
Rockefeller University Rockefeller University 

Digital Commons @ RU Digital Commons @ RU 

Student Theses and Dissertations 

2023 

Interrogation and Manipulation of the IGG FC Glycan Interrogation and Manipulation of the IGG FC Glycan 

Aaron Keshav Gupta 

Follow this and additional works at: https://digitalcommons.rockefeller.edu/

student_theses_and_dissertations 

 Part of the Life Sciences Commons 

https://digitalcommons.rockefeller.edu/
https://digitalcommons.rockefeller.edu/student_theses_and_dissertations
https://digitalcommons.rockefeller.edu/student_theses_and_dissertations?utm_source=digitalcommons.rockefeller.edu%2Fstudent_theses_and_dissertations%2F723&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.rockefeller.edu/student_theses_and_dissertations?utm_source=digitalcommons.rockefeller.edu%2Fstudent_theses_and_dissertations%2F723&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/1016?utm_source=digitalcommons.rockefeller.edu%2Fstudent_theses_and_dissertations%2F723&utm_medium=PDF&utm_campaign=PDFCoverPages


INTERROGATION AND MANIPULATION OF THE IGG
FC GLYCAN

A Dissertation

Presented to the Faculty of the David Rockefeller Graduate Program

in Biosciences

in Partial Fulfillment of the Requirements for the Degree of

Doctor of Philosophy

by

Aaron Keshav Gupta

November 2022



© 2022 Aaron Keshav Gupta

ALL RIGHTS RESERVED



INTERROGATION AND MANIPULATION OF THE IGG FC GLYCAN

Aaron Keshav Gupta

The Rockefeller University 2022

Antibody signaling is a cardinal feature of successful adaptive immune responses. The

magnitude and direction of this signaling is determined by the structure of a given anti-

body’s fragment crystallizable (Fc) domain, which interfaces with cells of the immune

system. Often considered a constant region, the immunoglobulin G (IgG) Fc protein

backbone and conserved N-linked glycan combine to introduce structural diversity in

IgG molecules that in turn, triggers divergent humoral responses. These N-glycans are

variably constructed, ultimately leading to families of highly related, but non-equivalent

glycoproteins known as glycoforms. Despite burgeoning interest in understanding the

complexities of IgG Fc glycoforms and their functions, there is an evident scarcity of tools

available to distinguish and target them. In addition, the highly conserved nature of the

glycan and its presence on the B cell receptor (BCR) provokes questions of its possible

role in the generation of antibody responses.

In the first part of this thesis, I identify a novel class of synthetic nanobodies that

can distinguish glycoforms without reactivity to off-target glycoproteins or glycans. Ap-

plying this technology to Fc glycoforms defines nanobodies that specifically recognize

either IgG lacking its core-fucose or IgG bearing terminal sialic acid residues. Solving the

structure of a nanobody-Fc complex via x-ray crystallography reveals a unique mode of

recognition of IgG glycoforms. By adapting nanobodies to standard biochemical meth-

ods, I clinically stratify dengue virus and SARS-CoV-2 infected individuals based on their

Fc glycan profile, selectively disrupt IgG-Fcγ receptor (FcγR) binding both in vitro and in

vivo, and interrogate BCR glycan structure on living cells.



In the second part of this thesis, I develop mouse models and biochemical tools to help

define the role of the IgG Fc glycan in developing antibody responses. Preliminary stud-

ies show that following immunization, mice lacking the N-glycan acceptor residue, Asn

297, exhibit deficiencies in germinal center (GC) responses. In this model, B cells with an

aglycosylated BCR participate less frequently in the GC reaction, bind antigen less avidly,

and show signaling deficits downstream of BCR engagement. Development of an agly-

cosylated mouse IgG1-specific nanobody shows that in allelic competition experiments,

B cells with glycosylated BCRs are favored. To aid future studies, an additional mouse

model null for endogenous Fc-FcγR binding is generated. Finally, a mouse expressing

human IgG1 in the heavy chain locus proves useful for chronic administration of human

antibodies.
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Chapter 1

INTRODUCTION

1.1 IgG Fc structural diversity dictates Fc-Fcγ receptor in-

teractions

Antibodies are fundamental components of the adaptive immune system that exhibit

both exquisite specificity for their cognate antigens and harbor powerful signaling ca-

pability to trigger downstream effector functions. In particular, antibodies are unique in

that they are able to adapt to their targets, cycling through multiple iterations of hyper-

mutation and selection in pursuit of superior variants. This property endows antibodies

with the ability to target an almost unconstrained number of antigens with strength and

precision, while also directing cells of the immune system toward those antigens. This

concept is fundamental to the technology and efficacy of vaccines, which are meant to

elicit high-affinity, long-lasting, and effective antibodies.

A key attribute of the antibody response is its polyclonality. Individual antibody
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clones contain highly variable antigen-binding Fab domains that allow for differential

targeting of epitopes on a variety of antigens. On the opposite end of the molecule, anti-

bodies possess an Fc domain responsible for communicating effector signals to the cells

of the immune system. Though the Fc domain is often thought to be a constant region

that simply serves as an adapter to the effector leukocytes of the immune system, it also

harbors considerable structural diversity that serves as an additional layer of regulation

in both protective and pathogenic humoral responses. In this thesis, I will focus on the Fc

of immunoglobulin G (IgG) antibodies, which can be derived from one of four subclasses

and a variety of heavy chain allotypes with distinct amino acid sequences. In addition,

the IgG Fc domain is also decorated with a single N-linked complex biantennary glycan

that introduces additional Fc glycovariants, thereby combining with sequence diversity

to provide hundreds of Fc structural permutations1.

Fundamentally, these variable structures result in selective binding to Fc receptors

(FcγRs), cellular receptors for IgG that initiate a wide array of downstream protective

and pathogenic effector functions including tumor and pathogen clearance, removal of

infected or cancerous cells, modulation of B cell responses, and the initiation of anti-

inflammatory pathways that restrain the immune response. The specific type and magni-

tude of effector functions critically rely on both the structural composition of the signaling

antibody and the FcγR expression of the effector leukocyte, in particular the ratio of oc-

cupied activating to inhibitory FcγRs on the surface of a cell. Disruption or modulation

of this carefully balanced ratio results in significant in vivo effects, sometimes reflecting

overactivation or excess inhibition of the immune response2,3,4,5. Indeed, selective en-

gagement of FcγRs with monoclonal antibodies has been a successful strategy to attain

desired effector functions both in clinical settings and in several disease models6,7,8,9.

Here, I review the major components of the Fc-FcγR signaling axis, paying special

2



attention to the IgG Fc glycan. This structural motif has recently emerged as a major

determinant of IgG function, though the complex processes and cell types which regu-

late its structure are largely unknown. In recent years, researchers have sought to better

understand the Fc glycan’s endogenous mechanisms of regulation during vaccination or

infection, to carefully fine-tune its structure while engineering antibody therapeutics, and

to develop more broadly applicable tools to study its diverse structures. My thesis work

is a direct response to help overcome these challenges, providing both tools and insights

into IgG Fc glycan structure to better serve the research community at large.

1.2 The Fcγ receptor family

FcγRs are central mediators of antibody-triggered responses, coupling the innate and

adaptive immune responses in effector cell activation10. Canonical, type I FcγRs are

broadly classified as activating or inhibitory, depending on the signaling properties of

their intracellular domains. In humans, activating FcγRs include FcγRI, FcγRIIa, FcγRIIc,

and FcγRIIIa, which contain immunoreceptor tyrosine activating motifs (ITAMs), either

in the ligand-binding receptor chain in the case of FcγRIIa and FcγRIIc or in the associ-

ated FcγR γ-chain for FcγRI and FcγRIIIa. ITAMs are necessary for receptor expression,

surface assembly, and signaling. In contrast, FcγRIIb represents the sole inhibitory FcγR,

mediating signaling activity through an immunoreceptor tyrosine inhibitory motif (ITIM)

present in its cytoplasmic region. In contrast to activating or inhibitory FcγRs, FcγRIIIb

is expressed as a GPI-anchored protein and is therefore incapable of signal transduction;

however, FcγRIIIb still has the capacity to transduce activation signals following receptor

crosslinking, mainly by associating and acting synergistically with activating receptors

such as FcγRIIa11,12,13,14.
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FcγRs are broadly expressed on the surface of both lymphoid and myeloid cells, al-

though the distribution of different FcγRs is unique to each cell type; for example, B cells

express FcγRIIb as their sole FcγR, whereas NK cells exclusively express the activating re-

ceptor FcγRIIIa. Most other immune cells express a combination of different FcγRs, pair-

ing activating and inhibitory receptors to achieve balanced cellular responses. Perturba-

tions in either arm of the response have been shown to lead to pathological consequences

and have been taken as a paradigm of how these systems are likely to work for those

paired immunoreceptors with unknown ligand-binding functions. FcγR surface expres-

sion is modulated by cytokines in a manner where pro-inflammatory cytokines generally

increase expression of activating FcγRs over their inhibitory counterparts, whereas anti-

inflammatory signals downregulate activating FcγRs and enhance FcγRIIb expression15.

Promoter polymorphisms and copy number variation (CNVs) in FcγR genes can also in-

fluence the expression levels of FcγRs on the surface of effector leukocytes, acting as an

additional determinant for IgG-mediated signaling16.

The crystal structures of FcγRIIA, FcγRIIB, FcγRIIIA, and FcϵRI have been solved, as

have the cocrystals of FcγRIIIA–IgG1 Fc, FcϵRI–IgE Fc, and CD23-IgE Fc17,18. These stud-

ies demonstrate that the Type I receptors have a common structure in which the two

extracellular immunoglobulin domains form a bend, arranged into a heart-shaped do-

main structure. A 1:1 stoichiometry between the receptor and ligand is observed, with

the receptor inserted into the cleft formed between the two Cγ2 domains of the Fc frag-

ment. The asymmetrical interaction of the two Fc chains with a single FcγR prevents a

single antibody molecule from triggering dimerization of receptors and initiating signal-

ing. Instead, dimerization is initiated by the interaction of antigen with the Fab arms, thus

linking adaptive responses to effector cell triggering. The binding regions of FcγR to Fc

fragments consists of rather flexible loops that rearrange upon complex formation. Only

domain 2 and the linker region connecting domains 1 and 2 interact in the complex with
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different regions of both Fc chains. Conserved tryptophans located on the FcγRs interact

with proline to form a “proline sandwich.” A solvent-exposed hydrophobic residue at

position 155 is conserved among all FcγRs and represents a binding site for the impor-

tant IgG1 residue Leu 235. Specificity is generated among the receptor–ligand pairs in a

variable region connecting the two extracellular domains that is in contact with the lower

hinge region of the Fc fragment (residues 234 to 238).

Despite the structural differences between FcγR family members, all activating FcγRs

are characterized by the same sequence of signal transduction events. Except for FcγRI,

which can engage monomeric IgG with high-affinity, FcγRs exhibit low affinity for IgGs

and can only interact with multimeric IgG immune complexes or opsonized cells, gener-

ated during an infectious challenge. Despite the high concentration of circulating IgG in

serum, FcγRs on immune cells are incapable of crosslinking in the absence of a pathogenic

trigger, thereby preventing inappropriate effector cell activation. Such interactions cause

receptor clustering and aggregation, which in turn leads to the phosphorylation of ITAM

domains19,20,21,22 – tandem YxxI/L motifs – by Src family kinases such as Lyn, Lck, Hck,

and Fgr and the recruitment and activation of Syk family kinases20,23,24,25,26,27,28. A cru-

cial step in this phosphorylation cascade is the activation of the PI3K by Syk, which in

turn recruits pleckstrin homology (PH) domain–expressing proteins such as Btk, Gab2,

and phosphoinositide-specific phospholipase Cγ (PLCγ). These proteins help to generate

inositol triphosphate (IP3) for the mobilization of intracellular Ca2+ from the endoplas-

mic reticulum and diacylglycerol (DAG) for the activation of protein kinase C (PKC)29.

Taken together, these intracellular biochemical changes, including the subsequent acti-

vation of the Rho GTPases Cdc2, Rac1, and Rac2 and actin polymerization mediated by

Arp2/3 and WASP proteins leads to phagocytosis of IgG complexes and receptor inter-

nalization21,30. In addition to these early events, several signaling pathways, including

the MEK and MAP family kinases and the Ras pathway, also become activated, leading
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to the expression of pro-inflammatory cytokines and chemokines with direct and indi-

rect effects on cellular survival and differentiation31,32,33. All these signaling events are

counter-balanced by the regulatory activity of FcγRIIb, which is mediated by the recruit-

ment of phosphatases to its ITIM domain following receptor crosslinking and phospho-

rylation by Src family kinases34,35,36. ITIM-recruited phosphatases such as SHIP-1 and

SHP-2 promote the hydrolysis of phosphatidylinositol 3,4,5-triphosphate (PIP3) on the

inner leaflet of the plasma membrane to phosphatidylinositol 4,5-biphosphate (PIP2),

which in turn inhibits the recruitment and activation of PLC-γ and the tyrosine kinase

BTK34,37,38. Because the majority of effector leukocytes co-express activating FcγRs and

FcγRIIb, the outcome of FcγR-mediated signaling represents a fine-balance between the

opposing functions of these receptors.

In contrast to Type I receptors, C-type lectins such as DC-SIGN (CD209) and CD23

(FcϵRII), which bind the sialylated form of IgG Fc, and, in the case of CD23, bind IgE

with low affinity, represent the Type II Fcγ receptors. These Fcγ receptors do not belong

to the immunoglobulin superfamily and therefore have a distinct subunit composition

from canonical FcγRs. CD23, a low-affinity receptor for IgE and sialylated IgG, is a type

II membrane glycoprotein in the C-type lectin family. It is comprised of three C-type

lectin head domains connected to the membrane by a trimeric α-helical coiled-coil stalk, a

transmembrane domain, and a short N-terminal cytoplasmic domain. Membrane-bound

CD23 can be cleaved from the surface by endogenous proteases to yield soluble CD23

which helps regulate IgE synthesis by B cells. Recent studies have shown that engage-

ment of the Type II FcγR CD23 on germinal center B cells by sialylated IgG Fc in immune

complexes can upregulate FcγRIIB on those cells, resulting in selection of higher affinity

IgG clones. The contribution of CD23 to the afferent immune response is summarized in

the last section of this chapter.
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Like CD23, DC-SIGN is a type II membrane glycoprotein belonging to the C-type

lectin family. Its long extracellular domain is divided into two structurally and func-

tionally distinct portions: the neck domain responsible for receptor tetramerization, and

a calcium-dependent carbohydrate recognition domain responsible for binding heavily

glycosylated pathogens such as HIV-1 and Ebola virus. Engagement of DC-SIGN (or its

mouse orthologue SIGN-R1) by sialylated IgG results in an intrinsic TH2 pathway sig-

naling, ultimately leading to the expression of IL-4 which induces FcγRIIB expression on

inflammatory macrophages and thus immunosuppression39,40,41,42. Other immunoglob-

ulin receptors with specialized functions in the transport of immunoglobulins, such as

FcRn43 and poly-Ig FcR44, are outside the scope of this introduction.

1.3 Protein structure of the IgG Fc

The structural determinants of IgG function are paramount to understanding the humoral

immune response. IgG is composed of four polypeptide chains: two identical heavy

chains belonging to one of four subclasses (IgG1-4) and two identical κ or λ light chains.

These four polypeptides are linked, resulting in a bent “Y-shaped” symmetric homod-

imer. The arms of the “Y” represent the Fab, whose specificity is dependent on both

heavy and light chain sequence, while the base of the “Y” is the Fc and entirely composed

of the two heavy chains.

