peptide cyclotransferase-like protein (QPCTL) is required for the formation of pyroglutamate on CD47. QPCTL is an enzyme that catalyzes the conversion of N-terminal glutamine and glutamic acid residues to N-terminal pyroglutamate residues (82). The CD47 protein’s N-terminal pyroglutamate is the primary binding site for SIRPα (24). SEN177, a QPCTL inhibitor, or QPCTL knockout abolished the binding of an anti-CD47 antibody (CC2C6) that recognizes the same recognition site as SIRPα (83). Pre-treatment of MDA-MB-468 and A431 cells with SEN177 for three days, decreased SIRPα-Fc binding dose dependently and enhanced antibody-dependent macrophage-mediated ADCP and neutrophil-mediated ADCC (84). Traditional CD47 antibodies also bind to CD47 on healthy cells, leading to a decrease in the antibody’s bioavailability, also known as the antigen sink issue. Since pyroglutamate modification occurs early in the cell cycle, before reaching the cell surface, QPCTL inhibitors bypass the antigen sink problem and may not compete with physiological SIRPα (83). It has not been determined if tumor cells utilize the QPCTL enzyme to stabilize the CD47-SIRPα interaction. The QPCTL expression level did not correlate with the activation of phagocytosis in response to anti-CD47 antibodies (54).

Small molecules/peptides are an intriguing study target due to their favorable hematotoxicity profile. Both Pep-20 and RRx-001 are such small compounds that, when administered, disrupt the CD47-SIRP axis with minimal systemic toxicity (85, 86). More small molecules are likely to be discovered as a result of optimized high throughput screenings for the discovery of new CD47-SIRPα inhibitors (87, 88).

Furthermore, an anti-leishmanial drug, sodium stibogluconate, was found to improve neutrophil-mediated killing of B cell malignancies that were previously resistant to anti-CD20 IgG antibodies. The drug had no direct effect on the CD47-SIRPα axis, but was only effective when the CD47-SIRPα interaction was disrupted. Despite the fact that sodium stibogluconate inhibits the phosphatase SHP-1, the therapeutic effect was not entirely dependent on SHP-1 (89). This indicates that the CD47-SIRPα interaction is a key suppressor in the tumor microenvironment.




Alternative Myeloid Checkpoints


Sialoglycans and Siglecs

Many tumor cells, including colorectal, breast, ovarian, prostate, non-small cell lung cancer, and glioma, overexpress sialic acid sugar-containing glycans known as sialoglycans, which have emerged as important regulatory molecules in tumor development (90, 91).

The hypoxic tumor microenvironment, as well as the presence of oncogenic Ras, were proposed to support tumor cell hypersialylation. The 2,6-sialyltransferase enzyme (ST6Gal-I) found downstream of Ras oncogene signaling is responsible for the addition of α2,6-sialic acid to termini N-glycans (92, 93). In breast cancers, the cyclooxygenase COX-2 can increase the α2,3-sialyltransferase enzyme (ST3Gal-I) expression (94). Moreover, both ST6Gal-I and ST3Gal-(I, III and IV) overexpression was associated with poor clinical outcome in different malignancies, including myeloid leukemia, hepatocellular carcinoma and bladder cancer (95–98).

By interacting with Siglecs, sialoglycans modulates immunological responses (99). Siglecs are a family of 14-transmembrane proteins that are expressed by the majority of immune cells. They are classified into two groups: those with a conserved structural motif (Siglec-1, -2, -4, and -15) and those related to Siglec-3 (Siglec-3, -5 to -11, -14, and -16). Each Siglec has an extracellular sialic acid-binding site that recognizes sialylated proteins to which it can bind.

The majority of human Siglecs have an intracellular ITIM that is phosphorylated in response to sialoglycan binding, which results in the recruitment of SHP1/2 phosphates that inhibit downstream activation pathways (100, 101). Among the ITIM-containing Siglecs expressed on neutrophils, tumors predominantly express sialoglycan ligands for Siglec-9 and to a lesser extent for Siglec-7 (90, 91). Siglec-9 recognizes both α2,3- and α2,6-linked sialic acids at low affinity, but not α2,8-linked sialic acids. Whereas, Siglec 7 preferentially binds α2,8-linked sialic acids (102–104).

The removal of sialic acids from tumor cells using sialidase impaired their interaction with Siglecs on immune cells. The interaction of sialic acid on the tumor cell and Siglec on the immune cell results in an inhibitory immunological response mediated by activation of ITIM signaling in the tumor microenvironment (105). Although the majority of Siglec ligands remain undiscovered, certain ligands have been identified.



HLA I-LILRB Axis

LILRB receptors, also known as ILT, LIR, or CD85, are type I transmembrane glycoproteins that have an extracellular Ig-like domain and intracellular ITIM motifs. They are expressed in human myeloid and lymphocyte cell populations. LILRB1 (ILT2, LIR-1, CD85j) and LILRB2 (ILT4, LIR-2, CD85d) are currently the best understood (106). Both receptors bind MHC class I (107), where LILRB1 only binds B2M-associated MHC class I heavy chains, while LILRB2 also binds B2M-free MHC class I heavy chains (108, 109). Both LILRB1 and LILRB2 seem to have a role in inhibiting phagocytosis by macrophages, albeit to a different extent. In one study, LILRB1, but not LILRB2, was found to inhibit macrophage-mediated phagocytosis. This could be due to the lower surface expression level of LILRB2 in macrophages (107, 110). In yet another study, LILRB2 ligation also decreased FcγR-dependent phagocytic capacity and ROS production (111).

These LILRB receptors were discovered to be active in tumor immune evasion due to their association with MHC class I. In humans the MHC Class I complex is made up of HLA α chains as well as the invariant B2M. MHC class I is ubiquitously expressed on nucleated cells and is responsible for presenting endogenous peptides to cytotoxic T cells (112). The peptide-binding cleft is formed by two membrane-distal domains (α1 and α2) that are non-covalently bound to two membrane-proximal domains (α3 and Beta 2 Microglobulin). Domains α1 and α2 interact with the T cell receptor of the cytotoxic T cell, while α3, which has a conserved Ig like domain, interacts with the CD8 co-receptor (112).

MHC Class I molecules are classified as either classical (HLA-A, B, and C) or non-classical (HLA-E,-G,-F). While LILRB1 and LILRB2 recognize the conserved α3 and B2M domains in most HLA haplotypes, HLA-G has emerged as an interesting binding partner due to its more restricted expression on tumor cells. HLA-G is mainly expressed on placental trophoblasts and thymic epithelial cells in healthy tissue and is best known for suppressing maternal immune responses (113). Tumor cells express HLA-G de novo to evade immune surveillance, similar to the immunosuppressive function seen in the placenta. High HLA-G expression has been found in a variety of cancers, including lung cancer (114), breast cancer (115, 116), colorectal cancer (117), gastric cancer (118), and esophageal squamous cell carcinoma (119). Furthermore, the presence of HLA-G on solid tumors has been related to poor prognosis (120). HLA-G is also expressed on hematological malignancies, although a connection between expression and tumor growth has not been established (121–124). Both LILRB1 and LILRB2 bind to HLA-G, however LILRB2 binds with a more α3 domain dominant hydrophobic interaction, confirming the B2M independency, suggesting a higher affinity association than LILRB1-HLA-G (113).

LILRB1 was discovered to interact with HLA class I and soluble HLA-G, and thereby reduce antibody-dependent NK cell induced cytotoxicity. By blocking this interaction, cetuximab-mediated ADCC was restored (120). Antibody-dependent cytotoxicity was also shown to be impaired in macrophage-mediated phagocytosis of tumor target cells (110). In this study, LILRB1 was shown to be more prevalent than LILRB2 in both healthy donor-derived macrophages and tumor-associated macrophages. These observations led to the assumption that LILRB1 is the primary mediator of MHC class I signaling in human macrophages (110).

Other LILRB members, LILRB3 (ILT5, LIR-3, CD85a), LILRB4 (ILT3, LIR-5, CD85k) and LILRB5 (LIR-8, CD85c) are orphan receptors with little information about their function (125). Since LILRB5 is not expressed on myeloid cells, it plays a minor, if any, role in myeloid immune regulation (125).




IgA Antibodies

The majority of studies on the therapeutic relevance of myeloid checkpoint therapy have concentrated on macrophage-dependent phagocytosis. Myeloid checkpoints are typically not restricted to expression on macrophages and monocytes. Neutrophils, for example, account for the majority of white blood cells in circulation, making them an intriguing effector population. Ongoing clinical trials for CD47-targeted antibodies are focused on combining mAb IgG therapy with CD47 blocking, primarily aimed at the effect of macrophages. However, IgG antibodies can also activate neutrophils.

Neutrophils express two classical activating FcγRs, namely FcγRI (CD64) at less than 2000 molecules, and FcγRIIa (CD32a) at 30.000-60.000 molecules (126). The majority of IgG-induced neutrophil activation is mediated by FcγRIIa, the most prevalent FcγR in neutrophils (127, 128). Both IgG1 and IgG2 are able to induce neutrophil-mediated ADCC through FcγRIIA binding (129). Moreover, the FcγRIIA-H131 allotype has increased binding affinity to IgG1 and IgG2 compared to the FcγRIIA-R131 allotype, which was also reflected in the ADCC capacity (130). Engineered IgG antibody with a G236A substitution enhanced FcγRIIA binding and improved ADCC (131, 132).

Moreover, neutrophils express FcαRI (CD89) which can crosslink with IgA-complexes. Unexpectedly, IgA induced substantially more robust neutrophil activation than IgG with only about 10.000 molecules of FcαRI per neutrophil (133, 134). IgA elicited much stronger ITAM signaling compared to IgG, which was thought to be triggered due to the 1:2 stoichiometry, resulting in the activation of four ITAMs at once (Figure 3). (133, 135, 136) However, neutrophils also express the inhibitory receptor FcγRIIb (CD32b) and GPI-anchored FcγRIIIb (CD16b). The latter is expressed nearly 9-fold greater than FcγRIIa and lacks an active intracellular signaling domain, thereby scavenging away IgG and thus acts as a decoy receptor (137–139). FcγRIIIb does not bind IgA but competes for binding IgG with activating FcγRIIa, thereby reducing IgG Fc-FcγRIIa mediated ADCC potential (138).




Figure 3 | IgG- and IgA-mediated activation of neutrophils. Neutrophils express various Fc receptors, the two most abundant of which, FcγRIIa and CD16b, are important in modulating activation upon IgG ligation. FcγRIIb is expressed nearly 9-fold greater than FcγRIIa. FcγRIIa is an activating receptor that binds to IgG in a 1:1 stoichiometry and signals via one ITAM motif. Downstream ITAM signaling activates effector functions such as ADCC. Moreover, neutrophils express FcγRIIb, which lacks an active intracellular signaling domain and functions as a scavenger receptor for IgG. IgA binds to FcαRI expressed on neutrophils, an activating Fc receptor in a 1:2 stoichiometry. A total of four ITAMs cause a strong activation of ADCC.



IgA is the most abundant immunoglobulin produced in the human body, with a daily production rate of 66 mg/kg (140, 141).A significant amount of IgA is found on mucosal surfaces, mainly in dimeric or secretory form, where they play an important role in mucosal defense. However, IgA is also present in serum, with monomeric IgA being the second most abundant immunoglobin at 1-3 mg/ml (142). In humans two subclasses of IgA are found, IgA1 and IgA2 where the latter has two major allotypes, IgA2m(1) and IgA2m(2). Structural differences between IgA1 and IgA2 are primarily found in the elongated hinge region of IgA1, and higher number of N-glycosylation sites of IgA2. Both subclasses share a C-terminal tailpiece of 18 amino acids needed for dimerization. About 95 percent of IgAs in serum are monomeric, of which 90 percent being IgA1 and 10 percent being IgA2 (140, 143, 144).


Signaling Mediated by IgA Fc-FcαRI

IgA antibodies bind to FcαRI, a type 1 transmembrane receptor expressed on neutrophils, eosinophils, monocytes, macrophages, and some dendritic cell subsets (140, 145). IgA-complexes associate with a dimer FcR gamma chain containing two ITAMs, followed by tyrosine phosphorylation of the ITAMs. This then acts as a docking site for the tyrosine kinase Syk, which, when activated through calcium release, activates downstream targets such as PI3K, phospholipase C-γ and NADPH oxidase (146–148). Furthermore, ITAM activation enhances phagocytosis, oxidative burst, ADCC, and cytokine release (134, 144, 149). In soluble form, both IgA isotypes have low binding affinity to the FcαRI with a Ka of 10 (6) M-1, but this is increased by 30-fold when IgA is immobilized (136, 140). Two domains on IgA, the CH2 and CH3 domains, have been identified as critical FcαRI binding sites (136).

Whereas ADCC by NK cells mediated by IgG induces apoptosis of target cells via perforin and granzymes, neutrophilic cytotoxicity is mediated by different mechanisms. Neutrophil mediated cytotoxicity is distinguished by an irregular neutrophil shape and a swarming effect towards the tumor cell (150). In attempting to phagocytose larger tumor cells, neutrophils adhere and spread around their target, a process previously known as frustrated phagocytosis (151). Recently, this mechanism of neutrophil-mediated effector function responsible for superior killing of cancer cells was identified as trogoptosis. It is a mechanism that involves active disruption of the cell plasma membrane which results in lytic cell death (152). The first lytic events were discovered to occur within 20 minutes, indicating that neutrophils are very efficient at IgA-mediated cell death (133).

IgA antibodies have been recombinantly engineered against a variety of targets, including CD20, EGFR, GD2 and HER2 (153–156). cetuximab IgA variants were developed and shown to block the EGFR ligand-binding domain, inhibit EGFR phosphorylation, and inhibit EGF-induced cell growth in the same way as IgG1 cetuximab (157, 158). When these IgG antibodies were converted to IgA antibodies, their Fab-mediated activities were unaffected (159, 160). Upon analyzing antibody-mediated cytotoxic functions, it was demonstrated that IgG1 antibodies primarily induced ADCC by peripheral blood mononuclear cells (PBMCs) and to a much lesser extent by polymorphonuclear leukocytes (PMNs). IgA variants, on the other hand, induced ADCC mainly by PMNs but not by PBMCs in an FcαRI-dependent manner (154). Furthermore, IgA appears to play a role in macrophage-mediated phagocytosis (161–164). However, when monocytes/macrophages were used as effector cells, the difference was less pronounced, indicating that PMNs are the most important effector cell population for IgA mediated killing. Indeed, at an E:T ratio as low as 5:1, IgA was able to induce PMN-mediated ADCC. In experiments with IgA2-EGFR complexed with A431 cells using whole leukocytes, mimicking physiological conditions, IgA2 outperformed IgG1 in ADCC (157–159). Myeloid cell numbers can be easily increased by GM-CSF and G-CSF and have been shown to improve IgA anti-tumor effects. However, it was not required for effective IgA mediated kill (153, 162, 165).

Although promising, preclinical studies with IgA therapeutic antibodies have been challenging for decades. One of the limitations include the short half-life of IgA compared to IgG. IgA lacks the binding site for the FcRn, resulting in a significantly shorter serum half-life. Additionally, hepatic clearance of exposed terminal galactose by the asialoglycoprotein receptor (ASGPR) reduces the half-life (166, 167). However, through extensive antibody engineering, the IgA antibody has been improved in producibility and stability (153, 154, 157–160). Moreover, In vivo studies have been limited by the absence of FcαRI in mice and the rapid clearance of IgA. Pre-clinical models to study IgA were developed by the generation of a functional hFcαRI transgenic mouse, described here (168).

The first demonstration of the anti-tumor response of IgA in vivo was shown in an EGFR model using FcαRI transgenic mice, using both IgA1 and IgA2 EGFR antibodies (162). The typical fast clearance of the IgA antibody was resolved by repetitive dosing to match the serum levels of IgG. Multiple doses of 50 μg IgA2 EGFR antibody restricted tumor growth in an A431 lung carcinoma SCID model in a FcαRI dependent manner (162). Furthermore, in A431 cell-based short-term intraperitoneal (i.p.) models, i.p. treatment with multiple doses of 50 μg IgA suppressed outgrowth while increasing macrophage and neutrophil influx. However, the anti-tumor response appears to be primarily Fab-dependent rather than ADCC-dependent. In a short term i.p. syngeneic C57BL/6 model with Ba/F3-EGFR cells IgA2 EGFR induced cytotoxicity, but it was primarily mediated by macrophages/monocytes (162). IgA2 induced a cytotoxic response that lasted longer than cetuximab in a long-term immunocompetent C57BL/6 model (162). An engineered variant of IgA2, termed IgA2.0, against EGFR inhibited outgrowth as well. IgA2.0 has improved pharmacokinetics and has been found to be beneficial in long-term in vivo models (153). IgA2.0, was more effective than IgA2 in the i.p. model, most likely due to its improved serum stability (153). Following that, other models produced demonstrated comparable results for other targets, including CD20 (13, 154), HER2 (155, 159) and GD2 (169). To summarize, IgA antibodies have demonstrated efficient anti-tumor responses in various tumor models expressing various tumor target antigens.




Combining Myeloid Checkpoint Inhibition With IgA Antibodies


The Role of Neutrophils in Myeloid Checkpoint Inhibition

Killing of target cells by an anti-CD47 mAb was reduced in the absence of macrophages, showing that macrophages mediate the majority of therapeutic effectiveness (170). However, because neutrophils play such a minor role in IgG immunotherapy, this effector population is often overlooked. Nevertheless, recent research has highlighted the importance of neutrophils in myeloid checkpoint inhibition. In a variety of neuroblastoma cell lines, knocking down CD47 or blocking SIRPα on neutrophils increased the neutrophil-mediated ADCC induced by dinutuximab (anti-GD2 antibody). Blocking the CD47-SIRPα interaction also increased ADCC capacity in primary patient-derived neuroblastoma spheroid cells as long as GD2 expression was sufficient, once again highlighting the relevance of combination therapy (Figure 4) (171, 172). Furthermore, anti-CD47 monoclonal antibodies were shown to work synergistically with trastuzumab to improve neutrophil ADCC against breast cancer cell lines (28, 152). Cetuximab-opsonized A431 cells, as well as trastuzumab-opsonized A431 cells, demonstrated enhanced neutrophil-dependent tumor killing in response to CD47-SIRPα inhibition (152, 173). The role of neutrophil killing in CD47 checkpoint inhibition was subsequently examined in vivo, where disruption of the CD47-SIRPα axis significantly reduced the metastatic load in the liver and was revealed to be dependent on neutrophil killing (152). When the CD47-SIRPα axis was blocked by an anti-human SIRPα antibody, KWAR23, not only macrophages but also neutrophils infiltrated the tumor in a human Burkitt’s lymphoma xenograft. Neutrophil depletion resulted in tumor growth, suggesting that neutrophils, like macrophages, also play an anti-tumor role (174).




Figure 4 | Regulation of neutrophil-mediated tumor cell death. The balance of pro-phagocytic and anti-phagocytic signals determines the fate of the tumor cell. Pro-phagocytic signals are elicited by Fc receptor engagement to IgA-opsonized tumor cells, resulting in Fc activation and phosphorylation of downstream ITAM tyrosines. Calreticulin is tethered to the cell surface by membrane glycans and interacts with lipoprotein receptor-related protein 1 (LRP1) receptor expressed on neutrophils. Likewise, SLAMF7 (CD319) binds to macrophage-1 antigen (MAC-1, αMβ2), these interactions promote tumor cell killing by neutrophils. In contrast, overexpression of CD47 on tumor cells interact with SIRPα to inhibit neutrophil activation. Similarly, if expressed, the sialoglycans-Siglec axis, and HLA1 (B2M)-LILRB axis if expressed decrease immune responses, allowing tumor cells to evade immune surveillance.



To support the role of granulocytes, in NHL models, the synergy between rituximab and anti-CD47 occurred independently of NK cells or complement (31). Furthermore, in melanoma, CD47 may protect NK cells from chronic inflammation, and CD47 deficiency resulted in splenic NK cell exhaustion (175). Since clinical IgG antibodies primarily act through NK cell-mediated ADCC of tumor cells and, to a lesser extent, interact with macrophages and neutrophils, it is debatable whether IgG-mediated tumor killing is the best strategy (176).



IgA Synergizes With CD47 Targeted Therapy

We hypothesize that the observed effects of myeloid cells upon CD47 blockade could be enhanced even further by the use of IgA antibodies, which primarily recruit neutrophils and macrophages thereby potentially benefiting the most from CD47-SIRPα targeted therapy.

Previous research has shown that targeting CD47-SIRPα in combination with IgA therapeutic antibodies is beneficial. In vitro studies showed improved IgA-mediated ADCC by PMNs upon disruption of the CD47-SIRPα interaction in SKBR3 and A431 cells, either by blocking SIRPα or knocking out CD47 in the tumor cell line. PMN-ADCC mediated by IgA2 trastuzumab and IgA2 cetuximab in CD47KO SKBR3 and CD47KO A431 cells, respectively, improved ADCC more than 10-fold when compared to IgG equivalents (14). The beneficial role of IgA in CD47 blocking therapy was translated into in vivo findings as well. In an A431 hFcαRI Tg xenograft mouse model, CD47 KO A431 cells were subcutaneously injected in one side of the flank and WT A431 cells in the other flank, and mice were treated with either IgA anti-EGFR, cetuximab or control. Only the IgA treated mice showed reduced tumor size for the CD47 KO tumor. Improved anti-tumor response was also observed in a shorter syngeneic i.p. Ba/F3-HER2 model, where consistent with previous data, IgA outperformed trastuzumab in the absence of CD47-SIRPα signaling. The CD47-SIRPα axis was disrupted at the neutrophil site using an anti-SIRPα blocking antibody (clone MY-1), demonstrating various strategies for disrupting the inhibitory interaction. In this model, IgA-HER2 was responsible for an enhanced influx of granulocytes to the tumor, whereas trastuzumab did not improve the influx of granulocytes (14). In a similar mouse model, but a different approach to interrupting the CD47-SIRPα signaling, QPCTL deficient Ba/F3-HER2 cells that lack pyroglutamate on CD47, were effectively killed by neutrophils directed to the tumor by IgA-HER2, in a similar fashion to CD47KO Ba/F3-HER2 cells (83). These studies consistently show that IgA synergizes with CD47 targeted therapy and outperforms IgG in a variety of tumor cell lines and targets in both short and long term mouse models.



The Immunosuppressive Function of Siglecs in Myeloid Cells

While the sialoglycan-siglec and HLA1 (B2M)-LILRB1/2 axis have rarely been explored in combination with IgA antibodies, they have been found to be ITIM-mediated, comparable to the CD47-SIRPα interaction. These alternative checkpoint receptors have been shown to inhibit FcγR-mediated IgG responses in monocytes and macrophages. Because of their expression on neutrophils and the inhibition mediated by ITIM signaling, these inhibitory receptors are likely to modulate FcαRI signaling in a similar fashion.

The immunosuppressive function of Siglecs in neutrophils has been well described for Siglec-9 in both bacterial infections and tumor immunology (177, 178). Accordingly, Siglec-9 agonists were reported to prevent neutrophil activation and NETosis in SARS-CoV-2, where NETosis is undesirable due to respiratory damage (179). In a tumor co-culture in vitro experiment, Siglec-9 ligation on neutrophils resulted in decreased activation as measured by ROS generation (90). Similarly, siglec-9 binding to glycophorin A on erythrocytes inhibited NET formation and ROS production (180). The activation of Siglec-9 suppresses both caspase-dependent and caspase-independent neutrophil-induced apoptosis of tumor cells (181).

Siglec-E (the mouse homolog of Siglec-9) expression allows for preclinical mouse studies. Siglec-E was reported to have an immunosuppressive effect on neutrophils in an acute inflammatory model. Ligation of Siglec-E reduced the influx of neutrophils, by inhibiting CD11b signaling (182). This inhibitory response was controlled by activation of NADPH oxidase and the production of ROS by Siglec-E (183). The inhibitory role of Siglec-9/Siglec-E was also verified in an in vivo MC38 tumor intravenous (i.v.) model, where Siglec-E knock out mice had decreased lung metastasis (90). Siglec-E is found on infiltrating neutrophils, macrophages and DCs in B16 and MC38 tumormodels (184). Furthermore, Siglec-9 is also expressed on macrophages and has been demonstrated to reduce TNFα secretion while increasing IL-10 production (185). Surprisingly, contrary to the immunosuppressive findings, Siglec-E knock out mice demonstrated increased M2 macrophage polarization in later stages of tumor growth, indicating that the stage of cancer should be considered when targeting Siglec-E/9 (90).

To generate a humanized immunocompetent mouse model, Siglec-E was knocked out and human Siglec-7 and -9 were introduced (184). B16 tumors were inoculated s.c. in this model to assess the antibody tumor response. When treated with the gp76 antibody, Siglec-E KO mice had less tumor outgrowth than Siglec-7+/Siglec-9+ Siglec-E KO mice, indicating that Siglec-7 and Siglec-9 decrease the antibody response (184). Although it is evident that tumor cell hypersialylation has an immunosuppressive function, little is known about the Siglec-ligands.

These ligands have been investigated as potential novel immunotherapy targets. Previously, it was discovered that Mucin 1 (MUC1) and MUC16, which are frequently overexpressed in adenocarcinomas, bind Siglec-9 (186, 187). MUC1 binding to Siglec-9 on macrophages induced calcium flux, which activated the MEK-ERK pathway. This resulted in the macrophages adopting an more immunosuppressive TAM phenotype (188). Similarly, MUC 16 is highly expressed in ovarian carcinoma where siglec-9 binding mediates inhibition of anti-tumor immune responses (187, 189).

Moreover, lectin galactoside-binding soluble 3 binding protein (LGALS3BP) or Mac-2 binding protein was recently found as a Siglec-9, -5 and -10 ligand. However, Siglec binding is likely not restricted to LGALS3BP and MUCs, and there may be additional unidentified ligands (186). Recombinant LGALS3BP inhibited both spontaneous and Lipopolysaccharides (LPS)-induced neutrophil ROS generation, indicating decreased neutrophil activation. Furthermore, when neutrophils were co-cultured with LGALS3BP knock out HT-29 tumor cells, neutrophil mediated apoptosis was higher than in WT HT-29 cells (190).

Siglec-7 is also expressed at low levels on neutrophils, but its immunosuppressive function is less well characterized. One of the Siglec-7 ligands was recently identified as GD2, which is overexpressed on neuroblastoma cells. By activating neutrophil-mediated ADCC and disrupting the Siglec-7-GD2 axis, GD2-targeted mAbs effectively induced killing of neuroblastoma cells (172).



The Immunosuppressive Function of LILRB in Neutrophils

LILRB expression on neutrophils seems to be phase dependent. Mainly LILRB2 is expressed on the cell surface of healthy peripheral neutrophils in a steady state condition. While there have been contradictory findings on the expression of LILRB1, proteomic analysis has verified LILRB1 expression on neutrophils (191). LILRB1 expression was increased in primed neutrophils, indicating that LILRB2 controls immune responses throughout the middle and late activation phases of the neutrophil lifecycle, avoiding overactivation (111).

In neutrophils, LILRB2 has shown to reduce neutrophil cytotoxicity. Both antibody-dependent phagocytic functions and neutrophil ROS production were inhibited by HLA-G interaction (111).

Despite the fact that LILRB3 and LILRB4 are orphan receptors, they remain interesting receptors to investigate in the context of myeloid cells. LILRB3 is expressed on neutrophils and suppresses the formation of ROS via FcαRI in infectious diseases. After one hour of incubation on an anti-LILRB3 or isotype control coated plate, neutrophils were activated via FcαRI crosslinking. In this study, ROS production was decreased when neutrophils were incubated in wells coated with anti-LILRB3. Following that, phagocytosis mediated by FcαRI was evaluated using IgA1-opsonized microparticles. The phagocytic uptake of microparticles was decreased in LILRB3-blocked neutrophils. Similarly, LILRB3 impaired IgA-mediated phagocytosis of bacteria (S. capitis) (192). Therefore, we should not limit our attention to LILRB1 and 2.

Moreover, crosslinking of a different family member LILRB4 using immobilized anti-LILRB4 monoclonal antibody, inhibited FcγRI-dependent phagocytosis and TNFα production via monocytes through phosphatase recruitment (193, 194). Interestingly, LILRB4 expression was found on PMN- Myeloid derived suppressor cells (MDSCs) but not on PMNs obtained from healthy control donors in one study of 105 non-small cell lung cancer patients, and expression was found to be inversely related to patient survival (195). These findings suggest that LILRB4 may play a role in neutrophil suppressive progression.




Strategies to Combine IgA Antibody Treatment With Myeloid Checkpoint Inhibition

As a result of checkpoint-related advancements in the IgG field, we’ve acquired a number of ways for checkpoint inhibition in IgA treatment. Since comparable approaches may be used, the switch to IgA therapy is straightforward (Figure 5).




Figure 5 | Strategies for inhibiting myeloid checkpoints. 1) Genetic knock out of target genes involved in the inhibitory pathway. 2) Specific blocking of target checkpoint molecules with mAbs or soluble ligand-Fc fusion proteins to inhibit receptor binding and checkpoint axis activation. 3) Bispecific antibodies that target both TAA and checkpoint molecules simultaneously to avoid off-target side effects.4) Biologics that alter the structure of the target protein, preventing it from binding to the receptor, or that inhibit expression or block the target protein.



A straightforward strategy for proof-of-concept experiments is to knock out target genes of interest. In CD47 studies, tumor cells can be effectively knocked out, resulting in improved anti-tumor response (173). Similarly, essential enzymes in the sialic acid metabolism pathway can be knocked out to reduce sialylation of surface glycans on tumor cells. One of these enzymes is UDP-N-acetylglucosamine 2-epimerase/N-acetylmannosamine kinase (GNE) (196).

Antibodies that bind to checkpoint molecules and block their activity can also be considered to prevent the suppressive interaction. Several antibodies have been developed to interrupt the CD47-SIRPα axis, including anti-CD47 mAbs, anti-SIRPα mAbs, and SIRPα-Fc fusion proteins (Table 1). Moreover, anti-Siglec-7 antibody clone Z176, S7.7 and 1E8 have been successfully shown to bind Siglec-7 (90, 184). To target Siglec-9, antibody clone 191240, E10-286 and mAbA has been tested in several studies (177, 178, 184). Furthermore, antibodies against HLA Class I [clone W6/32 (110)], LILRB1 [clone GHI/75 (110) and BND-22 (197)] LILRB2 (clone 27D2) (197) have been shown to inhibit the immunosuppressive activities of the HLA/LILBR axis and enhanced anti-tumor activity.

Small molecules and enzymes provide a novel approach to checkpoint modulation. SEN177, a small molecule glutaminyl cyclase inhibitor, for example, has been found to interfere with QPCTL function and prevent pyroglutamate synthesis on CD47, interrupting binding of SIRPα to CD47 (83). RRx-001, an inhibitor of MYC downregulates CD47, while another small molecule Pep-20 targets CD47 to disrupt the interaction with SIRPα (85, 86). Sodium stibogluconate, albeit not directly targeting the CD47-SIRPα axis, synergized with CD47 blockade and improved anti-tumor response (89).

Furthermore, cleaving surface sialic acid residues with sialidase is a frequent method for modulating the sialoglycan/Siglec interaction (198). A different approach is to target sialyltransferases, which catalyze the conversion of sialic acid residues to oligosaccharide chains by using cytidine monophosphate N-acetylneuraminic acid (CMP-Neu5Ac) as the donor. Hypersialylation can be prevented by inhibiting the sialyltransferases (199).

Finally, several strategies are presented dependent on the intended target. Small molecules and antibodies with clinical promise have received increased attention throughout the years. The majority of treatments, however, have not been clinically studied and are still in the early stages of research.


Bispecific Approaches

Combination therapy with monovalent IgA antibodies and CD47 targeted antibodies has limitations, such as the antigen sink problem that traditional anti-CD47 antibodies suffer from (200). Similarly, combination therapy with novel checkpoint molecules will likely face the same challenge. Bispecific antibodies (bsAbs) have gained recognition as a novel format of antibody in recent years, and we believe they can potentially fill the gap left by anti-checkpoint and TAA-antibody combination therapies. Bispecific antibodies have a greater affinity for dual antigen-expressing cells than for single antigen-expressing cells, resulting in a more avid interaction.

The potential of bispecific TAA/CD47 targeting antibodies, have been demonstrated by several studies. The novel HuNb1-Ig4 antibody demonstrated a lower affinity for RBCs than the anti-CD47 antibody Hu5F9-G4. The affinity for RBC was reduced much further when developed into a bispecific antibody and linked to the C-terminus CH3 domain of rituximab. When compared to the combination treatment of rituximab and HuNb1-IgG4, the bispecific CD20/CD47 HuNb1-IgG4 significantly lowered tumor volume in vivo (201). However, it is unclear whether this rituximab modification will affect the ADCC capacity.

Another approach is the dual variable domain immunoglobulin (DVD-Ig)format to generate a CD20/CD47 bispecific antibody (202). Using an amino acid linker, the variable domain of one antibody was engineered on the N-terminal variable domain of the other antibody. The CD47 variable domain was placed in the inner position because steric hindrance was expected to reduce affinity. Indeed, the affinity of CD47 in the bispecific antibody format was reduced by 20-fold when compared to the affinity of CD47 mAb, whereas the affinity of CD20 appeared to be unaffected. When incubated with RBCs, the binding assay confirmed simultaneous binding to CD47 and CD20, as well as preferential binding to dual antigen-expressing cells. Furthermore, the bsAb was shown to increase phagocytosis in the same way that anti-CD47 mAb and rituximab combination therapy did. Additionally, in a subcutaneous Raji NSG mouse model, the CD20/CD47 DVD-Ig reduced tumor burden in a manner comparable to combination therapy (202).

Moreover, anti-CD47/CD19 (71) or anti-CD47/MSLN (72) antibodies were generated in the κλ body format, which has the human IgG1 isotype (203). They differ from conventional IgG1 in that they have two different light chains, one kappa and one lambda paired to the IgG1 heavy chain. The kappa light chain in the κλ body format targets CD47, while the lambda light chain targets either CD19 or MSLN. To prevent undesired binding from TAA-negative cells, the CD47 arm has a lower affinity. When tested, the κλ bsAbs demonstrated selective binding for dual antigen-expressing cells, tumor killing in vitro, and were superior to combination therapy with monovalent antibodies. In vivo, bsAbs inhibited tumor growth in the same way that the combination treatment did. These bsAbs were found to be at least as effective in mediating phagocytosis as the monovalent antibodies combined, with no undesired binding to erythrocytes or platelets, making them potential clinical candidates (204, 205).

Sialylation does not occur exclusively on the tumor’s surface. To avoid unfavorable side effects, it is critical to selectively remove sialoglycans from tumor cells while leaving healthy cells undisturbed. However, targeting sialoglycans may involve a slightly different approach. Antibody-enzyme conjugates could provide a method for removing sialoglycans from tumor cells specifically. In one study, a trastuzumab-sialidase conjugate demonstrated specific sialic acid cleavage on HER2 positive SKBR3 cells and had no effect on the HER2 negative MDA-MB-468 cells. Furthermore, when compared to trastuzumab monotherapy, the trastuzumab-sialidase conjugate demonstrated increased NK-cell mediated ADCC against a variety of HER2 expressing cell lines, making this a promising tool for avoiding on-target side effects while maintaining improved anti-tumor capacities (105).

Glycoproteins and glycosaminoglycans are large proteins found in the glycocalyx of both tumor and immunological cells. Not surprisingly, the glycocalyx has been shown to inhibit phagocytosis through steric and electrostatic hindrance. As a result, removing this barrier and revealing tumor targets may improve tumor killing. The removal of mucins from tumor cells improved phagocytosis (206). Combination strategies, in which the glycocalyx of the tumor cell is first stripped, followed by targeting other checkpoint molecules in combination with IgA treatment, could be an effective and novel strategy.




Concluding remarks

IgA antibodies are an emerging novel strategy for antibody therapeutics that, due to their unique mode of action, hold promise for use in tumors infiltrated by neutrophils. These tumors often have a poor prognosis with currently available therapies (207) – supporting the need for new approaches. Because myeloid cells are recruited, combining CD47-SIRPα checkpoint inhibition with IgA antibodies might be a good method for targeting resistant tumor cells. Similarly, we believe that blocking other myeloid checkpoint molecules addressed in this review could improve IgA-mediated tumor responses. Combining IgA treatment with checkpoint inhibitors such as those described in Figure 5 is proposed.

Alternatively, a bsAb IgA antibody directed against a TAA and a checkpoint molecule could be used to circumvent some of the limitations of monovalent antibody-based combination therapy. We are confident that techniques comparable to those used to generate IgG-based bsAbs can be utilized to create novel IgA-based bsAbs as long as the modifications do not interfere with FcαRI signaling. However, the efficacy of such bsAbs is unclear and needs to be further investigated. These developments could improve current therapies that use identified myeloid checkpoint molecules, while also highlighting the potential of myeloid checkpoints to accelerate the discovery of more inhibitory molecules.
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The clinical use of anti-CD40 agonist monoclonal antibodies (mAbs) is aimed at recruiting the immune system to fight the tumor cells. This approach has been demonstrated to be effective in various preclinical models. However, human CD40 Abs displayed only modest antitumor activity in cancer patients, characterized by low efficacy and dose-limiting toxicity. While recent studies highlight the importance of engineering the Fc region of human CD40 mAbs to optimize their agonistic potency, toxicity remains the main limiting factor, restricting clinical application to suboptimal doses. Here, we discuss the current challenges in realizing the full potential of CD40 mAbs in clinical practice, and describe novel approaches designed to circumvent the systemic toxicity associated with CD40 agonism.
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Introduction

The field of immuno-oncology has progressed steadily over the last decade. Immunotherapy has joined the ranks of surgery, chemotherapy, radiation, and targeted therapy in the arsenal of cancer treatments (1, 2). An increasing number of immune checkpoint-targeted monoclonal antibodies (mAbs) have been developed with the aim of harnessing the immune system to eradicate tumor cells (3, 4). These efforts have resulted in successful clinical application of blocking mAbs against CTLA-4 and PD-1/PD-L1 checkpoints on T lymphocytes (T cells) to induce effective tumor-eliminating immunity. However, a remaining unmet clinical challenge is to stimulate immunity against “cold” tumors, which lack significant immune infiltration at treatment onset. Agonist mAbs targeting the cluster of differentiation 40 (CD40) immune receptor emerge as a potential approach to increase the number and quality of tumor-infiltrating T cells (TILs) and, thereby, response effectiveness, either as a monotherapy or to reverse resistance to checkpoint-blocking antibodies (5–9).

CD40 is a tumor necrosis factor receptor (TNFR) superfamily member. It is expressed on antigen-presenting cells (APCs) including dendritic cells (DCs), B cells, macrophages, classical and non-classical monocytes (10–12), on a variety of non-immune cells including platelets and endothelial cells (13, 14), and on several types of tumor cells (15). CD40 plays a central role in stimulating immune synapses, including during T cell priming by APCs, when its interaction with the CD40 ligand (CD40L) licenses DCs to activate antigen-specific T cells (5, 16). This is accomplished through the upregulation of major histocompatibility complex (MHC) molecules, increased expression of the costimulatory molecules CD86/CD80, and upregulation of TNF superfamily ligands on the DC surface, as well as by secretion of interleukin-12 (IL-12), which fuels CD8+ T cell activation. Likewise, the CD40/CD40L axis plays a central role in the B-T cell immune synapse, promoting B cell activation and proliferation as well as antigen presentation  (5, 6, 11, 16).

Agonistic anti-CD40 Abs are designed to mimic CD40L by crosslinking CD40 and, thereby, promote the maturation of DCs and improve their antigen presentation capabilities. This results in expansion of tumor antigen-specific cytotoxic T cells, which can lead to the eradication of tumors (5, 17, 18). Motivated by promising results in a variety of cancer animal models, several human CD40 mAbs have been developed and evaluated in clinical trials over the last two decades (6, 19–22). However, the preclinical potency has not yet been recapitulated in clinical setting and none of these mAbs has advanced beyond early trial phases. Among the challenges that were encountered during these evaluations are low detected levels of immune activation and high toxicity levels associated with the treatment. The toxicity limited the use of CD40 mAbs to suboptimal doses, resulting in insufficient immune activation and antitumor efficacy (21, 23–26). Here, we highlight key factors and cellular pathways associated with effective agonism and the observed clinical toxicity. Furthermore, we describe recent antibody-engineering approaches and treatment regimens that we find the most advanced and promising in the quest to overcome the challenges preventing the clinical use of CD40 agonistic mAbs.



Harnessing FcγRs to Potentiate the Activity of CD40 mAbs

Fc-gamma receptors (FcγR) are central players in the in vivo agonistic activity of CD40 mAbs (25, 27–29). This Fc-mediated mechanism involves higher order crosslinking of the CD40 mAbs by FcγRIIB expressed in trans by cells neighboring the CD40-expressing cells. This results in enhanced clustering of CD40 on the target cell and, consequently, increased CD40 signaling. The relatively low clinical response elicited by different anti-human CD40 mAbs (15, 19) can be attribute to the structure of their IgG scaffold, which is not optimized for FcγRIIB binding. It was demonstrated that the in vivo activity of human CD40 mAbs is dependent on their affinity to FcγRIIB and, notably, this activity was significantly improved by Fc engineering (25) (Figure 1). Following this preclinical observation, a second generation of Fc-engineered anti-human CD40 mAbs with enhanced FcγRIIB binding are now being tested in clinical trials (25, 30–32).




Figure 1 | Approaches to enhance the efficacy and safety of CD40 agonistic mAbs. Left: Enhanced CD40 agonism by Fc-engineered mAbs designed to increase FcγRIIB-mediated crosslinking. Right: Approaches to bypass treatment associated toxicities. 1) Intratumoral administration. Injection of low mAb dose directly into the tumor enables local antitumor immune activation without systemic side effects. 2) Tumor-targeted bispecific CD40 antibodies direct the agonistic antibody to the TME by targeting tumor-associated antigens, which are overexpressed and/or selectively expressed at the tumor site. 3) Dendritic cell-targeted bispecific CD40 antibodies direct the agonistic antibody to the cell types that drive treatment-associated antitumor activity but not toxicity.



One such antibody is 2141-V11. Based on selicrelumab, the original IgG2 isotype was converted into IgG1 and the affinity to FcγRIIB was selectively enhance by Fc engineering. The Fc-engineered version of this mAb displayed a significantly enhanced in vivo antitumor response compared to the parental IgG2 variant in multiple tumor models, includes melanoma, colon adenocarcinoma and bladder cancer (25, 30, 31). APX005M (sotigalimab) is another CD40 mAb that was Fc-engineered to increase the interaction with FcγRIIB, now evaluated in several early-phase studies (32, 33). Different Fc mutations were introduced to the IgG1-Fc scaffold of 2141-V11 and APX005M. While the binding of 2141-V11 is enhanced selectively to FcγRIIB and not to other FcγRs, APX005M engages both the inhibitory FcγRIIB and the activating FcγRIIA131R. Preclinical studies showed increased in vivo agonistic activity for both Fc-engineered mAbs over their parental non-mutated IgG1 variant (25). However, due to the opposite effect of decreased mAb potency upon engagement with FcγRIIA, the FcγRIIB-selective enhanced Fc variant displayed superior agonistic activity.

Because crosslinking of CD40 on the membrane surface is key for the activity of CD40 agonists, various strategies to enhance CD40 receptor trimerization have been developed. These Fc-independent approaches include hinge engineering to the unique structural configuration of IgG2 subclass, which was reported to enhance CD40 agonistic activity. Mutations of specific cysteines in CD40 agonistic mAbs are used to prevent shuffling of disulfide bonds between the IgG2 hinge and CH1 regions, thus locking the hinge conformation that contributes to enhanced CD40 clustering (34, 35). Other approaches to promote CD40 receptor multimerization include the use of recombinant CD40L-based instead of antibody-based molecules (36), or utilizing Fc-docking scaffolds to multimerize anti-CD40 mAbs (37). A notable difference between these Fc-dependent and Fc-independent engineering approaches is the requirement for FcγRs engagement in addition to CD40 engagement in the former but not the latter, which may results in different biodistributions of these molecules. The consequences of these distinct properties for the mechanism and therapeutic index of these reagents should be clarified in future studies. A combination of different approaches to enhance agonism was also suggested in a study demonstrating synergistic agonist potency of a combined hinge and Fc-engineering strategy (38).

While these Fc and protein engineering strategies can improve the antitumor efficacy of CD40 agonists, the stronger potency of these next-generation agonists is accompanied by an increase in side effects and toxicity that characterize this type of immunotherapy (25, 30). Consequently, the systemic administration of these agonists is limited to suboptimal doses and their full potential could not be exploited.



Side Effects and Toxicities of CD40 mAbs

As mentioned, human CD40 agonistic mAbs were reported to trigger severe adverse effects and toxicities. These include hepatotoxicity, cytokine release syndrome (CRS) (19, 20, 39), thrombocytopenia (19, 24, 25, 30), general hyperimmune stimulation (40), and tumor angiogenesis in response to endothelial cell activation (41). The broad expression of CD40 by various immune and non-immune cells types in the tumor and in other organs is likely to contribute to the occurrence of these side effects.

Recent studies highlighted the role of macrophages, Kupffer cells, platelets and neutrophils in mediating liver toxicity. Using a single-cell RNA sequencing approach, Siwicki et al. described a mechanistic interplay involving IFN-γ-secreting lymphocytes and IL-12-producing tissue-resident Kupffer cells, resulting in liver toxicity (42). This anti-CD40 mediated hepatotoxicity is associated with an IL-12-dependent accumulation of MHC II+, CD14+ and CD11b+ macrophages in the liver (43). It was further shown that IL-12 and IFN-γ were not toxic by themselves and that neutrophils respond to these two cytokines by upregulation and secretion of TNF, the levels of which determine the severity of liver toxicity. Another player in the network that mediates the toxic effect of CD40 mAbs on the liver are platelets. In a recent study, we have demonstrated the causal role of macrophages and platelets in liver toxicity after CD40 treatment (44). Systemic cell depletion of macrophages or platelets completely abrogated the elevation in liver transaminases (ALT/AST) that was observed after anti-human CD40 treatment. While these findings highlight the involvement of macrophages, Kupffer cells, platelets and neutrophils, the full mechanistic interplay between these players driving liver toxicity following anti-CD40 treatment still needs to be elucidated.

In the clinic, CRS was evident within minutes to hours after CD40 mAb infusion and was associated in these patients with elevation in serum IL-6 (19). In vivo upregulation of intracellular IL-6 was detected by classical CD11c- monocytes in the blood, lymph nodes and spleen, after immunization with anti-human CD40 mAb in humanized CD40 mouse strain (44). This suggests monocytes as the major cell population driving IL-6 secretion.

DCs and, in particular, the conventional type-1 dendritic cells (cDC1s) are essential for CD40-targeted immunotherapy due to their key role in CD8+ T cell priming and early CD4+ T cell activation, which induce a strong and durable antitumor immunity (45). Unlike macrophages, monocytes and platelets that mediate hepatotoxicity, CRS and thrombocytopenia, respectively, cDC1 activation by CD40 agonist do not contribute to any of these dose-limiting toxicities.

Collectively, these findings suggest that different cellular pathways and locations are engaged by CD40 agonists, which determines the balance between antitumor immunity and side effects. Macrophages and, specifically, liver-resident Kupffer cells are the key population that is engaged by CD40 agonist to mediate hepatotoxicity, in which neutrophils and platelets have also been implicated. Other evidence suggests that IL-6 secretion by monocytes underlies CRS induced by CD40 mAbs.



Approaches to Increase the Therapeutic Window of CD40 mAbs


Intratumoral Administration

Understanding the mechanisms driving the antitumor immunity of CD40-targeted immunotherapy, as well as those causing adverse effects, provides a rationale on how to improve the efficacy and safety profile of existing treatments. For example, the finding that the location of immune activation is associated with distinct outcomes, i.e., antitumor activity vs. systemic toxicity, advanced approaches aiming to direct CD40 agonism selectively to the tumor microenvironment (TME) to avoid toxicity. One such strategy is an intratumoral route of mAb administration (30, 46) (Figure 1). Indeed, preclinical studies demonstrated a safe profile and lack of hepatotoxicity and thrombocytopenia when anti-human CD40 mAb was administered intratumorally. Treatment resulted in T cell activation and was shown to induce abscopal effects characterized by systemic antitumor T cell activity and long-term memory response (30, 31, 46, 47). Comparison of biodistribution profiles after local or systemic anti-CD40 mAb administration in bladder cancer model revealed that local injection led to CD40 mAb accumulation in the draining lymph node and spleen, presumably because of the high density of CD40+ immune cells, whereas systemic injection led to higher Ab concentration in the liver and blood circulation (47). In an early clinical study, intratumoral administration of anti-human CD40 mAb (ADC-1013) into superficial lesions was well tolerated and was accompanied by pharmacodynamic responses (48). Another advantage of local CD40 mAb administration is the avoidance of Ab sink effect by cells with high CD40 expression, mainly circulating B cells.



Tumor-Associated Antigen-Targeted Bispecific Antibodies

While intratumoral administration is a promising approach for some patients, it is not suitable for all tumors and may be limited to patients with primary or metastatic tumors near the skin, intravesical treatment of bladder cancers, and tumors that are accessible to radiographically directed therapy. This highlights the need to reduce the toxicity of CD40-targeted immunotherapy through systemic administration. One proposed solution is a bispecific antibody (bsAb) that contains a binding arm to tumor-associated antigens (TAA). The rationale behind this approach is that the anti-TAA arm will direct the antibody to the TME and activates APCs locally, thereby avoiding systemic immune stimulation and reducing toxicity (Figure 1). The first developed CD40 bsAb is ABBV-428, which is constructed from a CD40 arm and a mesothelin TAA (49). This molecule was designed to engage the TME due to the overexpression of mesothelin by several types of tumor cells (50). Indeed, preclinical studies with ABBV-428 suggested less systemic toxicity with similar antitumor immunity compared to the parental monospecific CD40 mAb (49). In a phase 1 clinical trial, ABBV-428 showed a safe profile and the maximum tolerated dose was not reached. However, efficacy was very limited, with no signs of substantial response in patients (51). This outcome could be explained by low expression of mesothelin on tumor cells, that would limit bsAb accessibility to the tumor and thus its ability to crosslink the CD40 receptor, which is required for CD40 signaling (50). Indeed, it was shown in animal models that the expression levels of mesothelin on tumor cell lines dictates the antitumor activity of ABBV-428 (49).

The results of the ABBV-428 trial highlight the need for a bsAb targeting a more highly expressed TAA. 4224 is a CD40/EpCAM bsAb that displayed improved in vivo antitumor efficacy compared to the corresponding monospecific CD40 mAb (52). EpCAM is highly expressed on certain tumors and on tumor exosomes, which may induce cross-presentation of tumor-derived neoantigen (i.e., in exosomes or debris), resulting in better priming of tumor neoantigen-specific T cells (52). The toxic profile of 4224 compared to the parental monospecific CD40 mAb has not been reported to date.

A drawback of the CD40/TAA approach is its dependence on sufficient expression levels and density of a specific TAA, which may not be uniformly expressed across different tumor lesions and patients. This may result in variable clinical efficacy, potentially limiting the use of the compound to selective tumor types. In addition, TAA targeted by bsAbs may be required for CD40 crosslinking, similar to FcγRIIB role in neighboring cells. Therefore, their density, membrane fluidity and the binding affinity of the targeting bsAb can substantially affect the potency of these reagents. Because of these limitations, only a handful of tumor surface antigens have thus far been identified as suitable targets for CD40 bispecific antibodies.



Dendritic Cells-Targeted Bispecific Antibodies

An alternative approach that bypasses the dose-limiting toxicity is to induce CD40 agonism in a cell-specific rather than organ- or tissue-specific manner, by delivering the agonist to the cell population driving treatment efficacy but not toxicity (Figure 1). As mentioned, cDC1s mediate the antitumor immunity of CD40 mAb without the toxic side effects. Harnessing this mechanistic understanding, our group recently developed Fc-engineered CD40/DC bsAbs, e.g. CD40/CD11c and CD40/CLEC9A, which exhibit preferred binding and selective activation towards cDC1 populations. This approach improved the therapeutic window of CD40-targeted immunotherapy significantly by increasing antitumor immunity and reducing systemic toxicity in vivo in an isogenic mouse model fully humanized for CD40 and FcγRs (44, 53). Importantly, these CD40/DC bsAbs displayed reduced binding and activation of B cells, macrophages and monocytes, the cell types that contribute to sink effect, liver toxicity and CRS. Comparing the mode of action in the TME of CD40/DC bsAb vs its parental monospecific CD40 mAb reveled similar activation of effector CD4+ and CD8+ T cell response, presumably the result of similar DC engagement by these two types of agonists, leading to DC maturation, expansion and subsequent T cell priming and activation (44). While the monospecific CD40 mAb induces remodeling of the cell state of non-DC CD40+ myeloid and B cells in the TME, the DC-targeted bsAb lacks this activity. Despite the more restricted engagement of myeloid cell types in the tumor, the CD40/DC bsAb retains antitumor potency, further supporting the importance of activating the DC-T cell axis for the antitumor activity of CD40 agonists. While this effect was observed in multiple tests in transplantable syngeneic tumor models, further validation in additional tumor types and, eventually, in clinical settings is essential to evaluate the generalization and translational potential of this approach.

The monovalent nature of the CD40 arm in the CD40/DC bispecific format required special considerations in their design. First, these bsAbs exhibit increased sensitivity to FcγR-mediated crosslinking as compared to bivalent IgG formats and Fc engineering was necessary to CD40 clustering and subsequent activation. Second, the monovalent CD40 targeting arm apparently reduces CD40 binding and agonism as compared to a bivalent parental CD40 mAb. However, fine-tuning the affinities of the Fab domains to optimize the DC selectivity of CD40 agonism allows to dose-up these bsAbs without compromising their safety profile, unlike with traditional CD40 mAbs. Thus, this new tri-functional antibody format requires efficient binding to FcγRIIB, CD40, and a DC marker to result in better safety profile and superior antitumor response compared to the parental monospecific CD40 mAb (Figure 2).




Figure 2 | Proposed mechanisms of mono- and bispecific CD40 agonistic antibody activity. Traditional monoclonal anti-CD40 Abs do not distinguish between different CD40+ cells and activate both the efficacy arm, driven by cDC1s, and the toxicity arm, driven by macrophages, platelets, and monocytes. CD40/DC bsAbs, which display preferred binding to and selective activation of DC populations, improved the therapeutic window of CD40-targeted immunotherapy by increasing antitumor immunity and reducing systemic toxicity.






Discussion

Driven by recent mechanistic insights into the cellular pathways mediating efficacy and toxicity, as well as the latest developments in antibody and protein engineering, the next generation of Fc-engineered and multi-specific CD40 agonistic mAbs are being developed to bypass toxicity and optimize their potency. Multiple ongoing clinical trials evaluating the safety and potency of these new reagents, either as monotherapies or part of combination therapies, will soon reveal the potential of CD40 agonists as the next wave of immunotherapies. Besides CD40 agonists, the clinical translation of other types of agonistic mAbs has been restricted due to side effects associated with the broad expression profile of their targets on hematological and non-hematological cells. Lesson from pre-clinical and clinical studies of next-generation CD40 antibodies, together with mechanistic knowledge of the cellular pathways that mediate efficacy and toxicity, may enable the development of additional cell- and tumor-selective agonists with an improved therapeutic window.
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Central line associated bloodstream infections (CLABSI) with Staphylococcus epidermidis are a major cause of morbidity in neonates, who have an increased risk of infection because of their immature immune system. As especially preterm neonates suffer from antibody deficiency, clinical studies into preventive therapies have thus far focused on antibody supplementation with pooled intravenous immunoglobulins from healthy donors (IVIG) but with little success. Here we study the potential of monoclonal antibodies (mAbs) against S. epidermidis to induce phagocytic killing by human neutrophils. Nine different mAbs recognizing Staphylococcal surface components were cloned and expressed as human IgG1s. In binding assays, clones rF1, CR5133 and CR6453 showed the strongest binding to S. epidermidis ATCC14990 and CR5133 and CR6453 bound the majority of clinical isolates from neonatal sepsis (19 out of 20). To study the immune-activating potential of rF1, CR5133 and CR6453, bacteria were opsonized with mAbs in the presence or absence of complement. We observed that activation of the complement system is essential to induce efficient phagocytosis of S. epidermidis. Complement activation and phagocytic killing could be enhanced by Fc-mutations that improve IgG1 hexamerization on cellular surfaces. Finally, we studied the ability of the mAbs to activate complement in r-Hirudin neonatal plasma conditions. We show that classical pathway complement activity in plasma isolated from neonatal cord blood is comparable to adult levels. Furthermore, mAbs could greatly enhance phagocytosis of S. epidermidis in neonatal plasma. Altogether, our findings provide insights that are crucial for optimizing anti-S. epidermidis mAbs as prophylactic agents for neonatal CLABSI.
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Introduction

Neonatal sepsis is a major cause of mortality and morbidity (1, 2). Due to the use of indwelling medical devices, more than half of all late-onset sepsis episodes (occurring after more than 7 days of age) are caused by central line associated bloodstream infections (CLABSI) (3). The incidence of CLABSI is highest in preterm neonates (gestational age (GA) < 37 weeks) compared to term neonates (≥ 37 weeks GA) and children admitted to pediatric intensive care units (4–6). The most common pathogens found in CLABSI are coagulase negative staphylococci, with Staphylococcus epidermidis being the predominant species (7, 8). Currently, no effective strategy exists to prevent late-onset sepsis in neonates.

The high risk of CLABSI in neonates compared to older children is likely related to transient immunodeficiency of immaturity (9–15). Three elements that are crucial for immune protection against Gram-positive bacteria, namely neutrophils (16), antibodies and the complement system, have been reported to be impaired in neonates. First, neonates have low levels of circulating neutrophils (14). Neutrophils are highly specialized immune cells that circulate in the blood and are attracted to the site of infection to phagocytose bacteria. Following uptake by neutrophils, bacteria are subjected to high levels of reactive oxygen species (ROS) and degranulation of antimicrobial products that are destructive to staphylococci, this makes phagocytosis an efficient way to eliminate S. epidermidis (17, 18). Second, neonates have low levels of circulating antibodies. Because endogenous antibody synthesis only begins at birth, neonates depend on passive transfer of maternal antibodies over the placenta which mainly occurs in the final trimester of pregnancy. As a result, preterm neonates have low IgG levels (19). IgM and IgA are not transported over the placenta, thus all neonates newborns are IgM/IgA deficient at birth (9, 10). Third, the complement system is less active in neonates when compared to adults, but it can be activated in the presence of infection (11–13, 15). Both antibodies and complement concentrations in neonatal plasma increase with gestational age, meaning that extremely preterm neonates are more at risk than term neonates. Antibodies and complement components are important opsonins that are needed to label bacteria for efficient phagocytosis. Antibodies consist of two functional domains: the fragment antigen binding (Fab) region confers antigen specificity, while the crystallizable fragment (Fc) region drives interaction with other components of the immune system (20). After binding to the bacterial surface, IgG and IgA antibodies can directly induce phagocytosis via interaction with Fc receptors on neutrophils. IgG and IgM antibodies are both able to activate the classical pathway of the complement system which leads to deposition of C3b on the bacterial surface. C3b is recognized by complement receptors on neutrophils and leads to phagocytosis of the pathogen (21). Thus, antibodies play a central role in the immune response against Gram-positive bacteria such as S. epidermidis.