Each heavy chain consists of three constant domains Cγ1-3 and a hinge region between

Cγ1and Cγ2 The two heavy chains are linked by disulfide bonds in the hinge region and

non-covalent interactions between the Cγ3domains. Cγ1pairs with the constant region

of the light chain, while Cγ2 and Cγ3 interface with FcγRs, FcRn, and other IgG-binding

proteins such as protein G. Most pertinent to my thesis work, the lower hinge and up-
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per Cγ2 are the binding location for Type I FcγRs. This is also the major site of heavy

chain sequence divergence between the four IgG subclasses, which otherwise share 90

percent in amino acid sequence. In the Cγ2domain, the three main sites that interact with

a given FcγR are known as the BC, C’E, and FG loops. Sequence variants of IgG engi-

neered for specific FcγR binding generally have mutations in these regions. For example,

the FcγR-null variant G236R/L328R has mutations in the BC and FG loop that completely

abrogate FcγR interactions, while the A330L/I332E variant has mutations in the FG loop

that enhance FcγRIIIA binding. On the contrary, little variation exists between subclasses

in the Cγ2/Cγ3 interface, which is important for FcRn binding and thus serum half-life of

IgG. The hinge region also harbors remarkable diversity between subclasses. This region

provides flexibility between the Fab and Fc and determines the relative conformations

between these two antibody fragments. While the IgG1, IgG2, and IgG4 hinges are rel-

atively short (12-15 amino acids), the IgG3 hinge is 62 amino acids long and contains 21

prolines and 11 cysteines, which dramatically alters its flexibility.

In addition to subclass variation, IgG sequence diversity results from allotype differ-

ences between individuals and ethnic groups. These are small polymorphisms in IgG

that can impact protein structure. In some cases, patients administered IgG of a differ-

ent allotype from their own will develop an anti-allotype response, reflecting structural

differences between donor and recipient. Allotypes typically have limited functional rele-

vance, though some IgG3 variants have extended half-life, and in general, serum Ig titers

correlate with allotype differences45,46.

The Fc domain is a crucial part of surface IgG, the antigen-specific portion of the B

cell receptor (BCR). Recently, structures of intact resting human IgG and IgM BCRs were

solved by cryo electron microscopy47,48. For IgG, this includes the extracellular IgG ho-

modimer complexed with the transmembrane CD79α/CD79β heterodimeric signaling
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adaptor. IgG Fc interacts with CD79α/CD79β in a head-to-tail manner, while IgM Fc

interacts side-by-side, thereby distinguishing BCR assembly of these two isotypes. The

subtleties of these subunit interactions may shed light on the precise mechanisms of BCR

signaling, which are unsupported by key structural evidence. Based on in vitro bifluores-

cence complementation assays of IgD+ B cell lines, in one model, BCRs are proposed to

exist as oligomers on the resting B cell surface, but in the presence of antigen, are thought

to cluster as monomers49. In another model, most BCRs are thought to exist as monomers

that then form large clusters upon antigen stimulation50. In these studies, IgG BCRs form

larger clusters than those composed of IgM, further demonstrating isotype differences in

BCR signaling pathways. These recently published structures in combination with bio-

chemical data on BCR clustering are widely expected to aid our understanding of BCR

oligomerization and to pinpoint the precise contacts between relevant domains.

In summary, IgG protein structure informs IgG effector and B cell function and is an

important contributor to antibody diversity.

1.4 Fc glycosylation

The past few decades of research have shed light on the structural diversity of IgG intro-

duced by Fc glycosylation and the significant impact it has on FcγR binding and resulting

IgG effector functions51. The IgG Fc harbors a single, complex, biantennary N-linked gly-

can at Asn 297 in the D-E loop of the Cγ2domain. The core heptasaccharide of this gly-

can consists of two proximal N-acetyl glucosamine (GlcNAc) residues and one mannose

residue connected by β-1,4 linkages; two branching mannose residues (one α-1,3, one α-

1,6); and two additional terminal GlcNAc residues connected by β-1,4 linkages (Fig. 1.1).

This core Man3GlcNAc4 motif is present on every IgG molecule regardless of subclass, is
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Figure 1.1 | The highly conserved IgG Fc N-glycan. (A) Schematic of the complex,
biantennary N-glycan at Asn 297. Residues colored according to SNFG standards. Grey
shaded area represents the core Man3GlcNAc4 motif. Residue linkages indicated next to
bonds. (B) Structure of the a S1G1F Fc glycan in 3-dimensional space as in a published
crystal structure (PDB: 4BHY). Residue numbers according to SNFG standards.

highly conserved across species, and importantly, is critical for FcγR binding. Further, the

core heptasaccharide can be extended with core fucose, bisecting GlcNAc, terminal galac-

tose, and terminal sialic acid. Together, these secondary glycan modifications have been

observed to modulate Fc-FcγR binding and add an extra layer of regulation to IgG effec-

tor function52,53. It is important to note that because IgG exists as a homodimer linked by

disulfide bonds, each IgG molecule contains two copies of the Fc glycan.

Other Ig isotypes are dependent on Fc glycosylation as well. For instance, IgE gly-

cosylation at Asn 394 has been demonstrated to be essential for FcϵRI binding, mast cell

degranulation, and the ensuing anaphylactic response54,55. Similarly, IgM glycosylation

is important for secretion, presentation on the B cell surface, and pseudo-light chain as-

sembly56,57,58. Finally, the Fab can be glycosylated and play a role in antigen recognition,

though this only occurs in 10-20 percent of serum antibodies.
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The IgG Fc glycan is assembled and attached co-translationally in the endoplasmic

reticulum (ER) and further modified in the Golgi apparatus. Initially in the ER, an in-

tact Glc3Man9GlcNAc2 precursor is attached to Asn 297 by oligosaccharyltransferases59.

After transport to the Golgi, a defined set of glycosidases trims this precursor to even-

tually yield the Man3GlcNAc4 core heptasaccharide. As the IgG molecule continues to

pass through the Golgi, it is further edited by four glycosyltransferases that may add the

secondary modifications discussed above, depending on the context: FUT8 adds core fu-

cose, B4GALT1 adds one or two terminal galactoses, MGAT3 adds a bisecting GlcNAc,

and ST6GAL1 adds one or two terminal sialic acids. These secondary modifications in Fc

glycan composition are dynamically regulated in homeostasis and disease. Some exam-

ples are given below, though the precise mechanisms require further study. Ultimately,

this additional layer of regulation can lead to 36 theoretical permutations of IgG glycan

structure, some of which exhibit differential functions.

The first IgG-FcγR cocrystal structure with differentially glycosylated IgG vari-

ants demonstrated that carbohydrate-carbohydrate interactions between IgG and FcγR

are essential for intermediate affinity recognition of afucosylated IgG glycovariants

byFcγRIIb60. In contrast, low affinity binding of FcγRIIb to fucosylated IgG is indepen-

dent of these carbohydrate interactions. Similarly, the structural impact of IgG Fc sia-

lylation was found to be the primary determinant of Type I FcγR versus Type II FcγR

binding. Due to the biantennary nature of the Fc glycan, the two arms have distinct roles

in determining IgG conformation. The α-1,6 arm follows the protein backbone of the

Cγ2 domain, while the α-1,3 arm occupies the space between Cγ2 domains and inter-

acts with the glycan on the opposing chain61,62. Occupying this cavity is what restrains

the interdomain flexibility of the Cγ2 domains and stabilizes the “open” conformation

of IgG Fc. However, sialylation triggers a destabilization of the Cγ2 domain, converting

IgG Fc from its “open” to “closed” conformation. It achieves this by occupying a pocket
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formed by Lys 340 and Glu 318, transitioning the Fc fragment to the “closed” conforma-

tion. This shift introduces stabilizing interactions between the Fc glycan and Asn 370 of

DC-SIGN, additional salt bridge contacts in the Fc-Cγ3 domain, and hydrogen bonds in

the Cγ2 domain63. This conformational change, by analogy to the CD23-IgE structure, si-

multaneously allows for Type II FcγR engagement and occludes the Type I FcγR binding

site18,63,64. In contrast to Type I FcγRs that bind the “open” form of IgG Fc at the hinge-

proximal region, the Type II FcγRs CD23 and DC-SIGN bind at the Cγ2-Cγ3 interface of

IgG with a 2:1 (receptor:antibody) stoichiometry. This newfound structural principle of

IgG sialylation is reminiscent of IgE’s inherent C3 domain flexibility, which permits it to

bind both Type I (FϵRI) and Type II (CD23) FcγRs in two mutually exclusive conforma-

tions, mediating diverse effector functions. These structural insights offer new ways of

understanding disease pathogenesis and optimizing IgG-FcγR interactions for enhanced

therapeutic activity of IgG.

As discussed, terminal sialylation and core fucosylation of the IgG Fc glycan deter-

mine IgG Fc function: sialylation permits DC-SIGN engagement and constitutes a ma-

jor mechanism of intravenous immunoglobulin (IVIg) therapy39,40,42,41; it also allows for

engagement of CD23 on B cells, resulting in an enhanced vaccinal response after im-

munization with sialylated IgG-antigen immune complexes65,66. Likewise, afucosylation

results in enhanced FcγRIIIA-mediated effector functions such as antibody-dependent

cellular cytotoxicity (ADCC) antibody-dependent cellular phagocytosis (ADCP). Afuco-

sylated monoclonal antibodies against neoplastic and infectious diseases are commonly

used in the clinic or in clinical testing9.

While each subclass and Gm allotype are hard coded into the IgG heavy chain locus

and are reliably elicited by well-defined cytokine signals to trigger class switch recombi-

nation, very little is known about regulation of the glycan. Dozens of Fc glycoforms can
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be found in human serum, though the most dominant forms are fucosylated and variably

galactosylated67. However, several studies have characterized the FcγR binding affinities

of some IgG glycoforms and their abundances in various disease contexts68,69,70,71. For

example, vaccination of mice with model antigens like ovalbumin reliably elicits specific

Fc glycoforms dependent on the adjuvant administered72. In secondary dengue infec-

tion, the Fc glycan may contribute to pathology, where titers of afucosylated IgG1 – and

therefore degree of FcγRIIIA engagement – correlates with disease severity68. This may

be due to enhanced aberrant platelet consumption by phagocytes and resulting throm-

bocytopenia. In some cases of secondary dengue infection, titers of afucosylated IgG1 at

the time of hospital admission predict severe disease later in the clinical course, making

Fc glycan structure a valuable prognostic73. Similarly, enveloped virus such as SARS-

CoV-2 and CMV induce afucosylated IgG1 that is correlated with and may predict severe

clinical course74,75,76. Studies have also shown that anti-platelet antibodies in neonatal

alloimmune thrombocytopenia are significantly afucosylated compared to total IgG and

are correlated with disease severity77.

With regard to sialylation, trivalent influenza vaccination in human subjects reliably

causes a spike in sialylated anti-hemagglutinin (HA) IgG1 antibodies seven days after

vaccination, with a subsequent increase in afucosylated glycoforms 21 days after vaccina-

tion compared to total IgG65. Furthermore, the magnitude of the peak in sialylated gly-

coforms on day 7 was shown to predict the affinity of vaccine-elicited anti-HA IgG, and

immunization with sialylated immune complexes was shown to trigger a higher affinity

anti-HA IgG response and broader protection against heterologous influenza strains66.

This tightly regulated control of Fc glycoforms on antigen-specific IgG and its feedback

into shaping antibody affinity implies a coordinated mechanism of selection whereby Fc

structure may help determine the affinity of the Fab.
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Despite their importance, glycans have been difficult to study. This is partly due to

a scarcity of analytical tools and the inherent complexity of their structures, which may

greatly exceed that of DNA, RNA, and proteins. The need for new technologies in this

field has been highlighted recently78,79,80. The current gold standard for analyzing protein

glycoforms is high-performance liquid chromatography in conjunction with mass spec-

trometry (LC-MS). Though these methods are highly accurate, they are time-intensive,

require purified protein material, and cannot be used in vivo to study living cells or organ-

isms. As an alternative, lectins and glycan-binding antibodies have been pursued due to

their adaptability to standard molecular biology techniques and potential for use in vivo.

However, these agents are often promiscuous, binding multiple glycans/glycoproteins.

Furthermore, antibodies successfully targeting glycan epitopes are typically only specific

for the carbohydrate motif, but non-specific for the particular glycoprotein displaying that

motif. In this thesis, I will present the development of IgG glycoform-specific nanobodies

that overcome some of the challenges unmet by current technologies.

1.5 The role of Fc-Fcγ receptor interactions in the genera-

tion of antibody responses

FcγRs are thought to play a role in processes of antibody production, affinity matura-

tion, and selection. During an adaptive immune response, the affinities of antibodies

progressively increase in a process known as affinity maturation. This process occurs

in the germinal center (GC), a specialized microanatomical compartment found in lym-

phoid tissues. Here, B cells diversify their surface Ig – the antigen-specific portion of the

(BCR) – and are tested and retested for their ability to bind antigen81,82,83,84,85. Only clones

with sufficient affinity survive, proliferate, and differentiate into memory B cells and/or
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antibody-secreting cells such as plasmablasts and plasma cells. These high-affinity clones

are critical to adaptive immune responses, ensuring that secondary exposure to antigen

elicits a rapid and specific response. In the GC, antigen exists in the form of immune com-

plexes (ICs), which are retained by follicular dendritic cells (FDCs) via complement recep-

tor (CD21/CD35) and FcγRIIb86,87,88,89. The magnitude of IC binding drives the selection

of B cells that have undergone Ig variable (V) region hypermutation83. Because V region

mutation is random, the most likely outcome hypermutation is surface Ig with reduced

affinity for antigen. To account for this, B cells with favorable high affinity V region muta-

tions are preferentially stimulated by antigen, which they can more efficiently uptake and

present to cognate T helper cells90,91. In low affinity clones, the relative absence of these

stimulatory signals results in apoptotic cell death and removal by GC macrophages92.

This constitutes the basic mechanism of affinity-based selection in the GC.

Throughout their development, B cells express the sole inhibitory FcγRIIb which can

be bound by ICs. Thus, B cells integrate negative signals from the ITIM-containing

FcγRIIb and positive signals from the ITAM-containing BCR to make decisions. Co-

engagement of the BCR and FcγRIIb leads to tyrosine phosphorylation of the ITIM36

and recruitment of SHIP93,37,94,95. SHIP hydrolyzes PIP3
96 and leads to the dissociation

of Btk from the membrane and the inhibition of calcium influx into the cell97,98. Through

this mechanism, FcRIIB can effectively blunt B cell activation and antigen internaliza-

tion through the recruitment of SHIP. At the extreme, unopposed engagement of FcγRIIb

results in membrane disorganization of the BCR and apoptosis of B cells, though this pro-

cess is not dependent on SHIP34. This implies that Fc engagement of FcγRIIb can modu-

late BCR signaling, the magnitude of which is determined by Fab sequence, providing an

important link between these two domains.

Several studies have assessed the impact of FcγRIIb signaling on antibody production
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and selection: mice deficient in FcγRIIb have higher IgG titers following immunization

and develop spontaneous lupus-like disease due to IgG2a and IgG2b autoantibodies, a

reflection of higher tolerance for anti-self clones2,99. Follow-up studies using mice with

selective deletion of FcγRIIb in B cells showed that this phenotype was due to B cell in-

trinsic signaling3. Moreover, FcγRIIb engagement has been shown to be a key regulator

of plasma cell apoptosis, directly controlling the quantity of antibody-secreting cells100.

In this vein, exposure of plasma cells to cross-linking anti-FcγRIIb antibodies induces cell

death. At present, the mechanisms for enhanced IgG titers in FcγRIIb−/− mice are un-

known. While it is established that FcγRIIb serves to gate ITAM signaling, whether this

process requires bona fide FcγRIIb engagement is unclear. Certainly, BCR is known to ton-

ically signal at a low level in the absence of stimulus101, though it is not known whether

FcγRIIb also recruits SHIP at basal levels. In keep with this, two models of FcγRIIb are

theoretically possible: trans binding as discussed for soluble ICs, or cis binding between

the BCR and FcγRIIb, as they are co-expressed. FcγRIIb−/− mice would be absent both

modes of binding, so alternate models are required for further investigation.

Finally, as mentioned above, engagement of the Type II FcR CD23 by sialylated IgG

immune complexes can also modulate BCR affinity. CD23 binding increases FcγRIIb ex-

pression on B cells, thereby raising the threshold of inhibitory signaling that must be

overcome for B cells to survive. This biases responses toward higher affinity clones and

thus more potent IgG responses. This was validated in an influenza challenge model,

where mice immunized with sialylated anti-hemagglutinin IgG-hemagglutinin immune

complexes of one strain provided greater protection against subsequent challenges with

heterologous strains than asialylated immune complexes did65,66.

B lineage cells also express several other inhibitory receptors that modulate BCR sig-

naling, such as PD-1, CD72, CD22, and Siglec G/10. Each of these receptors has one or
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multiple copies of an ITIM that similar to FcγRIIb, can gate ITAM signaling. Engagement

of CD72 and CD22 is known to negatively regulate BCR signaling, though the structural

mechanisms are not clear102,103,104. Especially of interest in the genetic models presented

in Chapter 3 are cis interactions with inhibitory receptors that may be altered by Fc gly-

cosylation. This is certainly the case for some Ig binding partners such as CD22, whose

association with sialic acid on the IgM BCR in cis and trans limits B cell activation105,106.

Despite these discoveries, the full scope of how FcγR signaling contributes to antibody

selection is unresolved, but it is likely that the IgG Fc structure plays a role in determining

this mechanism. In this thesis, I will present a mouse model of endogenously aglycosy-

lated antibodies and assess responses to immunization and B cell stimulation, showcasing

new biochemical tools that will aid our understanding of these processes.
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Chapter 2

SYNTHETIC NANOBODIES AS TOOLS TO

DISTINGUISH IGG FC GLYCOFORMS

2.1 Introduction

Glycosylation is one of the most common post-translational modifications and is a critical

modulator of biological processes. Many proteins can adopt a wide array of glycosylation

states—referred to as glycoforms—which can have varying composition, structure, and

physiological functions. Despite the importance of protein glycoforms, there is a scarcity

of tools to study them. Over the years, there have been numerous attempts to generate

glycan-binding reagents, such as lectins or antibodies80,107,101,108. However, the majority

are suboptimal due to cross-reactivity, poor affinity, and/or promiscuity for multiple gly-

coproteins. Furthermore, antibodies successfully targeting glycan epitopes are typically

only specific for the carbohydrate motif, but non-specific for the particular glycoprotein

displaying that motif109,110,111.
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At present, the most accurate and comprehensive method for studying protein glyco-

sylation is mass spectrometry in conjunction with high-performance liquid chromatog-

raphy (LC-MS)112,113,114. Though additional methods, such as capillary electrophoresis or

lectin arrays are sometimes used115,116,117, they also present methodological barriers that

limit adaptability to molecular biology techniques such as enzyme-linked immunosor-

bent assay (ELISA) and flow cytometry and do not allow for in vivo manipulation of gly-

coproteins. This necessitates an alternative approach.

To address this problem, we chose to target one of the most abundant glycoproteins

in human serum, immunoglobulin G (IgG). This was an attractive target as all four sub-

classes of IgG possess a single complex, biantennary N-linked glycan on Asn 297. The

presence of this glycan allows for 36 theoretical glycoforms, of which over 30 have been

observed by mass spectrometry118. These glycoforms have varying affinity and selec-

tivity for Fc gamma receptor (FcγR) binding119,120, thereby dictating their protective or

pathogenic activity64. More specifically, IgG lacking its core fucose residue has 10-20-fold

higher affinity for the activating FcγRIIIA121, while terminal sialylation allows for engage-

ment of Type II FcγRs42,65. Though it is well established that IgG Fc glycan modifications

are dynamically regulated both in health and disease, recent reports have provided sup-

port for the role of these modifications as prognostic indicators of disease progression in

viral illness73,75. In dengue virus-positive patients, levels of afucosylated IgG1 antibodies

at admission predict whether a patient will progress to severe disease, namely dengue

hemorrhagic fever (DHF) or dengue shock syndrome (DSS)68. This same modification

also stratifies and serves as a prognostic indicator of clinical severity in PCR-positive

COVID-19 patients74,76. Further, because the abundance of afucosylated IgG has predic-

tive power in dengue virus and SARS-CoV-2 infection, a probe for this glycoform would

open the door for rapid point-of-care tools that could be used to stratify patient risk based

on disease-related changes to the IgG glycome. In addition, recent studies have suggested
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that afucosylated IgG glycoforms may enhance pathogenesis in some viral illnesses, indi-

cating a potential avenue for therapeutics that target these complex structures. Finally, no

methods to date can interrogate IgG glycosylation of the membrane-bound B cell receptor

(BCR) of living cells, and thus cannot be used to study cellular regulation of this essential

post-translational modification.

Nanobodies are used as therapeutic agents and diagnostic probes due to their small

size, ease of production, and excellent specificity and affinity122,123,124. Derived from

camelid species, they share a similar molecular architecture with human and mouse im-

munoglobulin variable-heavy chain (VH) domains, with four conserved framework re-

gions surrounding three hypervariable complementarity determining regions (CDRs).

However, the CDR3 in most camelids is substantially longer than that of mouse or hu-

man variable regions, enabling greater structural flexibility for recognition of recessed or

otherwise inaccessible epitopes125, as may be the case with the N-linked IgG glycan. To

capitalize on these advantages and circumvent the challenges of animal immunization,

we utilized a purely synthetic yeast nanobody display library that approximates camelid

nanobody diversity in vitro126. Further, because proteins produced by standard recom-

binant methods generally exist as a heterogeneous pool of glycoforms62,127, screening for

glycoform-specific antibodies has previously been difficult and largely unsuccessful. To

overcome this limitation, we chemoenzymatically glycoengineered IgG to adopt a single

glycoform of interest, which we hypothesized would allow for selection of nanobodies

with high degrees of specificity.

Using this approach, we successfully identified IgG glycoform-specific nanobodies.

These molecules demonstrate exquisite specificity for both the complex, biantennary N-

linked glycan as well as the protein backbone of IgG Fc. One such nanobody recognizing

afucosylated IgG, B7, and its affinity matured progeny, were adapted to standard bio-
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chemical assays such as ELISA, Luminex, and flow cytometry. This allowed for rapid

quantification of afucosylated IgG in patient sera. In addition, we utilized higher affin-

ity variants to selectively disrupt interactions between FcγRs and specific IgG glycoforms

both in vitro and in vivo. X-ray crystallographic studies revealed the structure of the

complex of a nanobody clone B7 and its target, afucosylated IgG1, shedding light on this

nanobody’s unique mode of recognition. Finally, we demonstrated specific nanobody

binding to afucosylated BCR on both a lymphoblastic cell line and primary human B

cells. These findings constitute the first discovery of broadly applicable tools that can dis-

tinguish complex protein glycoforms and provide a rational approach for the generation

of additional glycoform specific reagents.

2.2 Results

2.2.1 Discovery and characterization of IgG glycoform specific

nanobodies

To precisely select for nanobodies specific for afucosylated and sialylated IgG, we

chemoenzymatically engineered clinical grade rituximab into its galactosylated afuco-

sylated (G2), galactosylated fucosylated (G2F), or a galactosylated sialylated fucosylated

(S2G2F) glycoforms, as previously described128,129. The identity and homogeneity of the

glycoengineered glycoforms of rituximab were confirmed by LC-ESI-MS analysis of the

Fc domains released by IdeS treatment of the respective rituximab glycoforms. While the

commercial rituximab consisted of three major Fc glycoforms, glycoengineered rituximab

showed a single Fc glycoform (Fig. 2.1).
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Figure 2.1 | LC-ESI-MS analysis of the Fc domains released by IdeS treatment of the
glycan remodeled and commercial rituximab. (A) (Fucα-1,6) GlcNAc-rituximab; (B)
GlcNAc-rituximab; (C) G2F-rituximab; (D) G2-rituximab; (E) commercial rituximab; (F)
The Fc domain of commercial rituximab after PNGase F catalyzed deglycosylation.

Furthermore, to provide quantitative analysis and detection, the Fc N-glycans were

released from the antibodies, fluorescently labeled with 2-aminobenzoic acid (2-AA), and

analyzed by HPLC. The HPLC separation and quantification indicated that the commer-

cial rituximab carried three different N-glycans, G2F, G1F, and G0F, respectively, in a ratio

of 9.3:47.7:43.0. However, the glycoengineered glycoforms carried only the expected sin-

gle Fc N-glycan without detection of other potential contaminant N-glycans (Fig. 2.2).

These results confirm the purity of the glycoengineered rituximab glycoforms.
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Figure 2.2 | Fluorescent HPLC profiles and MALDI-TOF MS analysis of 2-
aminobenzoic acid (2-AA) labeled Fc glycans released from rituximab glycoforms. (A-
C) HPLC analysis of the 2-AA labeled Fc glycan from commercial rituximab in A, G2F
in B, and G2 in C. (D-F) MALDI-TOF-MS analysis of the 2-AA labeled Fc glycan from
commercial rituximab in D, G2F in E, and G2 in F.

G2, G2F, and S2G2F glycoforms were fluorescently labeled with FITC and Alexa647

and yeast displaying nanobodies with specific affinity for the G2 or S2G2F glycoforms

were selected through two rounds of magnetic enrichment (MACS) and three rounds

of fluorescence-activated cell sorting (FACS)-based enrichment (Fig. 2.3C). High affinity

clones were obtained by successively lowering the target glycoform concentration, while

specificity was maintained throughout each round by counter-selecting against a high

fixed concentration of the undesirable G2F glycoform. After the final round of selection,

the resulting library was sequenced and single yeast clones were characterized by flow-

cytometry (Fig. 2.3D and F). This screening strategy yielded two nanobodies specific for

the G2 glycoform (C11, D3) and two nanobodies specific for the S2G2F glycoform (C5, H9)

(Fig. 2E and G). Although D3 bound the G2 glycoform with higher affinity than C11 (KD

= 323 nM vs 22.8 µM), affinity for the G2F glycoform was demonstrably higher (KD = 1.9

µM vs n.b.). Because glycan binding reagents have typically suffered from poor affinity,

we proceeded to mature C11. Sialylated IgG-specific clones C5 and H9 were sufficiently

high affinity (KD = 1.74 nM and 18.8 nM) and did not require further improvement.
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Figure 2.3 | Generation of IgG glycoform specific nanobodies. (A) Schematic of the N-
linked glycan on Asn-297 of the IgG Fc. (B) Liquid chromatography electrospray ioniza-
tion mass-spectrometry (LC-ESI-MS) of the G2 and G2F glycoforms of rituximab. G2-Fc,
M = 25377 Da; found (m/z) 25376 (deconvolution data), G2F-Fc, M = 25523 Da; found
(m/z) 25522 (deconvolution data), S2G2F-Fc, M = 26105 Da; found (m/z) 26104. (C) Se-
lection strategy for identification of G2 or S2G2F glycoform-specific nanobodies via mag-
netic selection (MACS) or fluorescence-activated cell sorting (FACS). Library diversity
following five rounds of selection was assessed by next generation sequencing. (D) Flow
cytometry of yeast displaying C11 with fluorescently labeled IgG1 G2 and G2F glyco-
forms. (E) Binding kinetics of the two dominant clones specific for the G2 glycoform of
IgG1 Fc, C11 and D3 evaluated by surface plasmon resonance. Blue or yellow traces are
raw data, while 1:1 Langmuir global kinetic fits are shown in black. Sample concentra-
tions begin at 1024 nM with 2-fold serial titration until 32 nM. (F) Flow cytometry of yeast
displaying H9 with fluorescently labeled IgG1 G2F and S2G2F glycoforms. (G) Binding
kinetics of the two dominant clones specific for IgG1 Fc S2G2F, C5 and H9. Blue or yellow
traces are raw data, while global kinetic fits are shown in black. Sample concentrations
begin at 256 nM with 4-fold serial titration until 16 nM.

2.2.2 Affinity maturation and multimerization of nanobody clones.

To further affinity mature clones specific for afucosylated IgG, we designed a site-

saturation mutagenesis library of the CDRs of C11 (Fig. 2.4A). Two rounds of selec-

tion of the resulting library, in which G2F was maintained in 50-fold molar excess of G2

bait, yielded numerous clones with penetrant mutations at specific ‘hotspots’ within each

CDR. These clones demonstrated 10 to 1000-fold affinity for G2 while retaining similar

levels of specificity as C11 (Fig. 2.4B). Combinatorial assembly of the mutations present in

the top clones resulted in a dominant clone, mC11, which exhibited a 1000-fold improve-

ment in affinity for G2 when compared to the C11 parental clone at the cost of marginal

specificity (Fig. 2.4C-E). Based on its exquisite specificity, we chose to focus on clone B7

and further engineer it for increased affinity.

Nanobody multimers have been shown to possess drastically higher binding affinities,
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Figure 2.4 | Affinity maturation of clone C11 yields nanobodies with nanomolar affin-
ity. (A) Schematic representation of NNK site-saturation mutagenesis of C11’s three
CDRs. High-throughput sequencing of resulting affinity maturation library demonstrates
1 mutation per CDR for a total of 3 per clone. (B) CDR sequences and dissociation con-
stants (KD) for the G2 and G2F glycoforms for five afucosylation-specific high affinity
clones. (C-E) Binding kinetics of B7, X0, and mC11 with G2 or G2F glycoforms of rit-
uximab evaluated by SPR. Blue or yellow traces are raw data, kinetic fits are shown in
black. Sample concentrations began at 256 nM with 2-fold serial titration until 8 nM (H)
Luminex assay comparing the specificity and sensitivity of tetrameric B7 with tetrameric
FcγRIIIA for detecting the G2 or G2F glycoforms of rituximab. Vertical dashed lines in-
dicate the range where G2 and G2F can be adequately distinguished. Data was fitted by
nonlinear regression analysis.
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Figure 2.5 | Comparison of sensitivity and specificity of clone B7 and FcγRIIIA. (A-B)
Binding kinetics of tetrameric B7 and tetrameric FcγRIIIA with G2 or G2F glycoforms of
rituximab evaluated by SPR. Blue or yellow traces are raw data, kinetic fits are shown in
black. Sample concentrations began at 256 nM with 2-fold serial titration until 8 nM (C)
Luminex assay comparing the specificity and sensitivity of tetrameric B7 with tetrameric
FcγRIIIA for detecting the G2 or G2F glycoforms of rituximab. Vertical dashed lines in-
dicate the range where G2 and G2F can be adequately distinguished. Data was fitted by
nonlinear regression analysis.

largely through avidity130,131. To take advantage of this property, we generated biotin-

streptavidin tetramers of the most specific nanobody clone, B7. As expected, tetramer-

ization greatly enhanced binding affinity for G2 (KD1 = 560 nM, KD2 = 10.6 nM), while

preserving specificity (Fig. 2.5A). Though some have proposed the use of soluble Fcγ re-

ceptor IIIA (FcγRIIIA) as a detection reagent for afucosylated IgG due to its higher affin-

ity for these glycoforms132, B7 tetramers demonstrated much greater specificity by SPR as

well as greater sensitivity in immunoassays (Fig. 2.5B-C),
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2.2.3 IgG glycoform specific nanobodies depend on both protein back-

bone and glycan composition for binding

Antibodies and lectins specific for glycan residues are ubiquitous in research. However,

to the best of our knowledge, reagents for specific complex protein glycoforms have not

been reported. To rule out binding to free glycans, we performed an N-linked glycan

array using B7 as a probe. As expected, B7 only recognized the human IgG positive

control and did not bind any of the N-glycans, regardless of fucosylation (Fig. 2.C-D).