Clinical trials have assessed if antibody supplementation therapy with pooled intravenous immunoglobulins from healthy donors (IVIG) can ameliorate neonatal antibody deficiency and prevent or treat neonatal sepsis. These studies show only a 3% reduction in sepsis incidence in neonates and no improvement in mortality (22). We hypothesize that the disappointing efficacy of IVIG therapy in neonatal infections could be caused by low concentration of antibodies specific to the relevant neonatal pathogens.

In this study, we wondered whether pathogen specific monoclonal antibodies (mAbs), which have a sole specificity for one target, can be more effective than IVIG. Therefore, we cloned and expressed nine different mAbs recognizing staphylococcal surface components as human IgG1s. Of the three best binders (rF1, CR5133 and CR6453), we tested the ability to recognize a panel of 20 clinical S. epidermidis isolates from neonatal sepsis and showed that CR5133 and CR6453 bound to the majority (19 out of 20) of isolates. We then studied the immune activating potential of rF1-, CR5133- and CR6453-IgG1 and found that activation of the complement system is essential to induce efficient phagocytosis of S. epidermidis. As shown before on Staphylococcus aureus (23) and Streptococcus pneumoniae (24), phagocytosis and killing of S. epidermidis could be further enhanced by Fc-mutations that improve IgG hexamerization, which is needed for efficient activation of the classical pathway (25–27). Finally, we collected human cord blood from neonates to study the ability of the mAbs to activate the neonatal complement system. In contrast to what is reported (11–13, 15, 28), plasma isolated from preterm and term neonatal cord blood showed classical pathway complement activity comparable to adult levels. Furthermore, we demonstrate that pathogen specific monoclonal antibodies with hexamer enhancing mutations greatly enhanced phagocytosis of S. epidermidis in neonatal plasma by healthy donor neutrophils. Altogether, our findings provide insights that are crucial for optimizing anti-S. epidermidis mAbs as prophylactic or therapeutic agents for neonatal sepsis.



Materials and methods


Ethics statement

Human blood was obtained from healthy donors after informed consent was given by all subjects in accordance with the Declaration of Helsinki. Approval from the Medical Ethics Committee of the University Medical Center Utrecht was obtained (METC protocol 07-125/C approved on March 1, 2010). Cord blood (CB) was obtained from the umbilical cord after vaginal birth of neonates of different gestational age (GA); 32-37 weeks GA (n=2) and >37 weeks GA (n=3). Samples were collected at the obstetrics department and analyzed and stored anonymously. Written informed consent was obtained from the mother in accordance with the Declaration of Helsinki. The Ethics Committee for Biobanking of the University Medical Center Utrecht approved the collection protocol (TCBio 21/223, approved on June 14th, 2021).



IgG and IgM depletion from human serum

Normal human serum (NHS) from twenty healthy donors was depleted of IgG and IgM as previously described (29). Briefly, affinity chromatography was used to capture IgG by using HiTrap protein G High Performance column (Cytiva, GE Healthcare) and IgM with Capture Select IgM Affinity Matrix (Thermo Fischer Scientific) from NHS. Complement levels and activity were determined after depletion, using enzyme-linked immunosorbent serological assay (ELISA) and classical/alternative pathway hemolytic assays. Although C1q is partially co-depleted during the procedure, C1q was not supplemented in IgG/IgM depleted NHS (ΔNHS), because supplementation with 70 µg/ml C1q did not alter complement deposition on S. epidermidis (Figure S1), indicating that the amount of C1q left was sufficient.



Generation of human monoclonal antibodies

IgG1 mAbs A120, CR5133, CR6166 and CR6176 were produced by Genmab (Utrecht, the Netherlands) as described previously [WO 2017/198731 Al (30)]. IgG1 clones M130, CR5132, CR6171, CR6453, rF1 and G-2A2 (aDNP) and the subtypes of rF1, CR5133, CR6453 and G-2A2 (IgG3, IgG1 E345K, IgG3 E345K) were produced as described previously (23, 31). For mAb expression, variable heavy (VH) chain and variable light (VL) chain sequences were cloned in expression vectors pcDNA3.3 (Thermo Fisher Scientific) as described in Vink et al. (30) or pcDNA3.4 (Thermo Fisher Scientific) as described in de Vor et al. (31), containing human IgG1 heavy chain (HC) and light chain (LC) constant regions as indicated in Table S1. The E345K single mutation of Glu at position 345 into Lys was introduced in the heavy chain expression vectors by gene synthesis (IDT (Integrated DNA Technologies)). Variable heavy (VH) and light chain (VL) sequences from all antibodies were obtained from scientific publications or patents (Table S1). Antibodies were expressed as IgG1,κ except for CR6166 which was expressed as IgG1,λ. Plasmid DNA mixtures encoding both heavy and light chains of antibodies were transiently transfected in EXPI293F (Life technologies, USA) as described before (30) (31). IgG1 antibodies were isolated using HiTrap Protein A High Performance column (Cytiva, GE Healthcare) and IgG3 antibodies were collected using HiTrap Protein G High Performance column (Cytiva, GE Healthcare) in the Äkta Pure protein chromatography system (GE Healthcare). All antibody fractions were dialyzed overnight in PBS and filter-sterilized through 0.22 µm SpinX-filters. Size exclusion chromatography (SEC) (Cytiva, GE Healthcare) was performed to check for mAb homogeneity, and the monomeric fraction was separated when aggregation levels exceeded 5%. Final antibody concentration was determined by measuring the absorbance at 280 nm and antibodies were stored at -80°C or 4°C.



Bacterial strains and growth conditions

S. epidermidis type strain ATCC 14990 (32, 33) and twenty clinical bacteremia isolates from neonates admitted to the Wilhelmina Children’s hospital (UMC Utrecht) were used in this study. Strains were grown overnight at 37°C on sheep blood agar (SBA) and were cultured overnight in Tryptic Soy Broth (TSB). Next, they were subcultured and grown to exponential phase for ± 2.5 hours. For flow cytometry, exponential phase bacteria were washed in PBS and incubated in 250 µg/ml fluorescein isothiocyanate (FITC) (Sigma Aldrich) in PBS for 30 minutes at 4°C. After washing, FITC labeled bacteria were diluted in RPMI (Gibco) supplemented with 0.05% human serum albumin (HSA) (Sanquin products) and the bacterial concentration was determined by flow cytometry using a MACSQuant analyzer (Miltenyi), counting bacterial events in a defined volume. Bacteria were aliquoted and stored at -20°C. When indicated, freshly grown exponential cultures were used of which the concentration was determined based on optical density at 600 nm (OD600) (OD 1.0 = 5 x 10^8 bact/ml).



Antibody binding to S. epidermidis

For the initial screening of mAb binding to S. epidermidis, freshly grown bacteria were washed and diluted in PBS supplemented with 0.1% bovine serum albumin (BSA) (Serva). For all other binding experiments, FITC labelled 14990 and N2297 were used. A total of 150,000 bacteria were incubated with a concentration range of mAbs or IVIG (Nanogam, Sanquin) in PBS-BSA in a round-bottom 96-wells plate for 30 minutes at 4°C, shaking (± 750 rpm). After washing, bacteria were further incubated for 30 minutes at 4°C, shaking (± 750 rpm) with 30 µl APC-conjugated goat anti-human IgG (H+L) F(ab’)2 antibody (Jackson Immunoresearch, 1 µg/ml) or APC-conjugated donkey anti-human IgG (H+L) F(ab’)2 antibody (Jackson Immunoresearch, 1:250) to detect both lambda and kappa chains or AlexaFluor647(AF647)-conjugated goat anti-human kappa F(‘ab)2 antibody (Southern Biotech, 1 µg/ml) to compare binding of IgG1, IgG1 E345K, IgG3 and IgG3 E345K. After incubation with detection antibodies, bacteria were washed and fixed in 1% paraformaldehyde (PFA) (Polysciences) in PBS. Samples were measured by flow cytometry (BD FACSVerse), and data analyzed by FlowJo Software (Version 10). A control sample was used to set FSC-SSC gates to exclude debris and large aggregates of bacteria. In case we used FITC labelled bacteria, only FITC-positive events were analyzed. Data are presented as APC or AF647 geometric mean fluorescence intensity (GeoMFI ± SD).



Phagocytosis of S. epidermidis by neutrophils

Human neutrophils were isolated from blood of healthy donors by Ficoll-Histopaque gradient centrifugation and suspended in RPMI-HSA (34). For opsonization, 750,000 FITC labelled bacteria (20 µL) were incubated with 10 µL mAbs or IVIG supplemented with 10 µL ΔNHS or neonatal plasma (final concentration 1%) or buffer, to investigate complement- or Fc-receptor mediated phagocytosis, respectively. Bacteria were incubated in a round-bottom 96-wells plate for 15 minutes, at 37°C, shaking (± 750 rpm). Subsequently, 75,000 neutrophils (10 µL) were added, giving a 10:1 bacteria-to-cell ratio and samples were incubated for 15 minutes at 37°C, shaking (± 750 rpm). The reaction was stopped with 1% ice cold PFA in RPMI-HSA and FITC fluorescence was measured by flow cytometry (BD FACSVerse). To exclude debris, a neutrophil population incubated in RPMI-HSA alone was used to set FSC-SSC gates. Data were analyzed by FlowJo (version 10) and presented as FITC GeoMFI ± SD of the neutrophil population.



Killing of S. epidermidis

Freshly grown, exponential phase S. epidermidis was washed with Hanks Balanced Salt Solution (HBSS) (BioWitthaker) supplemented with 0.1% HSA. For opsonization, 850,000 bacteria were incubated with NHS or mAbs and ΔNHS in HBSS-HSA (concentrations indicated in figure legends) in a round bottom 96-deep-well plate for 30 minutes at 37°C, shaking (± 750 rpm) (final volume: 15 µl). After 30 minutes opsonization, 850,000 neutrophils were added (MOI 1:1) and further incubated for an additional 90 minutes at 37°C, 5% CO2 with open cover, shaking (± 750 rpm) (final volume: 100 µl). The reaction was stopped by adding 900 µl of ice-cold, freshly prepared, 0.2 µm sterile filtered 0.3% saponin (w/v, Sigma) in Milli-Q water. Samples were incubated for 5-15 minutes at 4°C, shaking (± 750 rpm). Total viable bacterial counts were determined by serial dilution and plating. Data are presented as CFU ± SD. The following control conditions were always included: 10% NHS with neutrophils (positive control for killing), heat-inactivated-ΔNHS with neutrophils (negative control for killing), HBSS-HSA with neutrophils only (sterility control) and HBSS-HSA with bacteria only (reference control for the amount of bacteria added).



Production of anti-C3b AF647 conjugate

2000 µg/ml mouse IgG2a mAb against a neo-epitope C3b (clone Bh6) (35) was incubated with AF647 NHS ester (Life Technologies) (final concentration: 100 µg/ml) and sodium carbonate (pH 9.4, final concentration: 0.1 M) for 70 minutes, room temperature, rotating. The sample was separated from aggregates by spinning through 0.22 µm SpinX filter columns (Corning life Sciences BV) for 2 minutes at 1500x g. To remove free AF647 from the mixture, filtrate was transferred to a sterile PBS washed Zeba spin column (Thermo Scientific) and spun for 2 minutes at 1500x g. From OD280 and OD650 Nanodrop (Thermo Scientific) measurements, the degree of labelling (DOL) was determined at 4.14. The conjugate was checked for integrity by SDS-PAGE and fluorescence of antibody-conjugate was confirmed using ImageQuant LAS 4000.



Complement deposition on S. epidermidis

To determine C3b deposition on S. epidermidis, 150,000 FITC labeled bacteria were incubated with mAbs supplemented with 1% ΔNHS in RPMI-HSA for 30 minutes at 37°C, shaking (± 750 rpm) (final volume: 30 µl). After washing twice with PBS-BSA, bacteria were further incubated for an additional 30 minutes at 4°C, shaking (± 750 rpm) with 15 µl anti-C3b AF647 detection antibody (3 µg/ml) in PBS-BSA. Bacteria were washed with PBS-BSA and fixed in 1% PFA in PBS-BSA for at least 30 minutes at 4°C, shaking (± 750 rpm) after which fluorescence was measured by flow cytometry (BD FACSVerse). To exclude debris and large aggregates of bacteria, control bacteria incubated in RPMI-HSA alone were used to set FSC-SSC gates, only FITC-positive events were analyzed. Data were analyzed by FlowJo Software (Version 10) and presented as AF647 GeoMFI ± SD.



Collection of plasma samples

Cord blood or peripheral venous blood of healthy human donors was collected in S-Monovette r-Hirudin tubes (Sarstedt) to preserve complement activity (36). The blood was centrifuged at 1000x g for 5 minutes and plasma was removed and stored immediately at -80°C. Plasma of 27 healthy donors was pooled before freezing and cord blood plasma was stored individually. For complement inactivation, the plasma was heat-inactivated for 30 minutes at 56°C.



Complement ELISAs

Complement ELISAs were performed as previously described (37) with minor modifications. Briefly, microtiter plates (Nunc maxisorp) were pre-coated with 3 µg/mL IgM (Sigma) for classical pathway (CP) ELISA, with 20 µg/ml LPS (from Salmonella enteriditis, Sigma) for alternative pathway (AP) ELISA and with 20 µg/mL mannan (from Saccharomyces cerevisiae, Sigma) for lectin pathway (LP) ELISA. All coatings were prepared in 0.1 M carbonate buffer (pH 9) and incubated overnight at room temp. Plasma samples were diluted in Veronal Buffered Saline (VBS) + 0.1% gelatin + 5 mM MgCl2 + 10 mM EGTA for AP ELISA and in VBS + 0.1% gelatin + 0.5 mM CaCl2 + 0.25 mM MgCl2 for CP ELISA and LP ELISA. After washing the plates with PBS 0.05% Tween-20, wells were blocked with 4% BSA in PBS-Tween. Then, plasma samples were added for 1 hour at 37°C in the appropriate buffer and dilutions. After additional washing, deposited C3b was detected using DIG-labelled mouse anti C3 antibody (WM1, 0.1 µg/mL) followed by Peroxidase conjugated sheep anti-DIG-Fab fragments (1:8000, Roche 11207733910). Finally, the plates were washed and developed using 3,3’,5,5’-tetramethylbenzidine (Thermo Fisher). The reaction was stopped by addition of 1 N H2SO4. Absorption at 450nm was measured using a microplate reader (Biorad).



Statistical analysis

Statistical analyses were performed in Prism software (version 8.3; Graphpad). The tests used to calculate P-values are indicated in the figure legends. The number of independent biological repeats per graph is indicated in the figure legends.




Results


Production and identification of human monoclonal antibodies against S. epidermidis

First, we produced a panel of nine mAbs by cloning the variable light chain (VL) and heavy chain (VH) sequences derived from scientific publications or patents (Table S1) into expression vectors to produce full-length human IgG1 antibodies. We selected clones rF1 (binding surface proteins of the SDR family (38)), M130 (binding peptidoglycan [US20030228322A]), A120 (binding LTA [WO-03059260-A3]), CR5132 (possible target LTA [2012/0141493 A1] or Wall Teichoic Acid (31), CR5133 (possible target LTA [2012/0141493 A1]) and CR6453 (possible target LTA [2012/0141493 A1]) that have already been described to bind and induce opsonophagocytic killing of different S. epidermidis strains, but not to our model strain ATCC 14990 (33). We also included clones CR6166, CR6171 and CR6176, that are related to CR6453 and were screened for cross-reactivity because they bind S. aureus [2012/0141493 A1]. As a negative control, we produced one antibody recognizing the hapten dinitrophenol (DNP) (G2a2-IgG1) (39).

Next, we compared the binding of the panel of IgG1 mAbs to the sequenced common laboratory strain S. epidermidis ATCC 14990 (33), using flow cytometry. Compared to the negative control antibody (aDNP-IgG1) which does not recognize a bacterial component, only three antibodies (CR5133-IgG1, CR6453-IgG1 and rF1-IgG1) significantly bound to ATCC 14990 (Figure 1A). Although binding to other S. epidermidis strains has been described, we could not detect significant binding of IgG1 mAbs M130 and A120 to ATCC 14990. Our results indicate that CR5132 also specifically binds ATCC14490, although not significant. As CR5132 has been described to bind the same target as CR5133, which does show stronger and significant binding, we selected CR5133 instead of CR5132 for further characterization. After titration, we detected a higher binding signal at lower concentrations for rF1-IgG1 compared to CR5133- and CR6453-IgG1 (Figure 1B), indicating that rF1-IgG1 is the best binding mAb in the panel.




Figure 1 | Identifying mAbs that bind S. epidermidis neonate isolates. (A) Screening mAb binding to S. epidermidis ATCC 14990. Bacteria were incubated with 2 µg/mL IgG1. MAb binding was detected using goat anti-hu-IgG(H+L)-APC and using flow cytometry. Data represent GeoMFI ± SD normalized to aDNP (ctrl)-IgG1 of three independent experiments. One-way ANOVA followed by Dunnett test was performed to test for differences in antibody binding versus aDNP and displayed only when significant as **P ≤ 0.01 and ****P ≤ 0.0001. (B) Titration of binding mAbs. FITC labelled ATCC 14990 were incubated in a 3-fold dilution range from 1000 µg/mL for IVIG and from 10 µg/mL for rF1-IgG1, CR5133-IgG1 or CR6453-IgG1. MAb binding detected with donkey anti-hu-IgG(H+L)-APC and analysed with flow cytometry. Data represent GeoMFI ± SD of three independent experiments. Histograms of flow cytometry analysis are included in Figure S2. (C) IVIG binding to clinical isolates. 20 clinical isolates and ATCC 14990, were incubated with 25 µg/mL IVIG. IVIG binding was detected with goat anti-hu-kappa-AF647. Data points are represented as mean AF647 GeoMFI of one experiment. (D) mAb binding to clinical isolates. 20 clinical isolates and ATCC 14990, were incubated with 2 µg/mL nM rF1-, CR5133-, CR6453- and aDNP-IgG1. mAb binding was detected with goat anti-hu-kappa-AF647. Data points are represented as mean AF647 GeoMFI of two independent experiments.



We also compared the strength and broad specificity of mAb binding and IVIG binding to S. epidermidis. We could measure binding of IVIG antibodies to ATCC 14990, but this required higher concentrations (10 µg/mL IVIG vs 0.004 µg/mL rF1-IgG1 or 0.37 µg/mL CR5133- and CR6453-IgG1) to reach a similar binding level. One advantage of the polyclonal nature of IVIG is that it may be possible to target a broad range of isolates. As mAbs recognize one unique target, it is important that this target is present on the majority of S. epidermidis isolates found in the clinic. To test the broad specificity of rF1-, CR5133- and CR6453-IgG1 when compared to IVIG, we collected a set of twenty clinical S. epidermidis isolates from neonatal sepsis cases. Indeed, we could detect binding of IVIG to all clinical isolates in the panel (Figure 1C). CR5133- and CR6453-IgG1 bound 19/20 isolates and rF1 bound 11/20 isolates with good capacity (classified as at least 10x binding compared to ctrl-IgG1) (Figure 1D). Thus, although CR5133- and CR6453-IgG1 bind less well to ATCC 14990, overall they bind a larger fraction of clinical isolates compared to rF1-IgG1.



Activation of the complement system greatly enhances phagocytosis by mAbs

We then evaluated whether the selected IgG1 mAbs could induce phagocytosis of S. epidermidis by human neutrophils. First, we studied their capacity to directly engage Fc gamma receptors in the absence of the complement system. To study this, we incubated freshly isolated neutrophils together with S. epidermidis ATCC 14990 opsonized with mAb at a multiplicity of infection (MOI) of 10:1. CR5133-IgG1, CR6453-IgG1 and the negative control aDNP-IgG1 could not induce Fc gamma mediated phagocytosis after 15 minutes of co-incubation (Figure 2A). Only rF1-IgG1 was capable of inducing phagocytosis in absence of the complement system. When 1% normal human serum depleted of IgG and IgM (ΔNHS) as complement source was added, phagocytosis was enhanced (Figure 2B), with rF1-IgG1 reaching high phagocytosis levels from a concentration above 0.1 µg/mL. Phagocytosis induced by CR5133-IgG1 and CR6453-IgG1 was also enhanced, but these antibodies were less efficient than rF1-IgG1 because higher concentrations were needed to reach similar phagocytosis levels as rF1-IgG1. This observation was very consistent with the ability of the mAbs to induce complement deposition on the bacterial surface, measured using a fluorescent mAb recognizing a neoepitope in C3b (35) and flow cytometry (Figure 2C). RF1-IgG1 was the most efficient, followed by CR5133-IgG1 and CR6453-IgG1. At a fixed concentration of 10 µg/mL, we observed large differences between phagocytosis induced in absence or presence of complement, showing that mAb binding and the complement system are essential for efficient phagocytosis (Figure 2D). Finally, we tested the ability of mAbs to induce phagocytic killing, measured as a reduction in colony forming units (CFU) after prolonged incubation (90 minutes) with neutrophils at an MOI of 1:1. Consistent with the phagocytosis data showing that only rF1-IgG1 can induce Fc-mediated phagocytosis (Figure 2A), we observed that rF1-IgG1, but not CR5133-IgG1 and CR6453-IgG1, could induce phagocytic killing in absence of complement (Figure 2E). Also, in the presence of complement, killing by rF1-IgG1 was more efficient than in the absence of complement. CR5133-IgG1 and CR6453-IgG1 seemed to perform better in the presence of complement, although no significant killing compared to buffer treated samples was observed (Figure 2E). Overall, there are potent mAbs (rF1-IgG1) and less potent mAbs (CR5133- and CR6453-IgG1), and complement enhances phagocytic uptake and killing.




Figure 2 | Activation of the complement system greatly enhances phagocytosis and killing with mAbs. (A,B) Phagocytosis of S. epidermidis ATCC 14990 by human neutrophils ((t=15 min), MOI 10:1) in (A) absence or (B) presence of complement. FITC labelled bacteria were incubated in (A) RPMI-HSA or (B) 1% IgG/IgM-depleted normal human serum (ΔNHS) supplemented with a concentration range of rF1, CR5133, CR6453, aDNP IgG1 or buffer. Phagocytosis was quantified by flow cytometry and plotted as FITC GeoMFI of the neutrophils population. The gating strategy at 1 µg/mL mAb is shown in Figure S3. Data represent mean ± SD of three independent experiments. One-way ANOVA followed by Bonferroni correction was used to test the effect of mAb addition compared to aDNP-IgG1. Test results were displayed only when significant as *P ≤ 0.05 (black for rF1, green for CR5133, blue for CR6453). (C) C3b deposition by mAbs. FITC labelled S. epidermidis ATCC 14990 were incubated in 1% ΔNHS supplemented with a concentration range of mAb. C3b deposition was detected by flow cytometry using an anti-neoC3b-AF647 antibody conjugate and plotted as AF647 GeoMFI of the FITC+ve bacterial population. Data represent mean ± SD of three independent experiments. (D) Comparison of mAb (10 µg/mL) induced phagocytosis in absence and presence of complement. One-way ANOVA was performed to test for the effect of complement addition on phagocytosis and displayed as *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 and ****P ≤ 0.0001. (E) Killing of S. epidermidis ATCC 14990 by human neutrophils (t=90 min, MOI 1:1) in absence or presence of complement. Bacteria were incubated in 10% heat-inactivated (HI)-ΔNHS (–) or 10% ΔNHS (+) supplemented with buffer (dashed horizontal line) or 14.8 µg/mL (100 nM) rF1-, CR5133-, CR6453- or aDNP-IgG1. Data represent mean ± SD of three independent experiments. One-way ANOVA followed by Bonferroni correction was used to test the effect of mAb addition to HI-ΔNHS, mAb addition to ΔNHS and to test the effect of complement addition for each mAb specifically. Test results were displayed only when significant as *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 and ****P ≤ 0.0001.





Hexamer-enhancing mutations in CR5133- and CR6453-IgG1 enhance phagocytosis and killing of S. epidermidis

For optimal interaction with the six globular headpieces of C1q, target bound IgG molecules require organization into higher-order oligomers (IgG hexamers), which occurs via noncovalent Fc-Fc interactions (26, 27). Therefore, we hypothesized that hexamer-enhancing mutations can improve complement activation and phagocytosis of S. epidermidis. We introduced mutation E345K in the Fc backbone of rF1-IgG1, CR5133-IgG1, CR6453-IgG1. This mutation was selected based on previous results obtained with Streptococcus pneumoniae (24). After confirming that introduction of the E345K-mutations did not affect antibody binding to S. epidermidis (Figure S4), we tested their ability to induce C3b deposition (Figure 3A), phagocytosis (Figure 3B) and killing (Figure 3C). Introduction of the hexamer-enhancing mutation into the already potent rF1-IgG1 could only slightly improve complement deposition (Figure 3A). In contrast, hexamer-enhanced variants of CR5133-IgG1 and CR6453-IgG1 induced very potent complement deposition compared to the WT IgG1 mAbs. For CR5133-IgG1 and CR6453-IgG1, increased complement deposition by the IgG1-E345K variants translated into more efficient phagocytosis (Figure 3B), while for rF1-IgG1 we only measured a difference in phagocytosis at the lowest mAb concentrations. Interestingly, rF1-IgG1E E345K at higher concentrations induced less phagocytosis than rF1-IgG1, which did not correlate to C3b deposition. In general, more phagocytosis benefit was gained by alteration of CR5133- and CR6453-IgG1 than by alteration of the already potent rF1-IgG1, shifting the effectiveness to a lower mAb concentration. Finally, we determined the effect of the hexamer-enhancing mutation on killing. At the lowest concentration tested (0.147 µg/mL), no additive effects of rF1-IgG1 E345K compared to rF1-IgG1 were observed (Figure 3C), presumably because incubation with 0.147 µg/mL rF1-IgG1 already reached the maximum killing capacity of the assay. In line with this hypothesis, the use of higher concentrations rF1-IgG1 or rF1-IgG1 E345K did not increase killing (Figure S5A). However, we observed a striking increase in killing after introducing the hexamer-enhancing mutation in CR5133- and especially in CR6453-IgG1 (Figure 3C). Again, these data show that rF1-IgG1 is a potent mAb that could not be improved further by introducing a hexamer-enhancing mutation. Importantly, our data also shows that less potent IgG1 mAbs, such as CR5133 and CR6453, can be greatly improved by introducing hexamer-enhancing mutations.




Figure 3 | Hexamer enhancing mutations significantly improve effector functions against S. epidermidis. (A) Effect of introduced hexamer-enhancing mutations on deposition of C3b. FITC labelled S. epidermidis ATCC 14990 were incubated in 1% ΔNHS supplemented with a concentration range of mAb in IgG1 or IgG1-E345K variant. C3b deposition was detected by flow cytometry using an anti-neoC3b-AF647 antibody conjugate and plotted as AF647 GeoMFI of the FITC+ve bacterial population. Data represent mean ± SD of three independent experiments. (B) Phagocytosis of S. epidermidis ATCC 14990 by neutrophils (MOI 10:1) in the presence of complement. Bacteria were prepared as in (A). Phagocytosis was assessed by flow cytometry and plotted as FITC GeoMFI of the neutrophils population. Data represent mean ± SD of three independent experiments. Data shown for IgG1 are identical to data shown in Figure 2B. (C) Killing of S. epidermidis ATCC 14990 by neutrophils (MOI 1:1) in presence of complement. Bacteria were incubated in 10% ΔNHS supplemented with 0.148µg/mL (1nM) rF1, 1.48µg/mL (10nM) CR5133 or CR6453. All concentrations tested can be viewed in Figure S5. Bacterial survival was quantified after neutrophils lysis by serial dilution and CFU counting. Data represent mean ± SD of three independent experiments. One-way ANOVA followed by Bonferroni correction was used to test the effect of mAb addition in ΔNHS, as well as the difference in bacterial survival of WT vs hexabody, *P ≤ 0.05, **P ≤ 0.01 and ****P ≤ 0.0001.



Because antibodies of subclass IgG3 bind C1q more stable than IgG1 (40), we also studied the effect of subclass switching to IgG3. As the molecular weight of IgG3 is slightly different from the molecular weight of IgG1, we compared concentrations in nM instead of µg/mL. Subclass switching of rF1-IgG1 to IgG3 did not change its killing capacity (Figure S5A), again presumably because the maximum killing capacity was already reached by the IgG1 variant. For mAbs CR5133 and CR6453, the effect of subclass switching to IgG3 was only detectable at a concentration that was 10 times higher (100 nM) than the concentration at which the effect of hexamer-enhancing mutations was detectable (10 nM) (Figure S5BC). This indicates that introducing the E345K mutation is more effective than subclass switching to IgG3. Moreover, introduction of the hexamer-enhancing mutation in the IgG3 subclass (IgG3E) did not improve killing beyond its IgG1E counterpart.



Plasma isolated from human umbilical cord blood retains classical pathway activity

Previous studies have reported that the neonatal complement system is less active than in healthy adults (11–13, 15). To investigate if mAbs can also activate the neonatal complement system, we first compared neonatal cord blood plasma samples to adult pooled human plasma in complement activity ELISAs to measure classical (CP), lectin (LP) and alternative (AP) pathway activity. We collected cord blood plasma from neonates (n=5) with a gestational age ranging from 32-42 weeks. Parallel, plasma from healthy adult volunteers was collected in the exact same procedure. To preserve complement activity, all samples were collected in r-Hirudin tubes. Hirudin is a direct thrombin inhibitor, which does not interfere with the complement system, in contrast to other anticoagulants such as heparin or sodium citrate (41, 42). We showed that in all neonatal samples the CP was equally active to adult pooled human plasma (Figure 4A). The LP was decreased in activity compared to pooled human plasma in only one neonatal donor (Figure 4B). On the other hand, the alternative pathway was decreased in all but one neonatal donor (Figure 4C). Thus, although not all complement pathways are equally active in neonatal plasma, we showed that the classical pathway, which is activated by mAbs, is not impaired.




Figure 4 | Complement activity of neonatal plasma. Complement activity in pooled human hiridun plasma and neonatal hirudin plasma (n=5) was determined in complement ELISAs, detecting deposition of C3b. Plates were coated with (A) IgM and 2% plasma to determine CP activity, (B) mannan and 2% plasma to determine LP activity and (C) LPS and 30% plasma to determine AP activity. Ctrl wells were uncoated and incubated with pooled adult plasma. CP, Classical pathway; LP, Lectin pathway; AP, Alternative pathway.





Anti-S. epidermidis mAbs react with the neonatal complement system

Finally, we used the same assay to study if neonatal plasma could react with mAbs to opsonize bacteria for phagocytosis. Because umbilical cord blood was collected anonymously, there is a possibility that mothers received prophylaxis against group B streptococci by Amoxicillin/Clavulanic acid (Augmentin®) during labor, which is transferred to the neonatal plasma. Unfortunately, ATCC 14990 was sensitive to this antibiotic. As this could interfere with our assays, we selected a clinical isolate (N2297) that was resistant to Amoxicillin/Clavulanic acid for use in the assays with neonatal plasma. First, we confirmed that all mAbs can bind N2297 and that introduction of the E-mutation did not affect mAb binding (Figure S6). We also compared mAb and IVIG binding and again observed that all mAbs showed increased binding compared to IVIG, even at very low concentrations.

As complement activity increases with gestational age (12, 13), we divided the donors in two groups of different gestational age; 32-37 weeks GA (n=2) (Figure 5A) and >37 weeks GA (n=3) (Figure 5B). Similar to the results on strain ATCC 14990 (Figure 3B), rF1-IgG1 could induce phagocytosis and introduction of the hexamer-enhancing mutation in rF1-IgG1 did not result in beneficial effects. CR5133-IgG1 was also capable of inducing phagocytosis in presence of neonatal plasma and CR5133-IgG1 E345K further enhanced phagocytosis. CR6453-IgG1 could not induce phagocytosis, but introduction of the hexamer-enhancing mutation greatly enhanced phagocytosis. For all mAbs, the phagocytosis was completely dependent on the neonatal complement system, because when heat inactivated plasma was used, there was no phagocytosis (Figure 5, S7). We also compared mAb efficacy to IVIG efficacy. To observe a response in presence of complement, we added a maximum of 1 mg/mL IVIG in 1% plasma. However, this dose is ~10 times higher than clinically relevant, as neonatal clinical trials reach maximum IVIG concentrations of 7-15 mg/mL in 100% plasma (22, 43), which corresponds to 70-150 µg/mL in 1% plasma. In absence of complement, IVIG could not induce phagocytosis (Figure S8). For CR5133-IgG1 E345K, a concentration of only 0.042 µg/mL was needed to reach a comparable level of phagocytosis as 1000 µg/mL IVIG. For the other mAbs, a concentration of ~1 µg/mL mAb was needed to reach comparable levels to 1000 µg/mL IVIG. We did not observe differences between the two donor groups, thus mAbs can react with the neonate complement system of term (>37 weeks GA) and pre-term (32-37 weeks) infants. Concluding, we show complement activity in term and preterm infant plasma is sufficient to enhance IgG1 mediated opsonophagocytosis by human neutrophils.




Figure 5 | Phagocytosis of FITC labelled N2297 after incubation with mAbs or IVIG in 1% neonatal plasma. Phagocytosis of S. epidermidis N2297 by human neutrophils (MOI 10:1) in (A) a representative donor of 32-37 weeks GA and (B) a representative donor >37 weeks GA. FITC labelled bacteria were incubated in 1% neonatal plasma or 1% HI neonatal plasma supplemented with a concentration range of rF1, CR5133 or CR6453 IgG1 or IgG1 E345K or IVIG. Phagocytosis was quantified by flow cytometry and plotted as FITC GeoMFI of the neutrophils population. Data represent data of one independent experiment. Additional donors (n=5) can be viewed in Figure S5. GA, Gestational Age.






Discussion

Staphylococcus epidermidis is the most prevalent causative agent of late-onset sepsis in neonates, who are at high risk for infections because of transient immunodeficiency of immaturity (7–15, 44). In this study we show that monoclonal IgG1 antibodies against S. epidermidis can boost the neonatal complement system to opsonize bacteria for phagocytosis by neutrophils, which is an efficient way for the immune system to eliminate Gram-positive bacteria such as S. epidermidis (18).

Our study highlights that complement is essential for antibody-mediated phagocytosis of S. epidermidis. For the different IgG1 mAbs we compared, Fc gamma receptor mediated phagocytosis was absent (CR5133 and CR6453) or low (rF1). In the presence of complement, uptake was greatly enhanced. This is in agreement with previous work on Streptococcus pneumoniae, where IgG1 mAbs directed against capsule polysaccharide CPS6 were completely dependent on complement deposition (24). In contrast, we previously observed that naturally occurring IgG, IVIG (45) and a monoclonal antibody against WTA (23) can induce Fc receptor mediated phagocytosis of S. aureus in absence of complement. However, also in these studies, phagocytosis could be improved when complement was added.

Recently, Fc mutations and subclass switching to modify the interaction of a mAbs Fc-part with C1q to increase antibody-mediated complement deposition are being explored (46). This is because for optimal interaction with the six globular headpieces of C1q, target bound IgG molecules require organization into hexamers, which occurs via noncovalent Fc-Fc interactions (26, 27). Hexamer enhancing mutations have already been shown to enhance complement mediated lysis of Neisseria gonorrhoeae (47) and tumor cells (26) via the formation of membrane attack complex pores. Together with data on S. aureus (23) and S. pneumoniae (24), our study provides an important proof of concept that hexamer enhancing mutations can also potentiate opsonization and phagocytic killing of Gram-positive bacteria. This indicates that hexamer enhancing mutations could be applied to a broad range of pathogens and diseases.

Our data also indicates that introducing the hexamer enhancing E345K mutation can enhance mAbs to a similar extent or more than switching to IgG3 subclass. This is an important insight because IgG1 is established to be safe for antibody therapy in other fields than infectious diseases such as oncology and auto-immune diseases (48), is easier to produce and purify than IgG3 (46) and has a longer half-life than IgG3 (49).

This study also sheds light on the role of mAb epitopes in efficacy of phagocytosis. We here compared mAbs with an identical Fc backbone but different Fab domains on the same bacterial strain. Our data shows that the use of different Fab domains, which confers binding to epitopes, results in different efficacy between mAbs. This is novel compared to previous publications from our laboratory, in which we either compared mAbs recognizing different bacterial strains (S. pneumoniae (24)) or we studied one mAb (4497) with different Fc tails (S. aureus (23)). The direct comparison in this work is a strong indication that the epitope is crucial for the efficacy of mAbs to opsonize S. epidermidis for phagocytic killing. We hypothesize that the ideal epitope allows for IgG clustering, as literature describes that epitope density can influence hexamerization (26). Affinity for the epitope may also play a role, as binding with one Fab arm (instead of two) enhances hexamer formation (26, 50). In all, this stresses the importance of identifying the ideal epitope to target with mAb therapy.

Next to being able to trigger complement activation, for application of mAbs it is also important that they react with conserved antigens that are present on the majority of clinical isolates. This made rF1, although being the most potent mAb on our model strain, less ideal because it only bound ~50% of clinical isolates. Interestingly we showed that two mAbs (CR5133 and CR6453) could bind 19/20 clinical isolates. Even if CR5133- and CR6453-IgG1 were less potent in driving phagocytosis than rF1-IgG1, their functionality could be enhanced by hexamer enhancing mutations. The fact that we found two mAbs that bound 95% of clinical isolates indicates that mAb therapy for S. epidermidis holds potential, while for other pathogens, such as S. pneumoniae, the existence of many different serotypes will pose a challenge (51). The future of anti-bacterial preventive or therapeutic mAb therapies may well be in cocktails of multiple mAbs against different strains of a single species or against multiple species of interest (52).

Our study supports the presence of an effective complement system in neonates, enabling effective antibody induced opsonophagocytosis. Previous studies have reported a decreased complement activity and plasma concentrations of complement components in neonates, which is correlated with gestational age (11). Older studies described that most complement levels are at 50–70% of the adult values, rising to adult concentrations within 6 months after birth (11, 12, 15). Recent work describes significantly lower levels for approximately one third of the complement factors measured (28). We found lower complement activity compared to adults in the alternative pathway but not in the lectin and classical pathway. An explanation could be that we used r-Hirudin tubes to collect plasma in this study, which preserves complement activity the best (36). Even though alternative pathway activity, which is responsible for the complement amplification loop, was decreased, we showed that mAbs can greatly stimulate phagocytosis in the presence of neonatal complement. This confirms that neonatal complement can be activated by mAbs and that mAb therapy in neonates should be further explored.

As a proof of concept, we here show that mAbs (IgG1 and Fc : Fc enhanced IgG1) can react with the neonatal complement system to potentiate phagocytosis by healthy donor adult neutrophils. Others have shown neonatal neutrophils can efficiently phagocytose and kill S. epidermidis when opsonized with adult serum (44). Therefore, we expect that neonatal neutrophils will respond in the same manner as the adult neutrophils in our assay, although this will need further investigation.

In conclusion, we demonstrate that monoclonal antibodies against S. epidermidis can effectively induce opsonophagocytosis in the context of neonatal plasma. Opsonophagocytosis of S. epidermidis is dependent on complement activation and hexamer enhancing mutations in IgG effectuate more efficient opsonophagocytosis in neonatal plasma. Anti-S. epidermidis mAbs are a potential future preventive therapy that could be used in the neonatal setting to avoid S. epidermidis CLABSI in high-risk infants admitted to neonatal intensive care units.
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Antibody-based immunotherapy is increasingly employed to treat acute lymphoblastic leukemia (ALL) patients. Many T-ALL cells express CD38 on their surface, which can be targeted by the CD38 antibody daratumumab (DARA), approved for the treatment of multiple myeloma. Tumor cell killing by myeloid cells is relevant for the efficacy of many therapeutic antibodies and can be more efficacious with human IgA than with IgG antibodies. This is demonstrated here by investigating antibody-dependent cellular phagocytosis (ADCP) by macrophages and antibody-dependent cell-mediated cytotoxicity (ADCC) by polymorphonuclear (PMN) cells using DARA (human IgG1) and an IgA2 isotype switch variant (DARA-IgA2) against T-ALL cell lines and primary patient-derived tumor cells. ADCP and ADCC are negatively regulated by interactions between CD47 on tumor cells and signal regulatory protein alpha (SIRPα) on effector cells. In order to investigate the impact of this myeloid checkpoint on T-ALL cell killing, CD47 and glutaminyl-peptide cyclotransferase like (QPCTL) knock-out T-ALL cells were employed. QPTCL is an enzymatic posttranslational modifier of CD47 activity, which can be targeted by small molecule inhibitors. Additionally, we used an IgG2σ variant of the CD47 blocking antibody magrolimab, which is in advanced clinical development. Moreover, treatment of T-ALL cells with all-trans retinoic acid (ATRA) increased CD38 expression leading to further enhanced ADCP and ADCC, particularly when DARA-IgA2 was applied. These studies demonstrate that myeloid checkpoint blockade in combination with IgA2 variants of CD38 antibodies deserves further evaluation for T-ALL immunotherapy.
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Introduction

Antibody-based immunotherapy is a rapidly growing field with more than 100 antibody product approvals since 1986 and more than 50% of them during the last decade (1). The CD38 antibody daratumumab is an example of how individual antibodies can change the therapeutic landscape, in this case for multiple myeloma patients (2). For B cell precursor acute lymphoblastic leukemia (BCP-ALL), three antibody-based immunotherapeutics (rituximab, blinatumumab and inotuzumab-ozogamicin) have been approved so far (3). While antibody-based immunotherapy for patients with T cell (T)-ALL is not yet established, some monoclonal antibodies against T cell expressed antigens such as C-C chemokine receptor type 4 (mogamulizumab), CD52 (alemtuzumab), and CD30 (brentuximab-vetodine) have been approved in the treatment of other indications and are currently evaluated preclinically and clinically also in T-ALL (4, 5). The CD38 antigen is also expressed by many BCP- and T-ALL cells (6, 7), and both daratumumab and isatuximab, the second CD38 antibody approved for myeloma therapy, are being tested in clinical trials (5). Preclinical studies showed that both antibodies possess significant in vitro and in vivo activity against ALL cells with strong antibody-dependent cell-mediated cytotoxicity (ADCC) and antibody-dependent cellular phagocytosis (ADCP) effects (8–10).

Myeloid cell-mediated ADCC or ADCP can be increased by blocking myeloid checkpoint molecules – such as the CD47/signal regulatory protein alpha (SIRPα) axis (11). For example, daratumumab in combination with CD47 blockade was effective in T-ALL cell depletion in vivo in xenograft NSG mouse models (12), which was most likely caused by myeloid effector cells since these severely immunocompromised mice do not have T or NK cells and lack a functional complement system. The CD47 blocking antibody hu5F9-G4 (magrolimab) combined with the CD20 antibody rituximab showed promising clinical activity in advanced lymphoma patients (13). Another emerging strategy to impede CD47/SIRPα interactions is the pharmacological inhibition of glutaminyl cyclases, especially glutaminyl-peptide cyclotransferase like protein (QPCTL), which is highly expressed in tumor cells. QPCTL catalyzes the formation of pyro-glutamate, an amino acid derivative localized at the N-terminus of CD47, crucially involved in binding to SIRPα on myeloid cells (14, 15). Inhibition of glutaminyl cyclases in tumor cells by small molecules has been shown to inhibit binding of soluble SIRPα-Fc fusion proteins and to enhance myeloid cell activation against tumor cells (15–17). Antibody isotype switching from human IgG1 to IgA2 can further improve myeloid cell activation, in particular when neutrophils contribute to antibody efficacy (18). Here, we demonstrate the capacity of an IgA2 variant of daratumumab to trigger myeloid cell-mediated ADCP and ADCC against T-ALL cells when combined with CD47 blockade.



Materials and methods

All experiments with human material were approved by the Ethics Committee of the University Medical Center Schleswig-Holstein in accordance with the Declaration of Helsinki. Healthy volunteers and patients gave written informed consent before analyses.


Isolation of human effector cells

Polymorphonuclear granulocytes (PMN) and peripheral blood mononuclear cells (PBMC) were isolated from peripheral blood of healthy donors by density gradient centrifugation using either Polymorphprep® (Progen, Heidelberg, DE) or Ficoll Paque Plus (GE Healthcare, Chicago, IL, USA), respectively, as previously described (19, 20). PBMC were then used for generation of non-polarized (M0) macrophages as described (17). Briefly, after incubation in monocyte attachment medium (PromoCell, Heidelberg, DE) for 30 min at 37°C, cells were washed three times with PBS to dispose non-adherent cells and resuspended in X-VIVO 15 medium (Lonza, Basel, CH) supplemented with 0.5% v/v penicillin/streptomycin (Gibco, Amarillo, TX, USA). After culturing for 24 h, 50 ng/ml M-CSF (PeproTech, Rocky Hill, CA, USA) were added and refreshed every 72 h at least twice before macrophages were used in ADCP experiments.



Cell lines and patient samples

Human T-ALL cell lines HSB-2, MOLT-13, and P12-ICHIKAWA (referred to as P12) as well as CHO-S and CHO-K1 were purchased from DSMZ (German Collection of Microorganisms and Cell Cultures, Braunschweig, DE). Generation and cultivation of human CD38 transgenic CHO-K1 cells (CHO-K1-CD38+) was described previously (21). MOLT-13 QPCTL Knock-Out (KO) and MOLT-13 CD47 KO were generated using the CRISPR/Cas9 method. The gRNA sequences used for CD47 were 5’ATGCTTTGTTACTAATATGG3’ & 5’AATAGTAGCTGAGCTGATCC3’, and for QPCTL were 5’GCUUCCGAUCAAUGGGACCU3’ & 5’UAAGUGCUCCAGAGACGCUG3’. MOLT-13 control cells were transfected with Cas9 only (without gRNA). Primary T-ALL cells were from patients included in the ALL-BFM study 2000/2009 and described elsewhere (12).



Antibodies and reagents

The approved CD38 antibody daratumumab (human IgG1, DARA-IgG1, clone 005, DARZALEX®) was from Janssen Biotech (Horsham, PA, USA). An IgA2 variant of daratumumab (DARA-IgA2) was generated de novo (see below). Isotype control antibodies were the EGFR antibody cetuximab (human IgG1, clone 225; Erbitux®), which was obtained from Merck (Kenilworth, NJ, USA), and its IgA2 variant generated as described (22). The Fc silent CD47 antibody variant 5F9-IgG2σ with V234A/G237A/P238S/H268A/V309L/A330S/P331S substitutions and the soluble SIRPα-IgG2σ protein (referred to as SIRPα-Fc) were produced as described (17, 23). Murine antibodies against human CD38 (clone HB-7), CD47 (clone CC2C6) as well as the isotype control antibody (clone MOPC-21) were from BioLegend (San Diego, CA, USA). Murine antibody against CD47 (clone B6H12) was from Thermo Fisher Scientific (Waltham, MA, USA). All-trans retinoic acid (ATRA) was purchased from Sigma Aldrich (St. Louis, MO, USA).



Production and purification of DARA-IgA2

An IgA2 variant of daratumumab (DARA-IgA2) was produced based on the variable regions of daratumumab, which were de novo synthesized (Eurofins, Ebersberg, DE) according to the published sequences (patent WO 2017/079150 A1), and the constant region of an IgA2.0 variant of human IgA2 (22). The variable light chain (VL) sequence was cloned into the pSecTag2/Hygro C vector (coding for the kappa light chain), while the vector pCI Neo (coding for the IgA2.0 Fc heavy chain) was used for the variable heavy chain (VH). The vectors contained light chain (LC) and heavy chain (HC) secretion leaders of rituximab, respectively. For IgA2 antibody production, CHO-S cells were transiently transfected with both vectors at a VH : VL ratio of 1:1 by static electroporation using the MaxCyte STX electroporation system (MaxCyte, Gaithersburg, MD, USA) (24) according to the manufacturer’s instructions. Antibodies were purified from the supernatant by affinity chromatography using human IgA-CH1 binding camelid-derived single domain (VHH) fragments (CaptureSelect Hu IgA-CH1 Affinity Matrix; Thermo Fisher Scientific, Waltham, MA, USA). After elution with 0.1 M glycine buffer at pH 2.5 and neutralization with 1 M TRIS at pH 8, antibodies were dialyzed in PBS and subsequently applied to a size exclusion chromatography (Superdex 200 26/600 in combination with the ÄKTAprime liquid chromatography system, both from GE Lifescience, Chicago, IL, USA). High performance size exclusion chromatography (HP-SEC) was performed in PBS as mobile phase. Monomeric IgA2 containing fractions were collected and concentrated with a 100 kDa spin column (Vivaspin 20, Sartorius, Göttingen, DE). All antibodies were sterile filtered using 0.22 µm filters.



Flow cytometric analyses

All flow cytometric analyses were performed by indirect immunofluorescence on a Navios flow cytometer (Beckman Coulter, Fullerton, CA, USA). Briefly, CD38 and CD47 specific antigen binding sites (SABC) on T-ALL cell lines and primary tumor samples were quantified using the QIFIKIT® (DAKO, Glostrup, DK) according to the manufacturer’s instructions (25). The murine antibodies HB-7 for CD38 and B6H12 for CD47 were used. Antibody B6H12 detects overall cell surface levels of CD47 independent from the presence of pyro-glutamate. In contrast, expression of CD47 with N-terminal pyro-glutamate on MOLT-13 wildtype, CD47 KO and QPCTL KO cells was determined with the pyro-glutamate dependent CD47 antibody CC2C6, which recognizes the SIRPα binding site (15, 16). FITC conjugated anti-mouse IgG F(ab’)2 fragments were used for detection (Jackson ImmunoResearch Laboratories, West Grove, PA, USA). FITC labelled goat anti-human kappa light chain F(ab’)2 fragments (SouthernBiotech, Birmingham, AL, USA) were used for detection of DARA-IgG1 and –IgA2 bound on CHO-K1-CD38+ cells. In order to confirm the purity of the daratumumab isotype preparations, CHO-K1-CD38+ cells were incubated with 10 µg/ml DARA-IgG1 or DARA-IgA2 followed by FITC conjugated goat anti-human IgG or IgA F(ab’)2 fragments (Jackson ImmunoResearch Laboratories).



SDS-PAGE

Purified antibodies were separated by SDS-PAGE under non-reducing and reducing conditions using a 6% and 12% acrylamide gel, respectively (Rotiphorese® Gel 30, Carl Roth, Karlsruhe, DE). After a running time of 90 min at constant 120 V, gels were stained with Simply Blue Safe Stain Kit (Life Technologies, Carlsbad, CA, USA) according to the manufacturer’s instructions.



Immunoblot

Cellular proteins were isolated by standard methods. Briefly, cells were homogenized in lysis buffer NP-40 containing PMSF and Protease Inhibitor Cocktail (all from Sigma-Aldrich, St. Louis, MO, USA). Protein amount was measured using Pierce BCA Protein Assay Kit (Thermo Fisher, Waltham, MA, USA). Proteins (60 µg per sample) were separated by SDS-PAGE under reducing conditions on a 10% acrylamide gel (Rotiphorese® Gel 30, Carl Roth, Karlsruhe, DE) and subsequently transferred to PVDF membrane (BioRad Laboratories, Hercules, CA, USA). After blocking the membrane with 5% BSA in 1x TBS buffer for 1 h at room temperature, a HRP-conjugated QPCTL antibody (Santa Cruz Biotechnologies, Dallas, TX, USA, 1:500 overnight at 4°C) was used for detection. Protein loading was monitored using a rabbit monoclonal antibody against human β tubulin (abcam, Cambridge, UK, 1:2000 overnight at 4°C), followed by HRP-conjugated goat anti-rabbit IgG (Jackson ImmunoResearch, West Grove, PA, USA, 1:5000 for 1 h at room temperature). Proteins were visualized by an enhanced chemiluminescence reagent (SuperSignal West Dura, Thermo Fisher, Waltham, MA, USA).



ADCP experiments

ADCP was measured by live-cell imaging (Incucyte®, Sartorius, Göttingen, DE) as previously described (23). Briefly, tumor cells were labelled with 0.5 µg/ml pHrodo for 1 h at room temperature. M0 macrophages were added at an effector-to-target cell (E:T) ratio of 1:1. ADCP in the presence of 10 µg/ml of the indicated antibodies was measured at 37°C every 40 min for 5 h. Phagocytosis was determined as red object counts per image (ROI) and analyzed using the Incucyte® software (v2019B) with Top-Hat segmentation, 2 red calibrated units (RCU) as threshold and a mean intensity of ≥ 17 calibrated units (CU).



ADCC experiments

PMN-mediated ADCC was analyzed in chromium-51 [51Cr] release assays as previously described (22). DARA-IgG1 or DARA-IgA2 were added at varying concentrations. Cetuximab (CTX-IgG1) and its IgA2 variant (CTX-IgA2) served as isotype controls (22). The CD47 blocking antibody hu5F9-IgG2σ was applied at 20 µg/ml. Effector cells and 51Cr-labelled target cells were added at a ratio of 80:1. After 3 h at 37°C, 51Cr release was measured in counts per minute (cpm) in a MikroBetaTrilux 1450 liquid scintillation and luminescence counter (PerkinElmer, Rodgau Jügensheim, DE). Maximal 51Cr release was achieved by addition of 2% v/v Triton-X 100 solution, while basal 51Cr release was measured in the absence of antibodies. Specific tumor cell lysis in % was calculated as follows:

	



Data processing and statistical analyses

Graphical and statistical analyses were performed using GraphPad Prism 5.0 (GraphPad Prism Software, La Jolla, CA, USA). Dose-response curves were presented as means ± SEM. Statistical differences were calculated by one-way ANOVA and two-way ANOVA with Bonferroni’s post hoc correction and multiple comparisons. The EC50 values were reported as mean values after calculation from dose-response curves. Grouped data were presented as means ± SEM or as values of individual samples. Statistical differences were calculated by two-way ANOVA with Bonferroni’s post hoc correction and multiple comparisons. For primary samples, Wilcoxon matched-pairs signed rank test was used. Here, Shapiro-Wilk test showed non-normal distribution for the DARA-IgA2 group with CD47 blockade. Specifics regarding applied tests are given in the corresponding figure legend.




Results


The IgA2 variant of daratumumab recruits myeloid cells for T-ALL cell killing

An IgA2 variant of daratumumab (DARA-IgA2) was produced based on the variable regions of daratumumab and the constant region of an IgA2.0 variant (22). The binding capacity of DARA-IgA2 to CD38 positive cells is similar to the original IgG1 antibody (Figure S1). The functionality of DARA-IgA2 against the three T-ALL cell lines HSB-2, MOLT-13 and P12 was investigated in ADCP experiments using M0 macrophages and in ADCC experiments with GM-CSF stimulated PMN. All cell lines are positive for CD38 and CD47, but expression levels vary (Figure 1A). No phagocytosis or PMN-mediated cytotoxicity was seen with any of the two DARA isotypes against HSB-2 (Figure 1B, C). In contrast, DARA-IgA2 induced significant increased ADCP of MOLT-13 cells compared to DARA-IgG1 (ROI 869.3 ± 118.0 vs. 326.1 ± 19.42, respectively; Figure 1B). Opposite to MOLT-13, P12 cells were only weakly phagocytosed in the presence of DARA-IgA2, while DARA-IgG1 mediated ADCP was similarly low as against MOLT-13 (Figure 1B). In PMN-mediated ADCC against P12 cells, DARA-IgA2 induced higher tumor cell lysis (27.11 ± 1.75% with an EC50 value of 0.6 µg/ml/0.004 µM) than DARA-IgG1 (1.09 ± 1.12%), no significant tumor cell lysis was observed for HSB-2 and MOLT-13 (Figure 1C). DARA-IgG1 did not trigger significant ADCC with PMN against any of the cell lines (Figure 1C).




Figure 1 | DARA-IgA2 mediates T-ALL cell killing by myeloid cells. (A) Expression of CD38 and CD47 on T-ALL cell lines HSB-2, MOLT-13 and P12-ICHIKAWA (P12) was quantified by indirect flow cytometry to determine the specific antigen-binding sites per cell (SABC). Mouse monoclonal antibodies against CD38 (clone HB-7) and CD47 (clone B6H12) were used at saturating concentrations (5 µg/ml) and detected with FITC-conjugated anti-mouse IgG F(ab’)2 fragments. The results from 3 independent experiments with means ± SEM are shown. The values of the control samples (ctrl. mAb) were subtracted from the values obtained with the antibodies. (B) Macrophage-mediated ADCP (E:T = 1:1) was analyzed by real-time fluorescence imaging over 5 h (300 min). Target cells were labelled with a pH-dependent red fluorescent dye (pHrodo), and phagocytosis was measured as red object counts per image (ROI) every 60 min. Antibodies were used at 10 µg/ml. Results are presented as means ± SEM of at least 3 experiments with effector cells from different donors. * indicates significant differences between DARA-IgG1 and IgG1 isotype control (ctrl. IgG1) or DARA-IgA2 and IgA2 isotype control (ctrl. IgA2) (p < 0.05 by two-way ANOVA), and & marks significant differences between DARA-IgG1 and DARA-IgA2 (p < 0.05 by two-way ANOVA). n. s., not significant. (C) PMN mediated ADCC (E:T = 80:1) was analyzed in 3 h 51Cr release assays with the indicated antibody concentrations (0-10 µg/ml) using GM-CSF (50 U/ml) stimulated PMN. Results are presented as means ± SEM of at least 3 experiments with effector cells from different donors. * indicates significant differences between DARA and isotype control (ctrl.) antibodies at the highest concentration (10 µg/ml) (p < 0.05 by one-way ANOVA), & marks significant differences between IgG1 and IgA2 (p < 0.05 by two-way ANOVA). n. s., not significant.





Genetic ablation of CD47 expression or pyro-glutamate formation increases myeloid cell mediated T-ALL killing by DARA-IgA2

Tumor cell killing by myeloid cells can be improved by disrupting CD47/SIRPα interactions, for example with CD47 blocking antibodies (11, 26). Pharmacological inhibition of glutaminyl cyclases that catalyze the formation of pyro-glutamate on CD47 in tumor cells, has been identified as another potential strategy (12, 15–17). As a more direct approach to investigate the impact of both strategies on myeloid cell-mediated T-ALL killing, ADCP and ADCC experiments were performed with MOLT-13 cells, in which the CD47 or QPCTL genes were knocked-out by CRISPR/Cas technology. Loss of CD47 expression on cell surface in CD47 KO cells was confirmed by flow cytometry using the antibody B6H12 which detects overall cell surface levels of CD47, and knock-out of QPCTL in QPCTL KO cells was confirmed by Western blot analysis (Figure 2A). Importantly, the expression of CD38 remained unchanged compared to MOLT-13 control cells (Figure 2A left panel). QPCTL KO cells showed a 78% reduced binding of the pyro-glutamate dependent CD47 antibody CC2C6 which recognizes the SIRPα binding site (15, 16) (Figure 2B left), and reduced binding of soluble SIRPα-Fc (Figure 2B right) in comparison to control cells treated without guide RNA, confirming diminished N-terminal pyro-glutamate formation on CD47 in these cells. Neither the CD47 antibody nor soluble SIRPα-Fc showed binding to CD47 KO cells. In ADCP experiments, both QPCTL KO and CD47 KO MOLT-13 cells showed significantly enhanced phagocytosis compared to control cells, independent of the antibody isotype (Figure 2C left). In contrast, DARA-IgA2, but not DARA-IgG1 achieved significantly higher tumor cell lysis in ADCC experiments with CD47 KO and QPCTL KO cells compared to MOLT-13 control cells. In line with remaining SIRPα-Fc binding on QPCTL KO cells shown in Figure 2B, the lysis rates of QPCTL KO cells were lower compared to CD47 KO cells (Figure 2C right).




Figure 2 | Genetic knock-out of CD47 or QPCTL improved myeloid cell-mediated T-ALL cell killing by IgG1 and IgA2 variants of daratumumab. (A) MOLT-13 QPCTL and CD47 knock-out (KO) cells were tested for the expression of CD38 and CD47 using antibody clones HB-7 and B6H12, respectively. The CD47 antibody B6H12 is pyro-glutamate independent and detects overall expression of the antigen. Control cells (ctrl.) were treated with Cas9 without QPCTL gRNA. Antibodies were used at saturating concentrations (5 µg/ml) and detected with FITC-conjugated goat anti-mouse Fcγ-specific F(ab)2 fragments (left panel, n=3). Knock-out of QPCTL was confirmed by immunoblotting (right panel), β-tubulin was used for loading control. (B) Binding of the pyro-glutamate dependent CD47 antibody CC2C6 (left panel) and soluble SIRPα-Fc fusion protein (right panel) on MOLT-13 control and knock-out cells was measured by indirect immunofluorescence and staining with FITC-conjugated goat anti-mouse or goat anti-human Fcγ specific F(ab)2 fragments. MFI values ± SEM of 3 independent experiments are shown. Background fluorescence of unlabeled cells was subtracted from each MFI value. (C) QPCTL KO and CD47 KO as well as control MOLT-13 cells were used as targets in macrophage-mediated ADCP (left panel) and in PMN-mediated ADCC (right panel) with DARA-IgA2 and DARA-IgG1 at 10 µg/ml. For ADCP, an E:T cell ratio of 1:1 was applied. Mean values ± SEM of the red object counts per image (ROI) after 4 h are shown (n=3 with different donors). PMN-mediated ADCC was determined by 51Cr release assays with GM-CSF (50 U/ml) stimulated PMN at an E:T ratio of 80:1. Percentage of mean lysis ± SEM of 4 independent experiments with effector cells from different donors are shown. * indicates significant differences between DARA and isotype control (p < 0.05 by two-way ANOVA). Significant differences between the KO variants and the control cells are indicated by § for DARA-IgA2 and by % for DARA-IgG1 (p < 0.05 by two-way ANOVA). n.s., not significant. KO, knock-out; QPCTL, glutaminyl-peptide cyclotransferase like; MFI, mean fluorescence intensity; ROI, red object count per image.





DARA-IgA2 in combination with CD47 blockade enhances myeloid cell mediated T-ALL cell killing

Direct targeting of CD47 by blocking antibodies is a clinically advanced strategy to improve antibody-based immunotherapy. Daratumumab in combination with the Fc-silent CD47 blocking antibody hu5F9-IgG2σ achieved statistically significantly increases in phagocytosis of T-ALL cell lines and primary tumor cells compared to CD38 antibodies alone (Figure 3). Here, both DARA-IgG1 and DARA-IgA2 were effective against T-ALL cell lines (Figure 3A upper panel). The mean ADCP values with and without CD47 blockade for HSB-2 were 38.9 ± 4.8 ROI vs. 27.6 ± 5.1 ROI (DARA-IgG1) and 42.0 ± 9.9 ROI vs. 16.0 ± 4.0 ROI (DARA-IgA2). For MOLT-13, it was 228.7 ± 67.2 ROI vs. 669.6 ± 193.5 ROI (DARA-IgG1) and 551.0 ± 245.3 ROI vs. 939.3 ± 210.8 ROI with DARA-IgA2. Improved ADCP against P12 cells was seen with ROI values of 876.8 ± 88.3 (DARA-IgG1) and 647.7 ± 66.5 (DARA-IgA2) in the presence of the CD47 antibody, and 352.3 ± 12.7 ROI (DARA-IgG1) and 164.2 ± 14.8 ROI (DARA-IgA2) without CD47 blockade. We already demonstrated earlier that combining DARA-IgG1 with CD47 blockade leads to effective phagocytosis of primary T-ALL cells in vitro (12). Here, daratumumab as IgA2 in combination with CD47 blockade is also able to enhance phagocytosis of primary T-ALL cells as shown in Figure 3B. The tested T-ALL primary patient-derived cells all expressed CD38 and CD47 (Figure 3B, table). ADCP with DARA-IgA2 achieved mean ROI values of 249.4 ± 84.8 with CD47 blockade vs. 69.5 ± 15.8 without CD47 blockade and thus could be enhanced more than 3.5-fold. Phagocytosis of primary patient cells is illustrated (red dots) in the microscopic images (Figure 3B, right). In PMN-mediated ADCC against T-ALL cell lines, significant cytotoxicity was seen with the IgA2 isotype of daratumumab when it was combined with the CD47 blocking antibody (Figure 3A, lower panel). The mean lysis rates were 14.2 ± 3.4% for HSB-2 and 31.1 ± 4.5% for MOLT-13 cells. CD47 blockade resulted in significant lysis of P12 cells with both isotypes: 25.8 ± 5.5% with DARA-IgG1 and an increase from 22.7 ± 3.9% to 49.4 ± 2.1% with DARA-IgA2. Importantly, the CD47 antibody alone did not trigger significant ADCP or ADCC.




Figure 3 | Blocking CD47/SIRPα interactions leads to efficient myeloid cell-mediated killing of T-ALL cell lines and patient samples by DARA-IgA2. (A) HSB-2, MOLT-13 and P12 cell lines were used as targets in ADCP (upper panel) and PMN-mediated ADCC (lower panel) assays in the absence (white circles) or presence (black circles) of the CD47 blocking antibody 5F9-IgG2σ (20 µg/ml). DARA and isotype controls were used at 10 µg/ml. For ADCP, an E:T ratio of 1:1 was applied while in ADCC assays the E:T ratio was 80:1. M0 macrophages were generated using 50 ng/ml M-CSF, PMN were activated with GM-CSF (50 U/ml). Values of at least three replicates using different donor effector cells are presented. * indicates significant differences between DARA and the respective isotype control (p < 0.05 by two-way ANOVA), # depicts significant differences between with and without CD47 blockade (p < 0.05 by two-way ANOVA). (B) T-ALL patient samples (n=3) were tested for expression of CD38 and CD47. Specific antigen-binding sites per cell (SABC) were quantified by CD38 antibody HB-7 and CD47 antibody B6H12 at saturating concentrations (5 µg/ml). FITC-conjugated anti-mouse IgG F(ab’)2 fragments were used for detection. Mean values ± SEM of three replicates are indicated in the table. ADCP assays (lower left panel) were performed in the absence or presence of the CD47 blocking antibody 5F9-IgG2σ (20 µg/ml). Patients were illustrated by different colors (color code included in table). DARA-IgA2 and isotype control were used at 10 µg/ml. An E:T cell ratio of 1:1 was applied. Shown are the red object counts per image (ROI) at maximal phagocytosis with macrophages from three different donors. Microscopic images (magnification 10x) show phagocytosed T-ALL patient cells (red dots) at the time of the highest phagocytosis rate. * indicates significant differences between DARA-IgA2 and isotype control (p < 0.05 by Wilcoxon matched-pairs signed rank test), # depicts significant differences between with and without CD47 blockade (p < 0.05 by Wilcoxon matched-pairs signed rank test. n. s., not significant.





Treatment of HSB-2 cells with ATRA enhances effector functions of daratumumab variants in combination with CD47 blockade

Both IgG1 and IgA2 variants of daratumumab had marginal, if any, effects on ADCP or ADCC against T-ALL cells with low CD38 expression, such as the HSB-2 cell line with less than 12.4 ± 2.6 x103 SABC (Figure 1). All-trans retinoic acid (ATRA) has been shown to increase the expression of CD38 on multiple myeloma and acute myeloid leukemia cells (27, 28). Treatment of HSB-2 cells with ATRA resulted in a dose- and time-dependent increase in CD38 antibody binding indicating an increase in CD38 expression, which reached its maximum with 1 µM ATRA after 48 h to 72 h (Figure 4A, left). The following experiments were performed with HSB-2 cells pre-treated with 1 µM ATRA for 72 h yielding a 25.1-fold increase of CD38 expression on the plasma membrane compared to DMSO treated control cells (Figure 4A, right; Figure 4B). In contrast to CD38, CD47 expression (as measured with CD47 antibody B6H12) and pyro-glutamate formation on CD47 (analyzed by CD47 antibody CC2C6) were not altered after ATRA treatment (Figure 4A). Additionally, binding of the CD47 blocking antibody 5F9-IgG2σ was also not influenced by ATRA treatment (data not shown). Combination of ATRA pre-treatment of HSB-2 cells and CD47 blockade resulted in significantly enhanced phagocytosis with both DARA-IgG1 and DARA-IgA2 compared to DMSO treated cells with CD47 blockade and ATRA treated cells. For DARA-IgG1, ROI values of 156.4 ± 41.4 with ATRA + CD47 blockade were achieved vs. 85.2 ± 32.2 with ATRA alone and 43.4 ± 11.7 DMSO with CD47 blockade alone (Figure 4C, top). Similar results were obtained with DARA-IgA2: ROI values were 198.75 ± 58.9 with ATRA pre-treatment and CD47 blockade vs. 83.5 ± 29.8 for ATRA alone and 85.2 ± 30.6 with DMSO + CD47 blockade alone. In contrast, significant PMN-mediated cytotoxicity against ATRA pretreated HSB-2 cells was only achieved with the IgA2 isotype of daratumumab (up to 45.1 ± 7.9% specific tumor cell lysis vs 6.2 ± 1.9% lysis with CD47 blockade alone) and was increased to 68.0 ± 6.4% after combining ATRA treatment and CD47 blockade. Daratumumab as IgG1 was not able to induce ADCC by PMN under these conditions (Figure 4C, bottom).




Figure 4 | Treatment of HSB-2 cells with all-trans retinoic acid (ATRA) enhances CD38 expression and DARA-IgA2 mediated tumor cell killing by myeloid cells in combination with CD47 blockade. (A) Concentration and time dependent increase of CD38 expression on T-ALL cell line HSB-2 after treatment with ATRA at indicated concentrations for 24 h, 48 h and 72 h (left panel). CD38, CD47 expression and determination of the specific antigen-binding sites per cell (SABC, right panel) after treatment with 1 µM ATRA for 72 h were quantified using QIFIKIT. For both CD38 stainings, antibody HB-7 at saturating concentration (5 µg/ml) was used, while for CD47 staining, both B6H12 and CC2C6 antibodies were used. FITC-conjugated goat anti-mouse IgG F(ab’)2 fragments as secondary reagent was used. Values of three independent experiments are shown. $ depicts significant differences between ATRA and DMSO control (p < 0.05 by two-way ANOVA in both panels). (B) Microscopic images of HSB-2 cells stained for CD38 with antibody HB-7 and FITC-conjugated goat anti-mouse IgG F(ab’)2 fragments (40x magnification). (C) HSB-2 cells were treated with 1 µM ATRA or DMSO for 72 h and were then used in ADCP (upper panel) or PMN-mediated ADCC (lower panel) experiments. Daratumumab variants and ctrl. antibodies were applied at 10 µg/ml while CD47 blockade antibody 5F9-IgG2σ was used at 20 µg/ml. Values of three (ADCP and ADCC) different donors are depicted. * indicates significant differences between DARA and the respective isotype control (p < 0.05 by two-way ANOVA), # indicates significant differences between ATRA + CD47 blockade versus ATRA alone or CD47 blockade alone (p < 0.05 by two-way ANOVA). n. s., not significant.






Discussion

In this study, we investigated the efficiency of a novel human IgA2 variant of the CD38 antibody daratumumab to mediate T-ALL cell killing by myeloid cells. Interestingly, P12 cells were lysed efficiently by PMN, while in macrophage mediated ADCP experiments, tumor cell phagocytosis was rather weak. In contrast to P12 cells, MOLT-13 cells were efficiently phagocytosed by macrophages, but PMN mediated ADCC was not observed. Myeloid cells can express different inhibitory immune checkpoint molecules such as SIRPα, Siglecs, LILRBs (29) and additional ones are probably still undiscovered. Potentially, different expression levels of immune checkpoint ligands on tumor cells and concomitantly differential expression patterns of inhibitory receptors on myeloid cells impact tumor cell killing by different effector cell populations. Moreover, also the ratio between activating and inhibitory signals can influence the tumor cell killing (30). However, our results demonstrate that DARA-IgA2 is more efficient in activating PMN for T-ALL cell killing compared to the clinically available IgG1 antibody, especially in combination with CD47 blockade. Similar observations have been reported comparing IgG1 and IgA antibodies against other target antigens such as EpCAM, EGFR, HER2, GD2, HLA class II, CD20, CD30 and carcinoembryonic antigen (18). Neutrophils can express all three classes of IgG receptors – FcγRI (CD64), FcγRIIa (CD32a) and FcγRIIIb (CD16b) – and the IgA binding receptor FcαRI (CD89). Activation of FcαRI by clustered IgA as its natural ligand or by bispecific antibodies has been demonstrated to effectively trigger intracellular signaling (e.g. ERK activation), leading to high ADCC activity of PMN (31).

IgA2-mediated ADCP against T-ALL cell lines HSB-2, MOLT-13 and P12 and primary patient samples was significantly enhanced blocking the CD47/SIRPα axis through the genetic ablation of either CD47 or QPCTL, or by the use of a CD47 blocking antibody. However, in contrast to CD47 knock-out cells, the genetic ablation of QPCTL did not cause complete binding reduction of soluble SIRPα-Fc. The SIRPα-Fc fusion protein used here is a truncated version and the higher avidity compared to wildtype SIRPα-Fc has to be considered (32).

Notably, phagocytosis of primary T-ALL cells was quite heterogeneous, which was not due to differences in the levels of CD38 or CD47 expression, since they were similar. However, activity of the macrophages seemed to be donor- related (Figure S2), which e. g. may be related to alloreactivity (33) since primary T-ALL cells and macrophages were not from the same donors.

Myeloid checkpoint inhibition by blockade of CD47/SIRPα interactions is a clinically advanced approach to improve antibody-based cancer immunotherapy (11). A phase I/II study with the CD47 antibody magrolimab (hu5F9-G4) in combination with the CD20 antibody rituximab revealed mild toxicities and demonstrated encouraging clinical responses in patients with advanced non-Hodgkin’s lymphomas (13). Pre-clinical studies already showed that combining daratumumab and CD47/SIRPα blockade could be a promising therapeutic approach for T-ALL and multiple myeloma (12, 34). In our study, we used an Fc-silent IgG2σ variant of hu5F9 to investigate the impact of myeloid checkpoint blockade on CD38 antibody mediated T-ALL cell cytotoxicity. The ability to enhance myeloid cell activation by addition of the CD47 blocking antibody was observed with both, macrophages and neutrophils, and with both isotypes, DARA-IgG1 and DARA-IgA2.

Overall, the extent of antibody-dependent cytotoxicity seems to correlate with the CD38 expression, at least partially. We observed elevated CD38 expression and increased killing of HSB-2 cells upon treatment with ATRA, especially when combined with CD47 blockade. Similarly, treatment of myeloma cells with ATRA has been shown before to increase CD38 expression and improve efficacy of daratumumab in vitro and in vivo (27). The addition of ATRA to daratumumab in the treatment of patients with daratumumab-refractory multiple myeloma was safe and had some but limited activity (35). ATRA in combination with daratumumab, preferably as an IgA2 antibody, and CD47 blockade is an interesting approach for T-ALL treatment and deserves further evaluation. However, the clinical development of IgA antibodies is currently hampered by difficulties in establishing relevant in vivo models. Since mice do not express a functional IgA receptor (18), approaches using human CD89 transgenic mice (36, 37) and patient-derived ALL xenograft (PDX) models (38) may be valuable to make relevant progress. Myeloid cells constitute an important part of the immune cell infiltrate in ALL patients (39), suggesting that improved myeloid cell recruitment by CD38 antibodies of the IgA isotype may enhance the efficacy of antibody-based therapeutic approaches in these patients.
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Supplementary Figure S1 | Biochemical characterization of an IgA2 version of daratumumab (DARA-IgA2). (A) HP-SEC profile of the IgA2 variant of DARA showing the purity of the IgA2 antibody preparation after production in CHO-S cells and purification via affinity chromatography. (B) DARA-IgA2 antibody preparations were separated by SDS-PAGE and gels were stained with Coomassie blue. One specific band at approx. 150 kDa was detected under non-reducing conditions (left panel) representing the complete IgA2 antibody. Under reducing conditions (right panel), two specific bands representing the heavy chain (HC) at 50 kDa and the light chain (LC) at 25 kDa. (C) Binding of saturating concentrations (10 µg/ml) of IgG1 and IgA2 variants of DARA to human CD38 transfected CHO-K1 cells was detected by flow cytometry using FITC-labelled anti-human IgG or IgA heavy chain-specific secondary antibodies. The MFI values ± SEM of three experiments are shown. (D) Dose-dependent binding to CD38 transfected CHO-K1 cells of DARA-IgG1 and DARA-IgA2 variants at increasing concentrations was analyzed by indirect immunofluorescence using an anti-human kappa light chain-directed FITC-labelled secondary antibody. Results are presented as MFI ± SEM from 3 independent experiments. MFI, mean fluorescence intensity; mAU, milli absorbance units; ctrl., control; mAb, monoclonal antibody.

Supplementary Figure S2 | M0 donor dependency on ADCP of primary T-ALL cells. ADCP of primary T-ALL cells was performed in the absence or presence of the CD47 blocking antibody 5F9-IgG2σ (20 µg/ml). Patients were illustrated by different colors. DARA-IgA2 and isotype control were used at 10 µg/ml. An E:T cell ratio of 1:1 was applied. Shown are the red object counts per image (ROI) at maximal phagocytosis. * indicates significant differences between DARA-IgA2 and isotype control, # depicts significant differences between with and without CD47 blockade (p < 0.05 by two-way ANOVA). n.s., not significant.
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Targeting CD19 represents a promising strategy for the therapy of B-cell malignancies. Although non-engineered CD19 antibodies are poorly effective in mediating complement-dependent cytotoxicity (CDC), antibody-dependent cell-mediated cytotoxicity (ADCC) or antibody-dependent cellular phagocytosis (ADCP), these effector functions can be enhanced by Fc-engineering. Here, we engineered a CD19 antibody with the aim to improve effector cell-mediated killing and CDC activity by exchanging selected amino acid residues in the Fc domain. Based on the clinically approved Fc-optimized antibody tafasitamab, which triggers enhanced ADCC and ADCP due to two amino acid exchanges in the Fc domain (S239D/I332E), we additionally added the E345K amino acid exchange to favor antibody hexamerization on the target cell surface resulting in improved CDC. The dual engineered CD19-DEK antibody bound CD19 and Fcγ receptors with similar characteristics as the parental CD19-DE antibody. Both antibodies were similarly efficient in mediating ADCC and ADCP but only the dual optimized antibody was able to trigger complement deposition on target cells and effective CDC. Our data provide evidence that from a technical perspective selected Fc-enhancing mutations can be combined (S239D/I332E and E345K) allowing the enhancement of ADCC, ADCP and CDC with isolated effector populations. Interestingly, under more physiological conditions when the complement system and FcR-positive effector cells are available as effector source, strong complement deposition negatively impacts FcR engagement. Both effector functions were simultaneously active only at selected antibody concentrations. Dual Fc-optimized antibodies may represent a strategy to further improve CD19-directed cancer immunotherapy. In general, our results can help in guiding optimal antibody engineering strategies to optimize antibodies’ effector functions.




Keywords: antibody therapy, Fc engineering, CD19, antibody hexamerization, CDC, ADCC, ADCP



Introduction

Monoclonal antibodies and antibody-based immunotherapies represent an efficient treatment option in cancer therapy and have remarkably improved the therapeutic outcomes in hematological malignancies (1, 2). For the treatment of B-cell lymphomas and leukemias several monoclonal antibodies (e.g. rituximab, tafasitamab) and other antibody-based therapies (e.g. bispecific T-cell engager (BiTE), antibody drug conjugates) as well as chimeric antigen receptor (CAR) T cells, are approved for clinical use (3–5).

An attractive target antigen in B-lineage lymphoid malignancies is represented by the cluster of differentiation (CD) 19, a type I membrane protein of the immunoglobin superfamily (4, 6, 7). CD19 shows a restricted expression profile on B cells and is expressed from early to mature stages of B-cell differentiation. Non-engineered CD19-IgG1 antibodies have shown low therapeutic efficiency in preclinical models in contrast to CD20 antibodies. Canonical CD19 antibodies only inefficiently mediate programmed cell death or growth arrest and are not potent in mediating complement-dependent cytotoxicity (CDC), antibody-dependent cell-mediated cytotoxicity (ADCC) or antibody-dependent cellular phagocytosis (ADCP) (4, 8–10). To date different immunotherapeutic strategies for targeting CD19 like the [CD3xCD19] BiTE blinatumumab, CAR T cells (tisagenlecleucel, axicabtagen-ciloleucel and lisocabtagene maraleucel) or loncastuximab tesirine, an antibody drug conjugate, are clinically approved for the therapy of B-cell malignancies (11–13).

In murine syngenic and xenograft models the relevance of effector cell recruitment for the in vivo activity of antibodies was demonstrated and also in patients the importance of efficient Fcγ receptor (FcγR) engagement was suggested in earlier clinical observations (14–22), but also a series of studies was not able to find this correlation in patients (19, 21). Based on these findings, various strategies have been pursued to improve the therapeutic efficacy of IgG1 antibodies, by engineering the fragment crystallizable (Fc) domain. Fc glyco-engineering, by modifying the glycosylation profile, represents an established strategy to enhance antibody-dependent cell-mediated cytotoxicity (ADCC) of therapeutic antibodies. This technology is used in the clinically approved CD20 antibody obinutuzumab, the antibody drug conjugate belantamab mafodotin as well as the bispecific antibody amivantamab (23–25). Fc protein-engineering, by exchanging selected amino acids in the CH2 and CH3 region, is an efficient alternative approach to increase the affinity to FcγR expressed on effector cells leading to an improved effector cell activation (26, 27). We previously showed that an Fc protein-engineered CD19 antibody carrying the amino acid substitutions S239D/I332E (DE-modification) in the CH2 region displayed enhanced NK-cell mediated ADCC and likewise enhanced ADCP by macrophages (28, 29). Recently, tafasitamab, a DE-modified CD19 antibody (MOR208 or Xmab®5574), was approved in combination with lenalidomide for the treatment of relapsed and refractory DLBCL (5, 30). Although this Fc-modified antibody showed increased tumor cell cytotoxicity via ADCC and ADCP, it is not capable of triggering complement activation (5, 28). The role of complement in antibody therapy is still controversial (31). An important role of the complement system has been suggested in selected preclinical mouse models and clinical studies of CD20 antibody therapy (32). E.g. patients receiving rituximab show a consumption of complement proteins and individual patients benefit from plasma application as a source of complement (33, 34). Furthermore, an increased expression level of inhibitory membrane-bound complement regulatory protein (mCRP) CD59 has been associated with rituximab resistance in chronic lymphocytic leukemia (CLL) patients (35). In contrast, several mouse models demonstrated strong FcR dependence for the B cell-depleting activity of CD19 or CD20 antibodies and full activity in complement deficient mice (7, 22). Furthermore, clinical trials with CD20 antibodies with augmented CDC activity, such as ofatumumab have not shown superior therapeutic activity compared to rituximab (36).

In summary, these observations may suggest that depending on the respective clinical setting, specific disease biology and target antigen characteristics both complement, and effector cell recruitment could represent important effector functions in antibody therapy. Therefore, enhancing these Fc-mediated effector functions may be advantageous.

The ability and efficacy of antibodies to activate the complement system and to induce CDC is dependent on various parameters, e.g. the antibody isotype, the characteristics of the antigen and the epitope, the antigen density as well as the intrinsic capacity of an antibody to form hexamers on the cell surface of target cells (37, 38). Therefore, only a minority of therapeutic antibodies directed against selected target antigens, e.g. CD20 (e.g. rituximab or ofatumumab), CD38 (e.g. daratumumab) and CD52 (e.g. alemtuzumab) show potent complement activating capacity as single agents (32, 39–42). Different Fc engineering strategies have been described to improve C1q binding of monoclonal antibodies to enhance CDC (26). For example, mixed-isotype IgG1/IgG3 rituximab variants exhibit enhanced CDC activity (43, 44). Also the exchange of selected amino acids in the Fc domain (e.g. S267E, H268F, S324T) leads to improved CDC activity by enhancing C1q binding, other amino acid exchanges such as E345R or the addition of a C-terminal IgM tail piece promotes on-target antibody hexamer assembly on the cell surface which augmented CDC (43, 45, 46). De Jong and colleagues showed that the amino acid exchanges E345K or E340G (HexaBody mutations) in the CH3-domain lead to enhanced on-target hexamer formation of antibodies on the cell surface and hence efficient CDC of target cells (37). These antibody variants exhibit no hexamerization or aggregation in solution at physiological concentrations which prevents target-independent complement activation and retain the regular pharmacokinetics of IgG antibodies (37). Besides antibodies directed against surface antigens on hematological tumors such as CD19 or CD38, also an EGFR-directed antibody with the HexaBody mutation (E345K or E340G) demonstrated improved C1q fixation which leads to activation of the classical complement pathway as monitored by C4b deposition on the cell surface (47). Complement activation via the classical pathway, besides the formation of the membrane-attack complex which mediates direct target cell lysis, also may increase the sensitivity of opsonized tumor cells (C3b and C4b) for phagocytosis by myeloid cells (48, 49).

The simultaneous enhancement of FcγR-mediated effector functions (like ADCC and ADCP) and complement-dependent cytotoxicity (CDC) by amino acid alteration in the FC domain of IgG antibodies is challenging, presumptively because the binding site for C1q and the binding site for Fcγ receptors overlap (50–52). We recently showed that ADCC and CDC can be improved simultaneously by combining Fc protein- and Fc glyco-engineering. The double Fc-engineered CD19 and CD20 antibodies were generated by introducing the EFTAE modification for enhancement of CDC, while ADCC was enhanced by reducing the fucosylation level (53, 54).

Here, we were able to improve the activity of three effector functions ADCC, ADCP and CDC of a CD19 antibody by dual Fc-protein engineering. To achieve this, DE-mutations described to increase ADCC and ADCP activity were combined with the E345K mutation favoring on-target antibody hexamerization resulting in improved CDC activity. Our data provide evidence that from a technical perspective selected Fc-enhancing mutations can be combined (S239D/I332E and E345K) allowing the enhancement of ADCC, ADCP and CDC when isolated effector sources are analyzed. Interestingly, under physiological conditions in whole blood when the complement system and FcR-positive effector cells are available as effector source, strong complement deposition negatively impacts FcR engagement. Both effector functions were simultaneously active only at selected antibody concentrations. Dual Fc-optimized antibodies may represent a strategy to further improve CD19-directed cancer immunotherapy and our results may help in guiding optimal antibody engineering strategies to optimize antibodies’ effector functions.



Material and methods


Cell culture/lines

SEM (55), Jurkat, CEM, MOLT-16 and Nalm-6 cells (DSMZ) were cultured in RPMI 1640 Glutamax-I medium (Thermo Fisher Scientific) supplemented with 10% fetal calf serum (FCS; Thermo Fisher Scientific), 100 U/mL penicillin and 100 µg/mL streptomycin (Thermo Fisher Scientific) (R10+). BHK-CD16a (FcγRIIIa V158) cells were cultured in R10+ medium supplemented with 10 μmol/l methotrexate (Sigma-Aldrich) and 500 μg/ml geneticin (Thermo Fisher Scientific) as described before (53, 54, 56). CHO-CD32a (FcγRIIa H131) cells were cultivated in DMEM medium (Thermo Fisher Scientific) supplemented with 10% FCS, 100 U/ml penicillin and 100 µg/ml streptomycin (57). Medium was supplemented with 1% NEAA (Thermo Fisher Scientific), 1% sodiumpyruvat (Thermo Fisher Scientific) and 500 µg/ml geneticin. Chinese hamster ovary cells (CHO-S, Thermo Fisher Scientific) were cultured in serum-free CD-CHO medium (Thermo Fisher Scientific) containing 1% HT supplement (Thermo Fisher Scientific) and 2 mM GlutaMax (Thermo Fisher Scientific). After transfection CHO-S cells were cultured in CD OptiCHO medium (Thermo Fisher Scientific) containing 1% HT supplement, 2 mM GlutaMax and 0.1% Pluronic F-68 (Thermo Fisher Scientific).



Preparation of human effector cells and source of complement

Human Serum and PBMC (peripheral blood mononuclear cells) were prepared as described previously (53). Monocytes were isolated through adherence of PBMC in monocyte attachment medium (PromoCell) for 30 min at 37°C. Monocytes were differentiated into macrophages in serum-free X-vivo medium (Lonza) containing 50 U/mL penicillin and 50 µg/mL streptomycin and 50 ng/mL recombinant macrophage colony stimulating factor (MCSF; PeproTech) for 11 to 14 days. Experiments were approved by the Ethics Committee of the Christian-Albrechts-University of Kiel (Kiel, Germany), in accordance with the Declaration of Helsinki.



Antibody generation

For generation of the dual engineered CD19 antibody (CD19-DEK), the variable regions of the antibody tafasitamab (MOR208) were used (58). The VH was excised from vector pSectag2-CD19-HC-DE and was cloned into the vector pSecTag2-HC-DEK, which contained the S239D/I332E and the E345K amino acid exchanges (unpublished). The generation of the expression vectors of the CD19-DE heavy chain (HC) and the tafasitamab-based light chain (LC) has been described previously (28, 59). Plasmid DNA was purified endotoxin-free by Nucleo Bond 2000 EF (Macherey-Nagel) and correct sequences were confirmed by Sanger sequencing. Antibodies were produced in CHO-S cells by electroporation using the MaxCyte (STX) large scale electroporation system, following the manufacturer’s recommendations. For purification, Capture Select IgG-CH1-XL affinity matrix (ThermoFisher) were used, followed by size exclusion chromatography (ÄKTA pure, GE Healthcare/Cytiva).



SDS-PAGE analysis

One μg of the respective purified recombinant protein was loaded on 12% Tris–acrylamide gels under reducing or on 4-15% precast polyacrylamide gels (Mini-PROTEAN® TGX™, BioRad) under non-reducing conditions and were stained with Coomassie brilliant blue staining solution (Carl Roth GmbH).



Flow cytometry

Flow cytometry analysis was performed on a Navios flow cytometer (Beckman Coulter) and analyzed with Kaluza Analysis software (Beckman Coulter). 3-5 x 105 cells were washed in PBS containing 1% BSA and 0.1% sodium azide (PBA buffer). To analyze the binding of the antibodies, cells were incubated on ice for 60 min with 50 µg/ml of the indicated antibodies. For concentration dependent binding, cells were treated with antibodies at varying concentrations for 1 h on ice and then washed three times with 1 ml PBA buffer and subsequently stained with a secondary anti-human-kappa-FITC antibody (SouthernBiotech) on ice for 30 min.

Antigen expression levels were quantified by determination of antigen binding capacities of CD19-specific mouse Antibody (#392502, Biolegend) using the QIFIKIT (Agilent DAKO) according to the manufacturers’ protocols.

To analyze complement deposition, target cells were incubated on ice with 10 µg/ml of the indicated antibodies for 15 min and subsequently incubated at 37°C with 25% v/v human serum of healthy donors supplemented with 800 µg/ml eculizumab for 10 min to prevent target cell lysis. Deposition was measured with 50 µg/ml FITC conjugated rabbit anti-human C1q, C3b/c and C4b/c antibodies (Agilent DAKO).



Cytotoxicity assays

Cytotoxicity assays were performed as described (53, 60). To prevent target cell lysis via the complement system human serum was supplemented with 50 µg/ml eculizumab. Increasing concentrations of recombinant C1q protein (Complement Technologies) was added to analyze if binding of C1q may diminish the interaction of the Fc part of the antibodies with Fcγ receptors on effector cells. To inhibit FcγR-mediated cytotoxicity 100 µg/ml of CD16 (FcγRIII) or CD32a (FcγRIIa) specific blocking antibodies (recombinant versions of clones 3G8 and IV.3) with silenced Fc domains (L234A/L235A/G237A/P238S/H268A/A330S/P331S) were added to the assays (61). 51Cr-release from triplicates was measured in counts per minute (cpm). Percentage of cellular cytotoxicity was calculated using the formula: % specific lysis = (experimental cpm − basal cpm)/(maximal cpm − basal cpm) × 100. The maximal 51Cr release was determined by adding Triton X-100 (1% final concentration) to target cells and basal release was measured in the absence of antibodies and effector cells.



Phagocytosis assays/live cell imaging

For the analysis of ADCP, 104 macrophages were seeded in a 96-well flat-bottom plate and allowed to adhere for 1 h at RT. Target cells were labeled with the pH-sensitive red fluorescence dye pHrodo (Thermo Fisher Scientific) following the manufacturer’s protocols. 104 labelled cells were added to the macrophages per well, resulting in an E:T ratio of 1:1, and antibodies were applied to a final concentration of 10 µg/mL. The assay was incubated for 4 h at 37°C in the IncuCyte high-throughput fluorescence microscope system (Sartorius) and fluorescence pictures of each well were created every 20 minutes. Phagocytosis was determined as the red object counts per image (represent the phagocytosed B-ALL cells) over time (62).



Graphical and statistical analysis

Graphical and statistical analyses were performed using GraphPad Prism 5 Software (GraphPad). P-values were calculated with One- or Two-way ANOVA with Bonferroni post-tests or with a two-tailed Mann-Whitney T-test and significance (*) was accepted with P<0.05%.




Results


Generation of a dual Fc-optimized CD19 antibody

To generate the dual Fc-optimized CD19-specific antibody (CD19-DEK), the VL and VH sequences of the approved CD19 antibody tafasitamab were used. For enhanced Fcγ receptor (FcγRIIa and FcγRIIIa) binding and improved effector cell recruitment, two amino acid exchanges (S239D and I332E) were introduced in the CH2 domain of the Fc part (Figure 1A) (64). The amino acid substitution E345K in the CH3 domain has been described to favor Fc hexamerization of the IgG antibodies on the target cell surface resulting in effective C1q binding and complement activation (Figure 1A) (37). The antibody was produced in CHO-S cells and purified by affinity chromatography followed by size exclusion chromatography (SEC). The SEC re-analysis of the purified protein showed a single protein peak at the expected elution volume (Figure 1B). To confirm the purity of CD19-DEK, SDS-PAGE followed by Coomassie blue staining was performed. The two expected bands of the HC and the LC at the calculated molecular masses of approx. 50 kDa and 25 kDa using reducing conditions and a molecular mass of approx. 150 kDa, comparable with CD19-DE, were detected under non-reducing conditions (Figure 1C). CD19-DEK showed a similar binding capacity on target antigen positive cell lines SEM and Nalm-6 compared to CD19-DE, while no binding to CD19-negative cells was detected (Figure 1D). Of note, similar target binding capacity of a non-engineered CD19 antibody vs a CD19 antibody carrying the DE Fc mutation has been demonstrated previously (8). Analysis of dose dependent binding on CD19-positive Nalm-6 cells showed half-maximal binding in the low nanomolar (nM) range (CD19-DEK: 0.32 nM; CD19-DE: 0.19 nM) (Figure 1E). The two Fc-optimized CD19 antibodies also demonstrated comparable binding abilities to FcγRIIa and FcγRIIIa (Figures 1D, F). As expected, no binding was observed for a control antibody with a silent Fc part (Figure 1F).




Figure 1 | Generation and binding characteristics of CD19-DEK. (A) Schematic illustration of a CD19-antibody with a dual engineered Fc part for improved FcγR binding and effector cell recruitment (DE-variant: S239D/I332E, pink) and efficient recruitment of the complement system (C1q) via E345K amino acid substitution (green) to favor antibody hexamerization on the target cell surface resulting in improved CDC. IgG model structure based on pdb file provided by Dr. Mike Clark (63) and Hexamer model structure based on crystal structure of IgG1-b12 (1HZH) provided by Dr. Rob de Jong was modified using Discovery Studio Visualizer (Biovia). (B) CD19-DEK and CD19-DE were analyzed by size exclusion chromatography. (C) SDS-PAGE under reducing and non-reducing conditions and Coomassie blue staining validated the purity and molecular mass of the dual-engineered CD19 antibody compared to CD19-DE. (D) Binding specificity of CD19-DEK and CD19-DE was tested via flow cytometry on CD19-positive cell lines SEM and Nalm-6. The CD19-negative T-ALL cell line Jurkat was used as control. The binding capacity of the optimized Fc part to FcγRIIa was investigated by flow cytometry on stably transfected cells. Data show representative results of three independent experiments. (E) Concentration dependent binding of CD19-DEK and CD19-DE compared to isotype control antibodies (ctrl-DE and crtl-DEK) was tested with the CD19-positive BCP-ALL cell line Nalm-6 via flow cytometry. (F) Concentration dependent binding of the optimized Fc part of CD19-DEK and CD19-DE to FcγRIIIa was analyzed by flow cytometry on stably transfected BHK cell line (BHK-CD16a). A control antibody with a silent Fc domain lacking FcγR binding (ctrl-FcKO) was used as a negative control. Mean values ± SEM of three independent experiments, *P<0.05%, ns, not significant. Two-way ANOVA with Bonferroni post-test.



In conclusion, combining the different Fc modifications of CD19-DEK did not alter target antigen binding on CD19-positive cell lines and introduction of the E345K amino acid exchange has no negative impact on the optimized FcγR binding ability (due to the DE-mutation).



CD19-DEK induces effective ADCC and ADCP of BCP-ALL cell lines

To examine if the dual-engineered CD19-DEK was able to trigger Fc-mediated effector functions, like ADCC and ADCP, similar effective as CD19-DE, we performed chromium release assays and phagocytosis assays with the B-ALL cell lines Nalm-6 and SEM. Efficient tumor cell lysis was mediated in a concentration dependent manner by CD19-DEK with PBMC as effector cells (Figure 2A). The calculated EC50-values obtained with CD19-DEK (SEM: 0.008 nM, Nalm-6: 0.005 nM) and CD19-DE (SEM: 0.01 nM, Nalm-6: 0.007 nM) were comparable. None of the control antibodies (ctrl-DE and ctrl-DEK) induced ADCC, demonstrating antigen-specific tumor cell lysis of the two Fc-engineered CD19 antibodies. The ADCP activity of CD19-DEK was analyzed with SEM and Nalm-6 cells as target cell lines and monocyte derived macrophages from healthy donors (Figure 2B). The antibody variant carrying the on-target hexamerization-enhancing mutation was able to trigger efficient ADCP of different B-ALL cell lines to a similar extent as CD19-DE (Figure 2B). As expected, this effect was antigen specific because no phagocytosis could be detected with the control antibodies (ctrl-DE and ctrl-DEK) (Figure 2B). The tumor cell lysis and the phagocytosis rate were higher for the SEM cell line compared to the Nalm-6 cells. This effect could be explained by the CD19 expression levels on these cell lines. The quantification of the target antigen on the two B-ALL cell lines showed a higher CD19-specific antibody binding capacity (SABC) on SEM cells (SABC= 66494) compared to Nalm-6 cells (SABC= 27208) and B cells of healthy donors (SABC=14071) (Supplementary Figure S1).




Figure 2 | The dual Fc-optimized antibody CD19-DEK triggers FcγR-mediated effector functions comparable to CD19-DE. (A) Chromium release assays were performed to analyze ADCC. CD19-positive tumor cell lines SEM and Nalm-6 were used as target cells and PBMC of healthy donors at an Effector : Target (E:T) ratio of 40:1 were applied. The tumor cell lysis triggered by CD19-DEK and CD19-DE was compared to control antibodies (ctrl-DEK and ctrl-DE). (B) The antibody-dependent cell-mediated phagocytosis (ADCP) was measured for 4 h by high-throughput fluorescence microscopy. CD19-positive cell lines were labelled with a pH-sensitive red-fluorescent dye and were incubated at an E:T ratio of 1:1 with polarized M0 macrophages and 10 µg/ml of the indicated antibodies. Phagocytosis is depicted as the relative red object counts per image. Data represent mean values ± SEM of three independent experiments, *P<0.05%, ns, not significant. CD19-DEK vs. CD19-DE, Two-way ANOVA with Bonferroni post-test.



In conclusion, the CD19-DEK variant was able to mediate ADCC and ADCP of B-ALL cell lines with different CD19 expression levels comparable to CD19-DE, which suggests that introduction of the E345K amino acid exchange has no significant negative impact on enhanced effector cell-mediated killing of antibodies carrying the ADCC and ADCP enhancing DE-mutations.



Dual engineered CD19 antibody triggers complement deposition and complement-dependent cytotoxicity of CD19-positive cell lines

To analyze whether introduction of the E345K amino acid exchange in the Fc domain already harboring the DE-mutations results in improved complement activation, binding of C1q and deposition of C3b/c and C4b/c on target cells was analyzed. SEM cells were incubated with the respective antibodies and human serum supplemented with the C5-specific antibody eculizumab to inhibit lysis of target cells (Figure 3A). Targeting with CD19-DEK resulted in C1q binding and C3b/c and C4b/c deposition on the target cell surface, whereas CD19-DE was not able to trigger complement deposition on SEM cells (Figure 3A). To evaluate induction of CDC triggered by the CD19 antibodies we performed chromium release assays with human serum of healthy donors and SEM or Nalm-6 cells as target cells. As depicted in Figure 3B, CD19-DEK was able to mediate effective CDC in both CD19-positive cell lines, while CD19-DE was incapable of triggering complement-dependent cytotoxicity. The concentration dependent tumor cell lysis of CD19-DEK showed EC50 values in the nanomolar range with both CD19-positive cell lines (SEM: 0.18 nM and Nalm-6: 0.14 nM). No tumor cell lysis was detected with the control antibodies indicating that CDC was induced in a strict target antigen-dependent manner (Figure 3B). No CDC of CD19-negative cell lines was triggered by CD19-DEK (Figure 3C).




Figure 3 | CD19-DEK efficiently triggers antibody-dependent complement deposition on target cells and CDC. (A) Antibody-dependent complement deposition on CD19-positive B-ALL cell line SEM was analyzed via flow cytometry. Target cells were incubated with the respective antibodies (10 µg/ml) and 25% v/v human serum of healthy donors supplemented with eculizumab. Mean values ± SEM of three independent experiments are presented, *P<0.05% CD19-DEK vs. CD19-DE, One-way ANOVA with Bonferroni post-test. (B) CDC of the tumor cell lines SEM and Nalm-6 was performed in chromium release assays with increasing antibody concentrations and 25% v/v human serum of healthy donors. The tumor cell lysis was tested for CD19-DEK and CD19-DE and was compared to the control antibodies ctrl-DEK and ctrl-DE. Mean values ± SEM of three independent experiments are presented, *P<0.05% CD19-DEK vs. CD19-DE, Two-way ANOVA with Bonferroni post-test. (C) Target antigen specific CDC was tested in chromium release assays with CD19-positive (Nalm-6, SEM) and CD19-negative (MOLT-16, CEM) tumor cells at an antibody concentration of 50 µg/ml and 25% v/v human serum of healthy donors. The tumor cell lysis mediated by CD19-DEK was compared to CD19-DE. Mean values ± SEM of three independent experiments are presented, * P<0.05%, ns, not significant. CD19-DEK vs. CD19-DE, two-tailed t-Test with Mann-Whitney test.



To analyze Fc-mediated effector functions under more physiological conditions, we analyzed the cytolytic capacity of CD19-DEK using whole blood of healthy donors as effector source. The dual-optimized CD19 antibody showed a significant higher tumor cell lysis of the B-ALL cell line SEM compared to CD19-DE, when FcγR-positive effector cells (ADCC) and the complement system (CDC) were present as effector components (Figure 4A). The same tendency could be detected for the BCP-ALL cell line Nalm-6 although statistical significance was not reached (Figure 4A). The lysis of tumor cells mediated by CD19-DE was reduced to background with an FcγRIII (CD16) blocking antibody whereas the blockade of the FcγRIIa (CD32a) or of the complement system by eculizumab had no significant effect on the tumor cell killing of CD19-DE (Figure 4B). This suggested that the killing triggered by CD19-DE was most likely due to engagement of FcγRIIIa-positive effector cells such as NK cells. Interestingly, in contrast the CD19-DEK-mediated tumor cell lysis was almost completely blocked by addition of eculizumab (Figure 4A). These data suggest a fully complement-dependent effect of the dual-engineered CD19-antibody. To analyze if binding of C1q may diminish the interaction of the Fc part of CD19-DEK with Fcγ receptors on effector cells, we performed assays with increasing concentrations of recombinant C1q protein and PBMC as effector cells. No significant impact of C1q on the ADCC activity was found (Supplementary Figure S2). These data suggest that binding of C1q to the Fc part of CD19-DEK is not sufficient to block FcR engagement and that probably deposition of other complement factors such as C3b/c and C4b/c on the target cell surface may play a dominant role in the reduction of tumor cell lysis mediated by CD19-DEK in whole blood assays supplemented with eculizumab.




Figure 4 | The dual-engineered antibody CD19-DEK showed improved cytotoxic activity compared to CD19-DE using whole blood as effector source. (A, B) Chromium release assays with a concentration of 2 µg/ml of the respective antibodies and 25% v/v whole blood of healthy donors was performed to analyze the combined anti-tumor effect of CD19-DEK via the complement system (CDC) and via recruitment of effector cells (ADCC). For inhibition of tumor cell lysis via the complement system the blood was supplemented with 50µg/ml eculizumab. Mean values ± SEM of three (SEM cells) or seven (Nalm-6 cells) independent experiments, *P<0.05% CD19-DEK vs. CD19-DE, One-way ANOVA with Bonferroni post-test. (B) For inhibition of tumor cell lysis via FcγRIII (CD16) or FcγRIIa (CD32a) expressing effector cells the blood was preincubated with 100µg/ml specific blockade antibodies with an silenced Fc-part, lacking FcγR binding. (C, D) Chromium release assays with the B-ALL cell line SEM and increasing concentrations of the respective antibodies and 25% v/v whole blood of healthy donors was performed. For inhibition of tumor cell lysis via the complement system the blood was supplemented with 50µg/ml eculizumab. Mean values ± SEM of three independent experiments, *P<0.05%, ns, not significant. One- or Two-way ANOVA with Bonferroni post-test.



To investigate the relative contribution of CDC and ADCC in whole blood in more detail, we performed chromium release assays with increasing concentrations of the respective antibodies using the B-ALL cell line SEM as target cells and whole blood of healthy donors as effector source. Complement-mediated killing was blocked with the C5-specific inhibitory antibody eculizumab. As expected, efficient tumor cell lysis was mediated in a concentration dependent manner by CD19-DEK without the addition of eculizumab (Figure 4C). The tumor cell lysis was completely blocked at a CD19-DEK concentration of 2µg/ml in the presence of eculizumab (Figures 4C, D). This suggested a fully complement-dependent activity of the dual-engineered CD19-antibody at high antibody concentrations. At lower CD19-DEK concentrations (e.g. 0.016 µg/ml) tumor cell lysis was not fully blocked by the addition of eculizumab. The extent of tumor cell lysis of CD19-DEK in the presence or absence eculizumab is significantly different at an antibody concentration of 2 µg/ml, whereas no significant difference in tumor cell lysis is observed at an antibody concentration of 0.016 µg/ml (Figure 4D). In addition, the extent of tumor cell lysis of CD19-DEK and the parental CD19-DE antibody at a concentration of 0.016 µg/ml were comparable (Figure 4D). These data suggest that at lower concentrations of CD19-DEK, receptor occupancy is probably low and not sufficient to trigger significant complement deposition. In this situation engagement of Fc receptors is possible to trigger ADCC. Overall, the effector cell killing capacity in these experiments was low and differed between donors, most likely due to varying contents of NK cells. Together, these data suggest that at high antibody concentrations CDC is the dominant effector mechanism and complement deposition completely prevents effector cell killing. At very low antibody concentrations (0.016 µg/ml) tumor cell lysis is mediated by ADCC only. In between, there are dose levels allowing both ADCC and CDC to be active (Figure 4D). As shown in Figure 4B, the tumor cell lysis of CD19-DE in whole blood is most likely mediated by NK cells (FcγRIIIa).

Together our data showed that the dual-engineered CD19 antibody was able to trigger efficient ADCC and ADCP to the same extent as CD19-DE and in addition triggers CDC when isolated effector populations were applied. Our data from whole blood show that optimizing several effector functions is more complex and suggest that only selected effector functions may be active at the same time depending on antibody concentration and the availability of different effector sources.




Discussion

In the current study we successfully generated a dual Fc-engineered antibody CD19-DEK by combining the DE-modification with the HexaBody mutation E345K. This led to an enhancement of all Fc-mediated effector functions (ADCC, ADCP and CDC) when isolated effector sources were analyzed. Interestingly, the relative contribution of ADCC and CDC to the tumor cell killing activity in whole blood depended on antibody concentration.

CD19 is an attractive target antigen for antibody therapy of B-cell leukemias and lymphomas, as reflected by CD19’s position among the top 10 targets of the first 100 approved antibodies (2). Nevertheless, non-engineered CD19-IgG1 antibodies are poorly effective in mediating Fc-effector functions like ADCC, ADCP and CDC. Reasons why CD19 antibodies are not as potent as for example non-engineered type I CD20 antibodies are not fully understood and probably not referable to antigen density on malignant B cells. Possible reasons could be antibody characteristics like epitope location and specificity or antigen characteristics like structure and size, antigen membrane fluidity or the antigen’s plasma membrane microdomain localization (65–68). Despite the fact that CD19 antibodies show poor effector functions, they can be converted into efficient therapeutic agents through Fc engineering and the associated improvement of antibody-mediated effector functions (26, 69). The clinically approved antibody tafasitamab is an Fc-protein engineered CD19 antibody with amino acid substitutions S239D/I332E (DE-modification). The optimized FcγR binding characteristics result in increased ADCC and ADCP. Since tafasitamab is lacking CDC activity (28–30), its therapeutic activity may be further enhanced by adding CDC as an additional effector function.

To date, six Fc-optimized antibodies are approved for clinical use in cancer. The afucosylated antibodies obinutuzumab and mogamulizumab, the afucosylated bispecific antibody amivantamab, the antibody drug conjugate belantamab mafodotin and the Fc-protein engineered antibodies tafasitamab and margetuximab are optimized for improved FcγR binding resulting in enhanced ADCC and/or ADCP activity (24, 25, 27). Whereas to our knowledge no antibodies optimized for complement activation are clinically approved to date, currently two HexaBody molecules are in phase I and II clinical trials. The HexaBody-CD38 derived from the clinically approved antibody daratumumab showed potent anti-tumor activity in preclinical models of hematological diseases such as multiple myeloma (MM), B-cell malignancies and acute lymphoblastic leukemia (ALL), and the DuoHexaBody-CD37 may represent a potential therapeutic antibody for the treatment of certain B-cell malignancies (70, 71). The two HexaBodies carry the E430G amino acid alteration, which leads to an enhanced Fc-Fc interaction after antigen binding on the cell surface and these IgG hexamer formations increase the binding of hexavalent complement component C1q and leads to a potent CDC activity (37, 46, 70, 71). To our knowledge, dual optimized antibody variants as described here are not in clinical development to date.

Several in vivo observations suggested that both complement activation and effector cell recruitment represent important effector functions in antibody therapy of different hematological malignancies. This has led to the presumption that simultaneous enhancement of effector cell activation and complement activation may be advantageous. For CD20 antibodies, it was shown that depending on the murine tumor model the therapeutic efficiency of the antibodies exclusively depends on complement activity or on FcγR-mediated effector functions (14, 15, 32). Besides the variation in the relative contribution of CDC and effector cell mediated functions in murine models, also the tumor burden and the anatomic location, as well as the tumor microenvironment and the immune status of patients can affect the therapeutic effect of monoclonal antibodies (72, 73). In patients the responsiveness of tumor cells to CDC or ADCC and ADCP may be regulated by different tumor cell characteristics like target antigen density and expression of regulatory antigens on the cell surface and may ascertain which effector mechanism is available to the antibody. Thus, the expression of inhibitory antigens on the cell surface such as CD47 or human leukocyte antigens (HLA) restricted effector mechanism like ADCC and ADCP, whereas an increased expression of NK cell-activating danger signals like NKG2D ligands can improve cellular cytotoxicity (74–76). The expression of inhibitory mCRPs like CD46, CD55 and CD59 can protect tumor cells from CDC (77, 78). Accordingly, in certain situations different Fc-mediated effector mechanisms such as CDC, ADCC and ADCP may be necessary for an effective tumor cell depletion, which suggests that dual Fc-engineered antibodies, like the CD19-DEK in the current study, may be beneficial.

We recently demonstrated that dual Fc-engineered CD19 and CD20 antibodies (glyco- and protein-engineered) are able to enhance both ADCC and CDC activity (53, 54), but the applied technologies compared to the approach described here differ significantly. Glyco-engineering by producing afucosylated antibody variants as applied in our previous studies exclusively enhances FcγRIIIa affinity which mediates improved ADCC by NK cells, while Fc protein-engineering such as DE-modification increases the affinity of antibodies to different FcγR (FcγRIIIa, FcγRIIa, FcγRI) which leads to enhanced ADCC by NK cells and improved ADCP by macrophages (26). In addition, the affinity to FcγRIIIa is significantly higher for DE-modified antibodies compared to non-fucosylated variants (79). The EFTAE amino acid modifications used in our previous studies led to a higher binding affinity to the C1q molecule, resulting in antibodies with potent CDC activity (45). The optimized C1q binding of EFTAE-modified antibodies is independent of target antigen binding which could potentially lead to target cell independent complement activation in solution. Contrary to this, the E345K or E430G amino acid substitutions do not result in enhanced binding affinity to C1q but lead to enhanced Fc-Fc interaction of IgGs only after antigen binding on the cell surface. These IgG hexameric structures improve the binding of the hexavalent complement component C1q and trigger efficient CDC (37, 46). Therefore, the approach described here may be advantageous compared to previously described approaches to improve ADCC, ADCP and CDC simultaneously.

The simultaneous enhancement of Fc-mediated effector functions like ADCC, ADCP and CDC by amino acid substitutions of IgG antibodies is challenging, because the binding sites for Fcγ receptors and the complement component C1q overlap (50–52) and C1q binding may enhance the hexamerization of antibodies by stabilizing the hexamer (80, 81). Therefore, introducing amino acid substitutions in the Fc domain may not necessarily improve both effector functions. In the current study, we showed that by introducing an amino acid exchange in the CH3 domain of the dual Fc-engineered CD19-DEK antibody ADCC and ADCP activity was not compromised and comparable to CD19-DE and that the dual engineered antibody additionally mediated CDC of target antigen positive tumor cells in vitro. From our data we cannot exclude that the DE mutation may impact on-target hexamerization. Further studies are needed to figure out whether the DEK combination of amino acid exchanges is as efficient to trigger CDC as a K amino acid exchange only variant. Interestingly, at high CD19-DEK antibody concentrations tumor cell lysis in whole blood, when both complement and effector cells are available, was completely complement dependent. At low antibody concentrations tumor cell killing was strictly FcR-dependent. Only at selected antibody concentrations both effector functions contributed to tumor cell killing. Since addition of isolated C1q did not significantly inhibit the ADCC activity of CD19-DEK, these data suggest that strong complement deposition reduce the capacity of an antibody to recruit Fc receptors. Wang and colleges described that NK-cell mediated ADCC of rituximab-coated target cells was inhibited by C3b deposition and the depletion of C3 complement component enhances the ability of antibody-coated target cells to activate human NK cells (82, 83). On the other hand, C3b or C4b opsonized tumor cells may be sensitized for phagocytic activity of macrophages and myeloid cells by engagement of complement receptors (49). Furthermore, complement activation and thereby release of anaphylatoxins may attract FcR-positive effector cells, enlarging the pool of available effector cells. This may further boost complex adaptive immune responses mediated by antibody variants optimized for FcγRIIa and FcγRIIIa binding (84).

In comparison to these types of in vitro observations, the in vivo situation may even be more complex. In this situation compartment effects and availability of effector cell populations and bioavailability of complement factors in selected tissues may have a significant impact which effector mechanism is available at a defined anatomical site (85, 86). Therefore, the competition of FcγR mediated effector functions and the complement system may not be as relevant in the in vivo situation compared to our in vitro observations in whole blood depending on the biological features and location of the respective tumor (78). Addressing these complex aspects in vivo is challenging because murine models may not perfectly reflect the human situation in terms of Fc receptor binding especially when dealing with engineered human Fc domains. Although, meanwhile complex transgenic mouse models engineered to express all human FcγR on the respective effector cell populations or stem cell humanized mouse models are available (87, 88), in particular the contribution of the complement system and CDC may be difficult to investigate in small animal models (43, 89). A variety of parameters, such as target antigen density, expression of complement inhibitory molecules, target cell location and other factors affect susceptibility of target cells to complement lysis. Therefore, it might not be surprising that for example the in vivo activity of rituximab in different mouse models has been demonstrated to be strictly dependent on complement activation or absolutely independent (14, 32, 43, 89). Accordingly, the complex therapeutic effects of dual Fc-engineered antibodies, like CD19-DEK, could probably best evaluated in clinical trials or non-human primates.

In conclusion, our data provide evidence that from a technical perspective selected Fc-enhancing mutations can be combined (S239D/I332E and E345K) allowing the enhancement of ADCC, ADCP and CDC activity when isolated effector populations are analyzed. In situations where the complement system and FcR-positive effector cells are available as effector source, strong complement deposition may negatively impact FcR engagement. Both effector functions may be simultaneously active only at selected antibody concentrations. Nevertheless, this dual Fc engineering approach may display a new strategy to improve antibody therapy of various tumor types but further carefully designed in vivo studies are necessary to support this concept. As a perspective, our results may help in guiding optimal antibody engineering strategies to optimize antibodies’ effector functions.
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Immunoglobulins G (IgG) and their Fc gamma receptors (FcγRs) play important roles in our immune system. The conserved N-glycan in the Fc region of IgG1 impacts interaction of IgG with FcγRs and the resulting effector functions, which has led to the design of antibody therapeutics with greatly improved antibody-dependent cell cytotoxicity (ADCC) activities. Studies have suggested that also N-glycosylation of the FcγRIII affects receptor interactions with IgG, but detailed studies of the interaction of IgG1 and FcγRIIIa with distinct N-glycans have been hindered by the natural heterogeneity in N-glycosylation. In this study, we employed comprehensive genetic engineering of the N-glycosylation capacities in mammalian cell lines to express IgG1 and FcγRIIIa with different N-glycan structures to more generally explore the role of N-glycosylation in IgG1:FcγRIIIa binding interactions. We included FcγRIIIa variants of both the 158F and 158V allotypes and investigated the key N-glycan features that affected binding affinity. Our study confirms that afucosylated IgG1 has the highest binding affinity to oligomannose FcγRIIIa, a glycan structure commonly found on Asn162 on FcγRIIIa expressed by NK cells but not monocytes or recombinantly expressed FcγRIIIa.
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Introduction

Immunoglobulin G (IgG) consists of both an antigen-binding variable Fab region and an Fc region which allows antibodies to activate the complement system through C1q binding or activate effector cells through Fc gamma Receptor (FcγR) or CD16a binding. This interaction is influenced by both the IgG subclass and the IgG-Fc N-glycan composition at the conserved Asn297 site. The IgG1-Fc Asn297 N-glycan site is partially masked from the N-glycan glycosyltransferases and together with the glycosyltransferase substrate specificity and glycan-peptide backbone interactions, this results in a complex-type, biantennary, core-fucosylated N-glycan with partially incomplete galactosylation and α2-6 sialylation (1–5). The IgG1-Fc core fucose interferes with binding to FcγRIII and IgG1 lacking this core fucose, hereafter called afucosylated IgG1, has an increased affinity up to 40 times to FcγRIII (6–8). Interestingly, afucosylated IgG1 is generally low abundant in circulating IgG, but high levels of antigen-specific afucosylated IgG1 have been observed in several conditions against membrane-embedded epitopes, such as alloimmune responses to blood cells, malaria and enveloped viruses including; HIV, Dengue, and SARS-CoV-2 (9–15). In addition to core fucosylation, IgG-Fc galactosylation further enhances the affinity to FcγRIII (8, 16, 17).