The specificity of our glycan array was confirmed using the fucose-binding lectin Aleuria

Aurantia Lectin (AAL). Similarly, we confirmed a lack of cross-reactivity to aglycosylated

peptide as B7 did not bind IgG1 N297A (Fig. 2.6A-B).
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Figure 2.6 | Clone B7 does not bind aglycosylated IgG or free glycans without IgG pro-
tein backbone. (A and B) Binding kinetics of B7 with anti-NP clone 3B62 IgG1 G2 and its
aglycosylated 3B62 N297A mutant. Purple traces are raw data, while 1:1 Langmuir global
kinetic fits are shown in black. Sample concentrations began at 256 nM with 2-fold serial
titration until 16 nM. (C and D) Fluorescent signal (Cy3) of fucose-binding Aleuria Au-
rantia Lectin (AAL) or clone B7 representing binding to an array of immobilized N-linked
glycans. Each condition is provided as a technical quadruplicate oriented horizontally.
Conversion of median fluorescent intensity (MFI) to representative heatmap. MFI scale is
given as log2. Immobilized biotin is a positive control for streptavidin-Cy3 binding. (E)
Coomassie-stained gel comparing B7 and mC11 immunoprecipitation of IgG from intact
(left three lanes) or IgG-depleted human serum (right three lanes). (F) Coomassie-stained
gel of intact, IgG-depleted, and IgG-depleted serum reconstituted with rituximab G2,
confirming appropriate depletion and reconstitution of IgG.

Human IgG is comprised of four subclasses—IgG1, IgG2, IgG3, and IgG4—which

share over 90% homology within their Fc domain. To test the subclass cross-reactivity of

afucosylation-specific clone B7, we used G2 and G2F glycoforms formatted with human

IgG1-4 Fc domains133. B7 exhibited subclass specificity (IgG1 > IgG2 > IgG3 >> IgG4)

(Fig. 2.7A) but surprisingly maintained specificity for afucosylated glycoforms, with the

largest fold-change in specificity for IgG1 and IgG2. In contrast to IgG1, specific gly-

coforms of other subclasses have a limited biological role in disease, either due to their

low abundance in serum or weak FcγR binding. Furthermore, only afucosylated IgG1

has been correlated with the clinical course of inflammatory diseases, while analysis of

afucosylated glycoforms of IgG2-4 has demonstrated insignificant predictive power73.

Finally, we verified that B7 retains binding to all afucosylated forms of IgG1 (G0, G2,

S2G2) regardless of galactosylation or sialylation, demonstrating its specificity for all gly-

coforms lacking the core fucose residue (Fig. 2.7B). Taken together, these studies demon-

strate the strict requirements for both peptide sequence and glycan structure necessary

for glycoform-specific nanobody binding.
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Figure 2.7 | IgG subclass and glycoform specificity of clone B7. (A) Sandwich ELISA
evaluating subclass and glycoform specificity of clone B7. (B) B7 retains binding to all
major afucosylated glycoforms present in human serum. Data in (A-C) were fitted by
nonlinear regression analysis.

2.2.4 Crystal structure of apo-X0 and the X0-afucosylated IgG1 Fc com-

plex

Several structures of nanobodies derived from the synthetic camelid nanobody library

used in this study have been reported in the literature126,130. However, our glycoform-

specific nanobodies deviate in CDR sequence from these published models, likely result-

ing in significantly different loop architecture and requiring that we solve the structure

of our clones in isolation. We isolated a pure fraction of the intermediate affinity afuco-

sylated IgG-specific clone, X0, in high concentration and crystallized it in the appropri-

ate solvent conditions (see Methods). We determined the structure at 1.8 Å resolution by

molecular replacement and multiple rounds of refinement, using AlphaFold 2’s predicted

structure for X0 as a search model134 (Fig. 2.8, Table 6.1). To our surprise, AlphaFold

2’s prediction of X0’s CDR loops were in complete disagreement with experimentally-

derived electron density, though positions of intervening framework regions appeared

correct. The CDR loops were manually rebuilt. Consistent with the previously mentioned

characteristics of camelid nanobodies, the CDR3 loop protruded considerably from the
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Figure 2.8 | Crystal structure of the unbound nanobody X0. (A) Cartoon representation
of the overall structure of unbound X0. Stick model of amino acid sidechains are shown
for each CDR loop (CDR1 in gold; CDR2 in forest green; CDR3 in dark purple). Frame-
work regions are shown in cornflower blue. (B) Straight-on view of CDR loops. Residues
in red were variable during affinity maturation of C11, while those consistent with CDR
coloring in A were conserved across all affinity-matured clones.

main body of the molecule, indicating its inherent flexibility and potential to reach re-

cessed epitopes, such as the N-glycans buried in the cleft of IgG molecules135. This struc-

ture is available as PDB XXXX.

Next, to understand the molecular interactions between afucosylated IgG Fc-specific

nanobodies and IgG1, we determined two crystal structures of X0 in complex with afuco-

sylated IgG1E382R Fc (Fig. 2.9A). Co-crystallization of IgG1 Fc is typically difficult due to

the propensity of the Fc fragment to crystallize independently of its binding partners. To

overcome this potential hurdle, we generated E382X mutants (E382A, E382R, and E382S)

that have recently been reported to reduce native crystal contacts in the P212121 space

group (such as PDB: 3AVE), more easily allowing for non-canonical crystal packing ar-

rangements136. These mutants readily co-migrated with X0 by size exclusion chromatog-

raphy, indicating that this single polymorphism in the Cγ3 domain of the IgG1 Fc frag-

ment was permissive to nanobody binding. We obtained crystals of the X0-aFuc IgG1
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Fc complex that were found to grow in the P61 and C2 space groups in a hexagonal

bipyramidal morphology. SDS-PAGE analysis of these crystals revealed that both com-

ponents were present. The structure was determined by molecular replacement and mul-

tiple rounds of refinement using 3AVE and XXXX as search models for the afucosylated

IgG1 Fc and X0, respectively. Electron density resolved all amino acids of X0, aa237-444

of IgG1 Fc, and the core N-linked heptasaccharide at Asn 297 on both Fc chains. The final

structures were refined to 2.8 Å and 2.7 Å, respectively (Table 6.2). We decided to pursue

the P61 complex based on the completeness of the crystallographic data, and all further

discussion will refer to this dataset.

Each asymmetric unit was found to contain two copies of IgG1 Fc and four copies

of X0, and thus the complex consists of X0:IgG Fc in a 2:1 ratio, reflecting X0’s ability to

recognize both open surfaces of the symmetrical homodimer. Importantly, this mode of

recognition contrasts with that of FcγR’s, which asymmetrically bind with 1:1 stoichiom-

etry. Additionally, since only the Fc fragment was used for these structural studies, it is

possible that the presence of a Fab in a full-length afucosylated antibody would prevent

secondary X0 binding. We confirmed the stoichiometry of this interaction by analytical

ultracentrifugation of X0 mixed with full-length afucosylated IgG1 (data not shown).

2.2.5 Mechanism of nanobody recognition of afucosylated IgG

Overlay of the unbound and bound X0 structures revealed a dramatic shift in the CDR3

loop conformation (Fig. 2.9B). Consistent with an induced-fit model of binding, X0-CDR3

curls down towards the main body of the molecule and wraps around the C’E loop to

gain better access to the glycan. This is demonstrated by CDR3 residues that in some

cases move >20 Å upon binding (Fig. 2.9C).
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Figure 2.9 | Overall crystal structure of the X0-afucosylated IgG1 complex. (A) Side-
view (left) and top-view (right) of the complex with transparent surfaces of IgG1 Fc (pur-
ple) and superimposed cartoons of X0 (teal) shown. N-linked glycans are shown as sticks
in purple. (B) Overlay of unbound X0 (aquamarine) and X0 in complex (teal) superim-
posed, with sticks of apical CDR3 residue sidechains shown. (C) Overlay of CDR3 loops
only with coloring the same as in B. Distances between homologous sidechains shown,
demonstrating induced fit.
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The structure of the complex revealed that all three X0 CDRs contact the Fc protein

backbone. Key residues on each molecule were identified by searching for potential con-

tacts under a specified distance threshold and experimentally validated by alanine scan-

ning mutagenesis. We paid special attention to residues that were conserved across all

clones during affinity maturation of C11, since we suspected these were essential for high

affinity X0-Fc binding. In X0, we mutated residues in CDR1 (Y31), CDR2 (F47, T52, W53,

Y58), and CDR3 (Y106). Similarly, we generated afucosylated mutants in the BC loop

(H268, E269) and C’E loop (E294, Y296) of the alpha chain, and FG loop (L328, P329, I332)

of the beta chain. The relative positions of these putative interactions are highlighted be-

low (Fig. 2.10A-D), and the impact of mutants shown as log2 fold change in KD relative

to wildtype X0-Fc binding (Fig. 2.10E). All X0 CDR mutants reduced binding to wildtype

afucosylated IgG by a factor of 4-30x and were generally unable to bind fully fucosylated

Fc. α-C’E loop mutants completely abrogated binding, demonstrating that both contacts

are individually critical for X0’s recognition of the Fc. The importance of these interac-

tions may, in part, explain X0’s unfavorable binding to afucosylated IgG3 and IgG4, which

both contain Phe at position 296. This substitution likely disrupts H-bonding with Y58

in X0 CDR2. To the contrary, both α-BC loop and β-FG loop contacts were in isolation,

dispensable for binding.

Next, we considered the mechanism of X0’s glycoform specificity, focusing on two

putative glycan-interacting residues in CDR3 of X0, T101 and D104. T101 was absolutely

conserved across all clones regardless of affinity, while D104 was also highly conserved,

except in the combinatorial mutant, mC11, which contains a D104Q substitution. T101

and D104 are positioned at the apex of the CDR3 loop in close proximity to the α-glycan

and β-glycan, respectively. According to our model, T101 H-bonds with the most proxi-

mal GlcNAc of the α-glycan, the same residue that is variably bonded to core fucose (Fig.

2.11A-B). Overlaying the X0-Fc complex with previously determined fucosylated IgG1
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Figure 2.10 | Protein-protein contacts at the nanobody-IgG binding interface. (A) Over-
all structure of the complex showing surfaces of X0 framework regions (teal), X0 CDRs
(aquamarine), IgG1 Fc (dark purple), and stick representation of the N-linked glycans in
yellow. CDRs are highlighted by dashed white boxes. (B-D) Potential contact residues
of CDR1, CDR2, and CDR3 with the IgG1 Fc. (E) Log2 fold change in KD of X0 and Fc
alanine mutants of putative contact sites. Horizontal dashed line represents the KD of the
wildtype X0-Fc interaction.
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Fc structures (i.e. PDB 3AVE) reveals that the core fucose and T101 may clash, possibly

revealing a mechanism of glycoform specificity (Fig. 2.11C). Likewise, D104 purportedly

contacts the most distal GlcNAc of the β-glycan. Consistent with affinity maturation of

C11, saturation mutagenesis at position 101 showed reduced binding across all mutants

(Fig. 2.11D). Mutants with residues of similar size (Ile, Ser) or ability to H-bond (Gln,

Glu) were generally more favorable than others, but nevertheless revealed a clear prefer-

ence for Thr. Mutation of D104 had limited impact on overall affinity. Finally, X0 mutants

almost uniformly did not bind the G2F glycoform, precluding any claims of altered speci-

ficity.

2.2.6 Afucosylated IgG-specific nanobodies block IgG-FcγR interac-

tions in vitro and in vivo.

Based on structural studies of the X0-Fc complex, we reasoned that X0 and Type I FcγRs

would occupy similar epitopes on IgG. Superimposition of the X0-Fc complex and afu-

cosylated IgG1 Fc-FcγRIIIa complex (PDB: 3SGK) confirmed this suspicion (Fig. 2.12A).

Strikingly, overlay of these two complexes revealed a similar mode of recognition of the

afucosylated glycan. FcγRIIIa’s increased affinity for afucosylated IgG1 Fc is a result

of glycan-glycan interactions between the two proximal GlcNAc residues on FcγRIIIa-

Asn162 and the most proximal glycan on Fc-Asn 297. Those interactions are weak-

ened and/or non-existent when binding fucosylated species. Upon X0 binding, X0-

CDR3 moves to a nearly identical space as the FcγRIIIa-Asn162 N-glycan, recapitulating

the GlcNAc(2)-GlcNAc(+1) interaction (Fig. 2.12B). Comparison of relevant interacting

residues are shown below (Fig. 2.12C).

To better understand the impact of nanobody binding on IgG-FcγR interactions,
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Figure 2.11 | Protein-glycan contacts at the nanobody-IgG binding interface. (A)
Schematic of the highly conserved N-glycan at IgG-Fc Asn 297. Residues colored and
numbered according to SNFG standards. Residues with solid outline are part of the core
Man3GlcNAc4 motif, while those with dashed outlines are variable. (B) X0-CDR3 loop
contacts with the Fc glycan. Hydrogen bonds shown by dashed black lines. IgG1 as
transparent surface (purple), X0 as cartoon (teal), and glycan as sticks with heteroatoms
shown (yellow). Relevant X0 residues highlighted in shades of blue. (C) The X0-CDR3-Fc
glycan interface with the core fucose (red sticks with transparent surface) modeled in to
reveal potential clashes. (D) Log2 fold change in KD of X0 T101 and D104 mutants. Hori-
zontal dashed line represents the KD of the wildtype X0-Fc interaction.
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Figure 2.12 | Overlapping epitopes and similar mode of recognition between X0 and
FcγRIIIa. (A) Side-view (left) and top-view (right) of the superimposed complexes with
transparent surfaces of IgG1 Fc (purple) and X0 (teal) shown as well as a cartoon of
FcγRIIIa (navy). N-linked glycans are shown as sticks in purple with heteroatoms col-
ored. (B) Close view of X0-CDR3 (teal), FcγRIIIa Asn162 N-glycan (navy), and afucosy-
lated IgG1 Fc Asn 297 N-glycan (purple). X0-CDR3 tracks with the two proximal NAGs
of FcγRIIIa. (C) Contact map describing X0-CDR3 and FcγRIIIa-glycan interactions with
the Fc glycan. Dashed lines indicated proposed H-bonds.
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we performed epitope mapping studies by SPR. Binding the first ligand (either B7 or

FcγRIIIa) prevented the second ligand from binding, regardless of orientation. These

studies revealed mutually exclusive binding of B7 and FcγRIIIa to afucosylated IgG1.

(Fig. 2.13A). Similarly, B7 and its higher affinity variants, X0 and mC11, competitively

inhibited monomeric IgG or pre-formed immune complexes from binding multiple FcγR

family members (Fig. 2.13B-C).

Afucosylated IgG has been suggested to be a key pathological driver in severe cases

of dengue virus and SARS-CoV-2 infection. The mechanisms of this disease enhance-

ment rely on specific IgG-FcγR interactions. Given our preliminary data demonstrating

the capacity for nanobody-mediated blockade, we explored whether clone X0, with in-

termediate affinity and high specificity, could be used in vivo as a therapeutic to prevent

rituximab-mediated B cell depletion. We chose this model because our group and others

have previously shown that only afucosylated rituximab is capable of depleting B cells in

humanized FcγR mouse models129. To ensure adequate serum half-life of our nanobody

therapeutics, we generated nanobody-Fc fusions. Mice were either administered X0-Fc

prophylactically or as a treatment following afucosylated rituximab. In both cases, X0-Fc

completely blocked B cell depletion compared to isotype controls (Fig. 2.13D-E).