The FcγRIIIa receptor is an activating IgG receptor of medium-high affinity (KD≈10-400 nM), mainly expressed on NK cells, macrophages, and monocytes (18–20). It has been shown that the binding strength of IgG1 and IgG3 to FcγRIIIa directly correlates with antibody-dependent cellular cytotoxicity (ADCC) and therapeutic outcome (21–25). There are two common allotypes: FcγRIIIa-158V and -158F. FcγRIIIa-158V has a 5-fold increased affinity to IgG1 in comparison to the 158F allotype (8), the latter being the dominant allele in humans (26–28). This glycoprotein has five N-glycan sites (Asn38, Asn45, Asn74, Asn162, and Asn169) of which mainly Asn162 influences IgG1 binding (29, 30). Site-specific N-glycan analysis of FcγRIIIa from different sources shows extensive compositional heterogeneity ranging from oligomannose structures to complex sialylated tetra-antennary glycans with LacNAc extensions. These site-specific differences in N-glycan processing depend on cell type and individual (31–36). Similar to the unique restricted N-glycan processing seen for IgG-Fc Asn297, the Asn162 and Asn45 in FcγRIIIa also appear to exhibit restricted N-glycans processing. Furthermore, FcγRIIIa expressed on NK cells shows the highest level of oligomanosylated Asn162 and Asn45, followed by FcγRIIIa on monocytes and finally recombinantly expressed FcγRIIIa (37). Recombinantly expressed FcγRIIIa obtains almost exclusively complex-type N-glycans that correlate with the repertoire of glycosyltransferases expressed in these respective cell lines (37).

While the influence of glycosylation of IgG is well studied, few studies have addressed the influence of FcγRIIIa N-glycans on IgG binding and subsequent immune cell activation. Several limitations complicate FcγRIIIa glycan studies, such as the number of N-glycan sites with their inherent heterogeneity, the scarcity of endogenous FcγRIIIa material, and the fact that recombinantly expressed FcγRIIIa in HEK293 (33, 38), CHO (33, 39), NS0 (40), and BHK (41) appears to have N-glycan structures dissimilar to those found on endogenously expressed FcγRIIIa (32, 37). However, recent studies of IgG : FcγRIIIa interactions revealed that FcγRIIIa with an oligomannose structure at Asn162 has increased binding capacity to IgG1 (35, 42, 43). Furthermore, FcγRIIIa with hybrid-type and truncated N-glycan, which existed of only the innermost GlcNAc at Asn162, also has an increased IgG1 affinity, whereas sialic acid (Sia) had a negative influence on IgG1 binding and was shown to induce increased dissociation (32, 38, 43, 44). Furthermore, several limitations, such as the experimental surface plasmon resonance (SPR) setup, antibody and FcγR allotype and glycosylation heterogeneity, make comparing affinity measurements across studies challenging. Due to the recent wide availability of gene editing, the heterogeneity of these N-glycans can now be limited and defined glycan structures of interest can be expressed on IgG and Fc Receptors, among many other glycoproteins (45–47).

Here, we aimed to systematically study the impact of N-glycosylation features on both IgG1 and FcγRIIIa in their interaction. For this, we produced a library of defined glycoengineered IgG1 and FcγRIIIa (158F and 158V allotypes) glycoproteins and tested these in binding by SPR. The results show that the interaction between afucosylated IgG and FcγRIIIa with oligomannose N-glycans produces the highest achievable affinity in our setup. Our study supports previous findings (32, 38, 43, 44) and demonstrates that N-glycosylation of not only IgG but also FcγRIIIa affects binding interactions. Furthermore, FcγR glycosylation studies in both health and disease should be performed to discover how the immune system regulates this glycosylation interplay to drive pro- or anti-inflammatory responses.



Results


Glycoengineering and production of recombinant IgG1 glycoforms

A panel of glycoengineered IgG1 (mAb SO57) (48, 49) with different N-glycoforms using stably glycoengineered CHO cells was previously generated (45). In brief, we first established a CHO wildtype clone stably expressing IgG1 (IgG1-CHOWT) and used IgG1-CHOWT to generate a library of N-glycoengineered clones by knockout (KO) using CRISPR/Cas9 and stable knock-in (KI) of key glycosyltransferases in the N-glycosylation pathway using Zinc finger nucleases and the ObLiGaRe Strategy (50) (Figure 1, Supplementary Table S1). To obtain afucosylated IgG1, a Fut8 and B4galt1 KO was created, resulting in the IgG1-G0 clone. An Mgat1 KO was created (IgG1-Oligomannose) to obtain oligomannosylated IgG1 and KO of Mgat2 and Man2a1/2 resulted in hybrid (IgG1-Hybrid) and monoantennary (IgG1-Monoantennae) IgG1-expressing clone, respectively. To increase galactosylation compared to IgG1-CHOWT, the IgG1-G2F clone was created by KI of B4GALT1. To further increase linkage-specific sialylated IgG1, KI of ST3GAL4 or ST6GAL1 was introduced on top of the B4GALT1 KI clone, resulting in α2-3 linked (IgG1-G2FS(2-3)) or α2-6 linked Sia (IgG1-G2FS(2-6)), respectively, as previously described (45) (Figure 1, Supplementary Table S1).




Figure 1 | Graphic depiction of glycoengineered IgG1 and FcγRIIIa production, validation, and binding studies. (A) Top: Production of CHOWT stably expressing IgG1. In this parental clone, KO and KI of glycosyltransferases resulted in a library of genetically glycoengineered CHO clones stably producing IgG1. Expressed IgG1 was purified by protein G and validated by SDS-PAGE and Mass Spectrometry (MS). Bottom, HEK293 cells were genetically engineered to display distinct N-glycan structures and this library of genetically engineered HEK clones were transiently transfected with soluble HIS- and AviTag-tagged FcγRIIIa-158F/V. Produced FcγRIIIa was purified by Ni-NTA columns and subjected to SDS-PAGE and MS for validation. (B) Schematic depiction of the IBIS MX96 SPR setup. 1) All glycoengineered FcγRIIIa glycoforms were enzymatically biotinylated by BirA and spotted at four different concentrations on a streptavidin-coated chip. 2) Glycoengineered IgG1 was injected at eight different dilutions, 3) allowing for binding affinity measurements of each antibody to all glycoengineered FcγRIIIa’s simultaneously. 4) Regeneration after every sample was carried out after which the next IgG1 glycoform was injected. (C) Glycoengineered IgG1 and FcγRIIIa-158F/V expressing cell lines with clone name, gene editing background and expected N-glycan signature based on gene editing signature and literature. IgG1 has one N-glycan site (Asn297) per Fc domain and FcγRIIIa has 5 N-glycan sites (Asn38, Asn45, Asn74, Asn162, and Asn169). Designations for monosaccharides are according to the Consortium for Functional Glycomics (CFG) (51).



The isolated glycoengineered IgG1 glycoforms were validated by SDS-PAGE for correct protein expression and purity, and to confirm concentration determination. All IgG1 glycoforms resulted in a heavy chain (HC) and low chain (LC) band of 50 and 25 kDa, respectively (Figure 2A). Further validation of glycosylation patterns was done by MALDI-TOF-MS employing linkage-specific sialic acid derivatization to differentiate between α2-3 and α2-6 linked Sia (Supplementary Figure S1) (52, 53). IgG1-CHOWT showed a heterogeneous profile including dominant G0F glycans with small amounts of G1F (Supplementary Figure S1A) (45). Homogenous afucosylated, agalactosylated IgG1 was produced by IgG1-G0 (Supplementary Figure S1B) and homogenous Man5 IgG1 by IgG1-Oligomannose (Supplementary Figure S1C). The dominant glycoform for IgG1-Monoantennae was the galactosylated monoantennary IgG1 with small amounts being agalactosylated and minor amounts being galactosylated and α2-3 sialylated (Supplementary Figure S1D). The same galactosylation and sialylation trend was seen for IgG1-Hybrid (Supplementary Figure S1E). IgG1-G2F produced homogenous G2F, which is a significant galactosylation increase in comparison to IgG1-CHOWT (Supplementary Figure S1F). For both sialyltransferase KI clones (IgG1-G2FS(2-3) and IgG1-G2FS(2-6)), the dominant glycoforms remained G2F, with a minority of species being sialylated (Supplementary Figures S1G, H). Sialylation in IgG1-G2FS(2-6) was lower compared to our previous study (45), and this may be due to differences in cell density and viability during cell culturing. However, sialylation was increased compared to IgG1-CHOWT and IgG1-G2F (Supplementary Figures S1A, F–H).




Figure 2 | SDS-PAGE of purified recombinant IgG1 and FcγRIIIa-158F/V. Reducing SDS-PAGE of 1 μg purified (A) glycoengineered IgG1 produced in CHO cells with the heavy chain and light chain at ~50 and 30 kDa, respectively. (B) HEK293-expressed His- and AviTag-tagged FcγRIIIa-158F (left lane) and -158V (right lane) migrating as a broad band with a molecular weight ranging from 40 to 50 kDa. Designations for monosaccharides according to the CFG are indicated (51).





Glycoengineering and production of recombinant FcγRIIIa-158F/V glycoforms

FcγRIIIa has five consensus N-glycosites occupied by heterogeneous N-glycans. These display site-specific N-glycan structures and variation hereof in different cell types and individuals (54). We generated a library of glycoengineered HEK293 cells with different N-glycosylation capacities by combinatorial KO and KI of glycosyltransferase genes as previously reported (47). For afucosylated FcγRIIIa, FUT8 was knocked out. To obtain oligomannose, monoantennae, and hybrid FcγRIIIa-158F/V we used KO of MGAT1, MGAT2/3, or MAN2A1/2, respectively. KO of B4GALN3/4 and MGAT3/4A/4B/5 in combination with ST3GAL3/4/6 or ST6GAL1, resulted in clones expressing complex-type biantennary α2-3 or α2-6 linked sialylated N-glycans without LacNAc repeats, respectively. Recombinant FcγRIIIa-158F and 158V were transiently expressed in CHOWT and HEK293WT, resulting in FcγRIIIa-CHOWT and FcγRIIIa- HEKWT, respectively (Figure 1, Supplementary Figure S2, Supplementary Table S1). Transfection of the above-mentioned glycoengineered HEK cells resulted in FcγRIIIa-Afucosylated, FcγRIIIa-Hybrid, FcγRIIIa-Oligomannose, FcγRIIIa-Monoantennae, FcγRIIIa-G2FS(2-3), and FcγRIIIa-G2FS(2-6) (Figure 1, Supplementary Figure S2, Supplementary Table S1).

The produced FcγRIIIa-158F/V were validated by SDS-PAGE and mass spectrometry to confirm N-glycan structures and evaluate glycan heterogeneity (Figures 2, 3, Supplementary Figures S3, 4). Glycoengineered FcγRIIIa resulted in a heterogeneous glycoprofile migrating as a broad band with an apparent molecular weight ranging from 40 to 50 kDa depending on clone, highlighting the N-glycan heterogeneity and mass contribution of the five N-glycans per FcγRIIIa molecule.




Figure 3 | Site-specific N-glycan profiling of Asn162 FcγRIIIa-158F/V by LC-MS/MS. FcγRIIIa-158F and -158V expressed in (A) CHO and (B–H) HEK293 cells were digested by a combination of chymotrypsin and Glu-C and subjected to LC-MS/MS. Site-specific N-glycan profiling of Asn162 was carried out and the top 90% of the structures are represented relative to the most abundant structure (A.U. = 1) for FcγRIIIa-158F (dark grey, left) and -158V (light grey, right) with H: hexose, N: N-acetylhexosamine, F: fucose; S: Sialic acid. Proposed glycan structures are based on gene editing signatures and literature. Structures are depicted following the CFG notation (51).



For glycoprofiling, PNGaseF-released esterified N-glycans of FcγRIIIa-158F/V were analyzed by MALDI-TOF-MS (Supplementary Figures S3, 4) (52). Since the Asn162 glycosite of FcγRIIIa has shown to influence IgG1 binding (29), site-specific analysis of Asn162 by LC-MS/MS was performed. For this, FcγRIIIa was digested by chymotrypsin and Glu-C before subjection to LC-MS/MS and the top 90% most abundant glycan structures for the Asn162 glycosite are depicted (Figure 3). In general, the Asn162 N-glycan structures for both FcγRIIIa-158F/V confirm gene editing signatures and generally followed MALDI-TOF-MS data. However, underprocessed glycans were seen for Asn162 in comparison to the total N-glycan profiling, where more complex N-glycans were found for FcγRIIIa-HEKWT, FcγRIIIa-CHOWT, and FcγRIIIa-afucosylated (33, 35). The Asn162 of FcγRIIIa-CHOWT was predominantly of the G2S type with overall high levels of galactosylation (G2S>G2S2>G2) and variable sialylation levels (G2S>G2S2) (Figure 3, Supplementary Figures S3A, 4A). The FcγRIIIa-HEKWT Asn162 site had mainly biantennary N-glycans with GalNAc extensions and no sialylation. These were also the major glycan species found for the total FcγRIIIa-HEKWT glycoprofiling data (Figure 3B). N-glycan profiling of FcγRIIIa-HEKWT also showed minor sialylated, elongated, and branched glycospecies (Supplementary Figures S3A, 4A). Most complex N-glycans were seen for FcγRIIIa-afucosylated, supporting the higher molecular weight as seen on SDS-PAGE (Figures 2B, 3C, Supplementary Figures S3B, 4B). Confirmed by total protein glycoprofiling and Asn162 site-specific glycoanalysis, homogeneous Man5 was found for FcγRIIIa-Oligomannose (Figure 3D, Supplementary Figures S3C, 4C). The major Asn162 glycan structure for FcγRIIIa-Monoantennae is a sialylated monoantennary species (Figure 3E, Supplementary Figures S3D, 4D). However, a wider variety of other glycan structures were seen for both Asn162 and total FcγRIIIa glycoprofiling such as hybrid species and biantennary N-glycans and total N-glycoprofiling of FcγRIIIa-hybrid clone showed more complex N-glycans than expected. For both FcγRIIIa-G2FS(2-3) and FcγRIIIa-G2FS(2-6), biantennary N-glycans with variable sialylation levels were seen (Figures 3G, H, Supplementary Figures S3F, G, 4F, G). Furthermore, branching fucose was found in FcγRIIIa-G2FS(2-3) and -G2FS(2-6).



N-glycan structures on both IgG1 and FcγRIIIa-158F/V influence their binding interaction

To study the role of N-glycoforms on the IgG1:FcγRIIIa interaction, we used the produced glycovariants for SPR analysis on the IBIS MX96 biosensor system, as described in Dekkers et al. (55). For this all FcγRIIIa-158F/V glycoforms were enzymatically biotinylated at the AviTag™ and immobilized on a sensor chip. Subsequently, all IgG1 variants were injected as analytes in a multi-cycle mode (Figure 1B). Humira, a recombinant human IgG1 monoclonal antibody with a G0F or G0NF glycan structure (56), and recombinant FcγRIIIa-158F/V purchased from SinoBiologicals, were used as controls (Supplementary Table S2). Binding was observed for all IgG1:FcγRIIIa combinations, however, the FcγRIIIa-158F binding to IgG1-Monoantennae and IgG1-Hybrid was weak and therefore KD values could not be calculated from these interactions (Supplementary Figures S5, 2).

We could confirm that FcγRIIIa-158V exhibited on average a 3-6 fold increased affinity for IgG1 compared to FcγRIIIa-158F regardless of the IgG1 glycoform tested (Figure 4, Supplementary Table S2). The highest affinity for all IgG1 glycoforms was seen to FcγRIIIa-Oligomannose with a 2-3 fold increase compared to all other FcγRIIIa glycoforms (Figure 4, Supplementary Table S2). Surprisingly, FcγRIIIa-Monoantennae and FcγRIIIa-Hybrid, carrying immature N-glycan structures often found on Asn162 expressed by native immune cells (57), had a similar affinity to all IgG1 glycoforms when compared to FcγRIIIa-HEKWT and FcγRIIIa-CHOWT, with the exception of IgG1-hybrid (Figure 4, Supplementary Table S2). Sialylation of FcγRIIIa (FcγRIIIa-G2FS(2-3) and FcγRIIIa-G2FS(2-6)) influenced IgG1 binding to a certain degree, with FcγRIIIa-2FS(2-3) having approximately a 2-fold decrease in binding compared to FcγRIIIa-G2FS(2-6) and FcγRIIIa-HEKWT. However, it needs to be taken into account that the sialylation levels for FcγRIIIa-G2FS(2-3) are much higher compared to G2FS(2-6), where G2F is the dominant glycoform on Asn162 (Supplementary Figures S3F, G). Surprisingly, FcγRIIIa-G2FS(2-3) has a lower affinity to most glycoengineered IgG1 compared to FcγRIIIa-CHOWT, even though the Asn162 glycan pattern is similar.




Figure 4 | IgG1 and FcγRIIIa-158V binding. Surface plasmon resonance dissociation constant (KD) was determined from SPR analysis after biotinylated glycoengineered FcγRIIIa-158V was spotted at 4 concentrations and bound to glycoengineered IgG1 at 8 times dilution series. Calculation of the dissociation constant was performed by equilibrium fitting to Rmax= 500. Mean data is reported of three independent experiments for each IgG1:FcγRIIIa-158V pair.



As expected, the highest affinity of all FcγRIIIa receptors was observed to afucosylated IgG, both IgG1-G0 and the IgG1-Oligomannose (Figure 4, Supplementary Table S2) (29). Interestingly, the N-glycosylation state of the FcγRIIIa had minimal effect on the binding affinity when probed with afucosylated IgG, except for oligomannosylated FcγRIIIa where binding affinity is increased by a factor of two. All FcγRIIIa glycoforms bound equally to IgG1 capped by α2-3 or α2-6 Sia (IgG1-G2FS(2-3) and IgG1-G2FS(2-6)), with minor differences that appear to be negligible (Figure 4, Supplementary Table S2). The highest KD, and thus lowest affinity, was seen for IgG1-Hybrid and IgG1-Monoantennae to all FcγRIIIa. In contrast to IgG1-F0, for these suboptimal glycoengineered IgG1, the FcγRIIIa glycosylation influences binding (Figure 4, Supplementary Table S2). This combinatorial setup with glycoengineered IgG1 and FcγRIIIa-158F/V confirms that afucosylated IgG1 has the highest binding affinity to oligomannosylated FcγRIIIa-158V (FcγRIIIa-Oligomannose).




Discussion

Here, we systemically produced a library of defined N-glycoforms of FcγRIIIa (both 158F/V allotypes) and IgG1 to study N-glycosylation binding features and used combinations of these glycoforms with SPR to evaluate binding kinetics. Our study demonstrated that rather homogenous N-glycoforms of FcγRIIIa and IgG1 can be produced in genetically glycoengineered CHO and HEK293 mammalian cells as previously reported (45, 49). Importantly, the genetic engineering approach does not enable control of N-glycan structures at specific sites, but rather sets global restrictions on the repertoire of N-glycan structures on a given glycoprotein. Thus, the genetic engineering design will apply to all N-glycosites, except for those sites where N-glycan processing is naturally constrained by interaction with the protein backbone and glycosyltransferase substrate specificity, as for the Asn297 N-glycan of IgG1 (4). An IgG consists of two heavy chains, identical on the protein level, each having one N-glycosite, implying that one IgG molecule carries two glycan structures. The glycan composition of these two glycans might be different, referred to as an asymmetrically glycosylated antibody. Here, the obtained KD measurements are an average of the IgG glycoforms population to a given population of FcγRIIIa glycoforms. However, as the antibody and receptor in this study are produced in the same cell with the same constrained glycoengineering background, we believe differences in glycan composition between these two glycans are minimal, and IgG1-Oligomannose, IgG1-G0 and IgG1-G2F are symmetrically glycosylated (45). While this conserved Fc N-glycan is unique by its restricted branching, galactosylation, and sialylation, many other N-glycoproteins are also known to have specific differentially processed N-glycosites, such as an oligomannose N-glycan on IgM or Man-6-phosphate tagging of lysosomal enzymes (46, 58–60). The Asn162 glycosite in FcγRIIIa and the adjacent 158F/V polymorphism are also interesting in this aspect, as this site is often occupied by oligomannose, monoantennae, and hybrid N-glycans in human leukocytes (31–34).

In our setup, a remarkable >300-fold difference in binding affinities was observed among the different IgG1 glycoforms and FcγRIIIa allotype and glycoforms tested. It is however important to note that these results are based on in vitro binding KD values and may not fully translate into the in vivo properties of these interactions. In vivo, monovalent IgG competes with multivalent IgG-immunocomplexes or IgG-opsonized pathogens for FcR binding, of which only the latter results in FcγR-mediated cellular activation. Nevertheless, the reported relative binding affinities between FcγRIIIa and IgG1 are known to be reproducibly translated into relative differences in cellular effector functions as well as in vivo functional capacities (8, 24, 61). How these affinity changes translate into different activation potentials of NK cells or myeloid expressing cells, depends on many factors, such as epitope density of the target cell, antibody concentration, FcγR-polymorphisms of the patient/donor cells, and the antibody Fc-glycosylation, especially fucosylation, which can be highly variable in some immune response (11). These factors all impact avidity between the target and effector cell, which seems the principle component governing the FcγR-activation potential (24). Our results now suggest that FcγRIII-glycosylation itself can impact this as well, which has been reported to be differently glycosylated across cell types.

The FcγRIIIa-158V allotype has a higher binding affinity to IgG1 compared to the 158F allotype (62). This has recently been attributed to the formation of a less stable complex between the 158F allotype with IgG in comparison to the I58V allotype (63). This is also confirmed in our setup, where the FcγRIIIa-158V binding affinity is on average 4-6 times higher compared to FcγRIIIa-158F. Besides the different allelic variants, the FcγRIIIa N-glycosylation of both the 158F and V allotype also influences IgG1 binding (29, 30, 63). The Asn162 N-glycan site, and to a lesser extent Asn45, have shown to affect antibody-binding affinity (29, 30). For the remaining N-glycosites, specific functions remain unclear. Our findings showed that, even though all FcγRIIIa N-glycan forms are capable of binding IgG and subsequently activate the immune system, specific glycoforms are more capable of binding IgG. This is reflected by the 43- and 76-fold binding difference for the highest and lowest binding FcγRIIIa glycoforms for FcγRIIIa-158F and -158V, respectively (32). Interestingly, these stronger-binding oligomannose, hybrid, and monoantennae N-glycans, shown to have ~2.5-fold improved IgG1 binding compared to complex-type N-glycans, are often found on native FcγRIIIa expressed on human leukocytes (31–35, 37, 42, 43).

In this setup, the highest affinity to IgG1 was indeed seen for FcγRIIIa-Oligomannose, which was on average 2-3 fold better compared to all other FcγRIIIa glycoforms, in agreement with recent reports (35, 43). The FcγRIIIa-Oligomannose inherently also lacks the core fucose as the FUT8 α1-6 fucosyltransferase requires complex N-glycans as acceptor substrate (64). We could exclude that FcγRIIIa core fucose was solely responsible for the increased affinity to IgG1, since FcγRIIIa-Afucosylated did not have an increased binding affinity to IgG1 when compared to the fucosylated complex-type FcγRIIIa. Interestingly, the N-glycoforms of FcγRIIIa-Afucosylated tended to have higher levels of complex structures with a higher degree of branching, which may affect the interpretation. Roberts et al. noted a ~2-fold increase for hybrid-type N-glycosylated FcγRIIIa (32). In contrast to the literature, in our setup, mono-antennae and hybrid N-glycosylated FcγRIIIa showed affinities to IgG1 similar to FcγRIIIa with complex N-glycan. The sialylation state of N-glycans on FcγRIIIa appeared to influence the IgG1 binding affinity with a decrease in binding affinity of α2-3 Sia capping compared to α2-6 Sia. Unfortunately, it was not possible to substantially increase sialylation, which is a well-known issue for IgG (45, 65–67). Furthermore, due to the differences in sialylation levels between the 158F and V allotype at the Asn162 glycosite, the comparison to asialylated FcγRIIIa is challenging and this conclusion should be treated with caution.

Our studies demonstrated that the combination of oligomannosylated FcγRIIIa had the highest binding affinity to afucosylated IgG1, which is in agreement with previous reports (6–8, 35, 43). In general, the FcγRIIIa N-glycosylation state had minimal influence on the binding affinity when probed with afucosylated IgG1. However, when FcγRIIIa was probed with IgG1 fucosylated glycoforms, the FcγRIIIa N-glycosylation state influenced the IgG1 binding affinity. Furthermore, IgG1 sialylation had a minimal effect on FcγRIIIa affinity, and differences in α2-3- and α2-6-linked Sia were negligible, as shown before (8, 68, 69). This, however, is in contrast with findings from other groups, which could be due to differences in sialylation levels (8, 70, 71). These findings likely translate into differential sensitivity of effector cells with its inherent FcγRIIIa glycosylation state to the IgG1 fucosylation state. A higher discriminatory power for the fucosylation state of IgG1 by oligomannosylated FcγRIIIa (~17-fold) was found, a glycan structure typically found on NK cells. For the hybrid and mono-antennary FcγRIIIa glycoforms, typically found on monocytes, this discrimination between fucosylation states of IgG1 was slightly less, or a ~13-fold increased preference for afucosylated IgG1. It remains unknown to which extent differential FcγRIII glycoprocessing on different cell types affects their activation state and future studies should address the biosynthetic and mechanistic basis for differential site-specific N-glycosylation of FcγRIIIa.

In summary, our study demonstrates that the N-glycosylation status of both FcγRIIIa and IgG1 influences binding affinity, highlighting the need to consider the N-glycosylation state of both IgG and Fc receptors in binding kinetics and effector function studies. The two most significant N-glycosylation features observed were the IgG1 core fucosylation state and FcγRIIIa oligomannose to complex N-glycosylation transition. We predict that the bilateral glycan interplay enables the immune system to fine-tune the FcγRIIIa and IgG interactions and modulate immune responses.



Methods


Cell culture

HEK293 were grown in suspension in serum-free F17 culture media (Invitrogen) supplemented with 0.1% Kolliphor P188 (SIGMA) and 4 mM GlutaMax as previously described (47). CHOZN GS-/- cells (Sigma) were maintained as suspension cultures in serum-free media (EX-CELL CHO CD Fusion). Cultures were grown at 37°C and 5% CO2. HEK293 and CHO cultures were under constant agitation (120 rpm).



CRISPR/Cas9 targeted KO in HEK293 cells

KO was performed using a validated gRNA library for all human glycosyltransferases (GlycoCRISPR) (72), as previously described (73). In brief, HEK293 cells were seeded in 6-well plates (NUNC), transfected with 1 μg of gRNA and 1 μg of GFP-tagged Cas9-PBKS using Lipofectamine 3000 (Invitrogen) according to manufacturer’s instructions. Cells were harvested after 24 hours, and bulk sorted for GFP expression by FACS (SONY SH800). After culturing, the sorted cell pool was further single-sorted into 96 well plates and screened by Indel Detection by Amplicon Analysis (IDAA) (74), and indels of selected clones were confirmed by Sanger sequencing.



CRISPR/Cas9-targeted KO in CHO cells

One day prior to transfection, cells were seeded in T25 flasks (NUNC). Electroporation was conducted with 2 × 106 cells with 1 μg of both endotoxin-free plasmid DNA of Cas9-GFP and gRNA in the U6GRNA plasmid (Addgene Plasmid #68370) using Amaxa Kit V and program U-24 with Amaxa Nucleofector 2B (Lonza). Electroporated cells were moved to a 6-well plate with 3 ml growth media. Forty-eight hours after nucleofection, the 10–15% highest GFP-labeled pool of cells was enriched by FACS, and after one week of culturing, cells were single-cell sorted by FACS (SONY SH800) into 96-well plates. KO clones were identified by IDAA, as mentioned above, as well as immunocytology with appropriate lectins or monoclonal antibodies, whenever possible. Selected clones were further verified by Sanger sequencing.



ZFN/CRISPR-mediated KI in CHO cells

Site-specific CHO Safe-Harbor locus KI was based on ObLiGaRe strategy (50) and performed with 2 µg of each ZFN (Merck/Sigma-Aldrich) tagged with GFP/Crimson (74), and 5 µg donor plasmid with full coding human genes, as described before (46).



IgG1 expression and purification

The anti-rabies human IgG1 SO57 (48) was used to establish stable expressing CHO clones as described by Schulz et al. (45). For IgG production, clones were seeded at 0.5 x 106 cells/ml without L-glutamine and cultured for three days. IgG was purified by HiTrap™ protein HP (CE Healthcare) as previously described (45). Protein purity and concentration were evaluated by SDS-PAGE and Coomassie staining.



Transient expression of soluble FcγRIIIa in HEK cells and protein purification

HEK293-6E cells were seeded at a cell density of 0.5 × 106 cells/ml and transfected with FcγRIIIa-158F/V with 10X his-tag and AviTag™ the next day with 1:3 μg DNA : PEI per 1 × 106 cells. Secreted protein was harvested after 72 hours and purified from culture medium by nickel affinity chromatography. For this, the culture medium was centrifuged, filtered (0.45 μm), mixed 3:1 (v/v) in 4X binding buffer (100 mM sodium phosphate, pH 7.4, 2 M NaCl) and applied to self-packed nickel-nitrilotriacetic acid (Ni-NTA) affinity resin column (Qiagen), which was pre-equilibrated in washing buffer (25 mM sodium phosphate, pH 7.4, 500 mM NaCl, 20 mM imidazole). After washing, bound protein was eluted with 250 mM imidazole in washing buffer. Purity and quantification were evaluated by SDS-PAGE and Coomassie staining. Purified protein was buffer-exchanged to approximately 1 mg/ml in 50mM AmBic buffer with 2 ml Zeba Spin Desalting Column 7K MWCO (ThermoFisher).



Stable expression of soluble FcγRIIIa in CHO cells and protein purification

Both FcγRIIIa-158F/V with 10X his-tag and AviTag™ constructs were both subcloned into a modified pCGS3 vector (Merck/Sigma-Aldrich) for glutamine selection in CHOZN GS−/− cells (Sigma). CHO cells were seeded at 0.5 X 106 cells/ml in T25 flasks (NUNC) one day prior to transfection. Two million cells were electroporated with 5 μg plasmids using Amaxa kit V and program U24 with Amaxa Nucleofector 2B (Lonza) and plated in 6-wells with 3 ml growth media. Three days after transfection, cells were plated in 96-wells at 1000 cells/well in 200 μl Minipool Plating Medium containing 80% EX-CELL® CHO Cloning Medium and EX-CELL CHO CD Fusion serum-free media without glutamine (Sigmaaldrich). High-expressing clones were selected by testing the medium using anti-HIS antibodies, and selected clones were scaled up in serum-free media without L-glutamine TPP TubeSpin® shaking Bioreactors (180 rpm, 37 °C, and 5% CO2) for protein production. FcγRIIIa was purified as described above.



N-glycan profiling by MALDI-TOF

N-glycan protein profiling employing linkage-specific sialic acid esterification was obtained as described by Reiding et al. (52). In brief, 10 μg IgG1 and FcγRIIIa were denatured by incubating the samples 10 min at 60°C in 2% SDS. N-glycans were released by adding a release mixture containing 2% NP-40 and 0.5 mU PNGaseF at 37°C over night. Released N-glycans were esterified to obtain sialic acid linkage specificity. In brief, esterification reagent containing 0.5 M EDC and 0.5 M HOBt in ethanol were added to 1 μl glycan mixture and incubated for one hour at 37°C. After incubation, 25% NH4OH and subsequently 100% ACN was added (52). Glycan enrichment was performed by cotton hydophilic interaction liquid chromatography (HILIC) (75). Briefly, pipet tips were packed with cotton thread which was conditioned by 85% ACN. The sample was loaded by pipetting 20 times into the reaction mixture. Tips were washed in 85% ACN 1% TFA, followed by 85% ACN and eluted in 10 μl MQ. For MALDI-TOF-MS analysis, 1μl HILIC purified glycan sample was spotted on an MTP AnchorChip™ 384 BC mixed on plate with 1μl sDHB (5mg/ml in 50% ACN) and left to air dry. The sample was recrystallized using 0.2μl ethanol. Measurement was performed on the Bruker Autoflex (Bruker Daltonik GmbH, Bremen, Germany) using the Bruker Flex Control 3.4 software. For each spectrum, 10 000 laser shots were accumulated at a laser frequency of 100 Hz. Spectra were recorded in the positive reflector mode (900-4500 Da) and the raw spectra were processed by the Flexanalysis 5.1.



Sample preparation for site-specific N-glycopeptide analysis

The purified protein was dissolved in 50mM ammonium bicarbonate buffer, reduced in 10 mM dithiothreitol (DTT), alkylated with 20 mM iodoacetamide (IAA), reduced again with 10 mM DTT, and digested with 1:20 chymotrypsin:protein followed by 1:20 GluC:protein (Roche). The proteolytic digest was desalted by in-house produced modified StageTip columns containing 3 layers of C18 membrane (3M Empore disks, Sigma Aldrich) (76). Samples were eluted with 50% methanol in 0.1% formic acid (FA), dried down, and re-solubilized in 0.1% FA for LC-MS/MS analysis.



Site-specific FcγRIIIa N-glycopeptide analysis by LC-MS/MS

LC-MS/MS analysis was performed on EASY-nLC 1200 UHPLC (Thermo Scientific) interfaced via nanoSpray Flex ion source to an Orbitrap Fusion Lumos MS (Thermo Scientific). Briefly, the nLC was operated in a single analytical column set up using PicoFrit Emitters (New Objectives, 75 μm inner diameter) packed in-house with Reprosil-Pure-AQ C18 phase (Dr. Maisch, 1.9-μm particle size, 19-21 cm column length). Each sample was injected onto the column and eluted in gradients from 3 to 32% B in 75 min, and from 32% to 100% B in 10 min, and 100% B for 10 min at 200 nL/min (Solvent A, 100% H2O; Solvent B, 80% acetonitrile; both containing 0.1% (v/v) formic acid). A precursor MS1 scan (m/z 350–2 000) of intact peptides was acquired in the Orbitrap at the nominal resolution setting of 120 000, followed by Orbitrap HCD-MS2 and at the nominal resolution setting of 60 000 of the five most abundant multiply charged precursors in the MS1 spectrum; a minimum MS1 signal threshold of 50 000 was used for triggering data-dependent fragmentation events. Targeted MS/MS analysis was performed by setting up a targeted MSn (tMSn) Scan Properties pane. A target list was composed of the top 30 most abundant glycans or glycopeptides from the proposed compositional list. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier PXD035846.



Data analysis

Glycan and glycopeptide compositional analysis was performed from m/z features extracted from LC-MS data using in-house written SysBioWare software, as previously described (46, 77). Briefly, For m/z feature recognition from full MS scans LFQ Profiler Node of the Proteome discoverer 2.2 (Thermo Scientific) was used. The list of precursor ions (m/z, charge, peak area) was imported as ASCII data into SysBioWare and compositional assignment within 3 ppm mass tolerance was performed. The main building blocks used for the compositional analysis were: NeuAc, Hex, HexNAc, dHex and the theoretical mass increment of the most prominent peptide corresponding to each potential glycosites. The most prominent peptide sequence related to the N-glycosite of interest was determined experimentally by comparing the yield of deamidated peptides before and after PNGase F treatment. One or two phosphate groups were added as building blocks for assignment. To generate the potential glycopeptide list, all the glycoforms with an abundance higher than 10% of the most abundant glycoform were used for glycan feature analysis.



Surface plasmon resonance

Prior to SPR measurements, glycoengineered FcγRIIIa was site-specifically biotinylated on the BirA tag using BirA enzyme as described by Rodenko et al. (78). For biotinylation of 1 µM FcγRIIIa protein, 3.3 nM BirA ligase was used. After biotinylation overnight at 25°C, the biotinylated FcγRIIIa mixture was buffer-exchanged and subsequently concentrated in PBS pH 7.4 using Amicon Ultra centrifugal filter units (MWCO 3 kDa) (Merck, Millipore).

The biotinylated, recombinant, human FcγRIIIa-158F and 158V from SinoBiological (10389-H27H-B and 10389-H27H1-B, respectively) were used as an control for SPR. SPR measurements were performed on an IBIS MX96 (IBIS technologies) device as described previously by Dekkers et al. (8). All biotinylated FcγRIIIa were spotted using a Continuous Flow Microspotter (Wasatch Microfluidics) onto a SensEye G-streptavidin sensor (Senss, 1–08–04–008) allowing for binding affinity measurements of each glycoengineered antibody, and Humira®, to all glycoengineered FcγRIIIa simultaneously on the IBIS MX96.

The biotinylated FcγRIIIa were spotted in 4 concentrations with a 3-fold dilution ranging from 0.3 to 100nM, depending on the FcγRIIIa in PBS supplemented with 0.075% Tween-80 (VWR, M126–100ml), pH 7.4. Glycoengineered IgG1 was then injected over the IBIS at 8 times dilution series starting at 15.6 nM until 2000 nM in PBS + 0.075% Tween-80. Regeneration after every sample was carried out with 10 nM Gly-HCl, pH 2.4. Calculation of the dissociation constant (KD) was performed by equilibrium fitting to Rmax= 500. Analysis and calculation of all binding data were carried out with Scrubber software version 2 (Biologic Software) and Excel. Three independent experiments for each receptor/Fc pair were carried out on at least two different days and representative data are reported.
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Development of disease-modifying therapies including monoclonal antibody (mAb)-based therapeutics for the treatment of multiple sclerosis (MS) has been extremely successful over the past decades. Most of the mAb-based therapies approved for MS deplete immune cell subsets and act through activation of cellular Fc-gamma receptors expressed by cytotoxic lymphocytes and phagocytes, resulting in antibody-dependent cellular cytotoxicity or by initiation of complement-mediated cytotoxicity. The therapeutic goal is to eliminate pathogenic immune cell components and to potentially foster the reconstitution of a new and healthy immune system. Ab-mediated immune cell depletion therapies include the CD52-targeting mAb alemtuzumab, CD20-specific therapeutics, and new Ab-based treatments which are currently being developed and tested in clinical trials. Here, we review recent developments in effector mechanisms and clinical applications of Ab-based cell depletion therapies, compare their immunological and clinical effects with the prototypic immune reconstitution treatment strategy, autologous hematopoietic stem cell transplantation, and discuss their potential to restore immunological tolerance and to achieve durable remission in people with MS.
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Multiple sclerosis (MS) is the most common chronic inflammatory, demyelinating disease of the central nervous system (CNS), afflicting more than 2.5 million people worldwide (1). MS develops in young adults with a complex predisposing genetic trait and probably requires inciting environmental insults to trigger the disease. Both experimental and clinical evidence suggest that MS is an autoimmune disease with dysregulated adaptive immunity at its core. Genome-wide association studies have revealed multiple associations with immune-system-related gene variants, most importantly the HLA-DR15 haplotype (2); focal MS lesions are thought to be caused by the infiltration of immune cells, including T cells, B cells and myeloid cells, into CNS parenchyma (3); a substantial fraction of T and B cells isolated from CNS lesional tissue and the cerebrospinal fluid (CSF) from MS patients are derived from clonal expansion (4, 5); intrathecally produced oligoclonal antibodies present in the CSF show evidence for antigen-dependent affinity maturation (6); various immunotherapies targeting lymphocyte survival, function or migration show beneficial treatment effects (7); and some facets of MS can be mimicked in experimental animal models largely driven by autoimmune T cells and collectively termed experimental autoimmune encephalomyelitis (EAE) (8). Long considered a variant of MS, Neuromyelitis optica (NMO) is a separate, rare disease entity characterized, in most cases, by selective but not exclusive involvement of the optic nerve and spinal cord, also evolving with a relapsing-remitting clinical course. Pathogenic immunoglobulin G (IgG) antibodies binding to aquaporin-4 (AQP4), a water channel located at the terminal feet of astrocytes in the blood–brain barrier, are detectable with high specificity in patients with NMO, but not in MS. The term NMO spectrum disorders (NMOSD) was coined to include rare CNS syndromes with predominant optic nerve and spinal cord involvement even in absence of AQP4-specific IgG. While patients with NMOSD benefit from immunosuppressive therapy, not all treatment modalities effective in MS are equally effective in NMOSD, indicating that underlying disease mechanisms are different (9).

Although there is still no curative treatment for (MS), disease-modifying medications have developed enormously during the last 30 years. Interferon-β and glatiramer acetate were the first modalities approved for the therapy of MS three decades ago. The introduction of oral medications including sphingosine 1-phosphate receptor modulators, fumarates, dihydroorotate dehydrogenase inhibitors, and purine nucleoside analogues was a second important milestone (10), followed by the development of recombinantly produced monoclonal antibodies (mAbs) for MS therapy. Natalizumab, a recombinant humanised anti-α4-integrin antibody marketed as Tysabri®, was the first mAb to be approved in the USA and Europe for the treatment of MS in 2004 (11). Natalizumab blocks the interaction of α4 integrins with their ligands, thereby inhibiting migration and trafficking of leukocytes through the blood-brain barrier and the extracellular matrix within the central nervious system. Most of the mAbs currently approved for the treatment of MS employ a different, immunosuppressive mechanism of action: they deplete pathogenic immune cells through pro-inflammatory Fc receptor-mediated effector mechanisms. In addition to immune cell-depletion, some of these therapies might re-establish immune tolerance through short-term immunosuppression followed by rebuilding of a new and healthy immune system. This review illustrates recent developments in the design and effector mechanisms of Ab-based cell deletion therapies in MS, evaluates clinical benefits and risks of currently approved treatment modalities and provides an outlook on emerging and future developments. To examine immune reconstitution effects as well as measures of efficacy, we compare Ab-based therapies with autologous haematopoietic stem cell transplantation (AHSCT), a treatment strategy involving mobilization and storage of haematopoietic stem/progenitor cells and intensive immune ablation followed by re-infusion of the autologous stem/progenitor cells and repopulation of the lympho- and haematopoietic systems (12).


Effector mechanisms of cell-depleting therapeutic Abs in MS

Cell-depleting therapeutic IgG antibodies in MS lyse target cells through at least three mechanisms (Figure 1): I.) antibody-dependent cellular cytotoxicity (ADCC) triggered by signaling through activating Fc receptors (FcγRs) expressed by natural killer cells; II.) complement-dependent cytotoxicity (CDC) through binding of C1q, which initiates activation of the classical complement pathway; and III.) antibody-dependent cellular phagocytosis (ADCP) mediated by phagocytes recognizing opsonized target cells. Membrane-bound complement cleavage products such as C3b or C4b also function as opsonins by interacting with complement receptors on effector cells which can result in complement-dependent cellular phagocytosis (CDCP) (Figure 1).




Figure 1 | Effector mechanism of cell-depleting therapeutic IgG antibodies in MS. Complement-dependent cytotoxicity (CDC) is triggered through binding of C1q, which initiates activation of the classical complement pathway. Signalling through activating Fc receptors (FcγRs) expressed by innate immune cells such as natural killer cells and phagocytes initiates antibody-dependent cellular cytotoxicity (ADCC) and antibody-dependent phagocytosis (ADCP). Membrane-bound complement cleavage products such as C3b can additionally function as opsonins by interacting with complement receptors on effector cells which can result in complement-dependent cellular phagocytosis (CDCP).



Immune cell-depleting Abs currently approved for MS therapy include alemtuzumab and CD20-targeting Abs. Alemtuzumab is a humanized monoclonal IgG1 kappa antibody that selectively targets CD52, an antigen highly expressed on T and B cells, to a lesser extent on innate immune cells, but not on haematopoietic stem cells (HSCs) (13). It is currently approved by the FDA and EMA for highly active relapsing‐remitting (RR) MS, and data from initial treatment cohorts as well as extension studies of phase III clinical trials provided evidence that alemtuzumab can induce prolonged disease remission with no evidence for disease activity in more than 50% of treated patients (14, 15).

CD20+ B cell-depleting therapy is highly effective against relapsing forms of the disease, and is also the first treatment approach proven to prevent disability worsening in primary progressive MS (PP-MS). Rituximab, initially developed and approved for the therapy of B cell-lymphomas, is effective in the treatment of several autoimmune diseases including MS (16). Ocrelizumab (Ocrevus ®), a second-generation humanized anti-CD20 antibody, is approved by the FDA, the EMA and other regulatory agencies for the treatment of relapsing MS and PP-MS. Ofatumumab (Kesimpta ®) is a fully humanized CD20-specifc Ab approved by the FDA and EMA for the treatment of active relapse-onset MS.

All of the three aforementioned Abs are of the human IgG1 subclass and target the CD20 antigen, expressed by a broad range (immature, transitional, naïve and memory) of B cells but not by plasma blasts/cells, and by approximately 5% of circulating T cells (17). Therapeutic anti-CD20 mAbs differ, however, from each other in their structure, epitopes targeted within the CD20 molecule, binding affinity to cell-surface CD20, and their mechanisms of action of B cell depletion (Figure 2). Depending on their capacity to cluster CD20 on the cell surface, anti-CD20 antibodies are grouped into type I and type II, the latter not having this ability (18, 19). Type I antibodies like rituximab, ocrelizumab and ofatumumab have been shown to efficiently activate complement, presumably because clustering facilitates the formation of hexameric IgG-Fc platforms suitable for C1q binding (20, 21). While both type I and type II antibodies are able to induce ADCC as well as ADCP (19), type II antibodies appear to be superior in inducing direct cell death (22, 23). In vitro data indicates that rituximab depletes through both FcγRs as well as complement dependent effector mechanisms. Ocrelizumab, equipped with humanized Ab backbone, exhibits greater ADCC compared to CDC than rituximab, but also depletes B cells through antibody-dependent cellular phagocytosis. Ofatumumab, a fully human monoclonal antibody was designed for greater CDC than ADCC activity (24–27) and is currently the only anti-CD20 mAb administered in a subcutaneous, rather than intravenous, dosing regimen. To what extent these different effector mechanisms contribute to cell-depleting or, in general, therapeutic Ab activity in vivo is less well understood and might depend on the disease condition treated and on the organ environment in which the antibody mediates its activity (28). It has become clear across many pre-clinical animal model systems that cytotoxic antibody binding to cellular FcγRs is critical for their therapeutic activity in vivo (29, 30).




Figure 2 | B cell-depleting mAbs with proven efficacy in MS and NMOSD, based on phase 3 randomized controlled clinical trials. Therapeutic Abs differ in their molecular design and targeted epitopes.



Ab effector functions are regulated by a single biantennary glycan of the heavy chain, which resides just below the hinge region, and the presence of specific sugar moieties on the glycan has profound implications on IgG effector functions. The majority of circulating IgG antibodies are fucosylated which, compared to afucosylated isotypes, reduces IgG´s binding affinity for the activating FcγRIII (CD16) and thereby its potential to induce ADCC (31, 32). Fucosylation also appears to impair ADCP (33, 34). Consequently, afucosylation of therapeutic cell-depleting mAbs results in improved target cell elimination.

Ublituximab is a novel type I chimeric, (IgG1) anti-CD20 mAb glycoengineered with a low fucose content in its fragment crystallizable (Fc) region to enhance affinity for all variants of FcγRIIIa receptors, thereby producing potent ADCC (35). Ublituximab targets a unique epitope on CD20 not targeted by other anti-CD20 mAbs and exhibits 100 times greater natural killer cell–mediated ADCC in vitro than rituximab in cells from patient donors with chronic lymphocytic leukemia (CLL) (36). The potent ADCC activity allow for administering lower doses and shorter infusions times versus other presently available anti-CD20s mAbs. Two identical Phase 3, randomized, multi-center, double-blinded, active-controlled studies, ULTIMATE-I (NCT03277261) and ULTIMATE-II (NCT03277248), are reported to show clinical efficacy in patients with relapsing forms of MS (37).

Inebilizumab is an afucosylated type 1 humanized IgG1 mAb specific for CD19 and depletes a wide range of B lineage cells, including plasmablasts and some plasma cells (38). Targeting of the latter two populations could have a therapeutic merit particularly in antibody-mediated neurological disease such as NMOSD. Efficacy and safety of inebilizumab in individuals with (NMOSD) and detection of pathogenic antibodies specific for aquaporin 4 were demonstrated in the randomized, double-blind, phase 3 placebo-controlled study (ClinicalTrials.gov identifier: NCT02200770) (Clinicaltrials.gov) (39). Due to its efficacy for targeting a broader range of B cells, including Ab-secreting cells unrecognized by anti-CD20 agents, inebilizumab may have a greater therapeutic impact than the aforementioned CD20-specific agents. The aforementioned RCTs reported an acceptable safety profile of inebilizumab in neurological patients. However, longer-term safety profiles of CD19-immunotherapies in neurological patients remain to be determined, specifically related to IgG depletion and risks for infectious diseases. Inebilizumab is currently undergoing clinical evaluation for kidney transplant desensitization, myasthenia gravis, and IgG4-related disease. Safety and tolerability of inebilizumab in MS has been tested in a phase 1 trial (40), but the clinical program to develop the drug for MS has been discontinued. (Table 1)


Table 1 | Abbreviations used in the manuscript.





Effect of cell depleting-Abs on adaptive immune signatures in MS

Immunological studies on cell-depleting Abs, as well as those on AHSCT, provided important insights into mechanisms responsible for their clinical efficacy and safety profiles. We can distinguish for both on- and off-target (or unanticipated) effects, desirable and unwanted side effects (Table 2).


Table 2 | Summary of on- and off-target effects on the immune system of therapeutic cell-depleting mAbs and relationship with benefits and risks of adverse events.




Alemtuzumab

Alemtuzumab induces the reduction of circulating lymphocyte counts with little effect on monocytes, NK cells and granulocytes, promoting a rapid (within 1 month) and marked depletion of B (up to 85%) and T lymphocytes (up to 95% for CD4+ and 85% for CD8+ T cells), with similar dynamics following each course of treatment (42). After depletion, immune cell repopulation occurs with different rates across lymphocytes subsets.The median time to recover the lower limit of normal was shorter for B cells (7.1 months) compared with T cells (median of 20 and 35 months for CD8+ and CD4+ T cells, respectively), and values after 1 year of treatment were still reduced by 70% for CD4+ cells and by 50% for CD8+ cells (94, 95) Furthermore, over a median follow-up of 12 years (range 0.5 – 16) the recovery to baseline levels for CD8+ and CD4+ counts was reported in only 30% and 21% of the patients, respectively (44).

Alemtuzumab depletes both naïve and memory phenotypes, and the subsequent repopulation occurs according to differential patterns for T and B cells, inducing changes in the relative proportions of subsets compared to pre-treatment. In the T cell compartment, the immune cell repopulation is mainly driven by homeostatic proliferation of residual clones, inducing a relative decrease in naïve and increase in effector memory cells, especially in the T CD8+ pool, with a predominance of terminally differentiated memory CD45RA+ (TEMRA) cells for at least 24 months (45, 51). Consistent with the sustained peripheral proliferation of T cells, CD4 and CD8 Ki67 expression was increased for up to 2 years after alemtuzumab, as were markers of increased activation (HLA-DR) and susceptibility to Fas-mediated apoptosis (CD95), with evidence in both CD4+ and CD8+ cells of chronic activation and repeated cell division (51). CD4 expression of programmed death-1 (PD-1) and lymphocyte activation gene-3 (LAG-3) were increased 6–9 months after treatment (51). The lack of a relevant contribution of thymic reactivation is suggested by: (i) a reduced number of cells recently generated from the thymus identified by T cell receptor (TCR) excision circles (TRECs); (ii) the observation that up to month 12 following treatment T cells exhibit reduced clonality in the TCR repertoire, being the baseline high-frequency clones expanded post-treatment (51). Similar findings were reported also within the regulatory T (Treg) cell compartment (48).

As for B cells, a rapid and early hyper-repopulation is observed, achieving absolute values above baseline by 35.3% in CARE-MS I and by 26.8% in CARE-MS II (42), being higher increments (up to 165% of the baseline count) also reported (96). Opposite to the T cell pool, the repopulated B cell pool is dominated by immature phenotypes associated with an increase in B-Cell Activating Factor (BAFF) levels (96) The depletion of total memory B cells is sustained up to month 36 compared with baseline, and it is associated with a significant elevation of total naïve B cells from month 5 to 48, up to a 180% increase compared with pre-treatment levels (42, 49). Plasma cells express little or no CD52 and seem not to be affected by alemtuzumab (97, 98).

As an on-target effect, the lymphocyte depletion induced by alemtuzumab promotes a long-term abrogation of MS disease activity, which is thought to be mediated, at least in part, by the ablation of disease-mediating T and B cells. Compared with untreated MS patients and healthy controls, an increase in proliferative responses of T cells to self-antigens was observed following alemtuzumab treatment (41). However, this was associated with a marked increase in T cell apoptosis persisting for at least 18 months, with increased expression of caspase-3 in T cells and monocytes compared with untreated MS (41). More recently, the antigen-specific immune response to different CNS self-antigens and control non-self-antigens was evaluated in five patients by ELISpot, showing that both the cumulative number of IFN-γ secreting cells and the ratio of IFN-γ secreting cells/CD4+ T cell counts were reduced following treatment compared to baseline (43). Although Th1 counts were not assessed, the Authors speculated that these data might suggest that alemtuzumab induces functional changes in the immune cell repertoire.

Correlations between the kinetics of immune cell repopulation and disease activity were not consistently detected across studies, suggesting that subtle qualitative changes in immune cell subsets might be relevant to the therapeutic effects (99–101). Aligned with this observation, CD4+CD25+CD127+foxP3-Teff cells were recently suggested as a possible marker for monitoring disease activity, as patients with stable disease showed a trend for reduced levels of such population, with reduced Teff: Treg ratios (49). Furthermore, exploratory analyses using a random generalized estimating equation Poisson model suggested that the relative balance of several key potentially pathogenic and regulatory subsets might be associated with the risk for gadolinium-enhancing lesions, with an association between the risk for T2 lesions and CD3+CD8+CXCR3+ T cells (49).

A modification in the balance between cell subsets and in patterns of cytokine secretion following immune cell repopulation may therefore be considered as an unexpected off-target beneficial effect of alemtuzumab that may contribute to the abrogation of disease activity.

An increase in regulatory populations was described following alemtuzumab treatment, both in the T and B cell compartments (49). Briefly, an expansion in Treg compared with baseline was observed starting at month 1, with a more modest although significant elevation up to year 2 (45, 46). Treg predominantly exhibited a mature/activated phenotype and performed an effective suppression of induced proliferation of patients’ peripheral blood mononuclear cells at months 5 and 17 of treatment compared with CD25-depleted peripheral blood mononuclear cells with effective reduction in the IL-17 and IFN-γ responses upon myelin-basic protein (MBP) stimulation (49). These observations suggest that Tregs are functional and may exhibit enhanced suppressive activity in the early phase of repopulation after each course of alemtuzumab treatment (49). In another study, the suppressive function of post-depletion Treg from MS patients remained constantly increased compared to baseline over 24 months after alemtuzumab start, nearly reaching levels comparable to those seen in Treg obtained from healthy donors (48). The restoration of deficient counts of B cells expressing a “regulatory” phenotype (CD19+CD24hiCD38hi and CD19+PD-L1hi) in the peripheral blood of relapsing MS patients was observed during the first year following alemtuzumab (47) Values of the naïve B “regulatory” phenotype CD19+CD20+CD27-CD24hiCD38hi were significantly increased compared with baseline up to month 36 following treatment in another study, with a marked decrease in the ratio of total memory B cells to naïve “regulatory” cells (49). In a cross-sectional study, B cells collected from patients who had received alemtuzumab secreted significantly higher levels of IL-10 and brain-derived neurotrophic factor (BDNF) up to month 24 compared to a cohort of pre-treated MS patients (50). Furthermore, B cells from post-treatment cohorts showed a greater inhibition of the proliferation of autologous CD4+CD25- T cells as compared to the pre-treated cohort, suggesting enhanced regulatory ability of B cells up to month 24 after treatment commencement.

Changes in the relative proportion of CD4+ and CD8+ T cell subsets were demonstrated by the observation of an incremental increase in the percentage of TGF- β1, and IL-10–producing CD4+ and CD8+ T cells within 12 months from treatment, as well as of IL-4–producing Th2 and CD8+ T cells, whereas the percentages of IL-17A–producing Th17 cells and IFN-γ–producing Th1 and CD8+ T cells were significantly decreased (45, 51). A transient increase in the percentage of CD4+IFN-γ+ Th1 cells at month 5 compared with baseline was observed in another study (49). Consistent with Treg and Th2 expansion, gradually increasing serum levels of IL-7 and IL-4 were observed over the first 6 months after treatment compared with baseline, whereas cytokines produced by or polarizing towards Th17 and Th1 phenotypes (IL-17A, IL-17F, IL-21, IL-22, and IFN- γ; IL-11, IL-1β, IL-6, and IL-23, IL-27 and IL-12) were reduced (45)A significant reduction in concentrations of IL-2, IFN-γ and IL-17A compared to baseline was reported up to month 23 after treatment (49). Accordingly, mRNA levels of the anti-inflammatory cytokines IL-10, IL-27, and TGF-β significantly increased after alemtuzumab treatment compared with baseline (46). On the other hand, levels of proinflammatory cytokines and transcriptional factors related to the Th17 and Th1 subset, and of proinflammatory chemokines or chemokine receptors (CCR3, CCR4, CCR5, CCR6, CXCR3, CXCL10, CCL20, VLA4) significantly decreased. These modifications occurred during the first 12 months, and remained at values similar to month 12 over the subsequent year of follow-up (46). After alemtuzumab treatment, an increase of CD4+ and CD8+ T cells that express CXCR3 and CCR5 and of CD8+ T cells that express CDR3 and CCR4 was reported the majority of these cells expressed VLA-4, suggesting heightened trafficking potential in activated T cells (49).

Few data are available on the impact on the CSF compartment, and CSF oligoclonal bands (i.e. two or more oligoclonal IgG bands detected by separation of CSF proteins while not demonstrable in corresponding serum) (102) were still present in all the 15 cases tested before and after 3 to 28 months following alemtuzumab administration in one study (44). More recently, a decreased intrathecal IgG production was reported in association with reduced peripheral blood IgG levels, and oligoclonal bands disappeared in two cases at month 24 of follow-up (103).

Increased risk of infections might be considered as an unwanted on-target effect, that may be attributed at least in part to prolonged T cell depletion, particularly CD4+ (42). A progressive reduction in the concentrations of all (Ig)subgroups, that was described over 36 months after initiation of alemtuzumab therapy in one study, might also contribute to this adverse event, as reduced IgG concentrations were associated with an increased incidence of pneumonia, otitis, and sinusitis (103).

Secondary autoimmunity may be considered as an unexpected off-target detrimental effect of alemtuzumab, promoted by “unbalances” between cell subsets that take place during immune cell repopulation Both antibody-mediated and T-cell mediated autoimmune diseases have been described following alemtuzumab treatment (56).

Rapid hyper-population of B cells, which might not be adequately counterbalanced by Tregs (absolute number of CD4 Tregs reduced by 81% in CARE-MS I and 86.3% in CARE-MS compared with baseline) (45, 52), and homeostatic proliferation of T cells are supposed to contribute to this category of adverse events. Patients developing autoimmunity showed, compared to those who did not, reduced thymopoiesis at month 12 (51), and higher rates of T cell cycling, with increased proliferation and apoptosis but without differences in lymphopenia between groups (41) Occurrence of autoimmunity was associated with increased production of IL-21 in one study, possibly driven by a genetical susceptibility (41). Furthermore, a greater T cell clonal restriction following alemtuzumab treatment by both sequencing (increased high-frequency clones) and TCR CDR-3 length spectratyping (more undetectable BV families and reduced complexity of the remaining families) was associated with the development of autoimmunity (51). Serial TCR sequencing showed that T-cell pool remained oligoclonal at month 12 in one patient who developed autoimmunity, whereas TCR diversity had recovered by month 6 and was higher than pre-treatment at month 12 in another who did not (51). B cell hyper-population was suggested to drive also B cell-mediated tumefactive CNS demyelination reported in a few cases after alemtuzumab treatment (53–55) This event was associated with a decrease in B regulatory cells with CD19+CD24hiCD38hi phenotype at the time of disease reactivation in one case (104).