We extended these findings to treat antibody-dependent enhancement (ADE) of

dengue infection. In cases of ADE, rather than contributing to antiviral immunity, pre-

existing antibodies facilitate viral entry and subsequent infection of host cells, leading to

both increased infectivity and virulence. At sub-neutralizing titers, anti-DENV antibodies

complex with the DENV virion and attach to the surface of FcγR-expressing leukocytes,

utilizing the phagocytic FcγR pathway for entry137,138,139. Mechanistic studies have deter-

mined that activating FcγRs — specifically FcγRIIa and FcγRIIIa — promote ADE during

DENV infection, whereas FcγRIIb acts as a negative regulator for this process140,141. In
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Figure 2.13 | Afucosylated IgG-specific nanobodies block Fc-FcγR interactions in vitro
and in vivo. (A) Epitope mapping by SPR shows mutually exclusive binding of B7 and
FcγRIIIA to afucosylated IgG1. Vertical dashed lines indicate primary and secondary
injection times. (B and C) Enzyme-linked immunosorbent assay (ELISA) evaluating
nanobody inhibition of FcγRI or FcγRIIIA binding to afucosylated IgG or immune com-
plexes, respectively. Data displayed as mean ± SEM. Data was fitted by nonlinear regres-
sion analysis. (D and E) Mice were administered X0-Fc (2.5 mg/kg) and rituximab G2 (0.5
mg/kg) either prophylactically or as treatment. Data displayed as mean ± SEM (n = 3-4
mice per group).
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agreement with these in vitro observations, a pathogenic role for antibodies in dengue

has been demonstrated in vivo in mouse and non-human primate disease models using

polyclonal IgG isolated from symptomatic dengue patients or monoclonal anti-dengue

IgG142,143,144,145,146,147. One recent study from our laboratory generated a novel mouse

model of ADE by both knocking out Ifnar1 to allow for murine infection and expressing

human FcγRs to recapitulate Fc-FcγR interactions in vivo. In this study, the authors iden-

tified afucosylated IgG1-FcγRIIIa interactions as the chief determinant of ADE severity.

Pre-treatment of mice with Fc null variants protects against dengue infection, while afu-

cosylated variants enhance disease, evident from severe weight loss, thrombocytopenia,

and eventual death. As it did in B cell depletion, treatment with X0-Fc fusion disrupted

Fc-FcγRIIIa binding and rescued most mice from these disease manifestations (Fig. 2.14).

These studies collectively demonstrate that our glycoform specific nanobodies are po-

tential therapeutics that can selectively target and manipulate specific protein glycoforms.

2.2.7 Afucosylated IgG-specific nanobodies can be adapted to prognos-

tic and diagnostic assays for severe viral infection.

Certain protein glycoforms can serve as powerful markers of specific disease states. Prior

reports have demonstrated that the level of afucosylated IgG1 is a robust prognostic

marker for severe dengue virus infection. A high level in newly admitted patients pre-

dicts disease progression to life-threatening dengue hemorrhagic fever (DHF) or dengue

shock syndrome (DSS)73. These studies have largely relied on low-throughput mass spec-

trometry methods to characterize levels of afucosylated IgG in patients. To provide a

rapid and inexpensive alternative that can easily be performed in a standard laboratory

or delivered at point-of-care, we adapted our nanobodies to biochemical assays, such
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Figure 2.14 | X0-Fc fusions block afucosylated Fc-FcγRIIa interactions to reverse
antibody-dependent enhancement of dengue infection. (A) 4–6-week-old mice were
intravenously administered 20 µg anti-DENV C10 along with 80 µg X0-Fc or isotype, fol-
lowed 8 hours later by dengue infection. Platelets were counted on Day 3 and monitored
for weight loss and survival until Day 10. (B) Platelet levels as a percentage of baseline.
(C) Weight as a percentage of baseline. Mice were sacrificed and excluded from further
analysis if they lost >20% body mass. Data displayed as mean ± SEM (n = 3-8 mice per
group) in B and C. (D) Survival curves of mice treated in A. P value computed by log-rank
(Mantel-Cox) test.

44



as sandwich ELISA or Luminex, to quantify afucosylated IgG1 in patient samples. This

contrasts with traditional methods of IgG glycan analysis such as NanoLC-MS, which re-

quire purified input material, expensive and highly specialized equipment, and an order

of magnitude more time to process samples. We confirmed the specificity of our leading

nanobody candidates by immunoprecipitation of IgG from human serum or IgG-depleted

serum, demonstrating no binding to other serum glycoproteins (Fig. 2.6E-F). Using serum

or purified IgG samples from outpatients from a previously published cohort of conva-

lescent COVID-19 patients148 whose IgG glycan profiles have been characterized by mass

spectrometry, we performed immunoassays capturing human IgG1, and using tetrameric

B7 as the detection reagent (Fig. 2.15A). Consistent with our studies of homogeneous

IgG glycoforms, nanobody-based quantification of afucosylated IgG in both purified pa-

tient IgG and serum demonstrated robust correlation with mass spectrometry values (Fig.

2.15B-C) and using purified IgG or diluted serum had minimal impact on assay output

(Fig. 2.15D).

An increase in afucosylated IgG1 has also been observed in SARS-CoV2 infected pa-

tients with severe disease74,76. To validate these findings and demonstrate the utility of

our nanobodies as clinical diagnostics, we used our nanobody-based assay to quantify

the levels of afucosylated IgG1 in hospitalized SARS-CoV2 infected patients with mod-

erate or severe COVID-19 as determined by WHO criteria149. Expectedly, patients with

moderate to severe disease requiring supplemental oxygen therapy had higher levels of

afucosylated IgG1 when compared to patients with moderate disease who did not require

supplemental oxygen (Fig. 2.16A).

To demonstrate the use of tetrameric B7 as a rapid clinical prognostic, we performed

our nanobody-based assay to quantify afucosylated IgG1 in samples collected from

dengue-infected pediatric patients at the time of hospital admission (2-6 days after symp-
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Figure 2.15 | Nanobody tetramers allow for quantification of IgG glycan composition
in patient samples.. (A) Comparison of assay procedures between mass spectrometry
and nanobody-based methods of IgG Fc glycan analysis. The nanobody-based assay is
simply completed in under 3 hourswithout the need for IgG purification or complex in-
strumentation. (B and C) Luminex assay quantifying afucosylated IgG1 levels in purified
IgG or patient serum. (D) Correlation of afucosylated IgG1 levels detected in purified IgG
versus patient serum.

tom onset)73. Using the levels of afucosylated IgG1 derived from the assay, we were

able to distinguish patients who would days later develop the mildest form of disease,

dengue fever (DF), from those who progressed to dengue hemorrhagic fever (DHF) or

dengue shock syndrome (DSS) (Fig. 2.16B). Receiver operating characteristic (ROC) anal-

ysis of the assay output of both ELISA and Luminex confirmed the prognostic value of

IgG glycoform-specific nanobodies in predicting severe dengue disease progression (Fig.

2.16C), comparable to values determined by mass spectroscopy of purified patient IgG.
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Figure 2.16 | Nanobody tetramers as diagnostics and prognostics for severe viral dis-
ease. (A) Levels of afucosylated IgG1 in SARS-CoV2-infected hospitalized patients admit-
ted with signs and symptoms of COVID-19, comparing patients with moderate disease
not requiring supplemental oxygen (WHO score 4; n = 13) to those with moderate to se-
vere disease requiring supplemental oxygen (WHO scores 5 – 9; n = 18). (B) Levels of
afucosylated IgG1 in dengue patients with variable disease severity (dengue fever (DF),
dengue hemorrhagic fever (DHF), or dengue shock syndrome (DSS). Data displayed as
box plot with all points plotted. Whiskers represent min and max. (C) ROC analysis for
the predictive value of afucosylated IgG1 levels at hospital admission for progression to
severe dengue infection. AUC, area under curve. Pearson correlation analysis for (B-D);
One-way ANOVA/Bonferroni post-hoc for (E and F). Boxes and whiskers represent the
median, quartiles, and range (minimum to maximum); numbers above the boxes indicate
p values.

2.2.8 Nanobodies can detect IgG glycoforms on live human cells.

Previous approaches characterizing IgG glycosylation have largely focused on secreted

antibodies. However, on the surface of B cells there exists an equivalent membrane-

bound form, the B cell receptor (BCR), that also harbors the N-linked glycan at Asn 297

(Fig. 2.17A). Little is known about the role of this glycan on the BCR, with previous

studies suggesting that specific residues, like the core fucose, may be essential for anti-

gen recognition and receptor-signaling150,151. To determine if our nanobodies could be

used to interrogate BCR glycan structure, we evaluated binding of tetrameric B7 to the
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IgG1-expressing DB lymphoblastic cell line. On analysis, the BCR of wild-type DB cells

was almost uniformly fucosylated. However, CRISPR-mediated knockout of the fuco-

syltransferase FUT8 resulted in robust staining, confirming the specificity of our tool for

detecting afucosylated IgG BCR (Fig. 2.17B). Notably, the frequency of cells with afuco-

sylated BCR detected by flow-cytometry correlated with the extent of FUT8 knockout.

Next, we extended these methods to primary human class-switched memory B cells de-

rived from peripheral blood. We once again confirmed the specificity of our probes by

FUT8 knockout (Fig. 2.17C). Taken together, these findings demonstrate the capability of

these nanobody probes to recognize distinct BCR glycoforms and provide a tool to study

glycosylation on living cells.
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Figure 2.17 | .
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Figure 2.17 | Detection of B cell receptor (BCR) glycoforms on live human cells. (A)
Schematic representation of the membrane-bound IgG BCR and its associated glycan. (B)
Flow cytometry analysis of BCR afucosylation by B7 tetramer staining of IgG1-expressing
B-lymphoblastic cell line DB with and without CRISPR/Cas9-mediated FUT8 knockout.
(C) Flow cytometry analysis of BCR afucosylation by B7 tetramer staining of primary hu-
man IgG+ peripheral memory B cells with and without CRISPR/Cas9-mediated FUT8
knockout. CRISPR/Cas9 knockout efficiency was determined by TiDE for all experi-
ments.
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Chapter 3

THE ROLE OF THE IGG FC GLYCAN IN

DEVELOPING ANTIBODY RESPONSES

3.1 Introduction

The IgG Fc glycan is highly conserved across IgG subclasses and species. At minimum, its

core heptasaccharide motif is critical for the structural integrity of the Fc fragment and its

interactions with FcγRs, as demonstrated by the lack of FcγR binding and effector func-

tion of aglycosylated antibodies. Importantly, all secreted IgG found in serum as well as

in the membrane-bound BCR is thought to harbor this N-linked glycan. The Fc glycan’s

ubiquity and persistence throughout evolution may indicate its role in the development of

antibody responses as well. Some studies have suggested that the Fc glycan is important

for a functional BCR, and that both antigen binding and downstream signaling are com-

promised by perturbations to the IgG BCR Fc glycan. One such study demonstrated that

knockdown of the α-1,6-fucosyltransferase, FUT8, in the immortalized IgG2a-expressing
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3-83 B cell line reduced recognition of its cognate antigen, p31150,151. 3-83FUT8−/− were less

effective at binding p31, ostensibly due to a failure to oligomerize upon antigen stimula-

tion. Similarly, 3-83FUT8−/− were less capable of initiating signaling events downstream of

antigen binding, such as phosphorylation of CD79α and Syk. Reconstitution of FUT8 in

these cells rescued the phenotype.

However, the conclusions from this study overlook the drawbacks of a FUT8 knock-

down model. This enzyme is responsible for α-1,6-fucosylation of multiple target pro-

teins, some of which may be involved in BCR signaling and/or activation. Mouse models

of a total FUT8 knockout demonstrate differences between these genotypes, such as sig-

nificant differences in peripheral leukocyte counts including that of non-IgG expressing

B cells. This implies broad and potentially off-target effects of enzymatic ablation and

warrants a more precise approach that specifically targets the IgG BCR glycan.

In this chapter, I discuss the generation of genetic mouse models and biochemical

tools to study how BCR Fc glycosylation affects the development of antibody responses.

I present preliminary data showing the effects that aglycosylated antibodies have on an-

tibody selection as well as future experiments to further interrogate these questions. Fi-

nally, I review an attempt at studying the Fc glycan’s role in endogenous human Fc-FcγR

interactions, and describe an alternative use for this mouse in a tolerance model.
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3.2 Results

3.2.1 A genetic mouse model of aglycosylated antibodies.

Mutation of Asn 297 in the Cγ2 domain of recombinant IgG removes the attachment

residue for the Fc glycan. Recapitulating this same mutation in a genetic mouse model

would result in fully aglycosylated endogenous antibodies that are incapable of binding

to FcγRs both in cisand trans, but that can be adequately recycled through FcRn. Such

a model would allow for investigation of the development of aglycosylated antibody re-

sponses, both at the level of serum IgG titers and IgG+ class-switched B cells bearing

aglycosylated BCRs. Using CRISPR/Cas9 gene targeting and homology-directed repair, I

generated an aglycosylated allele of the IgG1 heavy chain locus of C57BL/6 mice (Ighg1)

by replacing Asn 297 with Ala (N297A) (Fig. 3.1A). I chose this locus because IgG1

is the dominant subclass in mice and is easily elicited by immunization with standard

aluminum-based adjuvants. Backcrossing to wildtype C57BL/6 mice and subsequent F1

x F1 breeding yielded viable heterozygotes and homozygotes (Fig. 3.1B).

When introduced into the genome, the N297A mutation did not cause any obvious

abnormalities in B cell development (data not shown). Importantly however, IgG1N297Ais

not expected to have any bearing on naı̈ve B cells or those expressing isotypes other than

IgG1. Thus, the effects of this mutation should be limited to IgG1class-switched cells.

Even in the absence of stimuli in specific pathogen free laboratory environments, mice

produce a small fraction of class-switched memory B cells, plasma cells, and serum IgG

antibodies, likely in response to dietary antigens and intestinal microbiota. In naı̈ve mice,

B cell numbers and baseline serum IgM and IgG titers were equivalent among littermates

from all three genotypes (Fig. 3.2). This finding indicates that B cells with aglycosylated

BCRs are viable and can differentiate into antibody-secreting cells capable of producing
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Figure 3.1 | Design of the IgG1N297Amouse.. (A) Targeting strategy for Exon 3 of IGHG1 to
generate the N297A allele using easiCRISPR. Oocytes were microinjected with synthetic
sgRNA and single-stranded repair template encoding the N297A mutation and addi-
tional silent mutations to destroy the protospacer adjacent motif (PAM) and prevent Cas9
recutting of the template DNA. (B) Genotyping of IgG1+/+, IgG1N297A/+, IgG1N297A/N297A by
restriction fragment length polymorphism (RFLP) analysis of a region spanning Exons 3
and 4 using the NheI restriction enzyme and primers P f w and Prev.

IgG with normal half-life.

3.2.2 The role of the IgG Fc glycan in germinal center responses.

Next, I wanted to understand how the Fc glycan may play a role in B cell and antibody re-

sponses to immunization. IgG1+/+, IgG1N297A/+, and IgG1N297A/N297A mice were immunized

subcutaneously in the hind footpad with the canonical haptenated antigen, 4-hydroxy-3-

nitro-phenylacetyl (NP) coupled to ovalbumin (NP-OVA). This generates robust germinal

center (GC) responses in the draining popliteal lymph node (pLN), where GC B cells are

otherwise absent. Quantities of GC B cells is a surrogate for the magnitude of the re-

sponse. IgG1N297A/+and IgG1N297A/N297A mice showed slightly but not always significantly

diminished overall GC responses compared to wildtype mice (Fig. 3.3A and D). How-
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Figure 3.2 | Baseline Ig titers in IgG1+/+, IgG1N297A/+, and IgG1N297A/N297A littermates.. (A)
Enzyme-linked immunosorbent assay (ELISA) of diluted serum using anti- or light chain
F(ab’)2 for capture, and subclass-specific anti-IgG-HRP for detection. Data displayed as
mean ± SEM. Data was fitted by nonlinear regression analysis.

ever, while IgG1+B cells typically dominate the GC in response to Th2 skewed adjuvants,

IgG1N297A/N297A B cells participated to a significantly smaller degree than IgG1+/+ B cells

(Fig 3.3B and E). GC B cells pass through multiple iterations of selection and hypermu-

tation, and are positively selected in part due their ability to bind antigen, present it to

T follicular helper cells, and subsequently proliferate90,152. Lower participation in the GC

may be due to a defect in any of these processes. This was evident in the antigen-specific

compartment of IgG1+GC B cells, where IgG1N297A/N297A cells were less capable of binding

fluorescently-labeled NP, reflecting lower rates of affinity maturation toward the target

antigen (Fig. 3.3C and F).