Ocrelizumab, ofatumumab and rituximab

Ocrelizumab induced a reduction of CD19+ cells to negligible levels by week 2 from treatment, whereas CD4+ T cells remained stable throughout the treatment period in the pivotal trials (59, 60). An initial 2–6% mean decrease from baseline in peripheral-blood counts of CD3+ or CD8+ cells was observed at week 2, followed by an additional 2-6% decrease for CD8+ cells from week 2 to the end of the trials (week 96 or 120) (59, 60).

In the phase 2 dose-finding trial MIRROR, ofatumumab (from 3 to 60-mg doses every 12 weeks, or 60 mg every 4 weeks) induced a dose-dependent depletion of B cells, being greater for the 60-mg dose every 4 weeks (to <2% of baseline levels at maximum depletion) and the 30- and 60-mg dose every 12 weeks (to ≈5% of baseline) than for the 3-mg dose every 12 weeks (to ≈25% of baseline) (61). Similar rates of B-cell repopulation were observed across groups, being B-cell repletion achieved by 64% to 74% of patients by week 24 after the last administration, but repopulation was slower for the higher-dose groups. After the loading dose of 60 mg, ofatumumab leads to B-cell depletion in the peripheral blood, which is sustained following subsequently monthly 20 mg dosing (69). By day 14 (i.e. after having received 40 mg-ofatumumab), B-cell counts were below the lower limit of normal in all the treated patients, with a median depletion by 99.1% of baseline values. A bioequivalent rapid B-cell depletion was observed with ofatumumab 20 mg every 4 weeks self-administered subcutaneously via autoinjector compared with the pre-filled syringe, independent of body weight quartiles (105). In ofatumumab-treated patients, a significant relationship between weighted mean B-cell count and new gadolinium-enhancing lesions was reported by post-hoc analyses, but moderate B-cell depletion (with circulating B-cell levels to ≈25% of baseline) was surprisingly effective in significantly reducing new gadolinium-enhancing lesions (relative reduction: 71%) (61). Partially explaining this finding, the observation from animal models that subcutaneous administration of antibodies allows more direct access to the lymph nodes compared with intravenous infusion, promoted by the absorption into the lymphatic system (106, 107). This may allow targeting B cells in the lymph nodes directly while sparing those in the spleen, a phenomenon that could help preserve the immunosurveillance (105).

Two doses of rituximab 1000 mg induced a rapid and near-complete depletion of CD19+ B lymphocytes (>95% reduction from baseline) starting from week 2 until week 24 and followed by gradual replenishment with a return to 31% of the baseline value by week 48 (16). Following two additional doses administered six months after the first course, one-third of the patients recovered B cell count at week 122 (57). Similar reductions compared with baseline were observed after subsequent courses of treatment, without a significant effect of the dose (< or ≥2 g each course) of rituximab administered, suggesting a possible ceiling effect (108) however, time to recovery of B cell count was faster for lower doses (250 mg) compared with higher doses (500 – 2000 mg) (109). Rituximab induced a similar pattern of depletion in NMOSD patients, followed by a repopulation promoted mainly by CD27- naïve B cells, that represented on average 86.2% of the B cell poo (58).

As an on-target effect, anti-CD20 mAbs promote the depletion of CD20 expressing cells, including subsets that may plausibly contribute to MS pathogenesis. Most of the CD20 bearing cells are represented by B cells, but the mechanisms underlying B cell role in disease pathogenesis are not fully understood: these might include pleiotropic functions involved in the interaction with the T cell compartment, such as cytokine secretion, antigen presentation, and driving of auto-proliferation of Th1 brain-homing CD4+ T cells by memory B cells (110). The beneficial effects of B cell depletion may be mediated, at least in part, by phenotypic and functional changes occurring in the re-populated B cell pool. This latter is characterized by a skewing towards naïve phenotypes after both ocrelizumab or rituximab administration, with an early decrease in naïve and memory B-cell numbers associated with an increase in percentages of plasmablasts and transitional B cells (5, 65). The subsequent replenishment is dominated by IgD+CD27- naïve and transitional B cell subsets, whereas memory B cell populations and IgD-CD27- B cells remained depleted for significantly longer, up to weeks 37–52 after rituximab administration (5, 65).

Modifications in the pattern of cytokine secretion towards an anti-inflammatory balance were also described, and they could contribute to reducing the state of activation and proliferation of pathogenetic T cells.

Relative to the total CD19+ B cell number, ocrelizumab induced a decrease in the percentage of B cells producing TNF-α, and an increase in the proportion of regulatory B cells producing IL-10 (65). However, the relative increase in the production of GM-CSF and frequency of IL-6 producing B cells suggest that complete restoration of immune tolerance was not achieved (65).

Opposite to this latter finding, repopulated B cells from MS patients treated with rituximab secreted reduced levels of IL-6, achieving values comparable with healthy controls (73). In another study, the secretion of IL-10 increased, whereas the frequencies of circulating GM-CSF+ B cells and secretion of GM-CSF decreased after treatment with rituximab (at a time when B cells were reconstituted to pre-treatment levels) compared to baseline, therefore resulting in an essentially normalized GM-CSF/IL-10 ratio (74). These changes were associated with decreased myeloid cell proinflammatory responses that persisted even after B cells reconstitution, in keeping with the diminished proinflammatory response profile of the reconstituted B cells. Similarly, rituximab promoted an enhancement of regulatory B cell function in NMOSD patients, as newly developed B cells secreted higher levels of IL-10 and decreased levels of lymphotoxin following depletion compared to baseline, consistent with the predominance of naïve B cells over memory phenotypes in the repopulated pool (72).

As an off-target unexpected effect plausibly mediated by enhanced regulatory function of B cells, modifications in T cell activation were also observed. A decrease in the percentages of CD4+ and CD8+ T cells producing IFN-γ to total CD4+ and CD8+ T cells, respectively, was reported following ocrelizumab treatment (65). Th1 (IFN-γ) and Th17 (IL-17) responses and proliferative responses of CD4+ and CD8+ T cells were reduced in MS patients treated with rituximab compared with baseline these modifications were suggested to be mediated by a reduced production of the pro-inflammatory cytokines lymphotoxin and TNF-α by the repopulated B cells (75).

In another study, IL-17 production in peripheral blood mononuclear cells from RR-MS patients treated with rituximab was lower than pre-treatment (without differences in IFN-γ), suggesting that this could be mediated by a reduced IL-6 production after B cell depletion (73).

Although the CD20+ pool is mostly constituted by B cells, CD20 is expressed also by a minor subset of T cells exhibiting an activated phenotype with increased production of proinflammatory cytokines (111). CD20+ T cells can be detected in peripheral blood, CSF and CNS lesions from MS patients and are considered possibly relevant to disease pathogenesis (112). The depletion of CD20+ T cells might therefore contribute to the therapeutic effectiveness of anti-CD20 mAbs, and its occurrence was independently reported following the administration of ocrelizumab or rituximab.

Two weeks after the first administration of 300 mg ocrelizumab, CD3+CD20+ T cells (representing at baseline almost 20% of the CD20+ cells) were rapidly and efficiently depleted from peripheral blood of MS patients (63) These findings were confirmed by another study showing a marked decrease in both absolute numbers and percentages of CD20+ T cells relative to CD3+ T cells six months after ocrelizumab start, being the relative reduction significant in both CD4+ and CD8+ subsets (65).

Similarly, a near-complete depletion of CD3+CD20+ T cells during weeks 1–12 after rituximab administration was reported, from a mean frequency of 7.8% to 0.36%, lasting for at least one year and followed by partial repletion (2.7%) starting from weeks 25–36 (5).

Mild and transient changes were observed after ocrelizumab administration also in the CD20- T cell population, with a decline in the proportion of effector T cells associated with a relative increase of CD8+ naïve T cells and the ratio of naïve/effector subsets for both CD4+ and CD8+ T cells, suggesting the redistribution of the T-cell compartment favoring naïve vs effector phenotypes (65).

Different effects on the T cell pool were observed after rituximab administration. No significant changes were reported in the whole CD3+ T cell counts in three studies on MS patients (5, 16, 57), whereas an early and transient reduction in CD3+ cells (by on average 25%) was observed in the first three months after treatment in a mixed cohort of MS and NMOSD patients, without significant changes compared to baseline following subsequent courses of treatment (108). Different factors, such as concomitant treatment, previous exposure to immunosuppressive drugs and presence of lymphopenia at baseline in a subset of cases, could contribute, at least in part, to this latter finding No significant changes in the numbers of CD4+, CD8+ cells nor in the CD4+/CD8+ ratio over long-term follow-up were observed in another study on MS and NMOSD patients (109).

Cell depletion was evident also in the CSF, where, at week 24 after 4 weekly doses of rituximab 375 mg/m2, the number of CD19+ B cells and CD3+ T cells were reduced by 90% and 55% compared with baseline, respectively (113). In the same study, no significant differences in IgG concentration, IgG index, IgG synthesis rate or number of oligoclonal bands were observed . A significant decline of CSF levels of CXCL13 (a chemoattractant factor for B cells and activated T cells) was reported following treatment with rituximab, with a positive correlation between CXCL13 and the degrees of reduction of T cell counts in the CSF (114). Based on these observations, the Authors speculated that B cells may indirectly promote reduced T cell trafficking across the blood-brain barrier involving the reduced CNS production of chemoattractant factors, such as CXCL13, by non-B cells.

As an on-target detrimental effect, serum Ig levels were reduced by CD-20 depleting mAbs, with potential implications for long-term safety.

At week 96 of the pivotal trials of ocrelizumab in R-MS, proportions of treated patients with Ig levels below the lower limit of normal were 1.5% and 2.4% for IgG and IgA, respectively, and 16.5% for IgM; no impact on existing antibody titers for mumps, rubella, varicella, or pneumococcus was reported (59). After five years of treatment, serum Ig levels were further reduced, being below the lower limit of normal in 5.4% and 5.1% of the cases for IgG and IgA, respectively, and in 29.5% for IgM, compared to 0.5% for IgG and IgM and 1.2% for IgG at baseline (70). Similar proportions were observed in ocrelizumab-treated PP-MS patients, being cases with IgM levels below the lower limit of normal 15.5% at week 120, compared with 1.2% of those in the placebo group (60). These proportions increased to 29% for IgM and 5% for both IgG and IgA at 6.5 study years of follow-up (71). In a pooled population of R-MS and PP-MS patients who received ocrelizumab in the pivotal trials, serious infections following episodes of a drop in Ig concentrations below the lower limit of normal were rare (67). Most of the infections (mainly represented by urinary tract infections, cellulitis, and pneumonia) resolved with standard treatment, without requiring ocrelizumab withdrawal.

Similar rates of patients with Ig deficiency were observed during ofatumumab treatment, being the proportion of cases with IgM levels below the lower limit of normal 14.3% (69).

A reduction of IgM levels below the lower limit of normal was reported in 22% and 32% of MS patients who had received 2 or 4 1000 mg-administrations of rituximab, respectively, with higher rates reported for longer exposures to treatment (16, 57), IgM were reduced in 37% of the NMOSD patients at year 5 of treatment, and IgA and IgG were reduced in 30% and 13% of the cases, respectively (58).

As a consequence of the impairment in antibody production, B cell-depleting therapies might interfere with the generation of an effective response to vaccination, as suggested by the observation that MS patients receiving ocrelizumab showed an attenuated humoral response compared to those receiving interferon or no treatment to clinically relevant non-live vaccines (tetanus toxoid, pneumococcal polysaccharide, pneumococcal conjugate vaccine, seasonal inactivated influenza) administered 12 weeks after treatment initiation (68). However, recent evidence suggests that cell-mediated immune response may preserve vaccine efficacy in B-cell depleted MS patients, although differential effects depending on the specific vaccination strategy adopted cannot be excluded (115, 116).



Ublituximab

CD19+ B cells were efficiently depleted in most patients within 24 hours of receiving the initial 150 mg dose of ublituximab within 2 weeks after the second infusion, B-cell count was reduced by at least 95% from baseline, being the reduction sustained without significant recovery both at week 24 (pre-dose) and at week 48 of follow-up (62). Similarly, an immediate B cell depletion after a single 450 mg-dose of ublituximab was observed in five NMOSD patients treated in a pilot study, with a sustained depletion in B cell count ≤0.2% for two months in 4/5 cases, being 0.9% in the remaining one (117).

A transient but significant reduction in the percentage of T cells with respect to the total peripheral blood mononuclear cells count (from 43% of baseline to 29% of day 2) was observed about 24 hours after ublituximab administration, reverting to baseline by week 2. This phenomenon could be interpreted as a relative decrease of T cells in the peripheral blood due to efflux of myeloid cells from the bone marrow in response to the rapid depletion of B cells, as suggested by the observation, in the same timeframe, of a significant increase in the percentage of myeloid cells (64).

As for T cell subsets, a relative increase in the proportions of naïve CD4+ and CD8+ T cells with a reciprocal decrease in effector and central memory CD4+ and CD8+ T cells, without changes in the CD4+/CD8+ ratio, was observed during the first 24 weeks of ublituximab treatment (64). These modifications were significant starting from week 12 for the CD4+ T cells, whereas for CD8+ T cells the change in naïve/memory ratio occurred immediately on day 2, suggesting that some CD8+ T cells bearing the CD20+ marker may have been deleted by ublituximab. The depletion of CD20+ T cells by ublituximab was confirmed in MS patients by a subsequent study, showing an early (within 24 hours from the first administration) and long-term depletion of the vast majority of CD20+ T cells, being these latter naïve cells (as determined by CD45RA) in >95% of the cases (66). The modifications in the T cell subset persisted after the third ublituximab infusion performed at 24 weeks, up to week 48 (66).

A significant decline in the percentage of Th1, but not in IL-17+ and GM-CSF+ CD4+ T cells, and an increase in the percentage of Tregs (CD4+CD25hiFoxp3+ T cells) was observed over time in MS patients treated with ublituximab (64), and the proportion of Tregs doubled baseline values at week 48 (66). Furthermore, there was a significant decrease in the ratio of Th1:Tregs, Th17:Tregs, and CD4+GM-CSF+:Tregs, suggesting a shift in the T cell profile towards anti-inflammatory phenotypes, plausibly able to effectively regulate potentially pathogenic CD4+ T cells in MS (66).



Inebilizumab

Inebilizumab treatment in NMOSD patients induced a robust depletion of CD20-positive B cells, that was maintained for at least 4 years (76). In a phase I study on 21 MS patients treated with different doses of inebilizumab, rapid B-cell depletion was observed at all dosing regimens except the 60-mg subcutaneously dose; the extent and duration of the B-cell depletion were dose-dependent, with most dose groups maintaining 90% depletion throughout the 24-week follow-up period (40). To our knowledge, no data are available so far on the effect of inebilizumab on T and B cell phenotypes or activation status in MS or NMOSD.

As an unwanted on-target effect, concentrations of IgG, IgM, IgA, and IgE decreased over time during treatment with inebilizumab. Most participants (76%) maintained normal IgG levels, and no significant associations were observed between the lowest reported IgG categories and severe infections, although the relatively small number of the participants could have prevented from finding significant correlations (76). In a phase I study on MS patients, total Ig levels at week 24 showed a mean percentage decrease of 10.5% from baseline, rising to 15.0% at the 18-month follow-up (40). The reduction was greatest for IgM, but was observed in all the Ig subtypes, although the total Ig levels remained within the normal range in all the study patients, and no reduction in the tetanus titer was observed.



AHSCT

Substantial immunological changes, particularly affecting adaptive immunity, have been reported in patients undergoing AHSCT for autoimmune disorders, including major contributions from studies in people with MS. The topic of immune reconstitution following AHSCT in MS has been recently reviewed in detail (118). Among the most relevant effects that support the notion of “immune resetting” we highlight: the demonstration of thymic reactivation with regeneration of T cell receptor repertoire diversity (80); the demonstration of ablation of pre-treatment T cell repertoire in blood and CSF, and replacement with new T cells (83); and enhanced immune cell regulation (85). There is some evidence of regeneration of the B cell pool, with expansion of naïve B cell frequency after AHSCT (79), yet more research is needed to fill gaps in knowledge of the effects of AHSCT on the B cell compartment, which are potentially also relevant to the mechanism of action.




Clinical efficacy of immune-cell depleting Abs in MS

Relapses, disability and signs of focal inflammation at brain MRI are used, alone or in combination, to assess the effectiveness of DMTs in MS.

Clinical outcomes focus on relapses and disability. Relapses are defined as acute or sub-acute episodes of new or increasing neurological dysfunction followed by full or partial recovery, in the absence of fever or infection (119). The impact of a DMT on relapses is usually estimated using the following outcome measures: relapse-free survival (R-FS), i.e. cumulative proportion of subjects who have not yet experienced a relapse at a definite timepoint (120); and/or annualized relapse rate (ARR), defined as the number of relapses that occur during a specific timeframe, adjusted to a one-year period.

Disability is measured with the expanded disability status scale (EDSS), a non-linear scale ranging from 0 (absence of neurological signs and symptoms) to 10 (death due to MS) (121). Disability milestones are EDSS scores of 4.0 (limited walking ability, being the patient able to walk without aid or rest for more than 500 m), 6.0 (need for unilateral aid to walk for about 100 m without rest) and 7.0 (essential restriction to wheelchair). Confirmed disability worsening (CDW) is usually defined as an increase of at least 1.0 or 0.5 points if baseline EDSS was <5.5 or ≥5.5, respectively (or of 1.5 points if baseline EDSS was 0), confirmed at a subsequent neurological evaluation performed after 12 or 24 weeks. Disability outcomes are usually expressed as CDW-free survival (CDW-FS), and/or EDSS changes over a definite period of observation. More recently, confirmed improvement of disability (CDI) has been included as disability outcome in clinical trials. CDI is usually defined as a confirmed decrease in EDSS score of at least 1.0 or 0.5 points if baseline EDSS was <5.5 or ≥5.5, respectively.

MRI inflammatory activity is defined as the presence at brain MRI of gadolinium-enhancing lesions and/or new or enlarging T2 focal lesions compared with a reference scan (122). More complex radiological measures, such as brain atrophy, are also evaluated in recent trials, but are not yet routinely adopted in clinical setting due to the complexity of post-processing analyses required for their estimation (123).

No evidence of disease activity (NEDA-3) is a combined clinical and radiological outcome measure referring to the absence of all the following: relapses, EDSS worsening and MRI activity (as defined above) (124).

Figure 3 summarizes clinical efficacy of Ab-mediated cell depletion therapies and AHSCT on relapses (panel A), EDSS worsening (panel B) and clinical-radiological disease activity (NEDA-3; panel C) in patients affected by MS (data from randomized clinical trials -RCTs - and prospective randomized studies for Ab-mediated cell depletion therapies, and from prospective and retrospective cohort studies for AHSCT). The group DMTs represents the control arm of AHSCT in the MIST trial, and includes patients who received different treatments (interferons, glatiramer-acetate, dimethyl-fumarate, teriflunomide, fingolimod, natalizumab, rituximab, mitoxantrone, cyclophosphamide) “of higher efficacy or a different class than the therapy they were taking at the time of randomization” (125).




Figure 3 | Efficacy on Ab-mediated cell depletion therapies and AHSCT on clinical and radiological measures of disease activity in MS. Data derived from AHSCT studies (blue), treatment arm of RCTs on Ab-mediated cell depletion therapies (red) and corresponding control arms (green) are reported as cumulative rates of survival free from relapses (A), EDSS worsening (B), and combined clinical-radiological disease activity (NEDA-3, (C). Patients originally randomized to the control arm who were switched to the treatment under investigation during the OLE phase are marked with *. The control arm of the MIST trial on AHSCT is also depicted (DMTs), including patients who had failed DMTs prior to inclusion and received DMTs of higher efficacy or a different class than the therapy they were taking at the time of randomization. Differences in the characteristics of the patient populations included across trials (such as the selection of patients with highly active disease while on treatment and the lack of escalation in a subset of the cases for the DMTs group) could explain, at least in part, the fact that the DMTs group from the MIST trial performed lower than the placebo group of other trials.




Reducing MS relapses


Alemtuzumab

In two (RCTs) the efficacy and safety of alemtuzumab were compared with interferon beta 1a (IFN) in people with RR-MS who were naïve to treatments (CARE-MS I) or had relapsed while taking IFN or glatiramer acetate (CARE-MS II) (94, 95). In both the trials, the patients were randomized, in a 2:1 ratio, to receive alemtuzumab (12 mg per day) infused intravenously on 5 days at baseline and 3 days at 12 months, or IFN (44 μg) given subcutaneously three times per week after dose titration. CARE-MS II originally included an additional arm (alemtuzumab 24 mg) in which recruitment was prematurely closed after a protocol amendment, and the cases treated in this arm were excluded from primary analyses. Patients in the CARE-MS I were affected by early MS (inclusion criteria: naïve, disease duration up to 5 years and Expanded Disability Status Scale - EDSS - score up to 3.0), whereas those enrolled in the CARE-MS II were affected by a more advanced disease (inclusion criteria: disease duration up to 10 years and EDSS score up to 5.0). Occurrence of at least one relapse in the year before enrollment was required in both the studies. Primary analyses included 187 IFN-treated and 376 alemtuzumab-treated patients in the CARE-MS I, and 202 IFN-treated and 426 alemtuzumab-treated patients in the CARE-MS II trial. The mean EDSS score at baseline was 2.0 in CARE-MS I and 2.7 in CARE-MS II; the mean disease duration and age were 2.0 years and 33 years in CARE-MS I, 4.5 years and 35 years in CARE-MS II, respectively. At year 2, R-FS was significantly higher in the alemtuzumab group compared with the IFN group in both the trials (p<0.0001). For alemtuzumab-treated patients, R-FS was 77.6% (95% confidence interval, CI, 72.9 – 81.6) in CARE-MS I and 65.4% (95% CI 60.7 – 69.7) in CARE-MS II, compared with 58.7% (95% CI 51.1 – 65.5) and 46.7% (95% CI 39.5 – 53.5) for the IFN-treated patients in the two trials, respectively. Alemtuzumab reduced the risk of relapses compared to IFN by 54.9% in CARE-MS I and by 49.4% in CARE-MS II, being the yearly relapse rate on alemtuzumab treatment of 0.18 (95% CI 0.13 – 0.23) and 0.26 (95% CI 0.21 – 0.33), respectively.

Most of the alemtuzumab treated patients from the CARE-MS I and II trials were enrolled in a 4-year open-label extension (OLE) study. The results were provided as 3-year interim analyses for alemtuzumab treated patients in the core studies (defined as alemtuzumab-only group) (15, 126), and as a final 6-year report including also the outcomes of originally IFN-treated patients who switched to alemtuzumab at enrollment in the OLE (defined as IFN-alemtuzumab group) (127). During the OLE, alemtuzumab re-treatment due to disease activity (up to six courses in 0.3 – 1% of the cases) was received by 35.5% and 45.7% of MS patients enrolled in the core studies CARE-MS I and II, respectively treatment with other DMTs was administered in 2.6% of the patients from CARE-MS I and in 10.1% of those from CARE-MS II (127).

(ARR)remained low during the OLE, with a cumulative ARR over years 0-6 of 0.16 and 0.24 for the alemtuzumab-only groups from the core CARE-MS I and II, respectively (127). The proportion of MS patients free from relapses annually over years 3-6 was 84-89% in naïve (from CARE-MS I) and 79-87% in previously treated patients (from CARE-MS II) . As expected, a significant reduction in ARR compared to the core study was observed in the IFN-alemtuzumab groups, with a cumulative ARR in years 3-6 of 0.12 and 0.15 for patients from CARE-MS I and II, respectively.



Ocrelizumab

In two identical RCTs (OPERA I and OPERA II), people affected by relapsing MS (R-MS; PP-MS excluded) with active disease (defined as the presence of relapses over the previous 2 years) were randomized, in a 1:1 ratio, to receive intravenous ocrelizumab at a dose of 600 mg every 24 weeks or subcutaneous IFN at a dose of 44 μg three times weekly for 96 weeks (59). MS patients included in the analyses were 827 and 829 for the ocrelizumab and IFN arms, respectively. The mean age at enrolment was 37 years; the mean EDSS score at baseline was 2.8, and patients were naïve to treatment in most of the cases (71 – 75% across groups). The ARR on ocrelizumab treatment was 0.16 compared with 0.29 for IFN-treated patients, with a 46% and 47% lower rate with ocrelizumab in the OPERA I and II trials, respectively (p<0.001).

More than 94% of MS patients who completed the core OPERA I and II trials were enrolled in an OLE phase of 3 years, during which patients previously treated with ocrelizumab continued the treatment, whereas those treated with IFN switched to ocrelizumab 600 mg every 24 weeks (70). Through years 1-5, ARR remained low in MS patients receiving continuous ocrelizumab (ranging from 0.07 in year 5 to 0.14 over year 1), whereas in previously IFN-treated patients it was significantly reduced by 52% after switching to ocrelizumab (ARR 0.10 in year 3, and 0.07 in year 5). The difference in ARR was not significant between the two groups over years 3 to 5 (p=0.8, 0.97, and 0.7, respectively).



Ofatumumab

In the two identical RCTs ASCLEPIOS I and II, 1882 patients with active R-MS (PP-MS excluded) were randomized, in a 1:1 ratio, to receive ofatumumab at a dose of 20 mg subcutaneously every 4 weeks (after 20-mg loading doses at days 1, 7, and 14), or oral teriflunomide at a dose of 14 mg once daily, for up to 30 months (69). Patients were affected mostly by RR-MS (94% of the cases), with a mean age of 38 years and baseline EDSS of 3.0; on average, and 38-40% of the cases were naïve to treatment. Over a median follow-up of 1.6 years, ARR was 0.11 (95% CI 0.09 – 0.14) and 0.10 (95% CI 0.08 – 0.13) in the ofatumumab groups compared with 0.22 (95% CI 0.18 – 0.26) and 0.25 (95% CI 0.21 – 0.30) in the teriflunomide groups The relapse rate ratio was 0.49 (95% CI 0.37 – 0.65; p<0.001) and 0.42 (95% CI 0.31 – 0.56; p<0.001) for the ASCLEPIOS I and II trials, respectively. Analyzing pooled data from the two trials, R-FS at year 2 was 82.3% in ofatumumab-treated vs 69.2% in teriflunomide treated patients (128).

Long-term data on the safety (primary objectives) and effectiveness (secondary objectives) of ofatumumab will be provided by the ongoing open-label umbrella OLE study ALITHIOS, that enrolled 1701 R-MS patients who had previously participated in ofatumumab trials (phase 3 ASCLEPIOS, and phase 2 APOLITOS and APLIOS) (129).



Rituximab

In the phase 2 RCT HERMES, 104 patients affected by active RR-MS (i.e. with relapses over the previous year) were randomized in a 2:1 ratio to receive intravenous rituximab (1000 mg) or placebo on days 1 and 15, and followed up to week 48 (16). Mean age at inclusion was 39.6 (standard deviation - SD - 8.7) years in the rituximab and 41.5 (SD 8.5) years in the placebo arm, and median EDSS was 2.5 (range 0 -5) in both the arms; on average, 22% of the cases were naïve to treatment. The proportion of cases without gadolinium-enhancing lesions at baseline was unbalanced between groups, being 63.8% and 85.7% in the rituximab and placebo arms, respectively (p=0.02). The proportion of patients with relapses was reduced in the rituximab group compared with the placebo group both at weeks 24 (14.5% vs. 34.3%, p= 0.02) and 48 (20.3% vs. 40.0%, p=0.04), with an increased risk of relapse with placebo of 2.3 (90% CI 1.3 – 4.3) at week 24, and 1.9 (90% CI 1.1 - 3.2) at week 48. ARR was lower in the rituximab group compared with the placebo group at 24 weeks (0.37 vs. 0.84, p=0.04), but not at 48 weeks (0.37 vs. 0.72, p=0.08).

The efficacy of rituximab in PP-MS was explored in the phase 2/3 RCT OLYMPUS, where 439 people with PP-MS were randomized 2:1 to receive two doses (two weeks apart) of intravenous rituximab 1000 mg or placebo every 24 weeks through 96 weeks, for a total of 4 courses (57). The presence of active disease (i.e. relapses or MRI inflammatory activity) was not required as an inclusion criterion. The mean age at enrolment was 49.9 years (SD 8.9), the median EDSS score was 5.0 (range 2.0 – 6.5); 64.9% of the cases were naïve to treatment and gadolinium-enhancing lesions at baseline were observed in 24.5% of the cases. During the trial, relapses were observed in 2% of the patients in the rituximab group and 3.4% of those in the placebo group.

In an open label phase II trial, switching to rituximab from first line injectable therapies in clinically stable RR-MS patients induced a reduction in the number of gadolinium-enhancing lesion and in mean levels of CSF neurofilament light chains compared to the 3-months the run-in period (130), whereas another open label study randomizing 73 SP-MS patients to rituximab or glatiramer-acetate showed no differences between groups in relapse activity, nor in EDSS worsening (131).

The beneficial and adverse effects of rituximab as ‘first choice’ and as ‘switching’ therapy for adults with MS were recently explored in a Cochrane systematic review including 5 RCTs and 10 controlled non‐randomized studies of interventions comparing rituximab with placebo or approved DMTs (132). Overall, 6,429 participants (13,143 affected by R-MS, and 3286 with progressive MS) were included; over one to two years study duration, rituximab was compared as ‘first choice’ with placebo (1 RCT) or other DMTs (1 non‐randomized study of intervention ), or as ‘switching’ against placebo (2 RCTs) or other DMTs (2 RCTs, 9 non‐randomized studies of interventions. According to the Authors’ conclusion, rituximab as ‘first choice’ and as ‘switching’ therapy may compare favourably with a wide range of approved DMTs for preventing relapses in R-MS, whereas its protective effect against disability worsening was uncertain. For progressive MS, the effect of rituximab could not be determined due to the limited information available.



Ublituximab

In a phase 2 study, 48 patient with active R-MS (i.e. with relapses in the previous 2 years) were randomized, in a 3:1 ratio, to receive intravenous ublituximab or placebo over a study period of 48 weeks (62). The administration of the drug was performed on days 1 (initial dose 150 mg), and 15, and then at week 24 (maintenance dose 450 or 600 mg). Patients were enrolled in six cohorts with different doses and rates of infusion, and those allocated in the placebo arm crossed over to receive ublituximab at day 28. The primary endpoint of the study was the proportion of ublituximab-treated patients with at least 95% peripheral CD19+ B cell depletion from baseline at week 4, whereas clinical and radiological outcomes of response to treatment were investigated as secondary or exploratory endpoints. The mean age at inclusion was 40 years (SD 10), mean EDSS was 2.44 (SD 1.36); 33% of the patients were naïve to treatment. R-FS (secondary endpoint) at week 48 was 93%, and the ARR on treatment (0.07) was reduced by 95% compared to the year prior to study entry (1.45).



Inebilizumab

In a phase 2/3 RCT trial (N-MOmentum), 230 people affected by (NMOSD) were randomized, in a 3:1 ratio, to receive intravenous inebilizumab (300 mg) or placebo on days 1 and 15 (38). After a randomized controlled period of 197 days, patients were offered participation in an OLE phase, where participants who were treated with inebilizumab during the core study received an additional dose of inebilizumab (300 mg on day 1), and those treated with placebo received two doses of inebilizumab (300 mg each) 15 days apart; subsequently, 300 mg inebilizumab was administered every 26 weeks. Enrolment in the N-MOmentum trial was prematurely halted in 2018 because of a clear demonstration of efficacy. History of NMOSD attack requiring rescue therapy in the previous two years was required for inclusion; at enrolment, patients had on average 43 years and median EDSS was 3.5 (range 0 – 8.0) in the inebilizumab arm and 4.0 (range 1 – 8.0) in the placebo arm; 32-34% of the cases had not received any previous maintenance therapy. (AQP4) antibodies were positive in 92% - 93% of the cases. R-FS was higher in the inebilizumab group compared to the placebo group, being at day 197 86.7% and 59.9%, respectively (hazard ratio, HR 0.27, 95% CI 0.15 – 0.50; p<0.0001), and the treatment effect was similar in the AQP4-positive subgroup. At week 52 of the OLE, R-FS was 84% in the group receiving continuative treatment with inebilizumab and 51% in the placebo-inebilizumab group (133), and interim analyses of a subgroup of 75 AQP4-positive participants who had received inebilizumab for at least 4 years show an R-FS of 83%, and stabilization of the mean EDSS score in the overall cohort (76).




Inhibiting disability progression


Alemtuzumab

In treatment naïve RR-MS patients (CARE-MS I trial), 8.0% (95% CI 5.7 – 11.2) of MS patients in the alemtuzumab group showed 24-week (CDW) at year 2, being the difference not significant compared with the IFN arm (11.1%, 95% CI 7.3 – 16.7, p=0.22); accordingly, changes in EDSS score from baseline did not differ between the alemtuzumab and IFN groups (p=0.97) (94). At year 6 of the OLE, differences in disability outcomes were not significant, and (CDW-FS) compared with the core study baseline was 78% for the alemtuzumab-only group and 80% for the IFN-alemtuzumab group (127).

In previously treated RR-MS patients (CARE-MS II trial), the proportion of cases with CDW at year 2 was 12.7% (95% CI 9.9 – 16.3) in the alemtuzumab group, with a significant risk reduction of 42% compared with IFN (proportion with CDW: 21.1%, 95% CI 15.9 - 27.7, p=0.0084) (95 EDSS change from baseline was different between the two groups and EDSS score improved of mean -0.17 points in the alemtuzumab arm, whereas it worsened of mean 0.24 points in the IFN arm (p<0.0001). At year 6 of the OLE, CDW-FS was 72% in the alemtuzumab-only group and 67% in the IFN-alemtuzumab group, being the difference not significant (127).

At year 2 of the CARE-MS II trial, (CDI) was observed in 28.8% (95% CI 24.2 – 34.1) of the cases in the alemtuzumab group (mean change: -0.17 EDSS points) compared to 12.9% (95% CI 8.3 – 19.3) of those in the IFN group (mean change: +0.24 EDSS points), p=0.0002 (95). At year 6 of the OLE, EDSS improvement was detected in 24% of MS patients in the alemtuzumab-only group, and in 16% of those in the IFN-alemtuzumab group from CARE-MS II, being the cumulative proportion of patients with CDI significantly higher at each year from year 1 through year 6 (127). On the other hand, no significant differences were observed in CDI between the alemtuzumab-only and the IFN-alemtuzumab groups from the core CARE-MS I trial (21% vs 24%, respectively) (127).



Ocrelizumab

In the OPERA I and II trials, the cumulative proportion of patients with 24-week CDW at week 96 was 7.6% in MS patients treated with ocrelizumab compared to 12% in those receiving IFN, with HR of 0.60 (95% CI 0.43 – 0.84; p=0.003) (59). During the OLE, the proportion of patients with 24-week CDW from baseline remained significantly lower in MS patients receiving continuous ocrelizumab compared with those switching from IFN to ocrelizumab at the end of the core trials, being 16.1% vs 21.3% at the end of year 5 (p=0.014), with an HR for CDW during the OLE phase (i.e. with rebaselining at start of the OLE) of 1.06 (95% CI 0.8–1.41; p = 0.7) (Hauser et al., 2020).

Twelve-week CDI was reported in 20.7% and 15.6% of the pooled populations from OPERA I and II who received ocrelizumab and IFN, respectively, with a 33% higher rate of improvement with ocrelizumab, that was significant in the OPERA I trial only (p=0.02) (59). During the OLE, the proportion of MS patients with 24-week CDI was numerically higher in the continuous ocrelizumab-treated patients compared to switchers, although the difference reached significance only at year 5 (25.8% vs 20.6%; p = 0.046) (70). The HR for improvement was not significant in both the overall study period and the OLE only (i.e. after rebaselining at the start of the OLE period), being 1.31 (95% CI 0.96–1.78; p=0.06) and 0.89 (95% CI 0.61–1.31; p=0.6), respectively .

The effectiveness of ocrelizumab in PP-MS was explored in the RCT ORATORIO, where 732 PP-MS were randomized in a 2:1 ratio to receive intravenous ocrelizumab (600 mg) or placebo every 24 weeks for at least 120 weeks (60). The median age at inclusion was 46 years (range 18 – 56), and the median EDSS was 4.5 (range 2.5 – 7.0). Over a median trial duration of 2.9 years in the ocrelizumab group and 2.8 years in the placebo group, the proportion of patients with 24-week CDW was 29.6% and 35.7% in the ocrelizumab and placebo groups, respectively (HR 0.75; 95% CI 0.58 – 0.98, p=0.04; relative risk reduction: 25%). Ninety-five per cent of the participants who concluded the ORATORIO trial entered, after an extended controlled treatment period, the OLE phase where patients randomized to ocrelizumab during the core study continued to receive it (i.e. the continuous ocrelizumab group) and those who were randomly assigned to the placebo group were switched to ocrelizumab 600 mg every 24 weeks at the start of the OLE phase (i.e. the placebo to ocrelizumab group, equivalent to a delayed start cohort); interim results over at least 6.5 study years (48 weeks/year) of follow-up were provided as post-hoc analyses (71). The proportion of PP-MS patients showing 24-week CDW was lower in the continuous ocrelizumab group compared with the placebo to ocrelizumab group, being 51.7% vs 64.8% (difference 13.1%, 95% CI 4.9 – 21.3; p=0.0018) at 6.5 study years of follow-up. Patients in the continuous ocrelizumab group had an HR for CDW of 0.72 (95% CI 0.58 – 0.89; p=0.0021) compared with the delayed start cohort, but there were no significant differences in EDSS accrual between the two groups when using the start of the OLE as baseline.



Ofatumumab

At year 2 in the ASCLEPIOS I and II trials, the cumulative proportion of cases with 24-week CDW was 8.1% in ofatumumab-treated patients compared with 12. 0% in teriflunomide-treated cases, with an HR of 0.68 (95% CI 0.50 to 0.92; p=0.01) (69). At the same timepoint, proportions of patients with CDI were similar between the two groups, being 11.0% in MS patients receiving ofatumumab and 8.1% in those receiving teriflunomide (HR 1.35; 95% CI 0.95 - 1.92; p=0.09).



Rituximab

In the OLYMPUS trial, the cumulative proportion of patients with 12-week CDW (primary endpoint) was 20.2% at week 48 and 30.2% at week 96 in rituximab-treated PP-MS, being similar to that observed in the placebo group (19.3% and 38.5% at the two time points, respectively, p=0.144) (57). Similarly, at week 96, the proportion of patients with 24-week CDW did not differ between the two arms (exploratory endpoint: 27.3% in the rituximab and 30.4% in the placebo group, p=0.59), nor did the mean EDSS change between baseline and last follow-up (0.33 and 0.45 in the rituximab and placebo arms, respectively, p=0.34). However, rituximab tended to delay the time to CDW compared with placebo, with HR of 0.77. Planned subgroup analyses of the primary endpoint according to baseline characteristics showed that age and presence of gadolinium-enhancing lesions were predictors for treatment effect: rituximab delayed time to CDW compared with placebo in treated patients aged <51 years (HR 0.52; p=0.010) or those with gadolinium-enhancing lesions at baseline MRI (HR 0.41; p=0.007); the presence of both these characteristics showed an additive predictive effect (HR 0.33, 95% CI 0.14 – 0.79; p=0.009).



Ublituximab

In a phase 2 study on patient with R-MS treated with ublituximab, 24-week CDW-FS (exploratory endpoint) was 92% at week 48, whereas 17% of the patients showed CDI at the same timepoint (62).



Inebilizumab

In the N-MOmentum trial, not confirmed EDSS score worsening from baseline at the last visit was observed in 16% of NMOSD patients treated with inebilizumab compared with 34% of those in the placebo arm, with OR 0.37 (95% CI 0.18 – 0.74; p=0.0049) (38). Prespecified subgroup analyses showed a consistently reduced risk of EDSS worsening in inebilizumab-treated participants compared with placebo regardless of the baseline EDSS score, number of previous attacks, or disease duration. Furthermore, post-hoc analyses confirmed a lower proportion of 12-week CDW in the inebilizumab group compared with the placebo group, being of 5.7% and 14.3%, respectively (HR 0.37; 95% CI 0.15 – 0.95; p=0.039) (134).

In the first year of the OLE, where all the patients received inebilizumab, the mean change in EDSS decreased in both originally placebo- and inebilizumab- treated cases (133).




Inhibiting MRI activity


Alemtuzumab

MRI inflammatory activity (new or enlarging T2 lesions and gadolinium-enhancing lesions) was lower in the alemtuzumab group compared to the IFN group in both the CARE-MS trials (94, 95). At year 2, the proportion of alemtuzumab-treated RR-MS patients who were free from new or enlarging T2 lesions ranged from 52% to 54% (vs 32 - 42% of IFN treated patients), being 91 to 93% of the patients free from gadolinium-enhancing lesions (vs 77 - 81% of IFN treated patients).

Cumulative MRI inflammatory activity-free survival (MRI-FS) over years 3-5 of the OLE was 53.8% and 48.6% in alemtuzumab-only patients from the CARE-MS I and II core trials, respectively (15, 126).

At year 6 of the OLE, MRI-FS was 66% - 70% in the alemtuzumab-only groups, and 67% - 71% in the IFN-alemtuzumab groups a significant reduction in MRI activity was observed in the IFN-alemtuzumab groups starting from year 3 of the OLE compared with the core studies (127).



Ocrelizumab

Ocrelizumab reduced the number of new or enlarging T2 lesions by 77% and 83% in the OPERA I and II trials, respectively (mean number of new or enlarging T2 lesions per T2-weighted MRI scan: 0.32 and 0.33 in the ocrelizumab groups compared with 1.41 and 1.90 in the IFN groups, p<0.001) (59). Most of the new or enlarging T2 lesions in the ocrelizumab groups were observed between baseline and week 24, with a reduction compared with IFN by 94-96% during the weeks 24 – 48, and by 97-98% during the weeks 48 to 96. The total mean number of gadolinium-enhancing lesions per T1-weighted MRI scan was 0.02 with ocrelizumab compared with 0.29 and 0.42 for IFN in the OPERA I and II trials, respectively, corresponding to a reduction in the ocrelizumab group by 94% and 95% (59). The proportion of R-MS patients without new or enlarging T2 lesions was 61.7% and 60.9% in the ocrelizumab groups, and 38.7% and 38% in the IFN groups (p<0.001), whereas the proportion of cases without gadolinium-enhancing lesions was 91.7% and 90.2% in the ocrelizumab groups and 69.8% and 63.9% in the IFN groups (p<0.001) (59).

In R-MS, continuous administration of ocrelizumab during the OLE maintained the near-complete suppression of MRI disease activity seen in the core phase, with an unadjusted rate of total T1 gadolinium-enhancing lesions and of new or newly enlarged T2 lesions of 0.006 and 0.031 over year 5, respectively (70). Switching from IFN to ocrelizumab induced an almost complete and sustained suppression of MRI lesion disease activity from year 3 to 5, MRI lesion counts were similar to those observed in continuous ocrelizumab-treated patients during the OLE, except for new T2 lesions at year 3 (higher number in switcher compared with continuous ocrelizumab-treated).

Similar results were observed in PP-MS during the OLE phase of the ORATORIO trial, with persistent suppression of MRI inflammatory activity in patients receiving continuous ocrelizumab, and almost complete and sustained suppression of new MRI lesion disease activity throughout the OLE in those switching from IFN to ocrelizumab. No differences were observed in T1 gadolinium-enhancing and new or enlarging T2 lesion counts between the two groups, except for new or enlarging T2 lesions at two timepoints where lesion numbers were already very low (71).



Ofatumumab

The mean number of gadolinium-enhancing lesions per T1-weighted MRI scan was 0.01 and 0.03 with ofatumumab compared to 0.45 and 0.51 with teriflunomide in ASCLEPIOS I and II, respectively, corresponding to a relative reduction with ofatumumab by 97% and 94%, respectively (69). The mean numbers of new or enlarging lesions per year on T2-weighted MRI scans were 0.72 and 0.64 with ofatumumab, compared with 4.00 and 4.15 with teriflunomide in the two trials, corresponding to a reduction with ofatumumab by 82% and 85% (p<0.001) in ASCLEPIOS I and II trials, respectively.

In a post-hoc analysis of pooled data from the two trials, survival free from gadolinium-enhancing lesion activity over two years was 54.1% in ofatumumab compared with 27.5% in teriflunomide treated patients (128).



Rituximab

In RR-MS patients from the HERMES trial, rituximab reduced by 91% total gadolinium-enhancing lesion counts compared with placebo at each study week analysed, beginning at week 12 (primary endpoint), with a mean of 0.5 and 5.5 gadolinium-enhancing lesions in the rituximab and placebo groups, respectively (p<0.001) (16). The proportion of cases without new gadolinium-enhancing lesions was 84.8% with rituximab and 54.3% with placebo (p<0.001). As for T2 lesions, the reduction in the volume of T2 lesion load from baseline to weeks 24 and 36 was greater in MS patients who received rituximab than in those who received placebo (p=0.008 and 0.004, respectively).

In the OLYMPUS trial, rituximab significantly reduced the median increase in T2 lesion volume compared with placebo from baseline to week 96, being 302 mm3 and 809 mm3 in the two groups, respectively (57).



Ublituximab

In R-MS, ublituximab suppressed the occurrence of gadolinium-enhancing lesions at weeks 24 and 48 of a phase 2 study (secondary endpoint), with a 100% reduction from baseline (mean number of gadolinium-enhancing lesions: 3.63, SD 7.80; p=0.003) (62). Occurrence of new or enlarging T2 lesions was observed in 15% of the cases between baseline and week 24, and in 2% of the cases between weeks 24 and 48, with a mean number of 0.20 (SD 0.43) and 0.04 (SD 0.29) new lesions, respectively. The MRI-FS was 83% at week 48.



Inebilizumab

In patients with NMOSD, inebilizumab significantly reduced compared with placebo the cumulative number of active MRI lesions (i.e. gadolinium-enhancing, or new or enlarging T2 lesions), being the mean number 1.6 (SD 1.0) and 2.3 (SD 1.3), respectively (relative ratio: 0.57, 95% CI 0.39 – 0.83) (38).




Reaching status of “no evidence of clinical and radiological disease activity”


Alemtuzumab

At year 2, the proportion of RR-MS patients showing NEDA (NEDA survival, NEDA-S) was 39% and 32% in alemtuzumab-treated patients from the CARE-MS I and II trials, respectively, compared with 27% and 14% of the IFN treated patients from the same trials (94, 95). These differences corresponded to an odds ratio (OR) favouring alemtuzumab over IFN of 1.75 (95% CI 1.17 – 2.61) for the CARE-MS I and of 3.03 (95% CI 1.89 – 4.86) for the CARE-MS II trial

Cumulative NEDA-S over years 3-5 of the extension was 39.5% and 27% in alemtuzumab-only patients from the CARE-MS I and II core trials, respectively (15, 126).



Ocrelizumab

In R-MS patients treated with ocrelizumab, NEDA-S was 47.9% and 47.5% compared with 29.2% and 25.1% of IFN-treated patients for the two OPERA trials (p<0.001), but these findings were considered to be nonconfirmatory as a result of failure of the hierarchical analysis (59). Data from the OLE showed a higher proportion of patients with NEDA in the ocrelizumab compared with the IFN group during both the core OPERA I-II studies (at year 2: 48.5% vs 27.8%; p < 0.001) and the overall observation period (at year 5: 35.7% vs 19.0%; p < 0.001; relative increase with ocrelizumab: 88%); the difference between groups was significant also considering the OLE phase only (65.4% vs 55.1%; p<0.001) (70).



Ofatumumab

In a post-hoc analysis of pooled data from the ASCLEPIOS I-II trials, the proportion of R-MS patients achieving NEDA at month 12 was 47% in the ofatumumab group compared with 24.5% in the teriflunomide group (OR 3.36, 95% CI 2.67 - 4.21; p<0.001) (128). From month 12 to 24, proportions of patients with NEDA were 87.8% and 48.2% in the ofatumumab and teriflunomide groups, respectively (OR 8.09, 95% CI 6.26 - 10.45; p<0.001).



Ublituximab

At week 48, 74% of the R-MS patients treated with ublituximab achieved NEDA (exploratory endpoint) (62).





Adverse events of Ab-mediated cell depletion therapies

Administration-associated reactions (most commonly headache, rash, pruritus, throat irritation nausea and pyrexia) were the most frequent adverse events in MS patients receiving Ab-mediated cell depletion therapies, and were reported in 90% of the alemtuzumab-treated patients (being serious in 3% of the cases) (94, 95), in 34 - 40% of ocrelizumab-treated patients (being mild to moderate in 98% of the cases) (59, 60), and 67-78% MS patients treated with rituximab (mild-moderate in 93% of the cases) (16, 57), with decreasing rate and severity over subsequent administrations. Systemic and injection-site associated reactions were reported in 20% and 11%, respectively, of R-MS patients treated with ofatumumab in the ASCLEPIOS I-II trials, mostly occurring at the first injection and being severe in 0.2% of the cases (69). Fifty per cent of R-MS patients receiving ublituximab experienced infusion-related adverse events, mostly on the first infusion day and all mild to moderate in severity (62). The incidence of infusion-associated reactions was similar in NMOSD patients receiving inebilizumab or placebo (9% and 11%, respectively) in the N-MOmentum trial (38).

Infections (most commonly upper respiratory, urinary tract and herpetic) were reported in 67% and 77% of the patients treated in the CARE-MS I and II trials, respectively, and were serious in 2-4% of the cases, but no life-threatening or fatal events were observed nor events requiring treatment discontinuation (94, 95). Incidence of infections peaked at year 1 after initiating treatment (60%), with a cumulative exposure-adjusted incidence rate of 8 and 10 events per 100 patients-years during years 0-2 and 3-6, respectively; serious infection incidence did not exceed 1.8% throughout the OLE up to year 6 (127).

Infections were observed in 57-60% of R-MS and 70% of PP-MS patients treated in the OPERA I-II and ORATORIO trials, respectively (59, 60). Upper respiratory and urinary tract infection and nasopharyngitis were the most common, with severe events in 1.3% of the RR-MS and 6% of the PP-MS treated patients; herpesvirus-associated infections were reported in 5-6% of the cases, mostly mild to moderate in severity. During the OLE of the OPERA trials, the rate of infections in R-MS per 100 patient-years was 75, and serious events occurred at a rate of 1.5 per 100 patient-years over the 5-year period (70). In PP-MS patients from the ORATORIO OLE, the rate of infections per 100 patient-years was 73, consistent with the rate observed in both the ocrelizumab-treated and placebo groups from the core trial the rate of serious infection was 4.13 per 100 patient-years, similar to that of the placebo group in the core trial (71).

A reduction in serum Ig levels was observed over the OLE in ocrelizumab-treated patients, and the proportion of MS patients showing levels below the lower limit of normalranged from 5% for IgG and IgA to 30% for IgM (70, 71). Serious infections following episodes of a drop in Ig concentrations below normal limits were rare and most resolved with standard treatment (67).

Infections were reported in 52% of MS patients receiving ofatumumab (mostly nasopharyngitis, upper respiratory and urinary tract infection) and were serious in 2.5% of the cases; herpesvirus associated infections were observed in 4-9% of the patients, being all mild or moderate (69).

The incidence rate of infections was similar between rituximab (68-70%) and placebo-treated (65-71%) patients from the HERMES and OLYMPUS trials, but urinary tract infections and sinusitis were more frequent among rituximab recipients; infection-associated serious adverse events were reported in 3-4.5% of the cases (16, 57).

A recently published Cochrane systematic review reported uncertain about the effect of rituximab on serious adverse events, as these were relatively rare in patients with MS, and they were not well reported in studies; an increased risk of common infections with rituximab was reported, but absolute risk was considered to be small (132).

The incidence of infection was reported to be similar in inebilizumab-treated compared with placebo-treated participants in the N-MOmentum trial, being urinary tract infection (11 vs 9%), more frequent with inebilizumab (38).

Secondary autoimmunity was observed following alemtuzumab treatment, and the more frequent events observed were thyroiditis (peak of incidence at year 3: 16%; incidence of serious events <3.5%/year), autoimmune blood and lymphatic system disorders (16-18%, serious in 1-3%; mostly represented by autoimmune thrombocytopenia with annual incidence from 0.1% to 1.1%) and immune-mediated nephropathy (94, 95, 127).

Malignancies were reported in 0.5 – 2% of mAbs-treated patients across core studies (60, 69, 70, 127), and no evidence of increased risk compared to demographically matched epidemiological studies was provided by OLE phases (71).



Future developments

Ab-mediated immune cell depletion is now standard in the therapeutic armamentarium to treat people with MS, and the number and variety of clinically applicable Ab-based cell depleting treatment platforms continues to grow. New developments include approaches that allow Abs to pass the blood brain barrier for more effective depletion of pathogenic immune cells within the central nervous system. The transferrin receptor and the insulin receptor expressed by endothelial cells facilitate receptor-mediated transport through the blood brain barrier and treatment platforms that shuttle immune-cell depleting Abs through these natural brain portals are currently being developed (135, 136).

While rare but serious side effects restricted the use of alemtuzumab, the first immune cell-depleting Ab approved for MS therapy, CD20-targeting B cell-depletion therapies are generally well tolerated and show a favorable safety profile. These therapies were originally developed as a method of eliminating cancerous B cells, and new and emerging cell-depletion approaches in MS have been adopted from protocols used to treat cancer patients. These approaches include targeting of CD19 to affect a wider array of B cells including plasma blasts or CD38, additionally expressed on antibody-producing short- and long-lived plasma cells. Daratumumab, an anti-CD38 mAb initially developed to target tumoral plasma cells in multiple myeloma (137) is also effective in inhibiting clinical activity of antibody-mediated autoimmune diseases, such as autoimmune cytopenia following hematopoietic stem cell transplantation (138) or systemic lupus erythematosus (SLE) (139). The B cell maturation antigen (BCMA) or CD269 is preferentially by mature B lymphocytes, with minimal expression in hematopoietic stem cells or nonhematopoietic tissue, and is essential for the survival of long-lived bone marrow plasma cells, but not overall B-cell homeostasis (140). Anti-BCMA therapies currently being evaluated in clinical trials in patients with multiple myeloma include bispecific Ab constructs, which facilitate cell-to-cell interactions between malignant plasma cells and cytotoxic T cells. Whether plasma cell-depleting therapies show beneficial effects for patients with MS remains to be demonstrated. However, both of the aforementioned molecules, CD38 and BCMA, are attractive targets to deplete long-lived plasma cells in antibody-driven neurological diseases such as NMOSD or antibody-mediated autoimmune encephalitides. T cells genetically engineered to express Ab-based chimeric antigen receptors (CARs) can induce impressive immune responses and achieve remarkable clinical efficacy in patients with certain haematological malignancies. Adoptive transfer of autologous CD19-targeted CAR T cells was among the earliest CAR T cell therapies used in successful clinical trials and the first to gain FDA approval (141). CD19-Targeted CAR T Cells were also reported to induce rapid clinical diseases remission in a patient with difficult to treat SLE (142). The success of Ab-based B cell-depleting therapies in MS suggest that CAR T-cell therapies targeting B-cell antigens should be explored for their potential therapeutic benefit in patients with MS who otherwise have limited treatment options due to high disease activity or poor response to standard treatments. A proportion of MS patients estimated in 4-14% (according to the definition used) can be considered affected by “aggressive MS”, bearing high risk of unfavorable outcomes (143). Although disease activity is controlled by high efficacy DMTs in most of the patients, a not negligible proportion of the cases fails to respond to treatment: as an example, 35% of patients treated with alemtuzumab relapsed by year 2 in the CARE-MS II trial, and 16% of the ocrelizumab-treated patients from the OPERA I-II trials progressed by year 5. The proportion of treatment failure achieves more than 50% of the treated cases when considering NEDA-3 (e.g. 52% for ocrelizumab and 68% for alemtuzumab at year 2) (59, 95). Whether the potential of these new treatment platforms for changing adaptive immune features is superior to currently approved cell-depleting therapies remains to be demonstrated.

During the last two decades the clinical potential of Ab-mediated cell depletion therapy has materialized into therapies that benefit people with MS. With dedicated attention to basic, translational, and clinical research, even more effective, and safe cell-depletion treatment strategies will be developed and likely soon be translated into the clinic.
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Checkpoint control and immunomodulatory antibodies have become important tools for modulating tumor or self-reactive immune responses. A major issue preventing to make full use of the potential of these immunomodulatory antibodies are the severe side-effects, ranging from systemic cytokine release syndrome to organ-specific toxicities. The IgG Fc-portion has been demonstrated to contribute to both, the desired as well as the undesired antibody activities of checkpoint control and immunomodulatory antibodies via binding to cellular Fcγ-receptors (FcγR). Thus, choosing IgG subclasses, such as human IgG4, with a low ability to interact with FcγRs has been identified as a potential strategy to limit FcγR or complement pathway dependent side-effects. However, even immunomodulatory antibodies on the human IgG4 background may interact with cellular FcγRs and show dose limiting toxicities. By using a humanized mouse model allowing to study the immunomodulatory activity of human checkpoint control antibodies in vivo, we demonstrate that deglycosylation of the CD137-specific IgG4 antibody urelumab results in an amelioration of liver toxicity, while maintaining T cell stimulatory activity. In addition, our results emphasize that antibody dosing impacts the separation of side-effects of urelumab from its therapeutic activity via IgG deglycosylation. Thus, glycoengineering of human IgG4 antibodies may be a possible approach to limit collateral damage by immunomodulatory antibodies and allow for a greater therapeutic window of opportunity.
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Introduction

Monoclonal antibodies have become crucial therapeutic agents for the treatment of human cancer and autoimmune diseases and novel monoclonal antibodies are being developed continuously (1). In addition to cytotoxic antibodies, such as rituximab or herceptin, which recognize antigens expressed on tumor cells, antibodies aiming at harnessing tumor specific T cell responses have revolutionized the field of antibody-based cancer immunotherapy (2, 3). This class of antibodies is referred to as checkpoint blockade or immunomodulatory antibodies and contains antibodies specific for CTLA-4, PD-1, PD-L1, CD137, Ox40, GITR, or CD40 expressed on T cells or antigen presenting cells. Of note, some immunomodulatory antibodies directed against CTLA-4 or CD137 also show promise for modulating self-directed immune responses in pre-clinical model systems but also in patients with autoimmune diseases, broadening the therapeutic value of this class of molecules beyond the treatment of cancer (4–6).

A major factor restricting the therapeutic window of checkpoint control or immunomodulatory antibodies are the severe side-effects triggered upon antibody infusion, ranging from an acute cytokine storm to organ specific autoimmunity affecting the gut and liver, for example (7, 8). To circumvent systemic side-effects, an intra-tumoral injection of immunomodulatory antibodies may be a rescue strategy limited, however, to accessible tumor entities (9). To understand the activity of immunomodulatory antibodies in more detail, several groups have studied informative pre-clinical model systems. These studies have emphasized that the Fc-domain of various immunomodulatory antibodies can play a major role for antibody activity in vivo. For example, antibodies targeting molecules expressed on regulatory (Treg) T cells, including CTLA-4, GITR, OX40, and CD137, have been shown to act as cytotoxic antibodies and deplete Treg cells within the tumor microenvironment via binding to activating Fcγ-receptors (FcγRs) (10–14). Further along these lines, an optimal activity of CD40-specific antibodies required the in vivo cross-linking of these antibodies via the inhibitory FcγRIIb (15, 16). Alternatively, human IgG subclasses, such as IgG2, allowing for an optimal CD40 cross-linking through unique antibody isotype intrinsic features could circumvent the requirement for higher order cross-linking through neighbouring FcγRIIb expressing cells to achieve super-agonistic activity (17, 18). For immunomodulatory antibodies not requiring or not intended to have an IgG Fc-domain dependent enhancement of therapeutic activity, the use of Fc-domains, such as human IgG4, allowing to maintain a long antibody half-life while limiting the interaction with the complement or FcγR system have become the format of choice. This includes antibodies such as pembrolizumab or urelumab, targeting PD-1 or CD137 on T cells, respectively. Indeed, in mice a PD-1 antibody variant carrying an IgG2a Fc-domain allowing an optimal interaction with the FcγR system resulted in a reduced therapeutic activity in vivo, due to the elimination of intratumoral cytotoxic T cells (19). Further along these lines, CD137 (4-1BB)-specific antibodies on a mouse IgG2a backbone, efficiently depleted activated T cells and Treg cells via activating FcγRs, while mouse IgG1 variants of the same antibody stimulated cytotoxic T cell responses via the inhibitory FcγRIIb (5, 10, 20, 21). However, several studies have shown that human IgG4 antibodies may productively interact with human FcγRs in vitro and in vivo, suggesting that human IgG4 Fc-domains are not inert and may contribute to wanted and unwanted effects of immunomodulatory antibodies in vivo (22–24). As a direct correlate to human IgG4 does not exist in the mouse, evaluating the impact of the human IgG4 Fc-domain on antibody activity has to rely on in vitro experimental settings. Thus, it remains largely unknown if the activity of human immunomodulatory antibodies using the IgG4 format relies on the Fc-portion and if modulating the interaction of human IgG4 to human FcγRs may be a valid strategy to optimize antibody activity or, more importantly, may allow to limit unwanted side-effects.

To allow studying human IgG subclass activity in vivo, we have developed a humanized mouse model in which a human immune system is transplanted into immunodeficient mice. Additionally, use of mice lacking the expression of mouse activating FcγRs (NSG-FcRγ-/- mice) focusses the interaction of human antibodies injected into these animals to human FcγRs (23, 25–27). By applying the CD137-specific IgG4 antibody urelumab in a glycosylated and non-glycosylated variant we now show that IgG4 deglycosylation maintains the immunostimulatory activity of the antibody, demonstrated by expansion of peripheral blood T cells, but limits the infiltration of T cells into the liver. Interestingly, in addition to glycosylation, the dose of the antibody played a very important role in triggering a systemic cytokine release and organ toxicity, with lower doses having a more pronounced effect on cytokine release and organ toxicity compared to higher doses. Thus, our study emphasizes that complex mechanisms underlie human immunomodulatory antibody activity in vivo and that glycoengineering of supposedly inert IgG subclasses may be a valid option to improve antibody safety in humans.



Results


Expression of CD137 in humanized mice

The human IgG4 CD137-specific antibody urelumab has shown promising results in pre-clinical and clinical settings. It has also become clear, however, that liver toxicity and a cytokine release syndrome are major dose limiting factors in many patients (28). To allow studying human CD137-specific antibody activity in vivo, we made use of a modified humanized mouse model system allowing to study human antibody function in the context of a human immune system in the absence of mouse activating FcγRs through genetic ablation of the mouse common FcRγ-chain (NSG-FcRγ-/- mice) (23, 26, 27). We first analysed CD137 expression on human T cells, NK cells and monocytes present in these animals during the steady state. The gating strategy for human immune cells in humanized mice is depicted in Figure S1. As shown in Figures S2A-C low levels of CD137 were detectable on CD4+ and CD8+ T cells as well as on different NK and monocyte subsets in the peripheral blood, spleen, lymph node, bone marrow, and thymus of humanized mice and humans. The only immune cell subset expressing elevated levels of CD137 during the steady state, were small subsets of CD4 and CD8 double positive and double negative T cells in the peripheral blood of humanized mice and humans (Figure S2A). Thus, the humanized mouse model largely recapitulates CD137 expression patterns observed in humans.



Impact of targeting CD137 with glycosylated and deglycosylated urelumab on body weight and temperature of humanized mice

To assess how urelumab impacts general health parameters, such as body weight and body temperature, we intravenously injected humanized mice once with 3 or 6µg/g body weight of urelumab or a human IgG4 isotype control antibody. Although human IgG4 antibodies are largely considered to have a low capacity to interact with cellular FcγRs or the complement system, more recent data clearly demonstrates that IgG4 in its monomeric form can bind to the high affinity FcγRI and that IgG4 immune complexes may bind to several activating FcγRs (22, 24). Importantly, deglycosylation of IgG4 was able to diminish this interaction, suggesting that glycan engineering may be an option to modulate human IgG4 effector functions in vivo (24). Thus, we also generated a deglycosylated urelumab variant by treating the parental antibody with PNGase F to assess if and to what extend IgG4 Fc-dependent effects played a role for urelumab activity in vivo in humanized mice. As expected, PNGaseF treatment resulted in a reduced molecular weight of urelumab and a complete loss of lens culinaris agglutinin (LCA) binding, which detects the mannose core of the N297-linked sugar moiety (Figure S3A). Further in line with our previous study deglycoylsation of urelumab resulted in a strongly reduced binding of urelumab to CHO cells expressing the human high affinity FcγRI (Figure S3B) (24). As shown in Figure 1, urelumab injection was tolerated well in general. Mice injected with both, the 3 or 6µg/g dose of the glycosylated and deglycosylated urelumab variants only showed transient changes in body temperature and a slight delay in gaining body weight compared to IgG4 isotype treated mice over the observation period of three weeks (Figure 1A). Interestingly, a major drop in body temperature occurred at the 3 (but not at the 6) µg/g dose of urelumab, while the deglycosylated urelumab variant showed a much milder and delayed reduction in body temperature (Figure 1B). Thus, we conclude that treatment with urelumab, especially the deglycosylated variant, is well tolerated by humanized mice.




Figure 1 | Effect of treatment with urelumab antibody variants on body weight and temperature in humanized mice. Shown are relative changes in body weight (A) and body temperature (B) of humanized mice after treatment with a human IgG4 isotype control (6µg/g) or 3µg/g or 6µg/g of urelumab (αCD137) or a deglycosylated urelumab variant (αCD137 PNGaseF) until twenty days after antibody injection (hIgG4: n=5, αCD137 6µg: n=7, αCD137 PNGaseF 6µg: n=3, αCD137 3µg: n=3, αCD137 PNGaseF 3µg: n=4). Shown is the mean+/-SEM of one representative out of two independent experiments. For assessment of statistical significance a Two Way ANOVA with Tukey’s multiple comparison test was used. In (A) * indicates p<0.05 for hIgG4 (6µg/g) vs. αCD137 (6µg/g) and hIgG4 (6µg/g) vs. αCD137 PNGaseF (6µg/g). In (B) ** indicates p<0.01 for hIgG4 (6µg/g) vs. αCD137 (3µg/g), αCD137 (6µg/g) vs. αCD137 3(µg/g) and αCD137 PNGaseF (6µg/g) vs. αCD137 (3µg/g).





Effect of targeting CD137 with urelumab variants on human immune cells in humanized mice

In order to analyze the effect of urelumab variants on human T cell subsets in the peripheral blood of humanized mice, we performed flow cytometric analysis of immune cell subsets. We noted that both doses of urelumab triggered a strong expansion of both, CD4+ and CD8+ T cells (Figures 2A, B, S4). In line with observations in patients, urelumab injection triggered a faster and stronger expansion of CD8+ T cells starting at one and peaking at two weeks after urelumab injection, followed by a decline thereafter (Figures 2A-F). In contrast, a significant expansion of CD4+ T cells occurred roughly one week later and was preceded by a slow increase of CD4+ T cell numbers until day 13. While the deglycosylated urelumab variant showed a slower expansion of CD8+ T cells without the peak at day 13, the final number of CD8+ T cells at three weeks after antibody injection was the same. This was also evident for the expansion of CD4+ T cells at the 3µg/g dose, while the expansion of CD4+ T cells at the higher dose was diminished in animals receiving deglycosylated urelumab. With respect to relative changes in the different T cell subsets occurring after urelumab variant injection in humanized mice, CD8+ T cells showed the strongest expansion, followed by an increase in a small subset of CD4/CD8 double positive T cells (Figures 2D, F). While CD137 expression is low on T cells in the steady state, CD137 becomes upregulated upon T cell activation. Indeed, we observed a strong upregulation of CD137 on T cells eight days after injection of 3 or 6µg/g urelumab (Figures 2G, H). Of note, while no change in CD137 upregulation was observed in animals receiving the deglycosylated urelumab variant (αCD137 PNGase F) at the 3µg/g dose, a delayed upregulation on both, CD4+ and CD8+ T cells was noted at the 6µg/g dose. With respect to monocytes and NK cells, urelumab injection did not trigger changes in cell abundance at either antibody dose (Figure 3). Interestingly, however, the deglycosylated urelumab variant resulted in a stronger and prolonged upregulation of CD137 on NK cell subsets and monocytes, respectively (Figures 3A-D, F). Within lymphoid organs, both urelumab variants triggered a strong expansion of T cells in lymph nodes, whereas the effect on splenic T cells was much milder (Figures 4A-C). While the 3µg/g dose resulted in a more pronounced effect on CD4+ T cells in most organs, the 6µg/g dose induced a more dominant effect on CD8+ T cells (Figures 4D, E). Interestingly, the parental as well as the deglycosylated urelumab variant induced an expansion of CD8+ T cells in the thymus and lymph node at the 6µg/g dose (Figure 4E). Moreover, the deglycosylated variant of urelumab seemed to expand the small subset of CD4/CD8 double positive T cells in the lymph node and bone marrow of humanized mice (Figure 4C). In summary, our data indicate that deglycosylation of urelumab at most delays but does not impair T cell activation and expansion at both investigated antibody doses.




Figure 2 | Impact of urelumab antibody dose and glycosylation on human T cells in the peripheral blood of humanized mice. Humanized mice received either 3 or 6µg/g of a human IgG4 isotype control, urelumab (αCD137) or deglycosylated urelumab (αCD137 PNGaseF) and were studied for the next twenty days after antibody injection. (A, B) Shown are the relative amounts of human CD3+ T cells (% of human CD45+ cells) and the absolute numbers of CD4+ or CD8+ T cells per ml blood of mice treated with 3µg/g (hIgG4: n= 5; αCD137: n=6; αCD137 PNGaseF: n=4) (A) or 6µg/g (hIgG4: n= 7-13; αCD137: n=10-11; αCD137 PNGaseF: n=6) (B) of the indicated antibody preparations. Coloured asterisks matching the respective colouring of the treatment group indicate significant differences at the indicated time-point of this group compared to the hIgG4 isotype control group. (C-F) Representative dot plots demonstrating the expansion of human CD3+ T cells (C) or CD4+ and CD8+ T cell subsets (D) in the peripheral blood of humanized mice before and at 8 or 13 days after injection of 6µg/g of the respective IgG4 antibodies; and quantification (E, F) of the relative abundance of human T cell subsets in mice receiving 3µg/g (hIgG4: n=6; αCD137: n=6 αCD137 PNGaseF: n=4) (E) or 6µg/g (hIgG4: n=11; αCD137: n=11 αCD137 PNGaseF: n=5) of the specified antibodies (F) at the indicated time points after injection. (G, H) CD137 expression (mean ΔMFI) on CD3+ (left panel), CD4+ (middle panel) and CD8+ (right panel) T cells in mice treated with 3µg/g (G) (hIgG4 n= 3; αCD137: n=6; αCD137 PNGaseF: n=4) or with 6µg/g (H) (hIgG4: n=7; αCD137: n=6-7; αCD137 PNGaseF: n=4-6) of the respective antibody preparations. Shown are pooled data from two to three independent experiments. Results are presented as mean +/-SEM. For statistical analysis 2-Way Anova with Tukey’s multiple comparison test was used to assess significant differences between experimental groups. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.






Figure 3 | Effects of treatment with urelumab variants on human monocytes and NK cells in the peripheral blood of humanized mice. Humanized mice were injected with 3µg/g (hIgG4: n=3-4; αCD137: n=6; αCD137 PNGaseF: n=4) (A, C, E) or 6µg/g (hIgG4: n=7; αCD137: n=5; αCD137 PNGaseF: n=4) (B, D, F) of the human IgG4 isotype control, urelumab (αCD137), or deglycosylated urelumab (αCD137 PNGaseF) and studied for twenty days after antibody injection. (A, B) Shown are the relative changes in CD33+ monocyte numbers (left panel) as well as in CD137 expression (right panel, ΔMFI) on CD33+ monocytes at the indicated time-points after injection of 3 (A) or 6 (B) µg/g of the respective antibody preparations. (C-F) Shown are the relative changes in CD56+CD16- (C, D) and CD56+CD16+ (E, F) NK cell subset abundance (left panel) as well as in CD137 expression (right panel) on the respective NK cell subsets at the indicated time-points after injection of 3 (C, E) or 6 (D, F) µg/g of the respective antibody preparations. Results are presented as mean +/-SEM. For statistical testing a 2-Way Anova with Tukey’s multiple comparison test was used. *p<0.05; **p<0.01.






Figure 4 | Effect of urelumab variant treatment on T cells in primary and secondary immunological organs. Humanized mice received either 3 or 6µg/g of a human IgG4 isotype control, urelumab (αCD137) or deglycosylated urelumab (αCD137 PNGaseF) and were studied for twenty days after antibody injection. (A) Shown are representative immunofluorescent stainings of lymph node sections of mice treated with 6µg/g hIgG4 as a control or with urelumab (αCD137) identifying human T cells (hCD3), human dendritic cells (hCD11c), as well as mouse macrophages (mCD68). (B, C) Depicted are relative amounts of human CD3+ cells (B) and of different T cell subsets (C) in thymus, spleen, bone marrow, and lymph nodes of mice treated with 3µg/g of the indicated antibodies (hIgG4: n= 6; αCD137: n=6; αCD137 PNGaseF: n=4). (D, E) Depicted are relative amounts of human CD3+ T cells (D) and of different T cell subsets (E) in thymus, spleen, bone marrow, and lymph nodes of mice treated with 6µg/g of the indicated antibody variants (hIgG4: n= 11; αCD137: n=8-12; αCD137-PNGaseF: n=4-6). Shown is the combined data from two to three independent experiments and results are represented as mean +/- SEM. Statistical analysis was done by Shapiro-Wilk normality test, Kruskal-Wallis with Dunn’s multiple comparison test or 1-way ANOVA. For analysing T cell subsets a 2-Way ANOVA was performed. *p<0.05; **p<0.01; ****p<0.0001.





Effect of urelumab glycosylation on serum cytokine levels

Major side effects potentially associated with the injection of CD137-specific antibodies are a cytokine release syndrome and/or immune cell infiltrations in organs such as the liver (8, 28). To assess if injection of the parental or the deglycosylated variant of urelumab induces an increase in human serum cytokine levels we quantified the serum levels of human IL1β, IL6, IL8, IL10, IL12p40, IL17a, IFNα, IFNγ, and MCP-1 eight and thirteen days after injection of 3 or 6µg/g of the respective antibody preparations. As shown in Figures 5A, C, E, G, I, K, S5 we noted an increase of IL1β, IL6, IL8, MCP-1, IFNγ, and IL17a while IFNα, IL10 and IL12 levels increased only mildly or did not change upon injection of 3µg/g of urelumab. Deglycosylation of urelumab largely abrogated or greatly diminished serum cytokine levels, suggesting that IgG4 Fc-dependent effects were involved in triggering human cytokine release. Interestingly, injection of 6µg/g of urelumab trigger a much milder and transient cytokine release, which was fully abrogated upon deglycosylation of the antibody (Figures 5B, D, F, H, J, L, S5
). In summary, urelumab triggered cytokine release showed a clear dependence on a functional IgG4 Fc-domain.




Figure 5 | Effect of urelumab treatment dose and glycosylation on serum cytokine levels in humanized mice. Humanized mice received either 3 or 6µg/g of a human IgG4 isotype control, urelumab (αCD137) or deglycosylated urelumab (αCD137 PNGaseF) and serum samples were collected before and at 8 and 13 days after antibody injection. Shown are concentrations of serum cytokine levels before and at the indicated time-points after injection of 3 (A, C, E, G, I, K) or 6 (B, D, F, H, J, L) µg/g. Depicted are serum concentrations of IL-6 (hIgG4: n=3-8, αCD137: n=6-8, αCD137 PNGaseF: n=3-5) (A, B), MCP-1 (hIgG4: n=3-7, αCD137: n=5-7, αCD137 PNGaseF: n=3-4) (C, D), IL10 (hIgG4: n=4-9, αCD137: n=6-10, αCD137 PNGaseF: n=3-5) (E, F), IL12p40 (hIgG4: n=3-9, αCD137: n=6-9, αCD137 PNGaseF: n=3-5) (G, H), IFNγ (hIgG4: n=3-7, αCD137: n=6-8, αCD137 PNGaseF: n=4-5) (I, J), and IL17A (hIgG4: n=4-8, αCD137: n=6-9, αCD137 PNGaseF: n=4) (K, L). Results are expressed as mean +/-SD. Statistical analysis was done using ROUT outlier test (Q=1%) and Shapiro-Wilk normality test. For graphs showing serum concentration of cytokines either Friedman test with Dunn’s multiple comparison test or RM-One-Way ANOVA with Tukey’s multiple comparison test was performed. *p<0.05.





Effect of urelumab glycosylation on organ pathology

As deglycosylated urelumab induced reduced cytokine levels, we next assessed whether IgG4 deglycosylation would also impact urelumab induced organ pathology. With respect to immune cell infiltrates into organs we focused on the kidney and liver (Figures 6, 7). In the kidney, only mice receiving the 6µg/g dose showed slightly increased levels of blood urea nitrogen (BUN), indicative for a slightly impaired kidney functionality (Figure 6A, B). Deglycosylation of urelumab prevented this phenotype, again suggesting that IgG4 Fc-domain dependent effects played a role. With respect to kidney histology, no major immune cell infiltrates or major changes in glomerular structure were observed, further supporting the notion of a rather mild effect of urelumab on the kidney (Figure 6C). In contrast to the kidney, however, major immune cell infiltrates were noted in the liver at both antibody doses (Figures 7A-C). Whereas urelumab deglycosylation did not reduce the number of mice showing immune cell infiltrations (Figure 6C), injection of deglycosylated urelumab resulted in a greatly diminished size of immune cell infiltrations at the 6µg/g dose (Figure 6B). In contrast, no major effect of urelumab deglycosylation on immune cell infiltration into the liver became visible at the 3µg/g dose. A more detailed analysis of the immune cell infiltrations of animals receiving the 6µg/g urelumab dose by immunofluorescence analysis further revealed that T cells were a major component of the immune cell infiltrates and that urelumab deglycosylation reduced the number of cytotoxic T cells within the liver (Figures 7D, E). In summary, our results suggest that urelumab deglycosylation diminishes the release of pro-inflammatory cytokines at both antibody doses, while an infiltration of the liver by T cells could only be reduced at the 6µg/g dose.




Figure 6 | Impact of αCD137 treatment on kidney function. Humanized mice received either 3 or 6µg/g of a human IgG4 isotype control, urelumab (αCD137) or deglycosylated urelumab (αCD137 PNGaseF). (A, B) Shown are blood urea nitrogen (BUN) levels before (day 0) or at the indicated timepoints after treatment of humanized mice with 3 (hIgG4: n=4, αCD137: n=6, αCD137 PNGaseF: n=4) (A) or 6 (hIgG4: n=4, αCD137: n=5, αCD137 PNGaseF: n=3) (B) µg/g of the IgG4 antibody variants, as indicated. (C) Shown are hematoxylin-eosin (H–E) and Sirius red stainings of kidney sections of mice treated with 6µg/g of the indicated IgG4 antibody variants twenty days after antibody injection. Scale bars represent 100µm. Results are expressed as mean with SD. Statistical analysis was done by using Shapiro-Wilk normality test; p values were determined by using either Friedman test with Dunn’s multiple comparison analysis or One-Way-Anova with Tukey’s multiple comparison test. *p<0.05.






Figure 7 | Impact of treatment with urelumab variants on liver pathology. Humanized mice received either 3 or 6µg/g of a human IgG4 isotype control, urelumab (αCD137) or deglycosylated urelumab (αCD137 PNGaseF) and liver pathology was studied twenty days after antibody injection. (A, B) Representative hematoxylin/eosin stained liver sections (A) of mice treated with 3 or 6µg/g of human IgG4 isotype control, urelumab and deglycosylated urelumab variants (scale bar 100µm) and quantification of the mean infiltrate area (B) of immune cell infiltrates (hIgG4: n=3, αCD137: n=6, αCD137 PNGaseF: n=4). (C) Shown is the percentage of mice with detectable immune cell infiltrates in the liver. (D, E) Immunofluorescent staining of liver sections (scale bar 100µm) (D) and quantification of the infiltration (E) of CD3+ T cells (upper panel) and the relative amount of CD3+CD8+ T cells within the CD3+ T cell population (lower panel) (hIgG4: n=9, αCD137: n=7, αCD137 PNGaseF: n=7, n represents the number of analysed images of two independent mice per group). Statistical testing was performed by using a Shapiro-Wilk and Kruskal Wallis test with a Dunn’s multiple comparison test. *p<0.05; **p<0.01.






Discussion

The introduction of checkpoint control and immunomodulatory antibodies in the therapy of cancer, autoimmune diseases or after solid organ transplantation marks a new era in immunotherapy. One agonistic antibody target that showed very promising results in pre-clinical studies in mouse models of cancer and autoimmunity is CD137, which is mainly expressed on activated T cells, monocytes, and NK cells (29–31). In humans two different CD137-specific antibodies, the IgG4 antibody urelumab or the IgG2 antibody utomilumab were tested in clinical trials (8, 28). Both antibody formats were chosen to limit unwanted side-effects via the interaction of the antibody Fc-domain with cellular FcγRs and the complement pathway. However, while the IgG4 antibody urelumab was characterized by a higher agonistic activity compared to utomilumab, it also triggered more severe side-effects, including a systemic cytokine release syndrome and hepatotoxicity requiring to readjust antibody dosing to levels at which clinical trials using urelumab as a monotherapy showed disappointing results (28). Despite the notion that IgG4 Fc-domains may not play a role in mediating urelumab activity, we reasoned that IgG4 immune complexes, formed in vivo upon CD137-specific antibody binding to T cells for example, may productively interact with human FcγRs and trigger Fc-dependent activities as suggested by several previous reports (22–24). Aiming to analyse this in vivo in the setting of a human immune system, we used deglycosylated IgG4, which has a strongly reduced capacity to bind to cellular FcγRs; and chose our well established NSG-FcRγ mouse model. This allows the transplantation of a human immune system by injection of human hematopoietic stem cells into immunodeficient mice, lacking all mouse activating FcγRs, at the day of birth (23, 27, 32).

Consistent with a model in which the severe side effects triggered by urelumab injection are mediated by the interaction of the IgG4 Fc-domain with cellular FcγRs, our study demonstrates that a deglycosylated IgG4 variant of urelumab, which has a strongly reduced ability to bind cellular FcγRs, loses its ability to trigger a strong, systemic release of pro-inflammatory cytokines at both antibody doses. In addition, deglycosylated urelumab failed to recruit immune cell infiltrates into the liver at the high (but not at the low) antibody dose and did not trigger increased blood urea nitrogen levels. In contrast, only a mild reduction or delay in T cell proliferation was noted, suggesting that at least many of the beneficial immunomodulatory effects mediated by urelumab were maintained in the absence of urelumab glycosylation. Our study further suggests, that a much stronger and qualitatively different cytokine release was observed at the 3µg/g dosing scheme, which correlated with a drop in body temperature observed eight days after injection of urelumab. In contrast, deglycosylated urelumab injection resulted only in a minor and delayed reduction in body temperature. The observation that higher doses of urelumab may result in diminished release of pro-inflammatory cytokines is consistent with a recent study by Qi and colleagues demonstrating that human T cells secret less IFNγ when stimulated with 1 instead 0.3µg/ml of urelumab in vitro in the presence of FcγR expressing cells (21). The phenomenon that higher IgG doses may trigger less FcγR-dependent effects compared to lower antibody doses is well known as the Heidelberger-Kendall curve, although a more detailed titration would be necessary to demonstrate this more convincingly in our study (33, 34).

One surprising finding of our study was that urelumab deglycosylation strongly impairs immune cell infiltration into the liver at the 6µg/g dose but not at the 3µg/g antibody dose. Again, the Heidelberger-Kendall curve would predict that larger immune complexes could be formed at a lower antibody dose, which may retain binding to at least some activating FcγRs, such as FcγRI, even in an aglycosylated form as shown in this and our previous studies (24). As no FcγRI-specific antibody with highly efficient blocking activity for IgG binding is available, it is currently not possible to test this hypothesis directly. An alternative explanation may be afforded by the much more pronounced cytokine release syndrome observed at the lower antibody dose, which may trigger an infiltration of immune cells into the liver. However, urelumab deglycosylation largely blunted this cytokine release, yet the immune cell infiltration in the liver was maintained. Thus, this result rather suggests, that the cytokine release can be uncoupled from immune cell infiltration into the liver. More studies will be necessary to fully unravel the molecular and cellular basis for this result.

With respect to the need for a productive interaction of the Fc-domain of CD137-specific antibodies for stimulating T cell proliferation, several studies in mice demonstrated that different CD137-specific antibodies required a functional Fc-domain for maintaining their T cell stimulatory activity in vivo (10, 20, 21). The results of our study suggest that urelumab-dependent T cell proliferation may be maintained in the absence of an FcγR engaging Fc-domain, while unwanted side effects including the systemic cytokine release can be reduced. A major limitation of our study at present is that this humanized mouse model does not allow to assess the therapeutic activity of deglycosylated urelumab in the setting of tumor or autoimmune disease, for example. Without matching the tumor MHC haplotype to the human immune system it would be difficult to assign a reduction in tumor growth to the enhancement of tumor-specific immune reactions. Nonetheless, the maintenance of T cell proliferation upon injection of deglycosylated urelumab may indicate that the effect of T cell expansion can be uncoupled from the unwanted side-effects and hence may be less dependent on a functional Fc-domain.



Experimental procedures


Human material

Human material (blood, spleen, bone marrow and thymus samples) was provided by the University Hospital Erlangen. Leukocyte reduction cones were obtained from anonymous healthy adult donors, thymus samples were derived from cardiac surgeries of healthy children, spleen samples were collected from patients requiring therapeutic splenectomy, and bone marrow was obtained from biopsies performed to exclude bone marrow involvement in cancer. All samples were obtained under local ethical committee approvals (Ethikkommission der Friedrich-Alexander-Universität Erlangen-Nürnberg), and informed written consents were obtained in accordance with the Declaration of Helsinki. In brief, thymic and splenic tissues were chopped into small pieces using forceps and scalpel. The tissue was transferred into C-tubes (Miltenyi Biotec), filled with 5 ml RPMI1640, further mechanically disrupted using a Gentle MACS tissue dissociator (Miltenyi Biotec), and enzymatically digested with 400 U/ml collagenase D (Serva) and 100 μg (spleen) or 300 μg (thymus) deoxyribonuclease I (Sigma). After filtering the cell suspension twice, cell suspension of splenic and thymic tissue as well as the leukocyte enriched fraction of human blood was diluted with RPMI1640 and a density gradient centrifugation using Human Pancoll (ρ = 1.077 g/ml; Pan Biotech) was performed as described earlier. Bone marrow was filtered using a 100 µm cell strainer prior to the density gradient centrifugation. After the centrifugation, the interphase containing the mononuclear cells was collected, washed twice with RPMI1640, and used for experiments or resuspended in FCS + 10% DMSO at a final concentration of 5*107 cells/ml and stored at -80 °C until analysis.



Mice

FcRγ-/- mice, deficient for the fcer1 gene, were provided by Jeffery Ravetch (Rockefeller University, New York, USA), whereas NOD-, SCID-, and γc-deficient mice were supplied by the Jackson Laboratories. For generating NOD-SCID/γc/FcRγ-/- (NSG-FcRγ-/-) mice the γc-/- as well as fcer1g-/- mouse strains were back-crossed to the NOD/Scid background for at least ten generations. Mice were kept according to the guidelines of the National Institutes of Health and the legal requirements of Germany.



Generation of humanized mice

The humanization of NSG-FcRγ-/- mice was performed as described before (35). In brief, hematopoietic stem cells were isolated from human umbilical cord blood using a ‘Direct CD34 Progenitor Cell Isolation Kit, human’ (Miltenyi Biotec) according to the manufacturer’s instructions and frozen and stored in liquid nitrogen until further use. New-born NSG-FcRγ-/- mice were irradiated with a dose of 1.4 Gy within the first 24 hours after birth. 6-18 hours after irradiation, hematopoietic stem cells were injected intravenously into the facial vein (20,000-50,000 HSCs). Peripheral blood of transplanted mice was analyzed at 10-12 weeks of age and mice having greater than 5% hCD45+ cells in the peripheral blood were arbitrarily allocated to experimental groups and used for further experiments. As far as possible different humanized mice generated from one HSC donor received different treatments (isotype control, unmodified or aglycosylated urelumab) to allow a better comparison between control and experimental groups. With respect to comparison between 3 and 6µg/g treatment groups we aimed at including as many HSC donors as possible to limit batch effects of individual HSC donors. Thus, we included humanized mice generated from 22 different HSC donors in the experiments to mimic a diverse human clinical situation.



Antibody injection

Urelumab was injected intravenously at a dose of 3 or 6µg/g. As an isotype control, a human IgG4 antibody was administered. In addition, a deglycosylated variant of urelumab was generated by treating urelumab with 10 Units per µg IgG PNGase F (NEW ENGLAND BioLabs, Cat.#: P0704L) over night at 37°C. Urelumab deglycosylation was verified using lectin blot analysis with Lens culinaris agglutinin as described before (36)



Flow cytometric analysis

Peripheral blood (100μL) was collected by retro orbital puncture before and at select time points after antibody treatment. Single cell preparations from organs were generated by using a 70µm cell strainer. Erythrocytes were lysed using ddH2O followed by adding 10x PBS to stop the lysis. After washing, cells were re-suspended in Fc-Block (0.5 μg/well, 2.4G2) and incubated for 15 min on ice, followed by another washing step and staining for 15 min at 4°C with fluorochrome-conjugated antibodies (see Table 1). Finally, DAPI was added (dilution 1:5,000) for identifying dead cells, cells were washed again, and re-suspended in 100 μl FACS buffer followed by analysis on a FACS Canto II. Data was evaluated using the BD Diva or FlowJo software.


Table 1 | Key reagents used for the study.





Binding of urelumab variants to human FcγRI

100000 CHO cells or CHO cells expressing FcγRI were incubated with either 1µg of untreated urelumab (αCD137), 1µg of PNGase F treated urelumab (αCD137-PNGase F) or with PBS in 100µl FACS buffer for 1h on ice. After incubation, cells were washed and stained for 15 min on ice with either Protein L PE (1:10) in FACS buffer. Cells were washed again and resuspended in 50µL of FACS buffer and analysed at FACS CANTO II.



Cytokine release assay

For the determination of human cytokine levels, peripheral blood was obtained (as described above), incubated for 30min. at RT, and centrifuged at 10,000xg for 5 min. Serum was collected by taking off the supernatant, which was stored at -80°C until further use. To measure human cytokine levels in the serum, the human LEGENDplex™ Multi-Analyte Flow Assay Kit (Biolegend) was used according to the instructions of the manufacturer. Samples were analyzed by FACS analysis on a FACS Canto II and the data was analyzed by using Biolegend’s LEGENDplex™ Data Analysis Software.



Determination of kidney dysfunction

For monitoring kidney dysfunction, blood urea nitrogen was measured using urea nitrogen colorimetric kit (Teco Diagnostics) using one tenth of the recommended volume. 0.5 µL serum was used and mixed with the BUN Enzyme Reagent. After 10 min of incubation at RT, Bun Color developer was added and again incubated 10 min at RT. The absorbance at 570nm was measured with ‘VersaMax tunable microplate reader’ (Molecular Devices).



Immunohistochemistry

Organ samples were frozen at -80°C in OCT and cut into 5 μM sections followed by fixation for 2.5 minutes with acetone. Unspecific antibody binding was prevented by incubation of the sections with blocking solution (5% goat serum in PBS) for 1 hour at RT. Blocking solution was removed and fluorochrome-conjugated antibodies were added for staining in 5% goat serum in PBS and incubated for 30 min at RT in the dark. Slides were rinsed 3 times with 1xPBS, mounted with a drop of mounting medium and dried for 30 minutes. Stained sections of liver and kidney were analyzed on an Axiovert 200M microscope.

For determination of liver and kidney pathology, Sirius Red collagen staining was performed to detect morphological abnormalities. H&E staining of liver and kidney samples was used for determination of cell-infiltrates. For both stainings, liver and kidney samples were embedded in paraffin and cut into 5 µM sections. Stainings were done using standard protocols beginning with paraffin removal using xylene, isopropanol and 96% ethanol. H&E staining was performed by incubating the sections for 8 min in Mayer’s hematoxylin solution (Merck 1:5), followed by washing steps and a 1 min incubation in eosin solution (Roth). After another washing step, slides were dipped into 96% ethanol, isopropanol and xylene. A drop of ROTI® Histokitt II ready-to use-solution (Roth) was placed over the tissue on each slide and a coverslip was added. For Sirius Red staining the slides were treated for 6 min with Weigert’s iron hematoxylin (Roth), washed and then incubated in picro-sirius-red-solution for 5 min. Afterwards the sections were dipped in 100% ethanol and xylene. The sections were covered with a drop of ROTI® Histokitt II ready-to use-solution (Roth) and a coverslip was placed above the tissue.

For further examination of liver damage, H&E stained liver sections were examined and liver immune-cell-infiltrates measured using CellSens 1.14 Software (OLYMPUS). Cell-infiltrates were marked and their area was calculated automatically. To determine the mean infiltrate size, three images of a liver section were analyzed per mouse. For a more detailed examination of cell types infiltrating the liver, immunofluorescent staining of liver sections was performed. Human T cells were stained by CD3 and CD8 was used for human cytotoxic T cells (see Table 1). The overall T cell count and the CD8+ T cell count was determined by counting the cells on 7-9 liver sections per group.



Statistical analysis

GraphPad Prism 7.03 software (GraphPad Software Inc, Sand Diego, CA) was used for graphs and statistical analysis. Data are given in means ± standard error of the mean (SEM) or standard deviation (SD). All samples were tested for Gaussian distribution. Dependent on the Shapiro-Wilk normality test and on the comparative data we used one-way or two-way analysis of variance (ANOVA), Friedman or Kruskal-Wallis-test followed by a multiple comparison test (Tukey or Dunn). Data was further evaluated by using ROUT’s Outlier test (Q=1%). Detailed information of statistical test of individual results can be found in respective figure legends.
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Supplementary Figure 1 | Identification of human immune cell subsets in humanized mice via flow cytometry. Shown is an exemplary gating strategy separating mouse immune cells (mCD45+) from human immune cells (hCD45+) in splenic single cell preparations of humanized mice three months after HSC transplantation. Human immune cell subsets (hCD45+) were identified by expression of human immune cell lineage specific markers, such as CD3, CD4, and CD8 to detect human CD8+ and CD4+ T cell subsets or CD56 or CD33 to identify natural killer (NK) cells or monocytes, respectively. CD16 in combination with CD56, as well as CD16/CD14 in combination with CD33 was used to identify further subsets of NK cells or monocytes.

Supplementary Figure 2 | Comparison of CD137 expression on human T cells, NK cells and monocytes in humanized mice and humans. (A) Shown is CD137 expression on CD3+ T cell subsets in humanized mice in blood (n=37), spleen, bone marrow, thymus and lymph node (n=8) samples. (B) Shown is CD137 expression on the indicated human CD3+ T cell subsets in human peripheral blood, spleen, bone marrow as well as on thymic T cells (n=3). (C, D) Shown is CD137 expression on NK cell subsets in the respective organs in humanized mice (blood (n=33), spleen and bone marrow (n= 12)) (C) and humans (n=3) (D). (E, F) Depicted is CD137 expression on CD33+ monocyte subsets located within the indicated organs in humanized mice (blood: n=33, spleen and bone marrow: n= 12) (E), as well as in the respective human organs (F) (n=3). Results are expressed as median of ΔMFI with interquartile range.

Supplementary Figure 3 | Effect of urelumab deglycosylation on binding to human FcγRI. (A) Shown is a Coomassie stained PAA gel (left panel) and a western blot analysis (right panel) using lens culinaris agglutinin (LCA) to detect the effect of deglycosylation on urelumab size or the urelumab core sugar structure, respectively. (B) Depicted is the binding of untreated urelumab (αCD137) or of PNGaseF treated urelumab (αCD137 PNGaseF) to CHO cells (CHO-Blank) or CHO cells expressing human FcγRI (CHO-FcγRI) as the delta mean fluorescence intensity (ΔMFI) as determined by flow cytometry. Bound urelumab was detected with fluorescently labelled protein L. As a further control, CHO cells as well as CHO-FcγRI expressing cells were only stained with protein L in the absence of urelumab variants (∅). Shown is the mean +/- SEM of two independent experiments.

Supplementary Figure 4 | Effect of urelumab variants on T cells in the peripheral blood. Shown are the absolute numbers of CD3+ human T cells in the peripheral blood of humanized mice upon treatment with 3µg/g (hIgG4: n= 5; αCD137: n=6; αCD137 PNGaseF: n=4) or 6µg/g (hIgG4: n= 7-13; αCD137: n=10-11; αCD137 PNGaseF: n=6) of a human IgG4 isotype control antibody, urelumab (αCD137) or a PNGaseF treated urelumab variant (αCD137 PNGaseF). For each time point the mean+/-SEM is shown.

Supplementary Figure 5 | Effect of urelumab variant injection on serum cytokine levels. Serum cytokine concentrations were determined before and at the indicated time-points after treating humanized mice with 3µg/g (A, C, E) or 6µg/g (B, D, F) of hIgG4, αCD137 or deglycosylated αCD137 PNGaseF variant. Depicted are serum concentrations of (A) IL-1β (hIgG4: n=3, aCD137: n=6, αCD137 PNGaseF: n=4), (C) IL-8 (hIgG4: n=3, αCD137: n=6, αCD137 PNGaseF: n=4), and (E) IFN-α (hIgG4: n=4, αCD137: n=6, aCD137 PNGaseF: n=4) in mice treated with 3µg/g of the indicated antibody variants. Concentration of (B) IL-1β (hIgG4: n=7, aCD137: n=9, aCD137 PNGaseF: n=5), (D) IL-8 (hIgG4: n=8, αCD137: n=8, αCD137 PNGaseF: n=4), and (F) IFN-α (hIgG4: n=9, αCD137: n=8, αCD137 PNGaseF: n=5), in mice treated with 6µg/g of antibody variants. Results are expressed as median of ΔMFI with interquartile range. A ROUT outlier test (Q=1%) and Shapiro-Wilk normality test were performed followed by either Friedman test with Dunn’s multiple comparison test or RM-One-Way ANOVA with Tukey’s multiple comparison test was performed.
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Monoclonal antibodies (mAbs) comprise an essential type of biologic therapeutics and are used to treat diseases because of their anti-cancer and anti-inflammatory properties, and their ability to protect against respiratory infections. Its production involves post-translational glycosylation, a biosynthetic process that conjugates glycans to proteins, which plays crucial roles in mAb bioactivities including effector functions and pharmacokinetics. These glycans are heterogeneous and have diverse chemical structures whose composition is sensitive to manufacturing conditions, rendering the understanding of how specific glycan structures affect mAb bioactivity challenging. There is a need to delineate the effects of specific glycans on mAb bioactivity to determine whether changes in certain glycosylation profiles (that can occur during manufacturing) will significantly affect product quality. Using enzymatic transglycosylation with chemically-defined N-glycans, we show that galactosylation at a specific location of N-glycans in an afucosylated anti-viral mAb is responsible for FcγRIIIA binding and antibody-dependent cell-mediated cytotoxicity (ADCC) activity. We report a facile method to obtain purified asymmetric mono-galactosylated biantennary complex N-glycans, and their influence on bioactivity upon incorporation into an afucosylated mAb. Using ELISA, surface plasmon resonance and flow cytometry, we show that galactosylation of the α6 antenna, but not the α3 antenna, consistently increases FcγRIIIA binding affinity. We confirm its relevance in an anti-viral model of respiratory syncytial virus (RSV) using an adapted ADCC reporter assay. We further correlate this structure-function relationship to the interaction of the galactose residue of the α6 antenna with the protein backbone using 2D-1H-15N-NMR, which showed that galactosylation of at this location exhibited chemical shift perturbations compared to glycoforms lacking this galactose residue. Our results highlight the importance of identifying and quantifying specific glycan isomers to ensure adequate quality control in batch-to-batch and biosimilar comparisons.
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Introduction

Monoclonal antibodies (mAbs) are an important class of glycoprotein-based biotherapeutics that are used to treat cancer, inflammation and viral disease, of which many marketed products are of the IgG1 class (1). IgG1 glycoproteins comprise heavy and light chains that form the variable (Fab) and constant (Fc) regions with an approximate molecular weight of 150 kDa, with each region having distinct biological activities (2). The Fab regions are typically designed to bind to a target molecule (some of which are receptors) to inhibit its function, while the Fc region can initiate downstream immunological responses by various immune cells to further affect the biological activity of mAbs such as antibody-dependent cellular cytotoxicity (ADCC). The Fc region is structurally similar amongst IgG1 molecules and has a single N-glycosylation site at N297 of each of the two heavy chains. Protein glycosylation is a post-translational modification that is dynamically regulated by numerous glycosyltransferase and glycosidase enzymes during protein synthesis in the endoplasmic reticulum and Golgi bodies, and by these enzymes that may be in the cell or in the extracellular matrix (3). As such, manufacturing and production of mAbs typically result in heterogeneous mixtures of glycan structures, whose composition is sensitive to numerous expression parameters such as pH, temperature and media composition (4).

Specific N-glycan structures can greatly influence mAb bioactivity by altering its binding affinity to Fc receptors (FcR) on the surface of immune cells. Amongst the most widely studied glycan structure is the core fucose residue in N-glycans, where its presence decreases ADCC activity (5, 6) by hindering binding to the FcγRIIIa (CD16A) receptor (7, 8). Galactose is another important terminal carbohydrate residue that is directly proportional to ADCC, with previous studies showing inconsistent results (9–16). Although these insightful studies highlight the overall effect of fucosylation and general galactosylation on the interaction between Fc and FcγRIIIa, the use of non-homogeneous or ambiguous galactosylated glycoforms limits its exact correlation to its biological activity. Recent advances in glycoengineering using enzymatic transglycosylation have enabled the synthesis of mAbs with chemically-defined glycans and perform more detailed structure function analyses (12, 17–21). A recent study has reported that in glycoengineered rituximab (a commercially-available anti-inflammatory mAb) comprising defined homogeneous glycoforms, the location of the galactose residue in fucosylated biantennary complex Fc N-glycans showed differing activity (21); a galactose residue on the α6-antenna showed greater FcR binding and ADCC activity compared to that in the absence of the α3 antenna. This difference in activity is important in the regulatory evaluation of mAb therapeutics, as different commercially-available mAbs have been shown to have varying degrees of each mono-galactosylated isomers (22). However, whether this difference in activity between mono-galactosylated isomers is also observed in non-fucosylated glycans and in other mAbs targeting other antigens has not been reported. Further, it is unclear how these changes using chemically-defined glycans affect the Fc protein structure at the molecular level. Understanding how these epitopes affect mAb bioactivity and correlation to their structural properties is important, as glycoengineering is emerging as a strategy in mAb drug design and glycan characterization is crucial to ensure mAb efficacy and safety (23, 24).

While several glycosylation structure-function studies have been performed on mAbs in the context of anti-cancer and anti-inflammatory diseases (12, 17–21), those that focus on anti-viral mAbs have remained limited (10, 25). With the increasing development of anti-viral mAbs, especially with mAbs targeting SARS-CoV2 (26), it is important to continue to increase the knowledge about how glycosylation affects mAbs targeting anti-viral diseases. To this end, we report how mAb glycosylation affects its activity towards Respiratory Syncytial Virus (RSV), a virus that causes respiratory illness primarily in children, the elderly, and immunocompromised individuals, and is often misdiagnosed as influenza (27). RSV infects bronchial epithelial cells and causes increased mucous production that restricts breathing. While RSV vaccines were first produced for over 30 years, they are ineffective and have even been shown to exacerbate the disease (28). Viral Infections occur via binding of RSV protein F (RSV-F) and RSV-G to host cell surfaces (29, 30) that permits viral entry into the cells. A monoclonal antibody (mAb) therapeutic, palivizumab (Synagis), is an RSV-F neutralizing mAb that is effective prophylactic treatment, especially in vulnerable patients such as premature and young infants (31). Palivizumab functions by inhibiting the binding of RSV-F to its host cell surface receptor and therefore inhibits viral entry into the cell. Hiatt et al. previously reported that palivizumab produced in plant cells (Nicotiana benthamiana) yields afucosylated agalactosylated complex (G0, 76%) and high mannose glycans (Man7/9, 17%), which increased FcγRIIIa binding affinity and decreased viral titre in the lungs of Cotton Rats (25). However, a more detailed study on how glycosylation affects palivizumab has not been reported. Herein, we report that FcγRIIIa binding and ADCC activity is significantly increased by galactosylation of the α6 antenna (but not the α3 antenna) of afucosylated biantennary glycans in palivizumab. Using enzymatic transglycosylation to engineer afucosylated mAbs with chemically-defined glycans with varying degrees of galactosylation at specific locations, the changes in binding affinity to FcγRIIIa receptors were assessed using ELISA, surface plasmon resonance (SPR), flow cytometry and an ADCC assay. In order to support glycan-associated bioactivities measurements, we have characterized each glycoform using 2D-1H-15N-NMR fingerprints on isotopically labelled Fc domains to assess the location of the terminal galactose moieties.



Results


Synthesis of afucosylated palivizumab with defined glycoforms

The glycoprofile of commercially available palivizumab (Synagis) was first characterized using high pH anionic exchange chromatography-pulsed amperometric detection (HPAEC-PAD). Palivizumab was treated with the endoglycosidase PNGaseF to release free N-glycans that were measured directly via HPAEC-PAD. In our analysis, commercially-available palivizumab comprises predominantly G0F, G1F and G2F (25, 46 and 17% respectively) by HPAEC-PAD analysis (Supplementary Figures S1A, B). Surprisingly, HPAEC-PAD analysis revealed 4% of a high mannose (Man-5) glycan and pseudohybrid N-glycan structures, which were not detected by intact mass spectrometry analysis, nor reported previously. Intact mass spectrometry shows the presence of both symmetric and asymmetric glycosylation of the dimerized Fc heavy chains. Based on previous literature results (25) and our HPAEC-PAD analysis of PNGase F-released glycans (Supplementary Figures S1A, B), the peak at 147,958.813 Da corresponds to both glycans being of the agalactosylated G0F structure, while peaks at 148,118.953 and 148,440.328 Da indicate the asymmetric glycosylation comprising agalactosylated/monogalactosylated (G0F/G1F) and mono-/digalactosylated (G1F/G2F) structures, respectively (Supplementary Figures 1C, D).

With our goal to perform glycosylation-based structure-function studies on palivizumab, we used a glycoengineering strategy involving enzymatic transglycosylation (17, 32). Although several EndoS endoglycosidases have been reported with slightly varying substrate specificities (17, 19), we chose EndoS D233Q mutant, which does not affect mannose (Man5) glycans, and used this as an internal standard to further measure completeness of the transglycosylation reaction. Cleavage of the chitobiose core of complex N-glycans (i.e. between the two GlcNAc residues closest to the N297 position of the protein backbone) with EndoS D233Q leaves the palivizumab protein backbone with a single GlcNAc and a core-1,6-fucose residue, on each heavy chain (Pal-GlcNAc(Fuc), Figure 1A), as well as the aforementioned 4% uncleaved Man 5 glycans. Subsequent treatment with fucosidase GH29 cleaved the core fucose residue to afford the afucosylated analogue (Pal-GlcNAc) that could then undergo transglycosylation with purified glycan oxazoline compounds and EndoS D233Q. Of note, the three steps were performed sequentially in a one-pot reaction without the need for purification until the completion of the transglycosylation reaction steps.




Figure 1 | Schematic representation of transglycosylation of palivizumab to generate homogeneous glycoforms. (A) Deglycosylation of commercially-available palivizumab using EndoS D233Q generates the truncated GlcNAcFuc disaccharide (blue square = GlcNAc; red triangle = fucose) remaining on palivizumab. Defucosylation is achieved using fucosidase GH29, and subsequent glycan ligation of purified glycan oxazoline is achieved using EndoS 233Q. (B) Enzymatic reaction and purification of truncated glycans (mono-galactosylated at the α3 antenna (G1 (3)T) and digalactosylated (G2T)) using EndoS and α2-3,6,8 neuraminidase to cleave truncated glycans between the reducing end chitobiose core, followed by purification by porous graphitic carbon (PGC)-HPLC. (C) Synthesis of truncated agalactosylated (G0T) and monogalactosylated at the α6 antenna (G1 (6)T) glycans using LacZ β1-4 galactosidase (* indicates reaction byproduct peaks), followed by purification by PGC-HPLC. HPAEC-PAD trace of overlaid spectra of purified glycans are shown on the right in each of (B, C).



To obtain biantennary glycan analogues with varying degrees of galactosylation, sialoglycoprotein (SGP) was first extracted from egg yolk (33) and treated with EndoS and α2-3,6,8 neuraminidase to cleave the glycans between the chitobiose core, and removal of the terminal sialic acid residues, respectively, Figure 1B. In addition to the production of the truncated digalactosylated (G2T) glycan, we observed the formation of a monogalactosylated glycan (18%) that was also previously reported, but the specific location of its terminal galactose residue was not identified (34). To this end, we purified the glycans by preparative porous graphitic carbon (PGC)-HPLC, a powerful technique that is able to separate glycan isomers as well as their respective anomers (35, 36), and confirmed glycan purity and structural identity by HPAEC-PAD and tandem mass spectrometry (Figure 1B, right panel, and Supplementary Figure S2A). A recent report showed that branch-specific glycan residue characterization can be achieved using positive mode CID MS/MS fragmentation, where the relative peak intensities of the MS/MS-fragmented glycan peaks are compared between two separate purified glycan biantennary branching isomers; MS/MS-induced cleavage of the α3 antenna between the GlcNAc-β1-2-Man linkage produces a relatively higher abundance of the cleaved and its complementary glycan fragments compared to cleavage of the α6 antenna (37). It is noteworthy that this fragmentation will occur at both α3 and α6 antennae, albeit at different rates, resulting in the presence of both cleaved peaks in the MS/MS spectra of a single compound; therefore MS/MS analysis of a single isomeric compound is insufficient for assigning antenna-specific glycan residues, and purified compounds of both isomers are required to enable antenna assignment. Thus, we required the synthesis of a glycan comprising monogalactosylation at a known antenna. It has been well characterized that LacZ β1-4 galactosidase can selectively cleave the Gal-β1-4-GlcNAc residue of the α3 antenna to yield monogalactosylation at the α6 antenna (38, 39), and thus we treated our purified G2T with LacZ β1-4 galactosidase, Figure 1C. Further extended reaction with this enzyme resulted in the formation of the truncated agalactosylated G0T glycan. PGC-HPLC purification of each glycan analogue following the LacZ reaction eluted the anomers of each glycan at different retention times (See Materials and Methods), which were also different than the previously unidentified monogalactosylated truncated glycan from the SGP isolation, indicating that the latter glycan was not monogalactosylated at the α6 antenna. The β- and α- anomers of SGP-derived monogalactosylated glycan eluted at approximately 23.0 and 28.0 min, while the anomers of G1 (6)T eluted at approximately 26.0 min and 31.5 min. As a further comparison, Figure 1C (right panel) shows the overlaid HPAEC-PAD chromatograms of the four PGC-HPLC-purified glycans with varying degrees of galactosylation; importantly, the two monogalactosylated glycans isolated using either the SGP isolation or LacZ β1-4 galactosidase treatment possessed different retention times. With the two purified monogalactosylated glycans in hand, comparative tandem MS/MS analysis revealed that the monogalactosylated product isolated from SGP had a higher relative abundance of the cleaved GalGlcNAc ([GalGlcNAc+H]+, m/z 366.07) and its complementary fragment ([M-GalGlcNAc+H]+, m/z 911.17, Supplementary Figure S2A, pink peaks) compared to the cleavage of the terminal GlcNAc of the opposite antenna ([GlcNAc+H]+, m/z 204.02) and its complementary fragment ([M-GlcNAc+H]+, m/z 1073.23, Supplementary Figure S2A, yellow peaks); conversely, an opposite relative abundance of these peaks are observed with the known α6-monogalactosylated product obtained following LacZ β1-4 galactosidase cleavage (Supplementary Figure S2B). Therefore, the previously unidentified monogalactosylated glycan isolated from SGP is assigned to be that of the α3 antenna.

Purified glycans were reacted with 2-chloro-1,3-dimethylimidazolinium chloride (DMC) and trimethylamine to obtain the glycan oxazoline precursors that were then used with EndoS D233Q for transglycosylation. Glycan-remodelled palivizumab were purified using Protein A resin, which included washing with 0.5 M sucrose solutions prior to mAb elution to remove unreacted glycan starting materials.

Completion of the reactions were monitored by SDS-PAGE and intact mass spectrometry, Supplementary Figure S3. Cleavage by PNGaseF further shows that the afucosylated glycans present in the remodelled palivizumab analogues are homogeneous and that the original chitobiose linkage to the asparagine residue (GlcNAc β1-4-GlcNAc-N297) was formed properly, Supplementary Figure S4. Importantly, the percentage of Man5 residues were between 2-3% compared to the ligated glycan for all four analogues, indicating that the degree of transglycosylation is between 97-98% for each glycoform.



Binding assays and biological activity to FcγRIIIA

To assess the role of varying glycan structures on palivizumab, we first examined whether changes in Fc glycosylation affects the binding of the Fab region to its targeted RSV F-protein, using RSV-F recombinant protein-immobilized ELISA. Consistent with previous reports, varying galactosylation or fucosylation levels by enzymatic transglycosylation did not affect Fab binding, as EC50 values were not statistically significant between commercial (ie. most fucosylated), deglycosylated and afucosylated glycans with varying galactosylation (p=0.3184, Figure 2).




Figure 2 | Fab binding of glycan-remodeled palivizumab to RSV-A2 F-protein is not affected by remodelled Fc-glycans. Comparable dose-response curves are obtained in the various glycoform analogues in an ELISA assay. RSV-A2 F-protein was coated at 0.25 μg/mL, followed by mAb binding. An anti-human Fc-HRP and Ultra-TMB were used for detection at 450 nm. Error bars show mean ± standard deviation (n=3 replicates); non-linear regression (4-PL) was used for curve-fitting in GraphPad. EC50 values generated and statistically analyzed (One-way Anova, Tukey post-hoc analysis) by GraphPad showed no significant differences between the various groups (p = 0.3184).



Next, we examined the influence of the terminal galactose residues of afucosylated Fc glycans on binding to the higher affinity isoform (V176) of FcγRIIIa (CD16A), a receptor primarily involved in ADCC. Using ELISA (Figure 3A), a significantly higher binding of all non-fucosylated glycans was observed compared to the commercially available palivizumab that comprises mostly fucosylated G0F and G1F glycans. Intriguingly, comparison amongst only afucosylated glycoforms revealed a higher binding activity in afucosylated glycans bearing a terminal galactose residue at the α6 antenna (i.e. G1 (6) and G2), compared to those that lack a galactose residue at this position (i.e. G0, G1 (3), Figure 3A). EC50 values of G0 and G1 (3) glycoforms were not determined, as they never reached maximum saturation compared to G1 (6) and G2 glycoforms. The presence of a single GlcNAc residue following EndoS and fucosidase treatment (i.e. Gn glycoform) exhibited minimal binding. We observe a similar trend for binding to the lower-affinity FcγRIIIA F176 variant, although the differences between the various galactosylation states are less pronounced compared to the high-affinity V176 isoform; statistical analysis of EC50 values reveals that the absence of a galactose residue on the α6 antenna was generally statistically different (p < 0.0404, with the exception of monogalactosylated G1 (3) vs G1 (6), p = 0.059, Figure 3B).




Figure 3 | FcγRIIIa (CD16A) binding shows galactose on the α6 antenna significantly affects activity – 2D binding assays. (A,B) Dose response curves are obtained in the various glycoform analogues in an ELISA assay. (A) CD16A V 176 (high affinity) or (B) CD16A F176 (low affinity) were coated, followed by mAb binding. An anti-human Fab-HRP antibody, and Ultra-TMB were used for detection at 450 nm. Error bars show mean ± standard deviation (n=4 replicates); non-linear regression (variable slope, four parameters) was used for curve-fitting in GraphPad. (C-F) Surface Plasmon Resonance (SPR) of each palivizumab glycoform for either (C, E) CD16A V176 or (D, F) CD16A F176. (C, D) Overlaid sensograms and (E,F) dissociation constant (KD, M) are shown. For (E, F), error bars show mean KD ± standard deviation from 3 replicate binding experiments; **p < 0.01; ****p <0.0001, one-way ANOVA, Tukey post-hoc analysis.



We further confirm these observations using surface plasmon resonance (SPR) by immobilizing the mAbs to Protein A-bound slides. With respect to binding to the higher-affinity V176 isoform, the dissociation constant (KD) of glycoforms bearing the galactose at the α6 antenna is twice as low as glycans lacking a galactose at this position (approximately 6 x 10-9 M vs. 11 x 10-8 M, respectively, Figures 3C–F). Similar to the ELISA results, minimal binding was observed with the GlcNAc-only palivizumab. As with our ELISA results, this is drastically stronger than steady state binding of commercially available palivizumab (10-6 M). A similar case is observed with the binding affinity of the various galactosylated afucosylated glycoforms to the low-binding F176 isoform, albeit at an approximate five-fold decrease of each glycoform.

As coating recombinant proteins on to flat polystyrene surfaces can denature its conformation (40), and therefore skew binding affinity data, we next used more biologically-relevant model for FcγRIIIa binding, involving flow cytometry of a GFP-expressing natural killer T-cell line expressing the FcγRIIIa receptor (NK92-GFP-CD16A). NK92-GFP-CD16A cells bound with palivizumab at the Fc region was labeled with an AlexaFluor 647-conjugated anti-F(ab`)2 antibody fragment, and the percentage of GFP+AF647+ NK92 cells were analyzed by flow cytometry, Figures 4A–C. Similarly, to the SPR results, an approximate 2-fold enhancement in binding or EC-50 is detected for the glycoforms containing a galactose at the α6 antenna of afucosylated glycans (p < 0.05). Surprisingly, when using the lower affinity NK92-GFP-CD16A F176 variant, we observed a more pronounced difference between the glycoforms, Figure 4D. The presence of a terminal galactose residue on the α6 antenna results in a binding of approximately 70% of cells at 16 µg/mL, whereas palivizumab lacking this galactose residue resulted in a maximum binding of approximately 30%. Furthermore, the Endo S- and fucosidase-treated deglycosylated palivizumab and the commercially available fucosylated showed similar minimal binding to the low affinity CD16A F176 variant.