These B cell intrinsic defects in germinal center responses may be caused by several
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Figure 3.3 | Diminished germinal center responses to NP-OVA immunization in
IgG1N297Agerminal center B cells.. (A-C) Flow cytometry staining of live GC B cells
(B220+CD38−Fas+) (A), GC IgG1+B cells (B), and GC IgG1+NP+ B cells (C) in the popliteal
lymph nodes (pLN) of indicated mice following s.c. immunization of the footpad with
10 µg NP-OVA. (D-F) Quantification of populations defined in A-C across all three geno-
types. P values from one-way ANOVA test indicated. Bars indicate median, while each
circle represents a mouse (n = 3-8). Mice were 8-10 weeks old and derived from two lit-
ters.
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factors which determine the affinity and avidity of BCR or proliferation and survival of

B cells. This includes low rates of hypermutation or cyclic reentry, inadequate receptor

clustering on the B cell surface, and dampened BCR signaling, among many others. To

pinpoint the potential cause of diminished IgG1N297AGC B cell responses, I performed

ex vivo BCR signaling assays with primary cells derived from mice of glycosylated and

aglycosylated genotypes. In both groups, CD43-depleted splenocytes, the vast major-

ity of which are naı̈ve resting B cells, readily class-switched to IgG1 in the presence of

lipopolysaccharide (LPS) and interleukin-4 (IL-4) supplied in the growth media (data not

shown). Signaling capacity was assessed by crosslinking the IgG1 BCR with anti-IgG1

F(ab’)2 at increasing concentrations and by measuring the extent of phosphorylation of

downstream molecules by phosphoflow153. Such molecules include kinases and signal-

ing adaptors, such as the intracellular BCR signaling component, CD79α, whose phos-

phorylation serves as a proximal event in BCR signaling. These ex vivo studies indicate

that upon stimulation, IgG1N297A/N297A B cells are deficient in BCR signaling even at high

concentrations of stimulus when wildtype cells achieve saturating levels of detectable

phospho-CD79α (Fig. 3.4A-B). Notably, the glycan does not appear to play a role in BCR

surface expression, as IgG1 levels measured by flow cytometry across the three geno-

types are equivalent, excluding this variable as a reason for signaling differences (Fig.

3.4C). One explanation is that BCR clustering, which occurs following antigen binding

and helps to amplify the downstream signaling cascade, is dependent on the Fc glycan.

This is congruent with previous data that Fut8−/− IgG2a B cells, whose BCRs exist as

monomers at rest, show defects in oligomerization after antigen stimulation151. Finally,

the BCR is thought to tonically signal, providing a basal survival signal for B cells. This

signaling requirement is shown by rapid cell death caused by in vivo targeted deletion of

surface IgG154. At least in the ex vivo setting, tonic signaling was equal, shown by equal

rates of activation without stimulus.
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Figure 3.4 | Stimulation of in vitro class-switched B cells by BCR crosslinking.. (A)
pCD79α levels measured by intracellular phosphoflow of IgG+/+ or IgG1N297A/N297A -
derived splenic B cells. Concentration of crosslinking F(ab’)2 shown on the x-axis and
geometric median fluorescence (gMFI) shown on the y-axis. Higher gMFI correlates with
stronger BCR signaling. (B) Data in A shown alternatively as percent activation, using
the pCD79α-positive population as a surrogate for the activated state. Values normalized
to maximum pCD79α-positive percentage and to account to viability differences between
cell populations. (C) gMFI of IgG1 on class switched B cells, eliminating receptor density
as a contributing variable to signaling differences.

These preliminary studies show clear intrinsic deficiencies in IgG1N297AB cells in terms

of participation in GC responses, antigen binding in the GC, and BCR signaling. As

shown, the phenotype is not absolute; B cells bearing aglycosylated IgG1 BCRs are vi-

able, capable of limited signaling, affinity mature toward immunogens, and most im-

portantly, differentiate into antibody-secreting plasmablasts, though at lower frequencies

than wildtype cells (Fig. 3.5A). Despite these deficiencies, low and high affinity anti-NP

IgG1 serum titers are equivalent following immunization with NP-OVA, regardless of

the Ighg1 Asn 297 allele (Fig. 3.5B-C). This discrepancy between a defective IgG1 GC
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Figure 3.5 | Comparison of antibody-secreting cells and serum IgG1 titers.. (A) Plasma
cell (live CD138hi) percentages in the pLN on Day 10 following s.c. immunization of the
hind footpad in IgG1+/+, IgG1N297A/+, and IgG1N297A/N297A mice. (B-C) ELISA of high affinity
(B) and low affinity (C) anti-NP IgG1 serum antibodies using low density (NP2) and high
density (NP27) coupled NP-BSA for capture and anti-IgG1-HRP for detection.

response and serum IgG1 titers is puzzling and requires further study.

3.2.3 Additional genetic and biochemical tools to study aglycosylated

responses

Investigation of the Fc glycan’s role in the development of antibody responses will require

further study using the IgG1N297Amouse model. These studies are ongoing and will be

covered in the following chapter. However, it is worth discussing additional tools I have

developed to answer related questions.

One such tool is a nanobody specific for aglycosylated mouse IgG1. In heterozy-

gote mice, this reagent is useful for tracking aglycosylated IgG1 B cells among the to-

tal IgG1+population. These nanobodies were engineered similarly to those described in

Chapter 2, though the bait proteins are different, and clones did not require affinity mat-

uration (Fig. 3.6).
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Figure 3.6 | Discovery of a mIgG1N297A-specific nanobody to track aglycosylated IgG.
(A) Selection and screening strategy to discovery nanobody variants with high specificity
for mIgG1N297Avia four rounds of magnetic selection (MACS) or fluorescence-activated
cell sorting (FACS). Each round of selection increases the requirements for both the affin-
ity and specificity of selected clones by holding mIgG1 concentration constant while in-
crementally decreasing mIgG1N297Aconcentration. Fluorophores are swapped each round.
(B) Surface plasmon resonance data showing binding kinetics of clone G2 with mIgG1
and its aglycosylated counterpart, mIgG1N297A. Purple traces are raw data, while global
kinetic fits are shown in black. Sample concentrations begin at 256 nM with 2-fold serial
titration until 64 nM.
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Figure 3.7 | mIgG1N297A tetramers distinguish glycosylated from aglycosylated surface
IgG1 on primary B cells. (A) Staining with biotin-streptavidin G2 tetramers separates
IgG1+/+ (black) and IgG1N297A/N297A (purple) B cells. (B-C) Total (B) and NP-specific (C) B
cells plotted according to percentage gated as N297A. Bars represent the median, while
each dot is a mouse. Horizontal dashed line at 50% for reference.

Fluorescently tagged biotin-streptavidin G2 tetramers can distinguish glycosylated

from aglycosylated surface IgG1 on primary B cells by flow cytometry. Co-staining with

anti-IgG1 and clone G2 is characteristically linear for aglycosylated IgG1 B cells (Fig.

3.7A). Using this method, analysis of GCs in IgG1N297A/+mice immunized with NP-OVA

allows for separation of the two alleles. This is made possible in part because B cells

typically express only one heavy chain allele typically due to V(D)J recombination of the

other allele that leads to a non-functional BCR155. Consistent with the phenotype shown

in Fig. X, GC B cells from IgG1N297A/+mice were skewed toward the wildtype allele, once

again reflecting a defect in total and antigen-specific IgG1N297AGC responses (Fig. 3.7B-

C). I expect this nanobody reagent will be useful in further studies to track aglycosylated

IgG1+B cells in time and space.

Finally, in response to concerns about potential transFc-FcγR interactions, specifically

those between circulating IgG immune complexes and FcγRIIb on B cells that may con-
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tribute to B cell signaling, I generated a mouse model completely null for endogenous

Fc-FcγR binding. This mouse contains the same IgG1N297Amutation detailed above, but

is also knocked out for IgG2b and IgG2c expression (Fig. 3.8A-B). Therefore, all endoge-

nous antibodies are either aglycosylated IgG1 or IgG3, both of which cannot bind FcγRs.

Because the IgG1, IgG2b, and IgG2c loci are nearby and are therefore linked, all three

genomic edits needed to be on the same chromosome, requiring high editing efficiency.

Microinjection of oocytes yielded a single founder pup (1/32), that when backcrossed

to wild-type C57BL/6 mice, exhibited linked segregation of all three alleles. In homozy-

gotes, total knockout of IgG2b and IgG2c was confirmed by ELISA (Fig. 3.8C). This colony

is currently expanding and will be used to understand developing antibody responses in

the complete absence of Fc-FcγR interactions.
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Figure 3.8 | Design of a mIgG1N297A; IgG2b−/−; IgG2c−/− mouse. (A-B) Schematic of
the triple-edited mouse IgH locus, where IgG1, IgG2b, and IgG2c are linked. sgRNA-1
and ssODN targets and repairs IgG1, respectively, while sgRNA-2 targets a conserved
site between IgG2b and IgG2c. Sequencing revealed single indels around the expected
cleavage site, frameshifting the heavy chain. (B) ELISA of diluted serum using anti-κ or
λ light chain F(ab’)2 for capture, and subclass-specific anti-IgG-HRP for detection. Data
displayed as mean ± SEM. Data was fitted by nonlinear regression analysis.
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3.3 An unexpected turn: a novel mouse strain optimized

for chronic antibody administration

As another attempt to better understand the role of the IgG Fc glycan in the develop-

ment of antibody responses, I also generated a mouse model of human IgG and FcγR

expression. This mouse was originally meant to study endogenous human aglycosylated

antibodies. Unfortunately, frequencies of human IgG1+B cells were too low, and it was

not a suitable model. However, the project transformed to take on a new role as a murine

system of human antibody tolerance. The results are discussed below.

in vivo assessment of the therapeutic and adverse effects of human antibodies in mouse

model systems has long been confounded by intolerance for these agents. Administra-

tion of human immunoglobulins to mice inevitably results in mouse anti-human IgG re-

sponses, likely due to foreign epitopes present in human IgG proteins. Previous studies

have shown that these responses develop within days to weeks of IgG administration

and serve to enhance clearance of human IgG156,157, interfere with antigen binding and

effector function, and diminish therapeutic activity158, while also potentially contributing

pathological sequalae of immune complex deposition159. For this reason, murine stud-

ies of human antibody treatment in our laboratory and others have been limited to the

short-term (approximately two weeks) to ensure that anti-human IgG responses are not

confounding meaningful results that may apply to patients160,161,162.

Prior studies have only partially characterized this response and have reported incon-

sistent results. For instance, some studies argue that the route of immunization (i.e. in-

travenous vs. intraperitoneal vs. intradermal) may play a role in eliciting an anti-human

response158, though the results are inconsistent. It also has been suggested that IgG1 is

the dominant mouse subclass that responds to exogenous human IgG, though there are
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substantial mouse IgG2b and IgG2c anti-IgG titers that contribute as well159. Further, one

study indicated that in order for a mouse anti-human IgG response to develop, the cog-

nate antigen of the administered human antibody must be present in the mouse model156,

implying that immune complexes, not monomeric antibodies, initiate these responses. Fi-

nally, the kinetics of this response are unclear; some studies suggest it requires up to nine

weeks for a significant anti-human response to develop163, while others count less than

one week. Despite these characterizations, no study to date has provided a robust solu-

tion to this intolerance, which continues to limit the extent of in-depth studies of antibody

efficacy and safety.

In this study, we present a novel mouse model that is appropriate for the study of

long-term, repeated administration of human antibodies. Tolerance to human IgG is con-

ferred by germline knock-in of the human IgG1 heavy chain (IGHG1) in place of mouse

Ighg2c. In addition, this knock-in has been combined with a previously described model

of human FcγR expression and function133, so that the relevant effector functions of these

exogenous human antibodies can be investigated. In the knock-in mouse, human IgG1

pairs appropriately with mouse light chains, is expressed on the surface of B cells, and is

elicited by immunization to both thymic dependent and independent antigens. Knock-in

mice are tolerant of repeated administration of human IgG through multiple routes of

immunization, and therefore allow for the in vivo characterization of antibody-mediated

responses in the long term.

3.3.1 Knock-in of hIgG1 into the mouse Ig heavy chain locus.

Human IgG1 (hIgG1) was knocked-in by precise replacement of the native mouse Ighg2c

coding sequence with human IGHG1 via CRISPR/Cas9 gene editing of C57BL/6J em-
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bryonic stem (ES) cells. In addition to this sequence, a FRT-loxP-neomycin cassette was

appended to the 3’ end of the targeting cassette to select properly edited ES cells, as well

as 5’ and 3’ homology arms flanking the insert to assist with homology-directed repair

(HDR) (Fig. 3.9A). This strategy preserved upstream and downstream switch and regu-

latory regions, with the intent that hIgG1 would mimic the expression profile of mouse

IgG2c, and that other mouse subclasses were undisturbed. Mouse IgG2c was specifically

targeted since it most closely approximates the FcγR-binding profile of hIgG1. Mice pos-

itive for the knock-in allele were screened using a common forward primer and reverse

primers specific for either mIgG2c or hIgG1 (Fig. 3.9B). Serum analysis of heterozygotes

(hIgG1/+) and homozygotes (hIgG1/hIgG1) demonstrates pairing of hIgG1 heavy chain

with mouse kappa and lambda light chains and successful replacement of the mIgG2c

heavy chain (Fig. 3.9C). As expected, the knock-in has normal endogenous mouse IgG

levels as compared to C57BL6/J mice. Flow cytometry analysis of B-lineage cells in the

spleen shows the knock-in preserves normal B cell development (data not shown). In-

deed, analysis of B220+ splenic B cells from knock-in mice shows robust surface expres-

sion of hIgG1, indicating pairing of membrane-bound hIgG1 with B-cell receptor (BCR)

components is intact. These mice develop normally, are fertile, and have no evidence

of spontaneous pathology under the specific pathogen-free conditions maintained in the

Rockefeller University animal facility.

3.3.2 hIgG1 knock-in mice mount normal humoral responses.

To determine whether knock-in mice mount hIgG1 responses to specific immunization,

wild-type or heterozygote knock-in mice were immunized with the model haptenated

antigen, 4-hydroxy-3-nitrophenylacetyl (NP). Thymic-independent (TI) responses were

measured by a single immunization with NP-Ficoll adjuvanted with Complete Freund’s
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Figure 3.9 | Generation and characterization of human IgG1 knock-in mouse.. (A) Tar-
geting the mouse IgG2c heavy chain locus for replacement with a construct bearing the
human IgG1 heavy chain and FRT-loxP-Neomycin cassette. Red triangles represent FRT
sites and the yellow triangle represents a loxP site. (B) Representative (n=5 each strain)
genotyping PCR of hIgG1/hIgG1, hIgG1/+, and +/+ mice. (C) Serum IgG titers in +/+,
hIgG1/+, and hIgG1/hIgG1 mice on human FcγR background measured by ELISA. Anti-
lambda and anti-kappa light chain antibodies were used for capture and HRP-conjugated
isotype-specific antibodies for detection. Data displayed as mean ± SEM (n=3). (D) Repre-
sentative (n=3) flow cytometry analysis of IgG surface expression on splenic B220+ cells.
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Figure 3.10 | hIgG1 knock-in mouse has normal shows robust antigen-specific hIgG1
response to immunization. (A) T-independent intraperitoneal immunization of mice
with the indicated genotypes with 50 g NP54-Ficoll in alum. Serum was harvested at
the indicated timepoints and analyzed for NP-specific IgG by ELISA. (B) T-dependent in-
traperitoneal immunization of mice with the indicated genotypes with 50 µg NP17-OVA
in alum. Mice were subsequently boosted with 50 g NP17-OVA on Day 21. Serum was
harvested at the indicated timepoints and analyzed for NP-specific IgG by ELISA. Data
displayed as individual biological replicates with a line representing the mean (n=4 each
strain).

Adjuvant (CFA). After two weeks, anti-NP hIgG1 titers were detected, and persisted until

the end of the study at four weeks (Fig. 3.10A). Similarly, thymic-dependent (TD) immu-

nization with NP-ovalbumin in a prime-boost dosing schedule two weeks apart induced

a strong NP-specific hIgG1 response in the knock-in mice (Fig. 3.10B). The subclass com-

position of endogenous mouse IgG responses to NP were consistent with previous reports

of T-independent and T-dependent immunization164,165 (data not shown). These studies

confirm that hIgG1 can participate in processes of affinity maturation and class switch

recombination in response to immunization.
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3.3.3 hIgG1 knock-in tolerizes mice to chronic human antibody admin-

istration.

Previous studies have demonstrated that repeated dosing of human antibodies induces

a strong mouse anti-human response which leads to rapid clearance of human IgG and

loss of activity156,158,159,163. We hypothesized that native expression of hIgG1 would en-

dow knock-in mice with tolerance to exogenous hIgG1. To investigate the issue of an-

tibody clearance, wild-type C57BL6/J or hIgG1 knock-in mice were dosed weekly with

100 g of the fully human HIV anti-gp120 monoclonal, 3BNC117-hIgG1166 (Fig. 3.11A).

After five cycles of treatment (day 35), knock-in mice were able to maintain high serum

levels of 3BNC117, while controls rapidly cleared the antibody to levels at or below the

limit of detection of the assay (Fig. 3.11B). We presumed the rapid clearance was due to

a strong mouse anti-human IgG1 response that was absent in the knock-in mice, since

clearance accelerated considerably after two to three weeks of administration. To test this

hypothesis, we immunized knock-in and control mice weekly with 2B8-hIgG1, an anti-

CD20 clone with human framework regions, but mouse complementarity-determining

regions (CDRs) (Fig. 3.11C). Weekly intravenous administration of 2B8-hIgG1 resulted in

mouse anti-human IgG1 titers detectable in control mice by week 3. By week 5, high titers

were evident in control mice, while knock-ins had significantly lower levels of mouse

anti-hIgG1 antibodies (Fig. 3.11D). Unexpectedly, similar experiments with other human

subclasses of IgG routinely used in clinical studies (IgG2 and IgG4) demonstrated that

the knock-in mouse is tolerant of 2B8-hIgG4 compared to controls, while 2B8-IgG2 was

not strongly immunogenic in either mouse (data not shown). Tolerance to IgG4 may be

due to its 90% sequence identity with human IgG1, versus 62% with mouse IgG1 heavy

chain. Notably, none of the mice immunized with hIgG1 antibodies mounted a significant

response to the constant region of the human kappa light chain, as shown by sandwich
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Figure 3.11 | hIgG1 knock-in tolerizes mice to chronic human antibody administra-
tion. (A and B) Mice of the indicated genotypes were repeatedly administered 100 g
3BNC117-hIgG1 i.p. on the days indicated. Serum levels of 3BNC117-hIgG1 were mea-
sured by ELISA using recombinant gp120 for capture and anti-hIgG-HRP for detection.
Data shown as individual biological replicates with a horizontal line representing the
mean (n=8 each strain). (C and D) Mice of the indicated genotypes were administered
100 g 2B8-hIgG1 i.p. each week for 6 weeks. Mouse anti-hIgG1 Fc titers were measured
by ELISA using hIgG1 Fc for capture and anti-mouse IgG-HRP for detection. Data shown
as individual biological replicates with a horizontal line representing the mean (n=6 each
strain). (E) Mouse anti-human kappa constant region titers were measured by ELISA us-
ing an irrelevant mouse IgG1-human kappa chimeric antibody as capture and anti-human
Fc-HRP for detection. Data shown as individual biological replicates with a horizontal
line representing the mean (n=8-10 each strain).

ELISA using an irrelevant mouse IgG1-human kappa chimeric antibody as capture (Fig.

3.11E).
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3.3.4 hIgG1 knock-in mice in a chronic model of immune thrombocy-

topenia purpura.

Exogenous human antibodies are often used to induce pathology in mouse models of

autoimmune diseases, but their efficacy over time is limited by mouse anti-human re-

sponses to those antibodies159. One common model to induce immune thrombocytopenic

purpura (ITP) in mice uses the anti-platelet IIb glycoprotein antibody, 6A6, which when

administered intravenously, targets platelets for clearance by macrophages167,168. Because

the mechanism of platelet clearance in this model relies on Fc-FcγR interactions, it was

necessary to cross the hIgG1 knock-in mice to a mouse strain that is fully humanized for

FcγRs. To approximate a chronic version of this ITP model169, mice bearing the knock-in

allele and human FcγRs were administered 6A6-hIgG1 for three consecutive days and

then let recover for four days, over which time their platelets recovered to normal lev-

els (Fig. 3.12A). Platelet counts were measured on each day. This treatment schedule

was repeated twice, for a total of three cycles. In the first two cycles, differences in 6A6-

hIgG1 platelet depletion between the two strains were insignificant. In the third cycle,

only mice bearing the hIgG1 knock-in allele were able to deplete platelets efficiently (Fig.

3.12C). This difference was accompanied by high mouse anti-hIgG1 Fc titers in control

mice, which presumably led to enhanced clearance of 6A6-hIgG1 and therefore interfered

with its platelet depleting activity (Fig. 3.12B). This ITP model demonstrates the utility of

a mouse that is tolerant of human antibody administration and can therefore recapitulate

the pathology of an autoimmune disease in a chronic setting.
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Figure 3.12 | hIgG1 knock-in mice in a chronic model of immune thrombocytopenic
purpura. (A) Mice of the indicated genotypes were repeatedly administered 10 g 6A6-
hIgG1 intravenously 3 times per week for 3 weeks. (B) Mouse anti-hIgG1 Fc titers were
measured by ELISA using hIgG1 Fc for capture and anti-mouse IgG-HRP for detection.
Data shown as individual biological replicates with a horizontal line representing the
mean (n=3-4 each strain). (C) Platelet depletion during 3 cycles of 6A6-hIgG1 treatment.
Platelet count is reported as a percentage of platelet count at the start of each cycle. Data
displayed as mean ± SEM (n=3-4 each strain).

3.3.5 hIgG1 knock-in mice show improved clinical outcomes in B16-

F10 melanoma chronic treatment model.

Human antibody treatment in mouse models of cancer is limited to the short-term by en-

dogenous anti-human IgG responses that limit efficacy of these agents. This is evident

from human antibody treatment schedules, which generally take place over a maximum

of two weeks. To demonstrate that antibody treatment in the knock-in mouse does not
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have such restrictions, we subjected the knock-in and control mice to a chronic treat-

ment model of metastatic B16-F10 melanoma170. Mice from each group were pre-treated

twice over three weeks with TA99, an antibody clone with mouse variable and human

constant regions that targets gp75 on the surface of B16 cells and has been shown to

effectively prevent lung metastases in an Fc-dependent manner6 (Fig. 3.13A). Because

TA99 requires strong activating FcγR engagement for efficacy, an Fc optimized variant

(GAALIE) of IgG1 was used, which exhibits an improved binding profile to human acti-

vating FcγRs162,171. As expected, pre-treatment resulted in detectable mouse anti-hIgG1

Fc titers in control, but not in knock-in mice (Fig. 3.13B). Importantly, this study also

demonstrates that expression of wild-type hIgG1 tolerizes these mice to an Fc-engineered

variant that harbors three mutations in the Cγ2 region, showing the potential use of this

model to quantify the immunogenicity of Fc variants. Following pre-treatment, mice were

intravenously injected with B16-F10 cells and some groups were treated with four doses

of TA99-hIgG1-GAALIE at the timepoints indicated. Two weeks after tumor inoculation,

lungs were excised and analyzed for metastases. As expected, mice treated with PBS de-

veloped widespread metastases that gave their lungs a blackened appearance. Control

mice that were intolerant of human IgG1 after two weeks were only partially treated by

TA99-hIgG1-GAALIE, while the lungs of knock-in mice were free of significant metas-

tases (Fig. 3.13C-D). Consistent with these results, TA99 could not be detected in the

serum of control mice on Day 14, likely due to enhanced clearance by the formation of

mouse anti-hIgG1 immune complexes, while levels persisted at therapeutic levels in most

knock-in mice (Fig. 3.13E).

Based on these studies, this knock-in mouse model, which is free of interfering en-

dogenous anti-hIgG1 responses, provides a useful platform to study human antibody

efficacy and toxicity in disease models that require long-term treatment.
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Figure 3.13 | hIgG1 knock-in mice show improved clinical outcomes in a B16-F10
melanoma chronic treatment model. (A) Pre-treatment and treatment schedule of mice
subjected to the B16-F10 melanoma metastasis model. Mice were pre-treated with TA99-
hIgG1 once per week for 3 weeks, inoculated intravenously with B16-F10 cells, and
treated 4 times with TA99-hIgG1 at the indicated timepoints. Mice were sacrificed and
their lungs excised on Day 14 for analysis. (B) Mouse anti-hIgG1 Fc titers were mea-
sured by ELISA using hIgG1 Fc for capture and anti-mouse IgG-HRP for detection. Data
shown as individual biological replicates with a horizontal line representing the mean
(n=6-9 each strain). (C and D) Lungs were harvested, fixed, and surface lung metastases
counted. Data shown as individual biological replicates with a horizontal line represent-
ing the mean (n=6-9 each strain). (E) Serum was harvested on Day 14 and TA99-hIgG1
levels were measured by ELISA using recombinant gp75 for capture and anti-hIgG-HRP
for detection. Quantification was performed by generating a standard curve with puri-
fied TA99-hIgG1. Data shown as individual biological replicates with a horizontal line
representing the mean (n=6-9 each strain).
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Chapter 4

PERSPECTIVES AND FUTURE DIRECTIONS

Immunoglobulin structural diversity has long captivated researchers around the world.

In the mid-1970s, three groups described the crystal structure of the human IgG Fc frag-

ment172,173. Despite the technological limitations of this era, these studies provided enor-

mous insight into the overall architecture of the Fc. In one article, Palm and colleagues de-

scribe the rigidity of each individual domain, but also the paradoxical inability to resolve

both Fab and Fc simultaneously, what we now consider a feature of IgG hinge flexibility.

In another, Schwick and colleagues compare their Fc structure to Mickey Mouse, refer-

ring to the symmetrical Cγ2 domains as “ellipsoidal ears” protruding from the closely

associated Cγ3 domain “head”.

In all three primitive descriptions, the authors speculate on the position and compo-

sition of the carbohydrate at Asn 297, which is fixed in place and covers the face of the

Cγ2 domain. Though Huber and colleagues guesses on Fc glycan composition and po-

sitioning were incorrect, they presciently “expect inhomogeneity of the carbohydrate in

[their] material which might make the detailed analysis difficult”. Such foreshadowing is

the basis for the burgeoning field of IgG glycosylation and the stated goals of this thesis.
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Here, I have examined novel methods to interrogate and manipulate the diverse IgG Fc

glycan and genetic models to study its role in the development of antibody responses.

4.1 Methods to detect and manipulate IgG Fc glycoforms

Historically, antibodies and other glycan-binding reagents have been inadequate for tar-

geting specific glycoproteins. While the field has relied on natural carbohydrate binding

proteins like lectins, their recognition of targets is often non-specific. Previous attempts

to generate glycan-binding antibodies have been confounded by heterogeneously glyco-

sylated bait proteins for screening. Of course, purely analytical methods are often used to

quantify Fc glycan structures, and we indeed employ such methods for validation here,

though they are not applicable to standard laboratory techniques or more importantly, in

vivo targeting of IgG.

In the studies presented here, we exploited the unique structural properties of

nanobodies and chemoenzymatic glycoengineering to generate high affinity probes that

specifically bind to afucosylated and sialylated IgG glycoforms with minimal cross-

reactivity. To our knowledge, these probes are first-in-class molecules that selectively bind

complex protein glycoforms of a specific glycoprotein. In characterizing these nanobod-

ies, we demonstrate that their binding is dependent on both protein and glycan structure,

and they neither bind aglycosylated protein nor free glycans. To account for a binding

mechanism of afucosylated IgG-specific nanobodies, we solved two crystal structures:

the apo-nanobody and the nanobody-Fc complex. We provide evidence of the unique

recognition interface, whereby the extended and flexible CDR3 loop of the nanobody

rotates to accommodate the Fc glycan. In addition to protein-protein contacts, a single

residue at the apex of this loop forms hydrogen bonds with the proximal GlcNAc of the
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glycan, which is likely obscured in fucosylated species and prevents binding. In experi-

mental validation of the structures, we describe residue dependencies on both molecules

by directed mutagenesis, partially confirming our hypotheses of the interactions. Fur-

ther, we show that we can target specific IgG glycoforms both in vitro and in vivo to dis-

rupt protein-protein interactions, highlighting the novel utility of these reagents beyond

glycoform detection68,73. Blocking afucosylated IgG1-FcγRIIIA interactions in a mouse

model of anti-dengue antibody-dependent enhancement reversed disease course, pro-

moting survival and alleviating thrombocytopenia.

Due to their high affinity and selectivity, these nanobodies were readily adapted to a

variety of standard biochemical assays to quantify IgG glycoforms in unpurified patient

serum. They accurately reported levels of afucosylated IgG1 in serum from SARS-CoV-2

patients and in the case of dengue, acted as a prognostic to predict whether certain pa-

tients progressed to severe disease. While our assay was sufficient in disease contexts

where broad global changes in glycan structure occur, other pathologic conditions with

more subtle changes may require reagents with improved affinity or specificity. Addi-

tionally, it may be of interest to target other IgG glycan modifications such as galacto-

sylation or bisecting GlcNAc decoration, as the importance of these structures has also

been demonstrated in several disease contexts174. In particular, the sialylated IgG-specific

nanobodies described in this study could be applied in the context of autoimmune or

inflammatory conditions that have well-documented changes in IgG sialylation175,176,177.

Certainly, the mode of sialylated-specific nanobody recognition remains an outstanding

question which may shed light on these enigmatic, flexible structures.

Finally, while our studies largely focus on lab-based techniques, it may be reasonable

to adapt this technology to low-cost clinical platforms that can be deployed at scale. These

could prove useful in resource poor areas, where viral diseases such as dengue infection
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are rampant and accurate prognostics could save lives.

4.2 Regulation of IgG Fc glycosylation

Despite burgeoning interest in Fc IgG glycosylation, little is known about its regulation.

Various immunizations, infections, autoimmune diseases, and cancers elicit well-defined

Fc glycan profiles in patients, but the mechanisms which determine these patterns are

unclear. What is known are the main pathways of glycosylation – the cellular machinery

responsible for protein and glycan synthesis that result in a diverse array of Fc glyco-

forms. For example, several studies have used varying expression of glycotransferases

such as St6gal1 and Fut8 as evidence of dynamic glycan regulation176,178. I would con-

tend that these glycotransferase transcripts are poor surrogates of enzymatic activity and

that direct measurement of IgG glycoforms is more accurate. Studies that measure pro-

tein levels and dissect the regulatory pathways which control glycosylation machinery

in relevant cell types will provide unparalleled insights into pathogenic and protective

mechanisms, such as those in dengue virus infection.