Figure 4 | FcγRIIIa (CD16A) binding shows galactose on the α6 antenna significantly affects activity - Cell based assays. (A-C) NK92-CD16A expressing cells (V Variant) and (D) Jurkat T-cell luciferase reporter cell line (CD16A V Variant). (A) A representative flow cytometry histogram is shown of NK92-CD16A (V176) cells bound to 0.41 µg/mL of various palivizumab glycoforms that were detected using an anti-human IgG (F(ab’) 2 –specific) conjugated to AlexaFluor(AF)-647. (B) Dose-response curve of % GFP+APC+ cells for each palivizumab glycoform analogue (C) EC 50 (µg/mL) shows that galactosylation in the α6 antenna result in approximately twice as low EC50 compared to glycoforms lacking galactosylation in this position. EC50s are calculated using GraphPad. *, p< 0.05, One-way ANOVA, Tukey post-hoc analysis. (D) Dose-response curve of % GFP+APC+ cells for each palivizumab glycoform analogue to NK92-GFP cells expressing the low-affinity CD16A F176 variant. (E) Dose-response curve and (F) % relative activity of palivizumab glycoforms in the ADCC reporter assay, where % relative activity is the ratio of the EC50 of G2-palivizumab to the EC50 of each sample in each biological replicate. For (B-F), error bars show mean ± standard deviation (n=3 biological replicates); for (B, D, E) non-linear regression (4-PL) was used for curve-fitting in GraphPad; for (C, F) EC50 values were calculated and statistical analyses were performed using GraphPad. *, p< 0.05, One-way ANOVA, Tukey post-hoc analysis.



Next, we measured the ADCC activity of the afucosylated palivizumab glycoforms using RSV-infected Hep2 cells with the Jurkat T-cell luciferase reporter system (Figures 4E, F). Hep2 cells were infected with RSV overnight prior to incubation with palivizumab glycoforms and then the reporter cells were added. Consistent with the bioactivity to those of the aforementioned FcγRIIIA binding assays, increased ADCC reporter activity is observed in glycoforms comprising a terminal galactose residue at the α6 antenna (p < 0.05). In contrast, the commercial palivizumab yielded low ADCC activity, even at a 50-fold increase in concentration (100 µg/mL), Figure 4E.



Characterization of glycan-Fc by NMR

The above observations points at the implication of the terminal galactose residue on the α6 antenna of the glycans. In order to ascertain the correctness of the glycoforms we prepared all four glycans on an isotopically labelled Fc fragment and applied NMR spectroscopy. As the NIST-mAb-Fc fragment shares the same amino acid sequence as the Fc fragment of palivizumab (41), we expressed this Fc fragment using P. pastoris yeast cells with (15NH4)2SO4 as the sole source of nitrogen, yielding a fragment that is over 98% labelled. Yeast expresses afucosylated high mannose glycans, and cleavage with Endo H produced the peptide bearing only a single GlcNAc residue at the N297 position. Treatment with EndoS D184M and the purified glycan oxazolines with variable galactosylation was performed, and completion was monitored by SDS PAGE (Figure 5A; Supplementary Figure S6).




Figure 5 | Synthetic scheme and NMR characterization of 15N-isotopically labelled Fc subunits with homogenous monogalactosylated glycoforms. (A) Synthetic scheme showing the remodeling of 15N-labelled Fc proteins expressed in P. pastoris and remodelled with sequential treatment with EndoH and EndoS D184M and purified glycan oxazolines. (B, C) Overlay of 2D-1H-15N NMR spectra of agalactosylated 15N-G0-NISTmAb-Fc (red) with (B) 15N-G1(6)-NISTmAb-Fc (bright green) and (C) 15N-G1(3)-NISTmAb-Fc (dark green). Peptide backbone amino acid residues are labelled, and Combined Chemical Shift Differences (CCSDs) are calculated for those labeled in red and are shown in Table S1.



Two dimensional (2D) 1H-15N-HSQC spectra were recorded for all four analogues along with its deglycosylated precursor (i.e. treated with EndoH). Since terminal galactose residues do not have proton-nitrogen pairs, chemical shift perturbations (CSPs) of the Fc protein backbone amides produced by the proximity of the galactose moiety were measured. The advantage of this approach is that the chemical shift of a single backbone amide pair is an absolute measurement of the magnetic environment surrounding this chemical group. In contrast, the intensity of a given NMR resonance can carry more variability due to many experimental factors (see Ghasriani et al. (42) for a more thorough discussion). In addition, binding or close proximity of a chemical entity such as a glycan perturbs the local magnetic environment of many amides. When the resonance assignment is known, this allows 2D-correlation spectra to identify binding sites, or presence and absence of nearby glycan moieties. The resonance assignments of the Fc fragment reported by Yagi et al. (43) were transposed onto the 2D-1H-15N-HSQC of 15N-G0-NISTmAb-Fc; despite the NIST mAb-Fc having a primary sequence that differs at residues 356-358 compared to the Fc fragment assigned by Yagi and coworkers (i.e. 356Asp-Glu-Leu358 vs. 356Glu-Glu-Met358, respectively), this difference in primary sequence is sufficiently distant from residues surrounding the glycans that assignment could be transposed.

We initially examined the 2D 1H-15N-HSQC NMR of the Endo H-deglycosylated 15N-Gn-NISTmAb-Fc with the agalactosylated G0 glycoform (Supplementary Figure S7), and observed numerous CSPs, indicative of the large effect that entire glycans have on the solution conformation of the Fc protein backbone compared to a single GlcNAc residue. Spectral overlays of monogalactosylated 15N-NISTmAb-Fc proteins with the agalactosylated 15N-G0-NISTmAb-Fc further revealed interesting features that confirmed the identities of these glycans and provide insight into our observations with the remodeled afucosylated palivizumab glycoforms (Figures 5B, C). Relative to the agalactosylated 15N-G0-NISTmAb-Fc, the presence of the terminal galactose in the α6 antenna (i.e. 15N-G1 (6)-NISTmAb-Fc) induces greater CSPs of the peptide backbone (amongst them are L242, F243, K248, D249, T250, T260, C261, S304, L306, V308, L314, G316, A339, C367, A378) (Figure 5B) compared to its presence on the α3 antenna alone (i.e. 15N-G1 (3)-NISTmAb-Fc, Figure 5C), indicating that galactosylation on the α6 antenna brings a galactose moiety in close proximity with the Fc protein. Next, we evaluated how galactosylation of each arm alone compared to digalactosylation on both arms (i.e. G2). Monogalactosylated 15N-G1 (6)-NISTmAb-Fc shows significant overlap and few CSPs compared to the digalactosylated 15N-G2-NISTmAb-Fc (Supplementary Figure S7A), whereas more CSPs are observed between the latter and the 15N-G1 (3)-NISTmAb-Fc (Supplemental Figure S7B), demonstrating that galactosylation at the α6 antenna alone is sufficient to impart a glycan conformation comparable to the digalactosylated glycoform. This may result from an interaction between the galactose on the α6 antenna and the protein backbone. However, our data (Figure 5C) suggest that galactosylation at the α3 antenna does not have these galactose-protein backbone interactions. As a complementary method to compare differences in chemical shifts between Fc-glycoforms, we calculated the combined chemical shift difference (CCSD, in ppm), a weighted value of the differences in chemical shifts in a 2D spectrum (Supplemental Table 1). The aforementioned 15 amino acid residues with the greatest CSPs between glycoforms with or without the terminal α6 antenna galactose showed greater CCSD values, whereas CCSDs of the same amino acid residues between glycoforms with the terminal α6 antenna galactose (i.e. G1 (6) and G2) are less than 0.02 ppm (with the exception of L242 and C261, which are 0.06 and 0.04 ppm, respectively). As a control peak that showed minimal CSPs between samples, D312 was used, which had CCSDs of less than 0.01 ppm, regardless of the terminal galactose position.

Mapping of twelve of these CSPs on the X-Ray structure (PDBID: 4byh) (44) highlight residues that are in close proximity with the galactose moiety of the α6 antenna (Figure 6A), which are located closer to the CH3 domain, while the fewer and weaker CSPs for the G1 (3) are consistent with a galactose moiety more exposed to the solvent, away from the protein backbone (Figure 6B). In this case, the very small CSPs limited the calculation of CCSD. Previous reports have shown that the latter antenna experiences greater mobility in solution (45), which would also contribute to smaller perturbations of chemical shifts.




Figure 6 | Mapping chemical shifts perturbations of Fc glycoproteins bearing a galactose residue at either the α3- or α6-antenna. (A) In the α6-antenna, the galactose is in close proximity with the protein backbone, whereas (B) in the α3-antenna, the galactose residue is exposed to the outer solvent. Residues that experiencing chemical shift perturbations are depicted in green. β-sheets are depicted in cyan, α-helix in red, and loops/turns are shown in gray. X-ray structure of glycosylated Fc (PDB ID: 4byh).






Discussion

Our method to generate asymmetrical mono-galactosylated glycans provides a facile alternative procedure to that previously reported (21, 39). Although monogalactosylated glycans at the α3 antenna only occurs at approximate 18% yield relative to digalactosylated glycans in sialoglycoprotein (SGP) extracted from inexpensive commercially available egg yolk, the ability to extract SGP at a relatively high yield enables its practicality. While the presence of a monogalactosylated species had been previously observed (34), it was neither further characterized nor isolated, as focus was on obtaining either the digalactosylated or completely agalactosylated glycans (33, 34). Furthermore, the selectivity of LacZ β1-4-galactosidase to highly favour the cleavage of the Gal-β1-4-GlcNAc linkage in the α3 antenna of digalactosylated biantennary complex glycans (38, 39), coupled with the ability of PGC-HPLC to separate isomeric glycans (22), our results demonstrate a feasible method to isolate purified asymmetrically galactosylated biantennary glycans.

Our FcγRIIIa binding experiments show that galactosylation of both antennae of afucosylated glycans (i.e. G2) of the anti-viral mAb palivizumab increases binding, corroborating a recent report with polyclonal serum-derived IgG (IVIG) used for anti-inflammation (12). Using chemoenzymatic glycan remodeling with asymmetric galactosylated biantennary glycans, herein we further refined the structural requirements for this binding; data from our various binding experiments consistently demonstrate that only the terminal galactose residue on the α6 antenna (i.e. G1 (6)) is required to impart this increased binding affinity. In its absence (i.e. G0 and G1 (3)), the binding affinity is comparable to the agalactosylated afucosylated (G0) glycan. Our KD values for both high- (V176) and low- (F176) affinity FcγRIIIA obtained by SPR analysis are within the same magnitude as those previously reported; for example, our digalactosylated afucosylated (G2) palivizumab glycoform had KD values of 5.9 ± 0.8 nM and 25.6 ± 1.3 nM with the high- and low-affinity receptors respectively, compared to 2 nM and 25 nM for G2-rituximab (18). However, it is worth noting that these KD values are lower than those obtained for Fc fragments (i.e. lacking the Fab region) comprising G2 (64 nM) (16). Our observed decrease in binding affinity by two-fold upon removal of the galactose on the α3-antenna (KD = ~ 6 nM for G1 (6) and G2 vs ~ 11-12 nM for G0 and G1 (3) for high-affinity FcγRIIIA, and ~ 25-31 nM for G1 (6) and G2 vs ~ 60 nM for G0 and G1 (3) for low-affinity FcγRIIIA) is similar to the 1.5- to 1.7-fold decrease previously reported between agalactosylated and digalactosylated afucosylated glycoforms (i.e. G0 vs G2) (16, 46). However, Wada et al. had previously reported a decrease in relative binding affinity by 3.6-fold, although KD values were not reported (20). Interestingly, the cell-based binding assay using NK92 cells showed a difference between the commercially-available high- and low-affinity CD16A variants. A two-fold difference in EC50 was observed with the high-affinity NK92-GFP-CD16A V176 variant, while only glycoforms with a galactose in the α6 antenna (i.e. G1 (6) and G2) showed any appreciable binding to the low-affinity NK92-GFP-CD16A F176 variant.

While the increased FcγRIIIa binding in monogalactosylated at the α6 antenna was recently shown in fucosylated glycans (21) in the anti-inflammatory drug rituximab, we now demonstrate that this is also applicable to afucosylated glycans and in the context of an anti-viral mAb that binds different targets than rituximab. Commercial palivizumab (Synagis), which is predominantly core fucosylated, is generally considered to be a prophylactic mAb whose mechanism of action is acting as a neutralizing agent, rather than by actively destroying infected cells (47, 48), and has been shown to have relatively low ADCC activity (48). Our ADCC reporter assay results using RSV-infected Hep2 cells corroborate the low activity of commercially-available palivizumab, even at 90 µg/mL (Figure 4E, black data points) (48). A previous report had shown that palivizumab expressed in N. benthamiana changed the glycoprofile from predominantly fucosylated glycans into one that comprised 79% agalactosylated, afucosylated (G0) glycans, and 17% of high mannosylated (Man 7/9) glycans (25). Our data here shows the synthesis of a higher purity of glycans with varying degrees of galactosylation (97%), with 3% high mannosylated (Man 5) glycan, and that upon galactosylation of the α6 antenna, we can further increase palivizumab binding to FcγRIIIa and ADCC activity by approximately two-fold compared to the agalactosylated afucosylated palivizumab (i.e. G0) glycoform. However, it is important to note that our comparison between the afucosylated glycoforms and commercial product (that is mostly fucosylated) is consistent with previous literature that removal of the core fucose residue remains a dominant feature to increase FcγRIIIA binding. Rather, our results provide further corroborating evidence with more recent studies that galactosylation further increases ADCC via FcγRIIIA binding (12, 21, 49) and is in contrast to previous studies that showed galactosylation had no effect (11, 13, 50). During the biosynthesis of complex N-glycans in glycoproteins, β-1,4-galactosyltransferase is involved in attaching the galactose residue to the terminal GlcNAc residue in complex N-glycans; Ramasamy et al. previously demonstrated that the human β-1,4 galactosytransferase exhibits selectivity towards the α6 antenna at lower glycan concentrations, while the α3 antenna is favoured at higher glycan concentrations (51). As this key enzyme can have opposing selectivity as a function of glycan concentration, this further emphasizes the need to carefully control conditions during manufacturing and production of glycoprotein-based biotherapeutics, and together with our data that shows the importance of galactose location within the Fc-glycan on FcγRIIIA binding, the proper characterization of glycan isomeric structures needs to be considered to properly evaluate the biological properties of monoclonal antibodies (51).

Previous data reported that soluble FcγRIIIA receptors bound to Fc proteins near the hinge region of the CH2 domain (via hydrogen bonds at residues G236, G237, P238, S239, D265, Y296, as well as glycan-glycan interactions with the N162 glycan of sFcγRIIIA), and show that the terminal galactose moiety of the α6-antenna is far from any Fc- FcγRIIIa contacts (PDBIDs: A3Y4 (8), 3SGJ (7), 5D6D (52)). Therefore, the correlation between the enhancement of receptor affinity and biological activity with the presence of the terminal galactose residue at the α6-antenna of the glycan can be a priori puzzling. However, several reports suggest that glycan dynamics also play an important role in receptor affinity. Barb and Prestegard have shown using predominantly fucosylated and 13C-labeled galactose on the α6 antenna, that this latter carbohydrate residue has broader resonance lines indicative of slower mobility, while the α3 antenna has increased mobility (45). Mutations to the Fc peptide backbone that increase galactose mobility of the α6 antenna are correlated to a 20- to 50-fold decrease of FcγRIIIA receptor affinity (53, 54). The chemoenzymatic strategy used herein to generate defined afucosylated, monogalactosylated glycans on a uniformly 15N-labeled Fc fragment brings further support to the role of glycan dynamics. Two-dimensional NMR spectra of the 15N-labeled Fc protein monogalactosylated at the α6 antenna show several chemical shift perturbations (CSPs) compared to the agalactosylated glycoform, indicating that the α6 antenna is in close proximity to the protein backbone and is consistent with reduced mobility; our use of 15N-labeled Fc with defined monogalactosylation at the α6-antenna shows that this occurs independently of galactosylation at the α3 antenna. Conversely, the spectrum of 15N-labeled Fc comprising monogalactosylation at the α3 antenna show small and weak CSPs which is consistent with a solvent-exposed galactose with greater mobility, and occurs independently of the presence of an α6-antennal galactose. It was not useful to measure CCSD for the perturbations observed in G1 (3) relative to G0 since the changes that are observed are either a change of peak shape (narrowing or broadening) or simply disappearance, depending of the frequency of the change in the local magnetic environment. The only residue that shows a clear CSP is T335 with a CCSD of 0.05 ppm where the peak shape has also changed (narrowing). The fact that the spectral overlay of G0 and G1 (3) is mainly showing changes in peak shape is consistent with a mobile galactose moiety that is mainly exposed to the solvent with little to no interactions with the protein backbone. The presence of the afucosylated α6-antennal galactose causes CSPs in a region closer to the CH3 domain (i.e. F243, K248, D249, T250, T260, C261), and are in line with a previous study showing that residues F241 and F243 are in close proximity with this galactose in fucosylated digalactosylated glycans (G2F), and mutation of these residues increase glycan mobility and reduce FcγRIIIA receptor affinity (53). It is therefore plausible that the presence of an α6-antennal galactose (i.e. G1 (6) or G2) reduces mobility of afucosylated Fc-glycans by interacting with the Fc protein backbone, which enhances FcγRIIIA receptor affinity, similarly to previous reports with fucosylated glycans (53). However, the effect of glycan-glycan interactions involving the α6-antenna terminal galactose residue of a full mAb and the N-glycans of the FcγRIIIA receptor cannot be ruled out, although previous X-Ray work did not identify these interactions using truncated Fc proteins (8).

While afucosylation remains the predominant factor for FcγRIIIa binding and ADCC activity, this two-fold increase in activity based on the location of the terminal galactose residue highlights the importance to carefully characterize glycan structures in biotherapeutics. From a regulatory perspective, depending on the mechanism of action, this may warrant attention when evaluating physicochemical data to assess batch-to-batch variability and comparing biosimilars to existing innovator mAb products.



Materials and methods


Glycan isolation, purification and oxazoline formation

Sialoglycoprotein (SGP) was isolated from commercially available egg yolk as previously described (33). Glycans were released from SGP using EndoS (New England Biolabs, Cat #P0741) containing a chitin-binding domain (CBD). EndoS-CBD was immobilized to chitin resin (New England Biolabs, Cat # S6651) by incubating 10 uL EndoS-CBD with 1.0 mL chitin resin slurry (0.5 mg/mL) overnight at 4°C. The slurry was mixed well using wide-bore pipette tips and transferred to a solution of SGP (10 mg/mL containing GlycoBuffer 1 (New England Biolabs, Cat # B1727S). 5 µL α2-3,6,8 neuraminidase (NEB, Cat #P0720) was then added to desialylate glycans. The reaction was incubated at 37°C with gentle agitation for 3 days, and monitored by HPAEC-PAD. For HPAEC-PAD analysis, a Dionex CarboPac PA200 IC column (3 mm x 250 mm, 5.5 µm particle size, Cat # 062896) was used, with a gradient of 20%/0%/80% to 60%/20%/20% of MP-A/MP-B/MP-C (MP-A: 200 mM NaOH; MP-B: 150 mM NaOAc in 200 mM NaOH; MP-C: MQ H2O) over 10 min at 30°C was used to monitor glycan products. Following reaction completion, resin was removed by passing through a solid phase extraction tube and rinsed with MQ water. The reaction lyophilized, resuspended in MQ water and filtered through a 0.22 µm PVDF filter before it was purified by PGC-HPLC to isolate G1 (3)T and G2T glycans (HyperCarb PGC column (Thermo Fisher Cat # 35005-159070A, 10 cm x 150 cm, 5 µm particle size). Following an initial mobile phase composition of 1% MP-D: MP-E (MP-D: 95% acetonitrile in MQ H2O containing 0.1% TFA; MP-E: MQ H2O containing 0.1% TFA), a gradient of 6.0% to 13.7% MP-D: MP-E was used from 1.0 min to 42.0 min at 5 mL/min, at 40°C. Glycans were detected at 214 nm using a UV detector, collected using a fraction collector, analyzed by HPAEC-PAD prior to fraction combination, and lyophilized. Impure samples were re-purified as above. The β- and α- anomers of G1 (3)T eluted at approximately 23.0 and 28.0 min, while the anomers of G2T eluted at approximately 32.0 min and 37.0 min.

To prepare glycans containing zero or one terminal galactose residue (at the α6 antenna only) (G0T, G1 (6)T), G2T was diluted to 5 mg/mL (1.0 mL) with 150 µL of KCl (500 mM), 150 µL of a buffer containing 500 mM sodium acetate and 50 mM CaCl2 (pH 5.7), and 4.55 mL MQ water. 150 uL β-1,4 galactosidase (Sigma, Cat# 10105031001) was then added, and the reaction was incubated at 30°C overnight. The reaction was monitored by HPAEC-PAD and purified by PGC-HPLC as above. The β- and α-anomers of G0T eluted at approximately 17.0 and 22.0 min, while the anomers of G1 (6)T eluted at approximately 26.0 min and 31.5 min.

With each purified glycan in hand, each was converted to their respective oxazoline intermediates by reaction with 2-chloro-1,3-dimethylimidazolinium chloride (DMC, Sigma, Cat# 529249-25G) and trimethylamine (TEA, Fisher, Cat #0484-100) at 4°C, and purified using 0.1% ammonium hydroxide in a column packed with G25 resin (Fisher, Cat # 45-002-048). Collected fractions were monitored by HPAEC-PAD, and those containing purified oxazolines were combined, lyophilized and stored at -80°C until use.



Monoclonal antibody transglycosylation

Methods were adapted from previously reported work (17, 32), with the following modifications. Palivizumab was purchased from McKesson Specialty Pharmacy (Cat #02438272), and the required amount of antibody was diluted to 10 mg/mL in PBS. For the scale of 1 mg (in 100 µL), palivizumab was first digested with EndoS D233Q (32) by adding 50 µL (2.0 mg/mL in PBS), followed by the addition of 100 µL fucosidase (GH29, CedarLane, Cat# CZ05662) that has been previously removed of glycerol. The reaction was incubated overnight at 37°C, and completion was monitored by SDS-PAGE. With the same EndoS D233Q remaining in the crude deglycosylated reaction mixture, deglycosylated palivizumab was passed through Amicon centrifugal filters (30 kDa MWCO, Sigma, Cat# UFC5030) to buffer exchange into cold transglycosylation buffer (50 mM Tris, pH 7.3) and concentrated back to 10 mg/mL. The solution was placed in a 30°C heating block, and glycan oxazoline (6 µL, 400 nM) was prepared and kept on ice. 1 µL of the oxazoline solution was added to the deglycosylated palivizumab containing EndoS D233Q every 5 minutes for a total of 6 additions. After a total reaction time of 30 mins, the reaction was quenched by dilution with 500µL of cold Protein A binding buffer buffer (100 mM Na2PO4, 100 mM NaCl, pH 8.0). To the solution, 250 µL rinsed Protein A resin slurry (ThermoFisher Scientific, Cat # 22810) was added and incubated at 4°C with gentle rocking for 5 min. The solution was then passed through a solid phase extraction tube and washed with cold Protein A binding buffer (0.75 mL x 2), followed by a 50 mM sucrose solution in PBS (1.0 mL x 2) and then cold Protein A binding buffer (0.75 mL x 2). Palivizumab was then eluted from the Protein A column using 50 mM sodium citrate buffer (pH 3.5), and neutralized with 200 µL of Protein A binding buffer. Eluted palivizumab was monitored using SDS PAGE and fractions were combined and passed through Amicon centrifugal filters (30 kDa MWCO) to buffer exchange with Citrate Buffered Saline (130 mM NaCl, 20mM sodium citrate, pH 5.7) and concentrate palivizumab. Solutions were stored at 4°C at approximately 0.3 – 1.0 mg/mL, as quantified by nanodrop (at Absorbance of 280 nm).



Monoclonal antibody characterization

Reaction progress for glycan remodeling of palivizumab was monitored and characterized using reducing SDS PAGE and intact protein mass spectrometry. For reducing SDS PAGE, samples reduced in β-mercaptoethanol for 5 mins at 100°C, followed by loading onto 10% polyacrylamide gels which were then run at 200 V for 70 mins. To ensure accurate analysis of band migration at various glycosylation states, a lane was run comprising both starting material and final product within the same lane.

For mass spectrometry, samples were analyzed with an Orbitrap Fusion Lumos Tribrid Mass Spectrometer coupled to an Easy-nLC 1200 (Thermo Scientific) that was calibrated by infusion prior to analysis with a mixture of caffeine, MRFA, and Ultramark 1621. 0.5 µL of each sample was analyzed by loading onto a C4 Pepmap300 PS-DVB trap column (300A x 5µm x 5mm) and desalting with 0.1% formic acid in water (solvent A) before separating on a PepSwift Monolithic PS-DVB analytical column (200 µm x 25 cm) at 50°C. Chromatographic separation was achieved at a flow rate of 1 µl/min over 25 min in five linear steps as follows (solvent B was 0.1% formic acid in 80% acetonitrile): initial, 0% B; 5 min, 50% B; 10 min, 50% B; 20 min, 90% B; 25 min, 90% B. The eluting proteins were analyzed in Intact Protein mode with Orbitrap MS at 15000 resolutions, from 500-4000 m/z with auto maximum injection time, normalized AGC target of 50%, and 10 microscans. BiopharmaFinder3.0 (Thermo) was used to process the data. Protein deconvolution was performed with the ReSpect algorithm, using mass output of 130 – 160 kDa, Model Mass Range of 145000 – 150000, Charge State Range 40-80.

Following palivizumab transglycosylation reactions, remodelled glycans were characterized using PNGaseF (New England BIolabs, Cat # P0704) to release glycans, followed by HPAEC-PAD analysis. For HPAEC-PAD analysis, a Dionex IC-3000 instrument was used, equipped with a Dionex CarboPac PA200 IC column (3 mm x 250 mm, 5.5 µm particle size, Cat # 062896) and a Gold Standard PAD waveform with an AgCl electrode. For glycoprofile analyses, a flow rate of 0.4 mL/min, and the following gradient was used: 20%/0%/80% to 25%/5%/70% of MP-A/MP-B/MP-C over 25 mins at 30°C, followed by an increase to 0/80/20 over the next 3 mins, and then re-equilibration to 20/0/80 over the next 10 min.



FcγRIIIA binding assay by ELISA

Recombinant human FcγRIIIA proteins were immobilized onto MaxiSorp plates (ThermoFisher, Cat# 349454) overnight at 4°C, at 100 µL of 0.33 µg/mL for FcγRIIIA V176 (high affinity, R&D Systems, Cat# 4325-FC-050), or at 0.67 µg/mL for FcγRIIIA V176F (low affinity, R&D, Cat# 8894-FC-050). Following washing with 0.05% Tween 20 in PBS pH 7.4 (PBS-T) and blocking with 1% bovine serum albumin (Sigma, Cat # A3059-100G) in PBS-T, each palivizumab glycoform was serially diluted 2-fold in 1% BSA/PBS-T and 100 µL was added to each well. Plates were gently rocked for 20 min at room temperature, followed by incubation at 4°C overnight. The next day, wells were thoroughly washed with PBS-T, followed by addition of goat anti-Human IgG F(ab’)2 Secondary Antibody-HRP (100 µL, 1/500 dilution in 1% BSA/PBS-T, ThermoFisher, Cat # PI31482). The plate was then gently rocked at room temperature in the dark for 45 mins, followed by thorough washing with PBS-T. 50 µL of Ultra-TMB (ThermoFisher, PI34028) was added, and the plate was gently rocked in the dark for 10 mins, before quenching with 50 µL of 2M H2SO4. Plates were immediately read on a BioTek Plate reader at 450 nm.



FcγRIIIA binding assay by surface plasmon resonance analysis

Samples were performed by the National Research Council Human Health Therapeutics Research Centre. Experiments were carried out using a Biacore T200 SPR instrument (Cytiva Inc., Marlborough, MA) at 25°C with a running buffer comprising PBS with 0.05% Tween 20 and 3.4 mM EDTA. Protein A (GenScript Inc., Piscataway, NJ) was immobilized onto two sequential CM-5 sensorchip surfaces at 2000 RUs each using standard amine coupling within the Biacore Immobilization Wizard. Palivizumab analogues were captured onto the second protein A surface at 2.5 µg/mL for 30 s, with the first protein A surface remaining as a blank control surface. FcγRIIIA CD16A isoforms (high binding (V) and low binding (F) variants) were produced and purified by the National Research Council (Canada), as described previously (55). Sensorgrams for FcγRIIIA binding to captured palivizumab were generated using a single-cycle kinetics method, which consist of five FcγRIIIA injections (25 µL/min injection time; 40 s contact time) of increasing concentrations between 2.3 nM and 0.56 µM were used, followed by a single dissociation phase of 120 s for each interaction. The protein A surfaces were regenerated with a 30 s pulse of 10 mM glycine pH 1.5 between each capture and injection cycle. The FcγRIIIa sensorgrams were double referenced and fit to a 1:1 binding model for kinetic determination with affinity (KD) being based on the ratio of the calculated rate constants. Each binding experiment was repeated three times for each analogue.



FcγRIIIA binding assay by flow cytometry

NK92-GFP-CD16A cell lines were purchased from American Type Culture Collection (ATCC, V Variant: Cat # PTA-8836; F variant: Cat # PTA-8837) and cultured according to manufacturer protocols. 2.5-fold serial dilutions of palivizumab glycoforms were prepared (80 µL per well) in cold deep-well 96-well plates and kept at 4°C, using cold 1% bovine serum albumin (Sigma, Cat # A3059-100G) in PBS as the diluent. To prepare cells for palivizumab-FcγRIIIa binding experiments, NK92 were harvested, and washed with 1% BSA/PBS. Following re-suspension in 1% BSA/PBS with 2 mM EDTA, cells were counted using a haemocytometer. NK92 cells were mixed thoroughly, diluted to 0.625 x 106 cells/mL, and 40 µL was added into each well and mixed gently with a pipette, followed by gentle rocking at 4°C for 30 mins. Plates were then washed with 0.5 mL of cold 1% BSA/PBS, centrifuged at 1700 x rpm (7 min) and supernatant removed.

To each well, 150 µL of a 1/300 dilution of Alexa Fluor® 647-conjugated Goat Anti-Human IgG - F(ab’)2 specific (AffiniPure F(ab’)2 Fragment) (Jackson, Cat # 109-606-097) was then added, and incubated with gentle rocking at 4°C for 30 mins. As a positive control, APC-CD16 Ab, anti-human, REA423 (Miltenyi Biotec, Cat # 130-113-951) at 1/50 dilution was used. As a negative control, the aforementioned AlexaFluor-647 AffiniPure F(ab’’)2 Fragment was added, in the absence of any palivizumab. Then cells were washed with 1 mL of cold 1% BSA/PBS with 2 mM EDTA and centrifuged as above, followed by re-suspension in 135 µL of 1% BSA/PBS, and transferred into a shallow 96-well plate containing 45 µL of 4% PFA/PBS. Shallow plates were incubated with gentle rocking at room temperature for 30 min, followed by centrifugation at 100 xg (1 min) and removal of 140 µL of supernatant. Cell pellets were re-suspended in 80 µL of 0.4 M glycine (Sigma, Cat# G8898) in PBS. For each biological replicate (n=3 total), technical duplicates were performed.

Plates were then read using a BD LSR II Flow cytometer (FACS Diva, v 8.0.1), equipped with a multi-well plate reader and the following laser/filter sets: Blue laser 488nm (20mW) with GFP filter set: 505 Long Pass 525/50 Band Pass and SSC filter set: 488/10 Band Pass and FSC; Red Laser 640nm (40mW) with APC/AF647 filter set: 660/20 Band Pass. Voltages were optimized in initial experiments and saved as application settings. Application settings were used in FACS DIVA for all voltages in all subsequent experiments to keep measurements consistent between experiments. Data was analyzed using FlowJo (v 10.8.1), and the gating hierarchy is as follows: (i) FSC-A vs SSC-a, (ii) FSC-H vs HSC-W, (iii) SSC-H vs SSC-W, (iv) GFP+, (v) AF647+/-.



ADCC reporter assay with palivizumab glycoform analogues

ADCC assays were performed using the ADCC Reporter Bioassay, V Variant (Promega, Cat #G7010). To adapt it to the RSV model, Hep2 cells were first cultured in a 96-well plate at a cell density of 2.0 x 104 cells/well in 100 µL of DMEM media with 10% low IgG FBS (Fisher, Cat# SH3089802), and incubated at 37°C for 24 h. The next day, cells were infected with 100µL/well of RSV in DMEM containing 10% low IgG FBS, at a MOI of 5, with followed by incubation at 37°C for 24 h. RSV was removed, and wells were washed with PBS (200 µL). 25 µL of RPMI 1640 containing 10% low IgG FBS was immediately added to each well. Solutions of palivizumab glycoforms were diluted in RPMI 1640 with 10% low IgG FBS and 25 µL were added into each well, and incubated for 37°C for 30 min. A vial of effector cells was thawed according to manufacturer protocols, and 25 µL were added into each well and incubated for 37°C for 4 h 45 min. 75 µL Bio-Glo luciferase reagent was then added to each well and the plate was immediately read on a BioTek plate reader.



Synthesis of 15N-isotopically-labeled Fc

A starting culture in 50 mL yeast nitrogen based (YNB) media, containing 3.4 g/L of YNB powder without amino acids (Sigma), 100 mM KH2PO4 at pH 6.0, 10 g/L of 15N-ammonium sulfate, 10 g/L D-glucose, 20 µg/L of biotin, was inoculated with a single colony of Pichia X33-NIST-mAb-Fc and incubated at 29°C until an optical dispersion (OD600) of 0.4 is obtained. An aliquot of 22 mL of this culture was used to inoculate a 450 mL of YNB growth media and incubated at 29°C until an optical dispersion (OD600) of 6.6 is obtained. Optical density is accurately measured with a 1:10 dilution of an aliquot from the culture with water. In order to remove unspent glucose that would inhibit protein synthesis, cells were harvested by centrifugation @ 3000 X g for 10 minutes then re-suspended in i-wash media (same composition to YNB, but without glucose) and incubated at 25°C for 1 h. Cells were then centrifuged and re-suspended in 25 mL in wash media, and sufficient amount of the slurry (18 mL) to obtain an OD600 of 1.0 was used to inoculate 2 X 1 L of induction media (same composition to YNB growth media with the glucose replaced by 10 mL/L of methanol). Protein induction was carried out for 72 hours at 29°C and 10 mL of methanol 5% were added per liter at 24 h and 48 h post-induction. Cells were separated from media containing 15N-NIST-mAb-Fc by centrifugation at 3000 X g for 10 minutes at 4 °C. To inhibit proteolytic cleavage of the target protein, benzamidine (5mM) and EDTA (0.5 mM) were added, then the pH of the media at 5.84 was adjusted to 7.3 with the addition of potassium hydroxide (10 N). After pH adjustment, a white precipitate formed. After 30 minutes, the precipitate was separated by centrifugation.

The target protein was purified by affinity chromatography by loading the solution on a 15 mL protein A column at 1 mL/min. Elution of the protein was carried out with 0.1 M glycine-HCl at pH 3.0 after a wash of the resin with 1x PBS (with protease inhibitors). Fractions containing the 15N-NIST-mAb-Fc were dialysed against 50 mM sodium citrate pH 5.5 prior to glycan removal. The high mannose rich glycan was cleaved using 20000 units of Endo H (New England Biolabs, Cat # P0702S) per 5 mg of protein for 2 hours at 37°C. The reaction mixture was then purified using the Protein A affinity chromatography, then fractions containing the target protein were dialyzed against 50 mM sodium acetate pH 5.0.



NMR spectroscopy

Data acquisition was acquired as previously reported (56). All NMR samples contained the appropriate fragments at approximately 15 μM protein concentration in 20 mM sodium phosphate at pH 6.0 and 5% v/v deuterium oxide for field frequency lock purposes. Spectra were recorded on Bruker AVANCE III-HD 700 MHz spectrometers equipped with a 1.7 mm TCI cryoprobe. All NMR data were collected at 50 °C in 1.7 mm capillary tubes containing 40 µL of sample. Proton-nitrogen correlation spectra were collected using the phase-sensitive sofast-hmqc pulse sequence from the Bruker library (sfhmqcf3gpph) with the following parameters: the pc9 pulse with a 120 ° excitation was increased to 2210 μs, corresponding to a 3400 Hz bandwidth, (the pc9 pulse has bandwidth factor of 7.512) and centered at 8.4 ppm, 8096 transients per FID were collected to produce a data matrix of 512 × 64 complex points for a total acquisition time of 108 h. The nitrogen dimension used a spectral window of 35 ppm that was centered at 117 ppm (corresponding to a 26 ms acquisition time for the nitrogen dimension). The inter scan delays was 0.3 s. All NMR spectra were processed with NMRPipe and viewed using NMRView (57, 58). Structural models were visualized using chimera (59). Combined Chemical Shift Difference (CCSD) was calculated based on the following equation:

where α=0.1 and δH and δN are differences in chemical shifts in ppm for 1H and 15N with respect to a reference cross peak (42).

	



Statistical analysis

All statistical analyses were performed using GraphPad Prism version 9.0.0 (GraphPad Software, San Diego, CA, USA). Non-linear regression (variable slope, four parameters) was used for curve-fitting, and differences amongst two treatments were assessed using one-way ANOVA with Tukey post hoc tests to identify statistical differences. An α level of 0.05 was set as the criterion for statistical significance. Graphs are annotated with p values represented as *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. All data are presented as mean + standard deviation.
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Supplementary Figure 1 | N-glycan characterization of palivizumab. (A) HPAEC-PAD chromatogram of commercially-available palivziumab and (B) glycan analysis of palivizumab obtained commercially, compared to those reported in literature (25) (C) Intact mass spectrometry analysis of commercially available palivizumab shows the presence of various glycoforms on the same mAb (i.e. on each heavy chain of the mAb dimer). (D) Theoretical and observed intact mass values (Da) and mass error (ppm) of various glycoforms in commercial palivizumab.

Supplementary Figure 2 | Mass spectrometry characterization of branch-specific truncated monogalactosylated isomers (A) G1(3)T and (B) G1(6)T, obtained following purification by PGC-LC-HPLC. MS/MS spectra are shown at the doubly charged ions of m/z 638.7374 and 638.7375 for (A) and (B), respectively. Cleavage of the α3 antenna between the GlcNAc-β1-2-Man linkage produces a relatively higher abundance of the cleaved and its complementary glycan fragment compared to cleavage of the α6 antenna.

Supplementary Figure 3 | Characterization of defucosylated palivizumab analogues with varying degrees of galactosylation. (A) SDS-PAGE analysis shows the shift in bands between starting material (deglycosylated) and completed reaction (glycosylated). (B-G) Deconvoluted intact mass spectrometry spectra shows the presence of palivizumab (B) following deglycosylation with EndoS, (C) Fucosidase GH29, then transglycosylation with EndoS D233Q and purified oxazoline glycans to form homogeneous palivizumabs comprising (D) agalactosylated G0, (E) monogalactosylation at the α3 antenna (G1(3)), (F) monogalactosylation at the α6 antenna (G1(6)), or(G) digalactosylated G2. (H) Theoretical and observed intact mass values (Da) and mass error (ppm) of various palivizumab glycoform intermediates and final products following enzymatic transglycosylation.

Supplementary Figure 4 | HPAEC-PAD chromatogram of PNGase-F-released N-glycans from remodeled palivizumab. Un-remodelled Man5 glycans were 3% for each analogue, indicating that enzymatic glycosylation is consistent for all remodelled analogues.

Supplementary Figure 5 | Characterization of transglycosylated 15N-NISTmAb-Fc with homogeneous glycoforms. Reducing SDS-PAGE gels show the shift in band migration of transglycosylated isotopically 15N-NISTmAb-Fc (with G0, G1(3), G1(6), or G2) compared to starting material comprising only a single GlcNAc residue on each monomer. Lanes showing two bands contain both starting material and the transglycosylated Fc product to ensure these are two discreet bands.

Supplementary Figure 6 | Overlay of 2D 1H-15N NMR spectra of EndoH-treated 15N-Gn-NISTmAb-Fc (orange) and remodelled 15N-G0-NISTmAb-Fc (red).

Supplementary Figure 7 | Overlay of 2D 1H-15N NMR spectra of digalactosylated 15N-G2-NISTmAb-Fc (blue) with (A). monogalactosylated remodelled 15N-G1(6)-NISTmAb-Fc (green), and (B) 15N-G1(3)-NISTmAb-Fc (dark green). Peptide backbone amino acid residues that show chemical shift perturbations (CSPs) are labelled and highlighted with a red box, while examples of other residues that show little to no CSPs are labelled as black text only without a red box. Compared to the digalactosylated protein, more chemical shift perturbations are observed with the monogalactosylation at the α3 antenna (B) compared to the α6 antenna (A).

Supplementary Table 1 | 1H and 15N chemical shifts (in ppm) and Combined Chemical Shift Difference (CCSD, in ppm) of amino acid residues that show Chemical Shift Perturbations (CSPs) between agalactosylated afucosylated Fc glycoform (G0) with glycoforms bearing a terminal galactose residue at the α6 antenna. Low CCSD values are observed amongst afucosylated glycoforms with a terminal galactose residue at the α6 antenna (i.e. G1(6) vs G2). D312 is used as a reference for a residue that showed low CCSD in all analogues.
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Antibody-dependent cellular phagocytosis (ADCP) by macrophages, an important effector function of tumor targeting antibodies, is hampered by ‘Don´t Eat Me!’ signals such as CD47 expressed by cancer cells. Yet, human leukocyte antigen (HLA) class I expression may also impair ADCP by engaging leukocyte immunoglobulin-like receptor subfamily B (LILRB) member 1 (LILRB1) or LILRB2. Analysis of different lymphoma cell lines revealed that the ratio of CD20 to HLA class I cell surface molecules determined the sensitivity to ADCP by the combination of rituximab and an Fc-silent variant of the CD47 antibody magrolimab (CD47-IgGσ). To boost ADCP, Fc-silent antibodies against LILRB1 and LILRB2 were generated (LILRB1-IgGσ and LILRB2-IgGσ, respectively). While LILRB2-IgGσ was not effective, LILRB1-IgGσ significantly enhanced ADCP of lymphoma cell lines when combined with both rituximab and CD47-IgGσ. LILRB1-IgGσ promoted serial engulfment of lymphoma cells and potentiated ADCP by non-polarized M0 as well as polarized M1 and M2 macrophages, but required CD47 co-blockade and the presence of the CD20 antibody. Importantly, complementing rituximab and CD47-IgGσ, LILRB1-IgGσ increased ADCP of chronic lymphocytic leukemia (CLL) or lymphoma cells isolated from patients. Thus, dual checkpoint blockade of CD47 and LILRB1 may be promising to improve antibody therapy of CLL and lymphomas through enhancing ADCP by macrophages.




Keywords: antibody therapy, macrophages, phagocytosis, CD20, CD47, LILRB1 (ILT2), innate immune checkpoint blockade, lymphoma



Introduction

Therapeutic antibodies are well established in the treatment of cancer (1). In B-cell Non-Hodgkin lymphomas (B-NHL), tumor targeting CD20 antibodies such as rituximab and obinutuzumab have considerably improved the patient outcome (2). However, individual patients fail to respond and relapsed or refractory disease remains challenging. Progress was made by the approval of chimeric antigen receptor T cell therapies, tailor-made fragment crystallizable (Fc)-engineered antibodies, bispecific antibodies and T cell immune checkpoint inhibitors (1, 3–6). Besides, antibodies targeting checkpoints in innate immune cells such as natural killer (NK) cells or myeloid cells have gained increasing attention (7). In particular, they may hold the potential to boost key functions of typical tumor targeting antibodies such as antibody dependent cell-mediated cytotoxicity (ADCC) or phagocytosis (ADCP) (1, 7, 8).

Several studies highlighted that macrophages, which in humans express the activating immunoglobulin γ Fc region receptors (FcγR) FcγRI, FcγRIIA and FcγRIIIA as well as inhibitory FcγRIIB, represent major effector cells for rituximab and other therapeutic antibodies (2, 9, 10). According to their functional polarization, macrophages were roughly categorized into classically activated, pro-inflammatory M1 macrophages and alternatively activated, anti-inflammatory M2 macrophages. This classification was later refined by grouping the latter into M2a, M2b, M2c and M2d subtypes to take account of distinct stimuli and diverse functional properties (11, 12). However, macrophages exert a high level of plasticity and M1 and the different M2 states represent the extreme ends in a broad spectrum of different functional states. Also, subsets with intermediate phenotypes exist (12). Macrophages are among the most frequent normal cells in the tumor microenvironment (9). High numbers of tumor-associated macrophages (TAM), which often become tumor-edited into a pro-tumorigenic M2-like state, correlated with tumor progression and poor prognosis (13–16). Yet, during antibody therapy, macrophages may contribute to tumor eradication by eliminating malignant cells directly by ADCC and ADCP or by promoting adaptive immune responses by presenting tumor antigens to T cells (8, 10). Thus, studies in B-NHL patients receiving rituximab suggested that a high content of TAM correlated with improved survival and that rituximab therapy abrogated the correlation between high numbers of TAM and poor prognosis (15, 17, 18). The anti-tumoral functions of macrophages during antibody therapy may be further promoted by certain chemotherapeutic agents, as demonstrated for example for cyclophosphamide in a murine model of B cell leukemia (19).

In regard of the important role of macrophages, strategies were developed to improve their recruitment and ADCP function. These approaches include Fc engineering to enhance the antibody`s affinity to activating FcγR (20, 21) as well as the blockade of inhibitory checkpoints that interfere with FcγR signaling (10). Signal-regulatory protein (SIRP) α is one of the best characterized myeloid inhibitory receptors. SIRPα recognizes the ubiquitously expressed ‘Don`t Eat Me!’ signal molecule CD47, and antibody blockade of either CD47 or SIRPα strongly enhanced ADCP by macrophages (22, 23). For example, the combination of rituximab with a CD47 antibody increased ADCP of lymphoma cells by macrophages in vitro and improved the therapeutic efficacy in xenograft models of B-NHL (24). Moreover, accompanying CD38 antibody therapy with CD47 checkpoint blockade demonstrated efficacy in patient-derived T cell acute lymphoblastic leukemia xenograft models (25). At present, monoclonal CD47 antibodies, anti-SIRPα antibodies and SIRPα-Fc fusion proteins, as well as small molecule inhibitors are in different stages of pre-clinical or clinical development (23, 26–30). Promising results were obtained with the combination of rituximab plus the CD47 antibody hu5F9-G4 (magrolimab) in a clinical phase Ib study in B-NHL patients (28). Although the IgG4 antibody magrolimab was well tolerated by the patients, safety of CD47 targeting remains a serious concern due to the ubiquitous CD47 expression by normal cells, which may cause on-target toxicity. In particular, CD47 expressing red blood cells (RBC), which display cell surface “Eat Me!” signals and downregulate CD47 during their lifespan, are vulnerable to CD47 antibody therapy. This may result in enhanced RBC clearance during CD47 antibody therapy, even when antibody formats with diminished Fc-mediated functions such as IgG4 isotypes are employed (10, 28).

Leukocyte immunoglobulin-like receptor (LILR) B 1 may represent another target for immune checkpoint blockade in monocytes and macrophages (10, 31). LILRB1 and other members of the inhibitory subfamily B of LILR share structural similarities with human killer cell immunoglobulin-like receptors (KIR) and are characterized by cytoplasmic immunoreceptor tyrosine-based inhibition motifs (ITIM) (32). In addition to several pathogen-derived ligands, LILRB1 binds classical human leukocyte antigen (HLA) class I as well as non-classical HLA-G and HLA-F molecules by interaction with the α3 domain and β2-microglobulin (33–35). Recently, it has been shown that antibody blockade of either LILRB1 or HLA-class I promotes phagocytosis of solid tumor cells, that genetic ablation of cell surface expression of HLA class I and CD47 augmented ADCP by anti-EpCAM or anti-EGFR antibodies and that MHC class I expression confers protection from macrophages in a murine tumor model (36). In addition, macrophages express LILRB2, another inhibitory receptor for HLA class I molecules that interferes with FcγR signaling (37, 38). Interestingly, LILRB2 antagonism was suggested to reprogram tumor-associated myeloid cells, to enhance pro-inflammatory responses and to promote antitumor effects of T cell immune checkpoint inhibitors (39). However, whether LILRB2 directly impairs phagocytosis is currently not known (10).

Here, the impact of HLA class I expression on macrophage-mediated ADCP of lymphoma cells and the potential of antibodies blocking the cognate inhibitory receptors LILRB1 and LILRB2 was analyzed. To prevent the induction of any Fc-mediated effects by these blocking antibodies, which may cause difficulties in unraveling effects mediated by FcγR engagement or receptor blockade, Fc-silent IgGσ variants were used, in which both FcγR and complement binding was abrogated by Fc engineering (40, 41). Clinically, such Fc-silent immune checkpoint blocking antibodies may cause less on-target side effects, as they do not induce ADCC, ADCP or CDC on their own and avoid cross-linkage of antibody bound receptors by effector cells through Fc-FcγR interactions. The anti-LILRB1 antibody was found to significantly enhance ADCP when combined with CD20 and CD47 antibodies by analyzing different B-NHL cell lines and tumor cells from chronic lymphocytic leukemia (CLL) or mantle cell lymphoma (MCL) patients.



Materials and methods


Antibodies and reagents

The antibodies rituximab, obinutuzumab and trastuzumab (Hoffmann-La Roche AG, Basel, Switzerland) were provided by the institutional pharmacy. The allophycocyanin (APC)-labeled CD11b antibody (clone M1/70) as well as phycoerythrin (PE)-conjugated antibodies specific for CD80 (clone REA661), CD163 (clone REA812), LILRB1 (clone REA998) or LILRB2 (clone REA184) and the corresponding isotype antibody (clone REA293) were from Miltenyi Biotec (Bergisch Gladbach, Germany). The APC-conjugate of the anti-LILRB1 antibody clone GHI/75 as well as Brilliant Violet 421-conjugated CD163 (GHI/61) and Brilliant Violet 510-coupled CD15 (W6D3) antibodies were purchased from BioLegend (San Diego, CA, USA). Murine antibodies against cell surface antigens CD20 (clone S1815E), HLA-A,-B,-C (clone W6/32), HLA-G (clone 87G), SIRPα (clone 15-414), LILRB1 (clone GHI/75), CD47 (clone B6H12) and an IgG2a isotype (clone MOPC-173) were purchased from BioLegend. The anti-LILRB2 antibody (clone 287219) and an IgG1 istotype antibody (clone 11711) were obtained from R&D systems, Inc. (Minneapolis, MN, USA). Secondary PE-conjugated F(ab’)2 fragments of goat anti-human Fcγ region antibodies were purchased from Jackson ImmunoResearch Laboratories, Inc. (West Grove, PA, USA). Human recombinant macrophage colony stimulating factor (M-CSF), granulocyte macrophage-colony stimulating factor (GM-CSF), interferon (IFN)-γ and interleukin-10 (IL-10) were purchased from PeproTech (Cranbury, NJ, USA). Lipopolysaccharide (LPS) O127:B8 was obtained from Sigma-Aldrich (St. Louis, MO, USA).



Cell culture

Carnaval, DG-75 and SU-DHL-4 (German Collection of Microorganisms and Cell Cultures GmbH, DSMZ, Braunschweig, Germany) cells were cultured in Roswell Park Memorial Institute 1640 medium (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal calf serum (FCS, Thermo Fisher Scientific) and 1% penicillin (Pen)/streptomycin (Strep) solution (Lonza, Basel, Switzerland). Granta 519 (DSMZ), Chinese hamster ovary (CHO)-K1 (DSMZ) and Lenti-X™ 293T cells (Clontech, Saint-Germain-en-Laye, France) were kept in Dulbecco’s Modified Eagle’s Medium (Thermo Fisher Scientific) containing 10% FCS and 1% Pen/Strep. MEC2 cells (DSMZ) were maintained in Iscove’s Modified Dulbecco’s Medium (Thermo Fisher Scientific) supplemented with 20% FCS and 1% Pen/Strep. Cells were cultured in a humidified atmosphere at 37°C and 6% CO2.



Isolation of mononuclear cells and generation of macrophages

Experiments were approved by the Ethics Committee of the faculty of medicine, LMU Munich (18-821 and 21-0816), in accordance with the Declaration of Helsinki. Blood samples were collected after receiving the donors` written informed consents. MNC were isolated from peripheral blood or leukoreduction system chambers by density gradient centrifugation using Ficoll® Paque Plus (Cytiva, Marlborough, MA, USA). Monocytes were isolated by plastic adherence using monocyte attachment medium (PromoCell GmbH, Heidelberg, Germany) following the manufacturer`s protocols. To generate non-polarized M0 macrophages adherent monocytes were cultivated in X-Vivo™ 15 (Lonza) medium supplemented with 0.5% Pen/Strep and, unless otherwise indicated, M-CSF at a concentration of 50 ng/ml for 7 days. In individual experiments, M-CSF was replaced by GM-CSF (10 ng/ml). If not specified, polarized M1 macrophages were obtained by culturing cells in the presence of GM-CSF (10 ng/ml) for 6 days to drive macrophage differentiation towards an M1 phenotype, before stimulation with IFN-γ (10 ng/ml) and LPS (100 ng/ml) for additional 48 h. M2 macrophages (M2c subtype) were polarized with M-CSF (50 ng/ml) for 6 days, before IL-10 was added at a concentration of 10 ng/ml for additional 48 h. Macrophages were harvested by accutase (Thermo Fisher Scientific) treatment following the manufacturer`s recommendations.



Isolation of bone marrow macrophages from lymphoma patients

Macrophages, defined as CD163-positive and CD15-negative cells, were isolated from cryo-preserved BM-derived samples from diffuse large B cell lymphoma (DLBCL) patients by density-gradient centrifugation and fluorescence activated cell sorting as described previously (42). Bone marrow samples from DLBCL patients with BM infiltration served as a source for lymphoma associated macrophages (LAM). The purity was greater than 95%. Each patient gave informed consent prior to surgery or bone marrow biopsy, and the institutional ethics committee approved the study (Erlangen: Ref. number 21-403-Br).



Cloning, expression and purification of recombinant antibodies

Anti-LILRB1 and anti-LILRB2 antibodies were derived from the sequences from the antibody clones GHI/75 and 19.h1, respectively (43, 44). As a murine IgG1 antibody GHI/75 has been demonstrated to block HLA class I/β2M binding to LILRB1, thereby promoting phagocytosis of cancer cells (36). The antibody clone 19.h1 is a humanized version of antibody 19.1, which had been selected for its abilities to block interactions between HLA class I and LILRB2 and to shift macrophage polarization towards an M1 phenotype (44). For construction of the Fc-silent anti-LILRB1 antibody (LILRB1-IgGσ), DNA fragments encoding the variable light (VL) and heavy (VH) chains of antibody GHI/75 as well as the constant human κ light (LC) and IgG2σ heavy chain (HC) regions (amino acid substitutions: V234A/G237A/P238S/H268A/V309L/A330S/P331S) were synthesized de novo (Thermo Fisher Scientific) according to published sequences (40, 45). LC and HC sequences were cloned into vector pSecTag2/Hygro C (Thermo Fisher Scientific) using NheI/PmeI restriction sites. To generate an IgG1σ (amino acid substitutions L234A/L235A/G237A/P238S/H268A/A330S/P331S) variant (41) of the anti-LILRB2 antibody 19.h1 (LILRB2-IgGσ), VL and VH sequences were synthesized de novo (Thermo Fisher Scientific) conforming to published sequences (44) and ligated into vectors pSecTag2-LC (20) and pSecTag2-HC-IgG1σ (C Kellner, unpublished) as NheI/HindIII and NheI/PpuMI cassettes, respectively. For generation of antibody CD47-IgGσ, VL and VH regions of antibody hu5F9 (46) were synthesized de novo and cloned into vectors pSec-CD3-HC-IgG2σ (M. Peipp, unpublished) and pSecTag2-LC (20) as NheI/HindIII and NheI/PpuMI cassettes, respectively. The expression vector for the HC of an Fc-engineered version of rituximab (RTX-DE; amino acid substitutions S239D/I332E) was generated by excising rituximab VH regions from vector pSecTag2-CD20-HC (47) and ligation into vector pSecTag2-HC-DE (20) using NheI/PpuMI restriction sites. The vectors encoding rituximab LC, trastuzumab LC or an Fc-engineered HC of trastuzumab (HER2-DE; amino acid substitutions S239D/I332E) have been described previously (20, 47). The vector encoding an Fc-silent IgG2σ HC variant of trastuzumab (HER2-IgGσ) was obtained by ligation of trastuzumab VH chain sequences in vector pSec-CD3-HC-IgG2σ using NheI/PpuMI restriction sites. For expression, Lenti-X™ 293T cells were co-transfected with HC and LC expression vectors by calcium phosphate transfection with chloroquine following standard protocols. Cell culture supernatants were collected for six days. Antibodies were purified by affinity chromatography using CaptureSelect™ IgG-CH1 affinity matrix (Thermo Fisher Scientific) as described earlier (47) and dialyzed against PBS (Thermo Fisher Scientific). The IgA2 isotype variants of rituximab (RTX-IgA2) and the anti-epidermal growth factor receptor (EGFR) antibody cetuximab have been described previously and were expressed in CHO-S cells (Thermo Fisher Scientific) by transient transfection following published procedures (48–50).



Microfluidic chip electrophoresis

Purity, integrity and concentrations of the purified antibodies were determined by microfluidic chip electrophoresis under reducing and non-reducing conditions. Four microliters of antibody preparations were analyzed using the Agilent Protein 230 Kit and the Agilent 2100 Bioanalyzer system (Agilent Technologies, Santa Clara, CA, USA) following the manufacturer’s recommendations.



Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS PAGE) and Western Transfer experiments

SDS-PAGE and Western Transfer experiments were performed using standard procedures as described elsewhere (47). Antibody LC and HC were detected with horseradish peroxidase (HRP)-conjugated goat anti human κ light chain (Bio-Rad Laboratories, Inc.) and goat anti-human IgG/Fc specific (Merck, Darmstadt, Germany) antibodies, respectively.



Gel filtration

Gel filtration was performed using the ÄKTApure protein purification system (Cytiva). For analysis, 100 - 300 µg of antibodies were loaded on a Superdex™ 200 Increase 10/300 GL column (Cytiva) and analyzed at a flow speed of 0.75 ml/min using PBS as running buffer.



Expression of cell surface antigens by transient transfection

DNA sequences encoding human full-length LILRB1 and LILRB2 proteins (UniProtKB accession numbers Q8NHL6 and Q8N423, respectively) were synthesized de novo (Thermo Fisher Scientific) and cloned into expression vector pcDNA 3.1 (+) (Thermo Fisher Scientific). CHO-K1 cells were transfected using Lipofectamine® LTX and Plus™ Reagent (Thermo Fisher Scientific) according to the manufacturer’s recommendation. After 48 h, the transfected cells (i.e. CHO-LILRB1 and CHO-LILRB2, respectively) were used in functional analysis.



Flow cytometry

Flow cytometry experiments were performed on a FACSCalibur™ flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA) with the exception of multi-colour analysis, which were performed on a FACSCanto II cytometer (BD Biosciences). Three hundred thousand cells were washed once with 2 ml PBS containing 1% bovine serum albumin (FACS buffer). In direct immunofluorescence assays, cells were incubated with fluorescent dye-conjugated antibodies at dilutions recommended by the manufacturer in FACS buffer at 4°C for 60 min. Expression of cell surface antigens was quantified by calibrated indirect flow cytometry using Qifikit® (Dako, Glostrup, Denmark) according to the manufacturer’s recommendations. Murine antibodies were applied at a concentration of 20 µg/ml in FACS buffer supplemented with 1 mg/ml pooled human immunoglobulin (Gamunex® 10%; Grifols, Barcelona, Spain) to block FcγR. Binding of chimeric or humanized antibodies was analyzed by incubation of cells with antibodies at a concentration of 50 µg/ml at 4°C for 60 min. Cells were washed once with 2 ml of FACS buffer. F(ab’)2 fragments of goat anti-human IgG, Fcγ fragment specific antibodies were used for detection. To analyze the ability of anti-LILRB1 and anti-LILRB2 antibodies to block receptor binding by HLA class I molecules, 0.3 × 106 CHO-LILRB1 or CHO-LILRB2 cells were incubated with the antibodies at a concentration of 50 µg/ml in 20 µl FACS buffer for 1 h at 4°C. Then, 3 µl of PE-conjugated MHC I Dextramer® of CMV pp65 peptide (NLVPMVATV)-loaded HLA-A*0201 (Immudex, Kopenhagen, Denmark) were added. Cells were incubated for 30 min, washed with FACS buffer, and analyzed. Mean fluorescence intensity (MFI) values were normalized to the control reaction and residual binding of HLA molecules was calculated. In all experiments, appropriate scatter gates were applied to exclude debris or dead cells and 10,000 events were counted. Data were analyzed using FlowJo v10.7.2 software (Becton Dickinson).



Analysis of ADCP by fluorescence microscopy

Twenty thousand macrophages per well were plated in M0, M1 or M2c macrophage differentiation media on 8 well µ-slides (Ibidi GmbH, Graefelfing, Germany) and incubated overnight. Lymphoma cells were labeled using carboxyfluorescein succinimidyl ester (CFSE) Cell Division Tracker Kit (BioLegend) according to the manufacturer’s recommendations. Forty thousand lymphoma cells were added to each well in a final volume of 300 µl. Antibodies were applied and cells were incubated at 37°C with 6% CO2 for 2 h. Non-phagocytosed target cells were removed by exchanging the supernatant by fresh medium. ADCP was determined by counting the number of phagocytosed tumor cells per individual macrophages using the fluorescence microscope Axio Observer D1 (Carl Zeiss AG, Oberkochen, Germany), unless otherwise indicated. Fifty to 100 macrophages were analyzed. The phagocytic index was calculated by the equation: Phagocytic index = (number of engulfed target cells/number of macrophages) × 100. In individual experiments, cytoplasmic membranes of macrophages and nuclei were stained with CellBrite™ Orange Cytoplasmic Membrane Labeling Dye (Biotium, Inc., Fremont, CA, USA) and NucBlue™ Live ReadyProbes™ (Thermo Fisher Scientific), respectively, according to the manufacturer’s recommendations.

The phagocytic activity of LAM was analyzed by plating purified LAM in 8-chamber slides (Thermo Fisher Scientific). LAM were co-incubated for 2 h with Cytolight Rapid Green (Sartorius, Göttingen, Germany) labeled Carnaval cells (E:T cell ratio: 1:1) in the presence of the indicated antibodies at a concentration of 1 µg/ml. The adherent cells were washed with PBS, stained with an APC-conjugated CD11b antibody, and were fixed with 4% paraformaldehyde in PBS. The slide was then overlaid with DAPI medium and covered with a glass cover slide. Slides were analyzed using a confocal microscope (LSM700, Carl Zeiss AG).



Live cell imaging

To analyze the phagocytic uptake of target cells, 4 × 104 macrophages were plated in 50 µl of M0, M1 or M2c macrophage differentiation media in 96-well cell culture plates (Greiner Bio-One GmbH, Frickenhausen, Germany) and allowed to settle at 37°C with 6% CO2 for at least 1 h. Antibodies were added at the indicated concentrations. Target cells were labeled with the pH-sensitive labeling dye pHrodo® (Sartorius AG) at 500 ng/ml according to the manufacturer’s recommendations. Per well, 8 × 104 target cells were added in 50 µl X-Vivo™ 15 medium and live cell imaging was initiated using the IncuCyte® system (Sartorious AG). Four images per well were recorded every 30 minutes and red object counts per image were determined.

To analyze the depletion of target cells, CFSE-labeled target cells were co-cultured with macrophages in the presence of antibodies in 8 well µ-slides (Ibidi GmbH) as described above for ADCP analysis by fluorescence microscopy. After 2 h, the supernatant was carefully resuspended without disturbing adherent macrophages. For quantitation, 100 µl were transferred to a 96-well plate, pelleted by centrifugation and green fluorescent cells were counted using the Incucyte® system by analyzing nine images per well. Relative residual numbers of target cells were determined by normalizing data to the control reaction performed in the absence of antibodies and the percentage of target cell depletion was calculated.



Data processing and statistical analyses

Statistical and graphical analyses were performed using the GraphPad Prism 8.0.2 software (GraphPad Software, La Jolla, CA, USA). Statistically significant differences between treatment groups were assessed using two-sided Student´s t-test, one-way or two-way ANOVA and Šidàk´s, Tukey´s or Fisher´s LSD post-tests, as indicated. The correlation between the ratio of CD20 to HLA class I molecules per cell and susceptibility to ADCP was calculated using the Pearson correlation test. P-values ≤ 0.05 were considered statistically significant.




Results

In an effort to define critical determinants of ADCP of lymphoma cells, we analyzed the sensitivity of the lymphoma cell lines Granta 519 (MCL), Carnaval (DLBCL), DG-75 (Burkitt lymphoma), MEC2 (CLL) and SU-DHL-4 (DLBCL) using human, non-polarized M0 macrophages. To induce ADCP, cells were treated with the CD20 antibody rituximab or a combination of rituximab and a variant of the CD47 antibody magrolimab with abrogated FcγR binding (referred to as CD47-IgGσ; Supplementary Figure 1). Each antibody was analyzed at the saturating concentration of 10 µg/ml. The analysis by fluorescence microscopy revealed that the extent of ADCP induced by rituximab or by the combination of rituximab plus CD47-IgGσ differed considerably between the cell lines. The CD47 antibody, which was unable to trigger ADCP on its own due to abrogated FcγR binding, enhanced ADCP by rituximab in Carnaval, MEC2 and Granta 519 cells significantly. Minor add-on effects from the CD47 antibody were observed with DG-75 cells, which were hardly engulfed even in the presence of both antibodies, and SU-DHL-4 cells, which were extraordinarily sensitive to rituximab-mediated ADCP (Figure 1A). Regarding the ‘Don´t Eat Me!’ function described for HLA class I molecules by interaction with the inhibitory receptor LILRB1, we hypothesized that their expression interfered with ADCP of lymphoma cells and contributed to the observed differences. Therefore, the cell surface expression levels of HLA class I molecules, the rituximab target antigen CD20 and CD47 were determined (Figure 1B). The cell lines showed diverging expression of these antigens, with high variation in the expression of classical HLA class I molecules (HLA-A,-B,-C) and CD20, while moderate differences in CD47 expression were observed. HLA-G expression was not detectable with the exception of Granta 519 cells. Although a correlation between the expression of either HLA class I or CD20 and ADCP by combination treatment with rituximab and the CD47 antibody was not found (Supplementary Figure 2), a correlation between ADCP and the expression ratio of CD20 to HLA class I molecules was observed (Figure 1C; Supplementary Table 1). Thus, the number of displayed binding sites for rituximab and inhibitory HLA class I molecules contributed to determining the sensitivity to ADCP.




Figure 1 | The ratio of CD20 to HLA-A,-B,-C antigen expression determines the efficacy of the combination of rituximab and a CD47 blocking antibody in initiating ADCP. (A) Human M0 macrophages were incubated with CFSE-labeled Granta 519 (n = 8), DG-75 (n = 6), MEC2 (n = 10), Carnaval (n = 11) or SU-DHL-4 (n = 4) lymphoma cells (E:T cell ratio: 1:2) in the presence of either rituximab (RTX) or a combination of RTX plus CD47-IgGσ (CD47) for 2 h. ADCP was analyzed by fluorescence microscopy and the phagocytic index was calculated. Trastuzumab (IgG1) was used as control. Antibodies were applied at 10 µg/ml. Bars represent mean values ± SD. Statistically significant differences (P ≤ 0.05) in ADCP compared to treatment with IgG1 (*) or RTX (#) are indicated (Two-way ANOVA with Tukey’s multiple comparisons test). (B) Lymphoma cells were stained with antibodies specific for CD20, CD47, HLA-A,-B,-C or HLA-G and specific antibody binding capacities (SABC) were determined by calibrated flow cytometry. Bars indicate mean values ± SEM (n = 3). Statistically significant differences between individual lymphoma cell lines are indicated (*P ≤ 0.05; one-way ANOVA with Tukey’s post hoc test). (C) For each lymphoma cell line the ratio of CD20 to HLA-A,-B,-C expression was determined and plotted against the calculated mean phagocytic index values for treatment with RTX plus CD47-IgGσ. The solid line represents the best-fit curve, dotted lines indicate the 95% confidence interval. Error bars indicate SD. (D) M0 macrophages were stained with murine antibodies against LILRB1 or LILRB2 (blue shaded peaks) or an isotype control antibody (black outlined peaks). Secondary FITC-conjugated goat anti-mouse immunoglobulins (DAKO) were used for detection. Cell surface expression was analyzed by flow cytometry. One representative experiment is shown (n = 7).



MCSF-generated M0 macrophages expressed significant amounts of the HLA class I receptors LILRB1 and LILRB2 (Figure 1D). In an attempt to further enhance ADCP by blocking the anticipated inhibitory function of HLA class I receptors, Fc-silent antibodies against LILRB1 and LILRB2 (LILRB1-IgGσ and LILRB2-IgGσ, respectively) were generated (Supplementary Figures 1A, B). Gel filtration revealed that the antibodies were monomeric and no significant multimers or higher molecular weight aggregates were detectable (Supplementary Figure 1C). The antigen specific binding of both antibodies was confirmed by flow cytometry using CHO-K1 cells transiently transfected with either LILRB1 or LILRB2 cDNA expression constructs, showing that the two antibodies exerted the expected binding profile (Supplementary Figure 3). Moreover, both LILRB1-IgGσ and LILRB2-IgGσ were able to block binding of soluble HLA class I molecules to LILRB1 and LILRB2 transfected CHO cells, respectively (Figure 2A). To analyze, whether the antibody blockade of LILRB1 and LILRB2 translated in enhanced ADCP, initial experiments with M0 macrophages and Carnaval target cells were performed. As a result, although not being effective alone or when combined with rituximab only, the LILRB1-IgGσ antibody significantly enhanced ADCP when applied together with both rituximab and CD47-IgGσ (Figure 2B). In contrast, no improvements in ADCP were observed by LILRB2 blockade, neither when LILRB2-IgGσ was applied alone nor in combination (Figure 2B). To demonstrate the antigen-specific mode of action of LILRB1-IgGσ, an Fc-silent control antibody, HER2-IgGσ, was combined with rituximab and CD47-IgGσ in ADCP reactions (Figure 2C). Whereas again LILRB1-IgGσ significantly improved ADCP, the HER2-IgGσ control antibody did not mediate any effects. Phagocytosis was also not observed when the LILRB1-IgGσ and CD47-IgGσ antibodies were applied in the absence of rituximab (Figure 2C), indicating that disruption of both signaling pathways was not sufficient in the absence of an activating signal. In addition, the direct comparison of the two triple combinations consisting of rituximab and CD47-IgGσ plus either LILRB1-IgGσ or LILRB2-IgGσ revealed significant differences between the two treatment groups, further demonstrating the benefits of the antigen-specific blockade of LILRB1 (Supplementary Figure 4A). In agreement with these findings, the application of the triple antibody combination consisting of rituximab, CD47-IgGσ plus LILRB1-IgGσ resulted in an enhanced depletion of Carnaval target cells, as analyzed by determining the residual remaining target cells using the IncuCyte® live cell imaging system (Figure 2D).




Figure 2 | Dual checkpoint blockade of LILRB1 and CD47 enhances ADCP of lymphoma cells. (A) CHO-K1 cells transiently transfected with LILRB1 (left graph) or LILRB2 expression vectors (right graph) were incubated with antibodies LILRB1-IgGσ (LILRB1) and LILRB2-IgGσ (LILRB2), respectively, at a concentration of 50 µg/ml to mask LILRB receptors. Antibody HER2-IgGσ (IgGσ) was used as a control. Cells were then reacted with PE-conjugated MHC I Dextramer® of NLVPMVATV-peptide-loaded HLA-A*0201 molecules. Mean fluorescence intensity was determined by flow cytometry and residual binding of HLA molecules relative to the control was calculated. Bars represent mean values ± SEM (n = 3; ***P ≤ 0.001; Student’s t test). (B) LILRB1-IgGσ (LILRB1; left, n = 8) and LILRB2-IgGσ (LILRB2; right, n = 6) were analyzed in ADCP reactions using human M0 macrophages and CFSE-labeled Carnaval cells (E:T cell ratio: 1:2). The antibodies (concentration: 10 µg/ml) were tested alone, together with rituximab (RTX) or in combination with RTX plus CD47-IgGσ (CD47). After 2 h, the phagocytic index was determined by fluorescence microscopy. Data points represent results obtained with individual preparations of macrophages from different donors (**P ≤ 0.01; ns, not significant; one-way ANOVA with Šidàk´s multiple comparisons test). (C) To verify antigen specific mode of action, LILRB1-IgGσ was compared with antibody HER2-IgGσ (IgGσ) in ADCP reactions. CFSE-labeled Carnaval cells were incubated in the absence (w/o) or in the presence of the indicated antibodies. Each antibody was applied at a concentration of 10 µg/ml. After 2 h, ADCP was analyzed by fluorescence microscopy. Data points represent phagocytic index values for individual preparations of macrophages from different donors (n = 4). Horizontal lines indicate mean values ± SD (*P ≤ 0.05; ns, not significant; one-way ANOVA with Šidàk´s multiple comparisons test). (D) Carnaval cells were labeled with CFSE and incubated with human M0 macrophages in the presence of the indicated antibodies (10 µg/ml). After 2 h, the supernatant was analyzed for residual lymphoma cells by live cell imaging and the percentage of residual lymphoma cells relative to the control reaction without added antibodies was calculated. Horizontal lines indicate mean values ± SD. (**P ≤ 0.01; *P ≤ 0.05; ns, not significant; one-way ANOVA and Šidàk´s multiple comparisons test; n = 5). (E) Granta 519 (n = 8), MEC2 (n = 10), DG-75 (n = 6), and SU-DHL-4 (n = 5) lymphoma cells were analyzed as target cells for RTX and anti-LILRB1 and CD47 antibodies. Target cells were labeled with CFSE and co-cultured with human M0 macrophages (E:T cell ratio: 1:2) in the absence (w/o) or in the presence of the indicated antibodies (10 µg/ml) for 2 h prior to analysis by fluorescence microscopy. In individual experiments, HER2-IgGσ (IgGσ) and trastuzumab (IgG1) were analyzed as controls. Data points represent phagocytic index values for macrophages from individual donors. Horizontal lines indicate mean values ± SD (*P ≤ 0.05; ns, not significant; one-way ANOVA with Šidàk´s multiple comparisons test). (F) The relative fold improvement in the extent of ADCP achieved by addition of LILRB1-IgGσ to RTX plus CD47-IgGσ over ADCP induced by the combination of RTX plus CD47-IgGσ only was calculated using phagocytic index values for different target cell lines as determined in (B), (C) and (E). Bars represent mean values ± SD. (G) Obinutuzumab (Obi) was analyzed in combination with LILRB1-IgGσ and CD47-IgGσ for induction of ADCP using a fluorescence microscopy based assay as described above. Granta 519 cells were used as target cells and human M0 macrophages were effector cells. Data points represent phagocytic index values for individual macrophage preparations from seven different donors. Horizontal lines represent mean values ± SD. (*P ≤ 0.05; **P ≤ 0.01; one-way ANOVA with Šidàk´s multiple comparisons test). (H) An IgA2 variant of rituximab (RTX-IgA2) was analyzed alone or in combination with CD47-IgGσ and/or LILRB1-IgGσ antibodies in ADCP assays with Carnaval cells. ADCP was analyzed as described above by fluorescence microscopy. As a control, an IgA2 version of cetuximab was employed (IgA2). *P ≤ 0.05; ns, not significant; one-way ANOVA with Šidàk´s multiple comparisons test (n = 7).



LILRB1-IgGσ revealed the potential also to enhance ADCP of other lymphoma cell lines. In experiments with both Granta 519 and MEC2 cells LILRB1-IgGσ was effective when applied in a triple combination with rituximab and CD47-IgGσ (Figure 2E). Remarkably, rituximab plus the dual checkpoint blockade of LILRB1 and CD47 resulted in profound phagocytosis of DG-75 cells, which hardly responded to the treatment with rituximab plus CD47-IgGσ. Yet, ADCP of SU-DHL-4 cells was not significantly improved further, which might be explained by their high susceptibility to ADCP (Figure 2E). Thus, among the analyzed cell lines, the highest fold improvement in ADCP by inclusion of LILRB1-IgGσ was achieved with DG-75 cells (Figure 2F), which had the lowest CD20 expression levels (Figure 1B). In contrast, LILRB2 blockade was not effective in enhancing ADCP of MEC2 and DG-75 cells (Supplementary Figure 4B). Using DG-75 target cells, the potency of LILRB1 blockade relative to LILRB2 blockade was further demonstrated in a direct comparison of the two respective antibodies in combination with rituximab and CD47-IgGσ (Supplementary Figure 4C). Therefore, we focused on the LILRB1-IgGσ antibody in subsequent experiments. To analyze the effects of the dual checkpoint blockade with a different CD20 antibody, ADCP was investigated in combinations with the Fc glyco-engineered CD20 antibody obinutuzumab using Granta 519 target cells. As observed in experiments with rituximab, LILRB1-IgGσ demonstrated efficacy and enhanced ADCP when applied together with obinutuzumab and CD47-IgGσ (Figure 2G). Next, the efficacy of LILRB1 blockade was analyzed in combinations with an IgA2 isotype switch variant of rituximab (RTX-IgA2; Figure 2H). Using Carnaval target cells, RTX-IgA2 induced ADCP, and its efficacy was enhanced by combination with CD47-IgGσ. Importantly, LILRB1-IgGσ further potentiated ADCP when added to the RTX-IgA2 and CD47-IgGσ combination.

Individual macrophages are able to engulf multiple tumor target cells. Indeed, the analysis by fluorescence microscopy demonstrated that serial ADCP of Carnaval cells by M0 macrophages occurred in particular when rituximab was combined with CD47 and anti-LILRB1 antibodies (Figure 3A). To quantify the relative contribution, phagocytic events were assigned to uptake of the first lymphoma cell (initial phagocytosis) or to engulfment of subsequent cells (serial phagocytosis; Figure 3B). Serial phagocytosis was observed with Carnaval, Granta 519, MEC2 and, to a lesser extent, with DG-75 cells, and was promoted by co-treatment with CD47-IgGσ and LILRB1-IgGσ antibodies. Especially with more ADCP sensitive Carnaval and Granta 519 cells, increases in extent of ADCP by co-blockade of LILRB1 and CD47 were attributed to enhanced phagocytic activities of individual macrophages engulfing multiple target cells. The differences in the occurrence of serial phagocytosis of Carnaval and DG-75 cells was further evidenced by grouping macrophages according to the numbers of engulfed target cells (Supplementary Figure 5).




Figure 3 | Serial ADCP, kinetics, dose-dependency and further enhanced ADCP by improved FcγR engagement. (A) CFSE-labeled Carnaval cells were incubated with Cell Brite™ Orange labeled human M0 macrophages in the presence of rituximab (RTX), CD47-IgGσ and LILRB1-IgGσ (E:T cell ratio: 1:2). Shown are three macrophages, having engulfed one or three Carnaval cells, or none. Nuclei were stained with NucBlue™. The bottom image represents a microscope composite image of the same cells viewed separately with the red, green and blue channels as indicated. (B) LILRB1-IgGσ (LILRB1) and CD47-IgGσ (CD47) antibodies promote serial ADCP of Carnaval (n = 9), Granta 519 (n = 8), MEC2 (n = 6) and DG-75 (n = 6) B-NHL cells. Phagocytic events by treatment with RTX, RTX + CD47-IgGσ, the triple combination of RTX + CD47-IgGσ + LILRB1-IgGσ or trastuzumab (IgG1) were assigned to uptake of the first lymphoma cell (initial phagocytosis) or to engulfment of subsequent cells (serial phagocytosis) and are presented as a proportion of phagocytic index values. Bars indicate mean values ± SEM. Statistically significant differences between treatment groups in initial (*) and serial (#) phagocytosis event values are indicated (P ≤ 0.05, two-way ANOVA with Tukey`s post hoc test). (C) ADCP induced by treatment with different antibodies (10 µg/ml) alone or in combination was analyzed by live cell imaging using pHrodo® labeled DG-75 cells and human M0 macrophages (E:T cell ratio: 1:2). For analysis, cells were imaged at different time points and red fluorescent objects were counted. Shown are representative results for the control reaction without added antibodies (w/o), treatment with RTX, RTX + CD47-IgGσ (CD47) and RTX + CD47-IgGσ + LILRB1-IgGσ (LILRB1). The images were taken after 1.5 h (n = 9). (D) The kinetics of ADCP was analyzed by live cell imaging as described before. M0 macrophages from different donors were used as effector cells and DG-75 cells were applied as targets. Data points represent means ± SD of red object counts per image (n = 9; w/o, without added antibody). Statistically significant (P ≤ 0.05) differences between treatment groups RTX + CD47-IgGσ vs. RTX + CD47-IgGσ + LILRB1-IgGσ are indicated (*P ≤ 0.05; two-way ANOVA with Fisher´s LSD test). (E) PHrodo® labeled DG-75 lymphoma cells were incubated with human M0 macrophages from different donors (n = 4) in the presence of RTX and CD47-IgGσ (each at a constant concentration of 10 µg/ml) plus LILRB1-IgGσ at varying concentrations. HER2-IgG2σ (IgGσ) was used as an isotype control. ADCP was analyzed over 4 h by live cell imaging. Data points represent means ± SD of red object count per image. Statistically significant differences between LILRB1-IgGσ and HER2-IgGσ treatments are indicated (*P ≤ 0.05, two-way ANOVA with Fisher´s LSD test). (F) RTX and an Fc-engineered RTX variant with enhanced FcγR binding (RTX-DE) were analyzed either alone or in combination with CD47-IgGσ and LILRB1-IgGσ as indicated using pHrodo® labeled DG-75 cells and human M0 macrophages. Trastuzumab (IgG1) and its Fc-engineered version HER2-DE served as controls. ADCP was determined by live cell imaging analysis. Data points represent means of red object counts per image ± SD (n = 4). *, statistically significant differences between RTX-DE + CD47-IgGσ + LILRB1-IgGσ vs. RTX-DE + CD47-IgGσ; #, statistically significant differences between RTX-DE + CD47-IgGσ + LILRB1-IgGσ vs. RTX + CD47-IgGσ + LILRB1-IgGσ; P ≤ 0.05, two-way ANOVA with Fisher´s LSD test.



To analyze kinetics of ADCP induction, live cell imaging experiments were performed using DG-75 cells as targets (Figures 3C, D). Again, ADCP by rituximab was enhanced by dual checkpoint blockade of CD47 and LILRB1. ADCP occurred rapidly and reached a peak after 2 h. To analyze the dose dependent mode of action of LILRB1-IgGσ, rituximab and CD47-IgGσ were complemented with varying concentrations of either LILRB1-IgGσ or the control antibody HER2-IgGσ (Figure 3E). As a result, ADCP augmented with increasing concentrations of LILRB1-IgGσ while HER2-IgGσ was not effective.

Improving FcγR engagement by Fc engineering has been shown to enhance ADCP (21). To analyze, whether ADCP could be further potentiated, an Fc-engineered variant of rituximab (RTX-DE) was generated by introducing the amino acid substitutions S239D/I332E (Supplementary Figure 1). This modification enhances the antibody`s affinity to activating FcγRI, FcγRIIA and FcγIIIA and improves ADCP and ADCC (51). RTX-DE was compared with rituximab in the absence or presence of immune checkpoint inhibitors in ADCP assays using DG-75 cells by live cell imaging (Figure 3F). As a result, rituximab and RTX-DE were only marginally effective, in agreement with previous findings for this cell line. By combination of both antibodies with CD47-IgGσ ADCP was enhanced. Importantly, the triple antibody combination consisting of RTX-DE, LILRB1-IgGσ and CD47-IgGσ was more effective than the triple antibody combination containing rituximab. This demonstrates the impact of efficient FcγR engagement and indicates that ADCP can be promoted further by improving the affinity of the tumor targeting antibody to activating FcγR.

To analyze the impact of HLA class I receptors on ADCP by polarized macrophages, macrophages were differentiated towards M1 and M2c phenotypes using GM-CSF, LPS and IFN-γ or M-CSF and IL-10, respectively. Macrophage polarization was verified by determining expression levels of the M1 and M2 marker antigens CD80 and CD163, respectively (Figure 4A) The analysis of LILRB1 and LILRB2 cell surface expression revealed that M1 and M2c macrophages expressed both receptors at similar levels as M0 macrophages (Figure 4A). However, the expression of SIRPα was reduced in M1 macrophages. M1 and M2c macrophages were then analyzed as effector cells for combinations of rituximab, CD47-IgGσ and LILRB1-IgGσ in ADCP assays with Carnaval cells and compared to non-polarized, M-CSF differentiated M0 macrophages from the same donors (Figure 4B). As a result, rituximab was effective in inducing ADCP with different macrophage populations (Figure 4B). In experiments with M0 and M2c macrophages, CD47-IgGσ augmented rituximab-mediated ADCP significantly. With M1 macrophages a similar trend was observed, but statistical significance was not reached. Importantly, LILRB1-IgGσ enhanced ADCP not only by M0 macrophages, but also by polarized M1 or M2c macrophages when applied in addition to rituximab and CD47-IgGσ. As observed with M0 macrophages, LILRB1 blockade alone was not sufficient to enhance ADCP by rituximab with both M1 and M2c macrophages (Figure 4B). Moreover, ADCP by differentially polarized macrophages was analyzed by live cell imaging using DG-75 as target cells (Figure 4C). These experiments demonstrated improved ADCP of DG-75 cells by rituximab when combined with both LILRB1-IgGσ and CD47-IgGσ antibodies irrespective of the macrophage polarization status. In agreement with results obtained with M0 macrophages, LILRB2-IgGσ was not effective when M1 or M2c macrophages were analyzed (Supplementary Figures 4D, E). Furthermore, M0 macrophages were differentiated from monocytes in the presence of either M-CSF or GM-CSF and then polarized to M1 macrophages using LPS and IFN-γ. Interestingly, cell surface expression of both LILRB1 and LILRB2 was upregulated upon polarization with LPS and IFN-γ, while SIRPα expression was reduced (Figure 4D). In ADCP experiments using fluorescence microscopy, non-activated M0 macrophages differentiated with GM-CSF were not effective in comparison with macrophages differentiated with M-CSF (Figure 4E). Pre-treatment with LPS/IFN-γ improved ADCP by GM-CSF macrophages, in particular when the triple combination consisting of RTX, CD47-IgGσ and LILRB1-IgGσ was applied. LPS/IFN-γ stimulation also slightly enhanced the ADCP activity of M-CSF macrophages, which were superior to GM-CSF macrophages for each antibody treatment also upon M1 polarization with LPS/IFN-γ. Of note, the triple combination consisting of RTX, LILRB1-IgGσ and CD47-IgGσ was most efficacious in experiments with both macrophage populations.




Figure 4 | Efficacy of dual checkpoint blockade of CD47 and LILRB1 with differentially polarized macrophages. (A) Left panel: Monocytes were differentiated with M-CSF (M0 macrophages), GM-CSF, LPS and IFN-γ (M1 macrophages) or M-CSF and IL-10 (M2c macrophages) and stained with PE-conjugated antibodies against CD163, CD80 (blue shaded peaks) or an isotype control antibody (black outlined peaks). Cell surface expression was analyzed by flow cytometry. One representative experiment is shown (n = 3). Right panel: Cell surface expression of LILRB1, LILRB2 and SIRPα by M0, M1 and M2c macrophages was analyzed by calibrated flow cytometry. Data points indicate specific antibody binding capacity (SABC) for macrophage preparations from individual donors. Horizontal lines represent mean values ± SD (n = 7). *P ≤ 0.05; ns, not significant; two way ANOVA and Tukey`s post hoc test. (B) Macrophages were differentiated in parallel from monocytes from seven donors towards M0, M1 or M2c phenotypes and analyzed in fluorescence microscopy-based ADCP assays using CFSE-labeled Carnaval cells (E:T cell ratio: 1:2). Efficacy was determined for rituximab (RTX) vs. phagocytosis in the absence of an antibody (w/o, first graph), RTX + CD47-IgGσ (CD47) vs. RTX (second graph), and RTX + CD47-IgGσ + LILRB1-IgGσ (LILRB1) vs. RTX + CD47-IgGσ (third graph) and RTX + LILRB1-IgGσ vs. RTX (fourth graph). Antibodies were applied at a concentration of 10 µg/ml. Statistically significant differences are indicated (*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ns, not significant; two-way ANOVA with Šidàk´s multiple comparisons test). (C) Live-cell imaging analysis of ADCP by M0, M1 and M2c macrophages in the presence of the indicated antibodies (each at a concentration of 10 µg/ml). HER2-IgGσ (IgGσ) was used in control reactions. Target cells were pHrodo® labeled DG-75 cells (E:T cell ratio: 1:2). Data points represent means ± SD of the red object count per image of independent experiments using macrophages from six different donors that were polarized in parallel towards M0, M1 or M2c phenotypes (w/o, without antibody; #, statistically significant differences between RTX + CD47-IgGσ vs. RTX; *, statistically significant differences between RTX + CD47-IgGσ + LILRB1-IgGσ vs. RTX + CD47-IgGσ, two-way ANOVA and Fisher´s LSD test; P ≤ 0.05). (D) Macrophages were differentiated from peripheral monocytes in the presence of either M-CSF (left graph) or GM-CSF (right graph) for six days. Cells were left untreated or stimulated with IFN-γ and LPS for additional 48 h and analyzed for cell surface expression of LILRB1, LILRB2 and SIRPα by calibrated flow cytometry. Data points represent the specific antibody binding capacities (SABC) that were determined for individual macrophage preparations. Statistically significant differences between groups treated with IFN-γ and LPS and the control groups are indicated (*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; two-way ANOVA with Fisher´s LSD test). (E) Macrophages were differentiated with M-CSF or GM-CSF and analyzed without further stimulation (M0 macrophages; left graph; n = 5) or after polarization with LPS and IFN-γ (M1 macrophages; right graph; n = 4) in 2 h ADCP assays using CFSE-labeled Carnaval cells and the different antibodies as indicated. ADCP was analyzed by fluorescence microscopy. Data points indicate phagocytic index values for macrophages from individual donors. Horizontal lines represent mean values ± SD (*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ns, not significant; two-way ANOVA and Fisher´s LSD test).



In an effort to analyze the potential of LILRB1 and CD47 co-blockade to enhance the ADCP activity also of lymphoma-associated macrophages (LAM), MNC were prepared from BM samples from DLBCL patients with BM infiltration (Figure 5). Of note, flow cytometry analysis revealed a strong expression of LILRB1 by LAM, which were defined as CD163-positive/CD15-negative cells (Figures 5A, B). For comparison, also LILRB1 expression by BM macrophages from DLBCL patients without BM infiltration was assessed (Figures 5A, B). A trend towards a higher LILRB1 expression in the mean was found in LAM, although the observed differences were not statistically significant. For subsequent ADCP analysis, CD163-positive/CD15-negative LAM were purified by fluorescence activated cell sorting and analyzed without further manipulation as effector cells for rituximab and the antibody combinations using Carnaval target cells (Figures 5C, D). Importantly, a considerable further improvement in ADCP was observed when the antibody triple combination consisting of rituximab, CD47-IGgσ and LILRB1-IgGσ was applied relative to the combination treatment with RTX and CD47-IgGσ only.




Figure 5 | Dual checkpoint blockade of CD47 and LILRB1 enhances ADCP by LAM from DLBCL patients. (A) Lymphoma associated macrophages (LAM) in the MNC fraction from bone marrow (BM) samples of DLBCL patients with BM infiltration (n = 5) were defined as CD163-positive/CD15-negative cells by staining with Brilliant Violet 421-conjugated CD163 and Brilliant Violet 510-labeled CD15 antibodies and flow cytometry analysis (left histogram). Macrophages were gated, and analyzed for the cell surface expression of LILRB1, which was detected using an APC-antibody-conjugate (right histogram). For comparison, BM macrophages from DLBCL patients without BM infiltration were analyzed in parallel. The gray histogram indicates the isotype control. (B) The graph summarizes results for the LILRB1 expression according to median fluorescent intensities for BM macrophages from individual patients with (LAM) or without BM infiltration. Horizontal lines show mean values, error bars indicate SD (ns, not significant; P = 0.129). (C) CD163-positive/CD15-negative LAM were purified by fluorescence activated cell sorting. In ADCP reactions, LAM were plated and incubated with Carnaval cells labeled with Cytolight Rapid Green (E:T cell ratio: 1:1) in the absence (w/o) or in the presence of the antibodies rituximab (RTX), LILRB1-IgGσ (LILRB1), CD47-IgGσ (CD47) or HER-IgGσ (IgGσ; each at a concentration of 1 µg/ml), as indicated. After 2 h, cells were stained with an APC-conjugated CD11b antibody, fixed and stained with DAPI. ADCP was analyzed using a confocal microscope at x630 magnification. Images from one representative experiment are shown (n = 5). (D) The graph summarizes the phagocytic index values for ADCP of Carnaval cells by LAM upon treatment with different antibodies as indicated. Data points represent the phagocytic index values for LAM isolated from individual patients (n = 5). Bars indicate mean values ± SD (*P ≤ 0.05; **P ≤ 0.01; ns, not significant; one way ANOVA with Šidàk´s multiple comparisons test).



Because cell lines do not reflect the clinical heterogeneity of patients, the dual checkpoint blockade of CD47 and LILRB1 was investigated using tumor cells from patients. CLL cells were enriched from the peripheral blood of twelve patients. The analysis of cell surface antigen expression levels revealed pronounced expression of CD20, CD47 and classical HLA class I molecules in all CLL patient samples, in contrast to HLA-G, which was hardly detected (Figure 6A). Patient cells were then analyzed in ADCP experiments using M0 macrophages from healthy donors and fluorescence microscopy (Figure 6B). CD47-IgGσ enhanced ADCP by rituximab in the majority of individual patient samples, with exception of samples CLL_04 and CLL_10, in which CD47 blockade did not improve ADCP despite considerable CD20 and CD47 expression (Supplementary Figure 6). Of note, dual checkpoint blockade of CD47 and LILRB1 enhanced ADCP by rituximab further and LILRB1-IgGσ amplified the degree of ADCP when combined with rituximab and CD47-IgGσ. Thus, in all cases analyzed the triple antibody combination of rituximab, LILRB1-IgGσ and CD47-IgGσ was more efficacious than the double antibody combination consisting of rituximab and CD47-IgGσ (Figure 6C; Supplementary Figure 6). Sample group analysis revealed statistical significance of the observed differences between different treatment groups (Figure 6D). The application of LILRB1-IgGσ with rituximab in the absence of the CD47 antibody did not translate into higher ADCP (Figure 6D). With all CLL cell samples tested, LILRB2 blockade was not effective (unpublished data). Further analysis revealed that, as also observed with cell line experiments, serial ADCP events occurred and were observed more frequently upon treatment with the antibody triple combination (Figure 6E). Finally, dual checkpoint blockade of CD47 and LILRB1 was tested with MCL tumor cells isolated from two patients (Figure 6F). Similar to CLL cells, rituximab-mediated ADCP was augmented by co-blockade of CD47 and LILRB1 with LILRB1-IgGσ providing an amplifying effect.




Figure 6 | Enhanced ADCP of patient-derived CLL or MCL cells by dual checkpoint blockade of CD47 and LILRB1. (A) Cell surface expression levels of CD20, CD47, HLA-A,-B,-C and HLA-G by patient CLL cells was analyzed by calibrated flow cytometry. Data points represent specific antibody binding capacity (SABC) for individual patient samples. The horizontal lines indicate mean values ± SD (*P ≤ 0.05; ***P ≤ 0.001; ns, not significant; one-way ANOVA with Tukey’s multiple comparison test. (B) CFSE-labeled CLL cells (patient CLL_05) were incubated with M0 macrophages (labeled with Cell Brite™ Orange cytoplasmic membrane dye, E:T cell ratio: 1:2) in the absence (w/o) or in the presence of the antibodies rituximab (RTX), CD47-IgGσ (CD47) and LILRB1-IgGσ (LILRB1; each at a concentration of 10 µg/ml) as indicated for 2 h. Nuclei were stained with NucBlue™. ADCP was analyzed by fluorescence microscopy. (C) CLL cells from patients CLL_01 and CLL_02 were labeled with CFSE and incubated with M0 macrophages without (w/o) or with antibodies trastuzumab (IgG1), rituximab (RTX), LILRB1-IgGσ (LILRB1), CD47-IgGσ (CD47) or HER2-IgGσ (IgGσ) as indicated (each at a concentration of 10 µg/ml) for 2 h. ADCP was analyzed by fluorescence microscopy. Bars represent mean phagocytic index values ± SD from three independent experiments using macrophages from different donors (*P ≤0.05; **P ≤ 0.01; ***P ≤ 0.001; ns, not significant; one-way ANOVA with Fisher`s LSD test). (D) Group analysis of ADCP summarizing results obtained with CLL cells from 12 different patients as target cells. ADCP was determined for the indicated antibodies or their combinations as described in (C). Data points represent mean phagocytic index values for individual patient samples as determined in independent experiments using macrophages from different donors, as illustrated in Suppl. Figure 6. Bars indicate overall mean phagocytic index values ± SD (**P ≤ 0.01; ***P ≤ 0.001; ns, not significant; one-way ANOVA with Šidàk´s multiple comparisons test). (E) LILRB1 and CD47 immune checkpoint blockade promotes serial ADCP of patient CLL cells by human M0 macrophages. Phagocytic events were assigned to phagocytosis of the first CLL cell (initial phagocytosis) or to engulfment of subsequent CLL cells (serial phagocytosis) and are presented as a proportion of phagocytic index values. Bars represent mean values ± SEM. Statistically significant differences between treatment groups in initial phagocytosis (*) and serial phagocytosis (#) are indicated (P ≤ 0.05; two-way ANOVA and Tukey`s multiple comparison test; n = 12). (F) MCL cells were isolated from two patients, labeled with CFSE and analyzed as target cells for M0 macrophages in the presence of the indicated antibodies (each at a concentration of 10 µg/ml) by fluorescence microscopy as described in (C). Data points represent mean phagocytic index values ± SD from three (MCL_01) or six (MCL_02) independent experiments using macrophages from different donors (**P ≤0.01; ***P ≤ 0.001; ns, not significant; one-way ANOVA with Fisher`s LSD test).





Discussion

Analysis of different B-NHL cell lines revealed that the expression ratio of CD20 to HLA class I molecules determined the sensitivity to ADCP by the combination of rituximab and a CD47 blocking antibody. We thus investigated the impact of blocking the HLA class I receptors LILRB1 and LILRB2 on CD20 antibody-mediated ADCP with or without concomitant masking of CD47 using Fc-silent antibodies. While the anti-LILRB2 antibody was not effective, the anti-LILRB1 antibody enhanced ADCP considerably, but strictly required simultaneous CD47 blockade and the presence of a tumor targeting CD20 antibody to become effective. Thus, the dual checkpoint blockade of CD47 and LILRB1 enhanced ADCP by rituximab, obinutuzumab, an Fc-engineered variant of rituximab and an IgA2 version of rituximab. The LILRB1 co-blockade promoted serial uptake of lymphoma cells, and demonstrated efficacy in both B-NHL cell lines and freshly isolated MCL or CLL cells from patients.

In recent years, impressive clinical results were obtained with the application of adaptive immune checkpoint inhibitors to establish T cell tumor immunity (6, 52). Regarding B cell lymphomas, promising results were observed with immune checkpoint inhibitors targeting the PD-1/PD-L1 axis in the treatment of classical Hodgkin lymphoma with response rates exceeding 70% (53). Yet, response rates with immune checkpoint monotherapies in the majority of B-NHL types including DLBCL, follicular lymphoma and CLL were unsatisfactory (53, 54). For example, a phase II trial with the anti-PD-1 antibody nivolumab in patients with relapsed or refractory DLBCL revealed response rates of only 10%, and no objective responses were observed in relapsed CLL patients upon treatment with the anti-PD-1 antibody pembrolizumab (55, 56). The application of immune checkpoint inhibitors in combination with other therapies such as R-CHOP chemo-immunotherapy may hold promise (53, 57), but will require further investigation. Limitations arise when tumors create an immune hostile microenvironment and exert insufficient immunogenicity. In this situation, the recruitment of innate immune cells, which in the tumor microenvironment contribute to tumor immunity, may be an alternative (7, 58). Particularly the immune checkpoint blockade in myeloid cells has gained increasing attention and encouraging clinical results were obtained by the combination treatment with rituximab and the CD47 antibody magrolimab in B-NHL patients (28).

As demonstrated here, the blockade of LILRB1 in addition to CD47 may offer a possibility further enhancing rituximab-mediated ADCP of lymphoma cells. However, even when both antigens were blocked, a considerable variation between different target cells in susceptibility to ADCP was observed. This may reflect the complex regulation of phagocytosis, which is governed by an interplay between activating and inhibitory receptors. Thus, ‘Don´t Eat Me!’ functions have been demonstrated for several antigens including programmed death ligand 1, CD24, adipocyte plasma membrane-associated protein, and signaling lymphocyte activation molecule (SLAM) family members (10, 59–61). Cognate receptors may cooperate with LILRB1 and SIRPα, and the expression of ligands for such receptors may contribute to less ADCP sensitive phenotypes of for example DG-75 cells or CLL cells from certain patients in our study. In addition, the engagement of pro-phagocytic receptors such as prolow-density lipoprotein receptor-related protein 1, CD137, CD11b and the currently discussed SLAMF7, as well as additional target cell characteristics such cell size, shape or rigidity may be important (10, 62–65).

The observation that the anti-LILRB1 antibody required simultaneous blockade of the CD47-SIRPα axis suggests that SIRPα exerts a dominant inhibitory role in the regulation of ADCP. Whether differences between receptors in signaling pathways exist, leading to impairment of phagocytosis at different stages of phagocytosis initiation, still needs to be investigated. Both receptors signal via ITIM in their intracellular domains. Initiation of SIRPα signaling suppresses phagocytosis by reducing contacts between macrophages and target cells through inhibition of integrin activation, inhibition of cytoskeleton rearrangement by dephosphorylation of myosin IIA, and inactivation of neighboring FcγR through dephosphorylation of ITAM (66–68). The molecular pathways by which LILRB1 regulates phagocytosis by macrophages have not been clarified, yet impaired tyrosine phosphorylation of FcγR chain and inhibition of intracellular calcium mobilization was demonstrated upon co-ligation of FcγRI and LILRB1 (38). Of note, the dual checkpoint blockade of CD47 and LILRB1 alone was not sufficient to trigger phagocytosis and the presence of an FcR engaging CD20 antibody was required. Thus, in this approach, the specificity for phagocytic target cell elimination is maintained and is pre-defined by the tumor targeting antibody bearing a functional Fc domain to provide an activating signal.

In contrast to LILRB1, no benefits were obtained by blockade of LILRB2 - though the receptor was expressed by monocyte-derived macrophages at similar levels as LILRB1, the antibody used in this study blocked receptor binding of HLA molecules in agreement with previous findings (44), and interference with FcγR signaling by LILRB2 signaling has been demonstrated previously (38). However, structural differences in binding exist in that LILRB1 binds only β2-microglobulin associated HLA molecules, while LILRB2 also binds free forms (35, 69). In addition, the receptors differ in their affinity to individual HLA alleles (69). We assume that the quality of receptor engagement, the affinity to HLA molecules or the initiation and strength of the individual receptor’s intracellular signaling pathway may contribute to the observed differences. In addition, it cannot be fully excluded that the particular antibody clone employed in these experiments exerted agonistic functions and activated LILRB2 signaling in parallel to inhibition of ligand binding.

Enhanced ADCP by co-blockade of LILRB1 and CD47 was demonstrated for combinations with CD20-specific IgG antibodies. Improved ADCP was observed not only in combinations with the native IgG1 molecule rituximab, but also with the Fc glyco-engineered antibody obinutuzumab and the Fc-protein engineered rituximab variant RTX-DE. Moreover, co-inhibition of LILRB1 and CD47 was effective, when the antibodies were combined with an IgA2 variant of rituximab. IgA antibodies may hold potential for cancer immunotherapy. They are able to trigger myeloid effector cells including neutrophils, monocytes and macrophages by engagement of the IgA Fc receptor FcαRI. Previously it has been demonstrated that CD47 blockade enhances macrophage-mediated ADCP by CD20 IgA antibodies (49). As demonstrated in the present study, the efficacy can be further improved by co-blockade of LILRB1, suggesting that LILRB1 also regulates signaling by FcαRI.

Besides promoting ADCP, anti-LILRB1 antibodies may exert additional effector functions. Both antibody blockade of LILRB2 and genetic deletion of LILRB1 were shown to drive macrophage polarization towards an inflammatory M1 phenotype (36, 39). Therefore, the blockade of these receptors may facilitate to relieve immune suppression in the tumor microenvironment by shaping TAM or myeloid derived suppressor cells (58). In addition, enhanced engulfment of tumor cells may increase antigen presentation and promote T cell responses (10). In a murine tumor model, adaptive T cell responses were observed after treatment with CD47 antibodies (70). However, to unravel a role for LILRB1 in this context will require further investigation. In addition, LILRB1 and LILRB2 are expressed by other immune cell populations. For example, LILRB1 is expressed by T cells and a subpopulation of NK cells (32). Therefore, manipulation of LILRB1 may also promote cytotoxic functions by lymphocytes (71, 72). Regarding that NK cells may express SIRPα in certain situations even co-blockade of LILRB1 and CD47 may be effective in enhancing NK cell-mediated ADCC (73). In neutrophils, conflicting results on the expression of LILRB1 were published, but LILRB2 is displayed (32, 74). Albeit LILRB2-IgGσ lacked efficacy in enhancing ADCP by macrophages, it may be worth testing this antibody with neutrophils, in which blockade of the CD47-SIRPα axis was shown to enhance ADCC and trogoptosis (75).

To further advance the proposed concept animal studies will be required. However, this is a challenging issue, because LILRB1 is not expressed in mice and the murine receptor orthologue paired immunoglobulin-like receptor B does not react with HLA/β2M complexes (36). The generation of LILRB1 transgenic mice could offer an opportunity to study this. In a previous study, LILRB1 knock-in mice were established in the background of immune competent mice (76), but here immune deficient mice will be required to facilitate the engraftment of human lymphoma cells. Humanized mice in which human immune cells are established by transplantation of human CD34-positive progenitor cells could offer another option (77). However, the presence of human immune cells may hamper the co-engraftment of tumor cells and partial HLA matching may be required. In addition, co-existing murine macrophages, which respond to CD47 but not to anti-LILRB1 antibody blockade (36), may distort results, and an accompanying depletion of murine macrophages may be necessary. Yet, our in vitro results provide a rationale to undertake these efforts to realize such xenograft in vivo studies.

In conclusion, our preclinical in vitro results suggest potential of combining CD20, CD47 and anti- LIRB1 antibodies. LILRB1 blockade complemented CD47 inhibition and thus a dual checkpoint blockade of CD47-SIRPα and LILRB1-HLA class I interactions may have the potential to improve antibody therapy of lymphomas further by enhancing ADCP by macrophages. Therefore, combinations of tumor targeting antibodies with LILRB1 and either CD47 or SIRPα immune checkpoint inhibitors deserve further evaluation in animal models towards clinical application.
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Antibody name
(code)

1.1. Approved antibodies (FDA/EU)

Obinutuzumab
(GA101)

Mogamulizumab
(KW-7061)

Inebilizumab
(MEDI 551)

Benralizumab
(MEDI-563)

Margetuximab
(MGAH22)

Belantamab
vedotin
(GSK2857916)
Amivantamab
(UNJ-61186372)

1.2. Selected antibodies in clinical studies

Ublituximab
(Emab-6)

Tomuzotuximab
(cetuGEX)

Imgatuzumab
GA201
(RG7160)

KHK4083

Tragex

Cusatuzumab
(UNJ-74494550,
ARGX-110)
Bemarituzumab
(AMG 522)

Antigen Antibody
isotype
CD20 Humanized
IgG1
CCR4 Humanized
IgG1
CD19 Humanized
1gG1
IL-5Ra. Humanized
IgG1
HER2 Chimeric
1gG1
BCMA IgG1-MMAF
ADC
EGFRXMET Humanized
bispecificlgG1

CD20 Chimeric

IgG1

EGFR Humanized
1gG1
(cetuximab
seq)
Humanized
rat IgG1
(ICR62)

EGFR

0Ox40 Human IgG1

HER2 Humanized
IgG1
CD70 Humanized
IgG1
FGFR2b Humanized
IgG1

Method of
defucosylation

CHO overexpressing
GnTIIl (GlycoMAb)

CHO FUT8 7/
(Potelligent)

CHO FUT8 7/
(Potelligent)

CHO FUT8 7/
(Potelligent)

CHO FUT8 7/

Also mutation in Fc to
decreased CD32B
binding

CHO FUT8 7/

Low fucose producing
cell line

YB2/0

Glyco Express
Sys!em®

CHO stably expressing
GnTIIl (GlycomAb)

FUT8 7/ Potelligent

Glyco Express
system®
(FUT8-/-)
CHO FUT8 ko
(Potelligent)

CHO FUT8

%

fucose

About
15%

0%

0%

0%

0%

0%

<10%

24%

0%

15%

0%

0%

0%

Diseases

B-NHL

Cutaneous T
cell ymphoma

Neuromyelitis
optica

Severe
asthma with
eosinophilia
Advanced
metastatic
HER2***
breast cancer
Multiple
myeloma

Non-small cell
lung cancer
(NSCLO)

CLL, B-NHL,
multiple
sclerosis,
neuromyelitis
optica
Advanced
carcinoma

Carcinoma

Ulcerative
colitis
HER2+++
tumors

Hematological
and solid
cancers
Gastric cancer
FGFR2b***

Major findings

Higher ADCC by NK and y3§ Tells, more effective than
RTX in vivo in some mice models or in primates

Phase Ill in CLL compared to RTX in combination with
Clb

Phase Ill studies with different chemotherapy regimen
in CLL and compared to RTX

Phase Ill studies in diff chemo combinations compared
to RTXin untreated FL.

Equivalent ADCC by afucosylated mAb, but with 10-fold
lower antigen expression on target compared to
fucosylated mAb

Increased ADCC in vitro. Depletes B cells more
effectively than fucosylated antibody in hCD19
transgenic mice (PB, spleen and BM)

Increased ADCC in vitro. Efficacy in depleting
eosinophil in non-human primates and in clinical
Phase Ill studies

Increased ADCC.

In vivo increased activity in hFcyRlll+ mice. Phase Il
trial in breast cancer compared to trastuzumab

Increased ADCC of naked mAbs. Phase Il ORR 31%.
72% survival at 6 months

Increased ADCC, not ADCP compared to high fucose
variant. Phase Il NSCLC

High ADCC and ADCP (not compared with fully
fucosylated antibodies). Phase | and Il trials in B-NHL,
CLL and autoimmune diseases + neuromyelitis optica.
Phase Ill in CLL with or w/o ibrutinib (ORR 85% vs
65%)

Increased ADCC in vitro, Phase | study

Phase Il study comparing CetuGEX with cetuximab
combined with chemo: no difference observed

Increased ADCC in vitro. Higher efficacy in mouse
models (SCID beige or SCID hFcyRlIIIA tg) also in
combination with chemotherapy

Phase | study in EGF*** solid tumors

Open label study in advanced CRC. Decrease NK
post treatment in PB

Enhanced ADCC in vitro

Favorable combination of GA201 and chemo in vitro
and in carcinoma models in SCID mice

Open label study of GA201 vs cetuximab in head &
neck squamous carcinoma (N=44). Greater decrease
in NK in PB and greater cytokine release with GA201
vs CTX. No difference in clinical response.

Phase |

Increased ADCC in vitro.

Enhanced activity in vivo in hFcyRIIIA tg mice.
Phase | in HER2*** solid tumors

Phase | study

Increased ADCC in vitro. Efficacy in vivo in mouse sc
SCID model. Recruitment of NK and T cells into
tumor.

references

(47, 55,
58-62)
(63)
(64)

(65)
(66)

(67, 68)

(69-72)

(73-75)

(76, 77)

(78)

(79)

(80-82)

(©0)

37,91-94)

(95, 96)

(97, 98)

ADCC, Antibody dependent cellular cytotoxicity; ADCP, Antibody dependent cellular phagocytosis; BM, Bone marrow; B-NHL, B-Non Hodgkin's lymphoma; CLb, chlorambucil; CLL,
Chronic lymphocytic leukemia; CR, Complete response; EGFR, Epidermal growth factor receptor; FL, follicular lymphoma; PB, Peripheral blood; NSCLC, Non-small cell lung cancer; ORR,
Overall response rate; RTX, Rituximab; SCID, Severe combined immunodeficient.
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Antigen Afucosylation

level

CMvV Low
SARS-CoV-2 Fast upon sero-
Spike conversion
Dengue E and Induced by
NS1 proteins infection

(1°and 29
HIV-1 low
HBV Low
Mumps virus Low
Plasmodium High

falciparum EMP1

%
afucosylation
(median)

35%
12-18%

12-18%

12%
16%
12%
30-75%

19G
involved

IgG1
1gG1

1gG1

1gG1
1gG1
IgG1
IgG1

Time frame

Stable over time
Reversible

Stable over time

Stable over time

Stable w/o antigen boost, further
decreases with multiple exposure

ARDS, Acute Respiratory Distress Syndrome; CRP, C Reactive Protein; CMV, cytomegalovirus.

Clinical significance of afucosylation

Not known

Correlates with ARDS, IL-6 and CRP levels,

correlates with IL6 induction by
macrophages in vitro

Correlates with disease severity; correlates
with low platelets and RBC

Unknown

Unknown

Unknown

Induces higher degranulation of FcyRIIIA*
cell line ex vivo

ref

(175)
(175-
179)
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Cell line or system

Lec 13 (CHO mutant)
YB2/0 (rat)

CHO FUT8 /-

(e.g. Poteligent®
CHO GMD/ GFT/
CHO FX/

CHO GMD/*

CHO GnTIII***

(e.g. GlycomAbs®)

Enzyme defect

Defective GMD
Low FUT 8
FUT8 KO

GMD+SLC35C1 KO
FXKO

GMD KO

GnTIll overexpression

Approximate Fc core fucosylation level (normal is >90%)

10%
9-30%
0%

0%
6-8%
1-3%

10-15%

References

(87, 43)
38)
(41, 42)

(49)

(44)

(44)
(46, 47)

FUT, Fucosyitransferase; GMD, GDP-mannose 4,6 dehydratase; FX, GDP-4-keto 6-deoxymannose 3,5-epimerase-4-reductase; GnTlll, N-acetylglucosamine transferases lll; SLC35C1,

GDP-fucose transporter; KO, knock out.
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Ab: antibody

AHSCT: autologous haematopoietic stem cell transplantation
ARR: annualized relapse rate

AQP4: aquaporin 4

Breg: regulatory B cells

CDI: confirmed disability improvement

CDI-FS: confirmed disability improvement-free survival
CDW: confirmed disability worsening

CDW-FS: confirmed disability worsening-free survival

CI: confidence interval

CNS: central nervous system

CSF: Cerebrospinal fluid

DMT: disease-modifying treatment

EDSS: Expanded disability status scale

[FN: interferon beta

Ig: immunoglobulin

mAb: monoclonal antibody

MRI: magnetic resonance imaging

NEDA: no evidence of clinical and radiological disease activity, defined as the absence of all the following: relapses, disability worsening and signs of inflammatory
activity (new T2 lesions and/or gadolinium-enhancing lesions) at brain magnetic resonance imaging
NEDA-S: NEDA survival, i.e. proportion of cases who had not yet experienced any clinical or radiological disease activity
OLE: open-label extension phase of a randomized clinical trial
OR: odds ratio

PP-MS: primary-progressive multiple sclerosis

R-FS: relapse-free survival

R-MS: relapsing multiple sclerosis

RR-MS: relapsing-remitting multiple sclerosis

RCT: randomized clinical trial

SD: standard deviation

SP-MS: secondary-progressive multiple sclerosis

Th: T helper cell

Treg: regulatory T cells
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Alemtuzumab

CD-20
depleting
mAbs:
Ocrelizumab
Ofatumumab*
Rituximab
Ublituximab*

Inebilizumab

AHSCT

On-target beneficial effect

Ablation of disease-mediating B and T cells
(41-43)

Ablation of CD20+ B cells contributing with
pleiotropic functions to disease pathogenesis
(e.g. antigen presentation and activation of
pathogenetic T cell clones)

(16, 57-62).

Ablation of potentially disease-mediating
CD20+ T cells

(5, 63-66)

Depletion of putative disease-mediating
CD19+ B cell clones

(40, 76)

Ablation of disease-mediating T cells
(77-79)

Ablation of B cells contributing to disease
pathogenesis

(79)

On-target
detrimental effect

Prolonged T cell
depletion, particularly
CD4+

(42, 44)

Reduced humoral
immunity (e.g. response
to vaccination, increased
risk of infections)

(16, 57-59, 67-71)

Reduced humoral
immunity

(40, 76)

Transient reduction in
cell mediated and innate
immunity (increased
risk of infections)
(79-81).

Transient reduction in
myeloid-derived blood
cells

(79-81).

Off-target (or unanticipated)
beneficial effect

Increase in regulatory T and B cell
phenotypes

(45-50)

Changes in cytokine patterns:

reduced production of pro-inflammatory
(e.g. IL-6, IL-17, IL-21, IL-22, IFN- y) and
increase of anti-inflammatory cytokines
(e.g. IL-7, IL-4, IL-10, TGF-B)

(43, 45, 46, 50, 51)

Changes in B cell subsets after immune
repopulation:

skewing towards naive and regulatory
phenotypes

(5, 65, 72)

Modifications in the pattern of cytokine
secretion (e.g. increase in IL-10; reduction
in IL-6 and lymphotoxin)

(65, 72-74)

Reduced percentage and activation/
proliferation of pro-inflammatory T cell
phenotypes (Th17 and Th1)

(64-66, 73, 75)

Immune cell reconstitution promoted by
thymic reactivation with regeneration of T
cell receptor repertoire diversity

(80, 82, 83)

Increase in regulatory function of B and T
cells

(79, 84-86)

Reduced percentage and activation/
proliferation of pro-inflammatory T cell
phenotypes (Th17, Thi, MAIT)

(79, 86-88)

Reduced production of pro-inflammatory
cytokines, with shift towards anti-
inflammatory profile

(77, 84, 86, 87, 89)

Down-regulation of pro-inflammatory
genes in adaptive and innate immunity
cells

(90-92)

*Most of the evidence on the effects of Ab-mediated cell depletion therapies were provided by studies on ocrelizumab and rituximab.

Oft-target (or unantici-
pated)detrimental effect

Early B cell hyper-population
(increased risk of antibody-
mediated secondary
autoimmunity)

(45, 52-55)

T cell repopulation driven by
homeostatic proliferation
(increased risk of T cell-
mediated secondary
autoimmunity)

(51, 56)

Secondary autoimmunity
(93)
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