Initial experiments should pinpoint the cell types responsible for modulating Fc gly-

cosylation. Some groups have analyzed glycotransferase levels in B cells, but these are

precursors of antibody-secreting cells, whose phenotypes may be more relevant for these

studies. For example, IgG molecules in B cells are trafficked to the membrane, but it is

unknown whether BCR glycoforms are regulated, serve a physiologic role, or match their

secreted counterparts following differentiation. No studies to date have specifically in-

terrogated BCR glycan structure. In the work presented here, we demonstrate that our

nanobodies recognize afucosylated BCR in synthetic knockouts, opening the door for in-

vestigation of the complex genetics and cell types that may govern the nebulous processes
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of glycosylation. However, in our hands, staining human peripheral and germinal cen-

ter from primary patient samples has never revealed native afucosylated glycoforms in

the BCR. They may not exist. To follow-up, we plan to analyze IgG glycoforms in plas-

mablasts and long-lived plasma cells from human peripheral blood and bone marrow us-

ing both extra- and intracellular staining. These experiments are novel in their approach

and may define specific populations and contexts where the Fc glycan is modulated.

4.3 The IgG Fc’s contribution to B cell responses

The idea that Fc structure can determine Fab sequence is a fascinating prospect to those

interested in B cell biology. My thesis work focuses primarily on the structure of the Fc

glycan, which although buried in the core of the IgG molecule, has major consequences

for the integrity of the Fc domain. In Chapter 3, I detailed preliminary data from a

mouse model of endogenously expressed aglycosylated IgG1 BCR and serum antibod-

ies. Though baseline serum titers were agnostic to Fc glycosylation, IgG1N297AB cells were

less abundant in the germinal center following T-dependent immunization, less avid for

the immunogen, and less responsive to BCR stimuli. My initial conclusions from these

studies points to a potential defect in BCR clustering, which both impedes effective anti-

gen binding and amplification of downstream BCR signaling. This is partially supported

by a single study of in vitro signaling and BCR oligomerization in Fut8-/- IgG2a B cells,

but warrants further investigation151. Regardless, removal the Fc glycan is a major struc-

tural disruption, which is already known to abrogate binding with known IgG receptors.

Perhaps it also directly impacts signal transduction through IgG or pairing with signaling

adaptors.

FcγRIIb, the sole inhibitory FcγR on B cells is a known regulator of B cell responses.
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However, it is unclear in FcγRIIb-/- mice whether their high IgG titers are a result of

absent tonic signaling or authentic immune complex engagement. One could imagine

that because IgG exists in membrane and secreted forms, IgG-FcγRIIb interactions could

occur in cisor trans. Thus, the N297A mutation should relieve IgG1+B cells of inhibitory

cissignaling and all B cells of transsignaling through aglycosylated immune complexes. To

make the distinction between these two possibilities, I generated a mouse that can only

express Fc null IgG. This should eliminate transsignaling through immune complexes,

and when compared to IgG1N297Amice, will show its contribution.

In this study, I also generated a IgG1N297A-specific nanobody to track aglycosylated

IgG. Nanobody tetramers accurately distinguish IgG1N297AB cells and were applied to im-

munization experiments. As before, they demonstrated impaired GC responses in B cells

that class-switched to the N297A allele. As an interesting aside, some heterozygote mice

did not perfectly exclude one allele or the other, indicating they have productive heavy

change rearrangements on both alleles. This is demonstrated by the appearance of two

intermediate phenotypes, one skewed towards the wildtype allele and the other skewed

toward the N297A allele (Fig. 4.1). Because the V(D)J region of rearranged B cells is clonal,

this finding implies that a given V(D)J can pair both intra- and intrachromosomally. This

has been reported previously in mice at rates of 10-20%179. This reveals that although

the Fab participates in allelic exclusion, the Fc does not, and may confound studies of

heterozygote mice if these populations overlap, since B cell signaling will be driven by a

heterogeneously glycosylated pool of BCRs.

Future experiments with these genetic mouse models and tools include: quantifica-

tion of somatic hypermutation and affinity maturation by V(D)J sequencing, assessing

differentiation into memory B cells and plasma cells, proliferative capacity by nucleoside

analog pulsing, immunoprecipitation of membrane IgG to discover differential interact-
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Figure 4.1 | IgG1N297A/+B cells participate in interallelic class-switch recombination. (A)
Staining with biotin-streptavidin G2 tetramers confidently separates IgG1+/+ (black) and
IgG1N297A/N297A (purple) B cells, but IgG1+/N297A B cells belong to two intermediate pop-
ulations that are WT dominant (blue) or N297A dominant (green). Gates are drawn as in
Fig. X. (B) Histogram of groups shown in A demonstrating overlap of these intermediate
populations.

ing partners, super-resolution microscopy to visualize BCR clustering, and more.

4.4 Evaluating long term antibody treatment in preclinical

models

We addressed the issue of chronic administration of human antibodies by developing a

novel mouse model with tolerance for these agents. By combining this knock-in with

our previously published human FcγR model, we have created a system to extensively

assess the specific activity and effector function of human antibodies regardless of treat-

ment length or disease chronicity. Importantly, the hIgG1 heavy chain correctly pairs with

endogenous mouse kappa and lambda light chains, is adequately expressed in its mem-
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brane form on the surface of B cells, and endows these mice with tolerance for exogenous

human IgG. This newfound tolerance has major implications for the serum half-life of

exogenous antibodies, their ability to opsonize target cells, proteins, or virions, and to

perform essential effector functions via Fc-FcγR interactions. Fortunately, knock-in mice

avoid the strong mouse anti-human IgG1 Fc response shown in this study to develop as

early as two weeks after first treatment. Based on the kinetics of this response and the

coinciding decline in hIgG1 activity in models of chronic ITP and metastatic melanoma, it

is likely that mouse anti-hIgG1 antibodies directly interfere with antibody effector func-

tion. This may be especially true in the models tested, which rely extensively on Fc-FcγR

interactions. To our surprise, the 106aa human kappa light chain constant region was

not immunogenic to wild-type C57BL6/J mice, despite sharing only 60% sequence iden-

tity with its mouse homolog. Therefore, expression of hIgG1 Cγ1-3 appears sufficient to

confer tolerance to human IgG1.

Although there are previous reports of hIgG1 knock-ins, tolerance of exogenous hIgG1

has never been characterized180,181. Further, though some of these models combine ex-

pression of ligand (human IgG) with the full recapitulation of structure and function of

their cognate receptors (human FcγRs), they do so on mixed genetic backgrounds, thereby

making the present model a unique platform to precisely study human antibodies in mice

without confounding factors. This new model will best approximate disease contexts

where long-term treatment with human IgG treatment is necessary, such as relapsing and

remitting tumors, chronic autoimmune diseases, and chronic infections.

Although the current model presents considerable advantages over previous itera-

tions in terms of human IgG tolerance, it is not well-suited to answer questions about

the role of Fc-FcγR interactions in the development of human antibody responses. This

is due to species differences in isotype expression, B-cell receptor components, regula-
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tion of class-switch recombination, and a host of other genetic factors that govern these

responses. In addition, although the knock-in mice express endogenous hIgG1, it is at

levels lower than in humans, in which it is the dominant subclass. Here, hIgG1 is reg-

ulated similarly to mouse IgG2c, a less abundant subclass in mice. Further, in mice and

humans, endogenous serum IgG competes for receptor occupancy of the neonatal Fc re-

ceptor (FcRn), thereby setting the bounds for the half-life of antibodies, so expression of

the human FcRn would be required to accurately recapitulate half-life in humans. Other

improvements to the model include human versions of the Type II FcRs CD23 and DC-

SIGN.

In summary, we conclude that this novel mouse model is tolerant of human antibodies

and will be a useful tool for researchers who wish to study human antibody treatment and

pathology in the long term.

4.5 Final words

Nearly five decades after the Fc glycan first puzzled structural biologists, we now have a

high-resolution view into its heterogeneous composition, functional characteristics, and

overall impact on IgG function. Despite that, many questions remain unanswered. What

determines its structure and how is it regulated? What host or pathogenic factors instruct

B-lineage cells to produce certain Fc glycoforms? Are antibody-secreting cells imprinted

and/or do they have a memory of the glycoforms they produce? Can this memory be

recalled? Why do some antigens elicit certain Fc glycoform responses? Answers to these

questions will take time and likely require high fidelity reagents and models that will

help us understand how these processes occur in humans. In the future, they may help

us design more effective vaccines and therapies that elicit desired antibody effector func-
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tions.

Work on glycoform-specific nanobodies was particularly inspiring, because it proves

our capability to engineer molecules with exquisite specificity that target highly variable

motifs. I would hope that we can extend these findings to other important glycoproteins

that will aid the development of more targeted diagnostics, therapeutics, and research

tools.
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Chapter 5

METHODS

5.1 Methods for ‘Synthetic nanobodies as tools to distin-

guish IgG Fc glycoforms’

5.1.1 Expression and purification of IgG

Recombinant antibodies were generated using the Expi293 or Expi293 FUT8−/− sys-

tem (ThermoFisher) using previously described protocols171. Briefly, an equal ratio of

heavy and light chain plasmids was complexed with Expifectamine in OptiMEM and

added to Expi293 cells in culture at 3 x 106 cells/ml. Enhancer 1 and Enhancer 2 were

added 20 hours after transfection. After 6 days, recombinant IgG antibodies were puri-

fied from cell-free supernatants by affinity purification using protein G sepharose beads

(GE Healthcare), dialyzed in PBS, filter-sterilized (0.22 µm), concentrated with 100 kDa

MWCO spin concentrator (Millipore), purified with Superdex 200 Increase 10/300 GL
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(GE Healthcare), and finally assessed by SDS–PAGE followed by SafeBlue staining (Ther-

moFisher). All antibody preparations were more than 95% pure and endotoxin levels

were less than 0.05 EU mg−1, as measured by the limulus amebocyte lysate assay. Puri-

fied IgG was fluorescently labeled with Alexa647-NHS or FITC-NHS (ThermoFisher) at a

15-fold molar excess for 1 hour at room temperature, and double-dialyzed into PBS.

5.1.2 Chemoenzymatic glycoengineering of IgG

LC-ESI-MS analysis of the Fc domains released by IdeS treatment of rituximab derivatives

LC-ESI-MS analysis was performed with Exactive Plus Orbitrap Mass Spectrometer

(Thermo Scientific) equipped with an Agilent Poroshell 300SB C8 column (5 µm, 1.0×75

mm) with a gradient elution of 2535% aq MeCN containing 0.1% FA for 6 min, 0.4

mL/min. Mass spectra were deconvoluted using MagTran (ver 1.03 b2).

Preparation of (Fucα1,6)GlcNAc-rituximab with immobilized Endo-S2 WT.

Commercial rituximab (22.0 mg, 100 mg/mL, RefDrug Inc.) was incubated with

immobilized (on agarose resin) wild-type Endo-S2 (200:1, wt/wt) at 37 ◦C with gen-

tle shaking for 6 h, when LC-ESI-MS analyses indicated complete cleavage of the N-

glycans on the Fc. The resin was centrifuged, and the deglycosylated antibody was

purified by protein A chromatography, exchanged to Tris buffer (100 mM, pH 7.2) to

yield (Fucα1,6)GlcNAc-rituximab (20.3 mg, 94%). ESI-MS: calcd for IdeS treated Fc of

(Fucα1,6)GlcNAc-rituximab, M = 24,104 Da; found (m/z), 24,102 Da (deconvolution

data).

Preparation of GlcNAc-rituximab with immobilized Endo-S2 WT and AlfC a-fucosidase in a

one-pot manner.
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To generate GlcNAc-rituximab, commercial rituximab (RefDrug Inc., 18.0 mg, 100

mg/mL) was incubated with immobilized wild-type Endo-S2 following the procedure

above. After the Fc glycan was completely removed, α-fucosidase AlfC from Lactobacil-

lus casei (50:1, wt/wt) was added to the mixture and incubated at 37 ◦C for 16 h, when

LC-MS analyses indicated complete cleavage of the core fucose on the Fc. The resin was

centrifuged down, and the antibody was isolated by purified by protein A chromatogra-

phy, exchanged to Tris buffer (100 mM, pH 7.2) to yield GlcNAc-rituximab (15.2 mg, 86%).

ESI-MS: calcd for IdeS treated Fc of GlcNAc-rituximab, M = 23,958 Da; found (m/z),

23,956 Da (deconvolution data).

Enzymatic Transglycosylation of (Fucα1,6)GlcNAc-rituximab or GlcNAc-rituximab to Gen-

erate rituximab Glycoforms.

A solution of (Fucα1,6)GlcNAc-rituximab (9.0 mg) or GlcNAc-rituximab (9.0 mg) in

a Tris buffer (100 mM, pH 7.2, final antibody concentration 15 mg/mL) and G2-glycan

oxazoline (30 eq) was incubated with Endo-S2 D184M mutant (0.05 mg/mL) at 30 ◦C for

15 min. LC-MS analyses indicated the complete transglycosylation. The mixture was

purified by protein A chromatography, exchanged to PBS buffer (100 mM, pH 7.4) to

yield G2F-rituximab (8.1 mg, 88%) or G2-rituximab (8.3 mg, 90%). ESI-MS: calcd for IdeS

treated Fc of G2F-rituximab, M = 25,523 Da; found (m/z), 25,522 Da (deconvolution data);

calcd for IdeS treated Fc of G2-rituximab, M = 25,377 Da; found (m/z), 25,376 Da (decon-

volution data). The homogeneity of glycoengineered rituximab was further confirmed

by fluorescence labeling of released N-glycans with 2-AA, compared to the heterogeneity

of glycans for native rituximab. The identity of the 2-AA labeled released glycans were

confirmed by MALDI-TOF-MS analysis.

2-AA glycan labeling and release.
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For 2-AA glycan labeling, the Fc N-glycans were released from rituximab by PNGase

F treatment and were subsequently labeled by reductive amination with a-aminobenzoic

acid, following the manufacturer’s protocol (Sigma-Aldrich GlycoProfileTM 2-AA La-

beling Kit). Analytical RP-HPLC was performed on a Thermo ScientificTM VanquishTM

UHPLC system equipped with a fluorescence detector F (excitation, 320 nm; emission, 420

nm). Separations were performed using a C18 column (Thermo Scientific AccucoreTM,

3 × 150 mm, 2.6 m) at a flow rate of 0.6 mL/min using a linear gradient of 0-15% MeCN

containing 0.1% TFA over 30 min at 30◦C. Fluorescent HPLC analysis and quantification

indicated that the Fc N-glycans from commercial rituximab consisted of three forms, G2F,

G1F, and G0F, which were present in the ratios of 9.3 : 47.7 : 43.0. The glycoengineered

rituximab glycoforms G2F and G2 showed a single homogeneous N-glycan (G2F and G2

respectively), without detection of other N-glycans.

5.1.3 Identification of IgG Fc glycoform specific nanobodies

We used a previously published yeast surface display library (¿5x108 variants) that re-

capitulates the native llama VHH repertoire126. The library displays an HA-tagged

nanobody at the terminus of a synthetic stalk sequence, whose expression is controlled

by an inducible Gal promoter. In the presence of galactose, 12-18% of the naı̈ve library

typically expresses the nanobody protein.

For round 1, 5x109 yeast (10x expected diversity) were induced for 48 hours in YEP-

galactose tryptophan dropout (-Trp) medium, and washed in staining buffer (20 mM

HEPES, pH 7.5, 150 mM sodium chloride, 0.1% (w/v) bovine serum albumin). For neg-

ative selection, yeast were resuspended in 5 mL of staining buffer containing 500 nM

rituximab-G2F-Alexa647. Yeast were incubated for 1 hour at 4◦C, washed in cold staining
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buffer, and resuspended in 4.5 mL of staining buffer with 500µLanti-Alexa647 microbeads

(Miltenyi). Yeast were incubated with microbeads for 20 minutes at 4◦C, washed in cold

staining buffer, and depleted of G2F-binders on a MACS LS column (Miltenyi). For pos-

itive selection, yeast were resuspended in 5 mL staining buffer with 500 nM rituximab-

G2-FITC or rituximab-S2G2F-FITC. Yeast were incubated for 1 hour at 4◦C, washed in

cold staining buffer, and resuspended in 4.5 mL of staining buffer with 500µLanti-FITC

microbeads. Yeast were incubated with microbeads for 20 minutes at 4◦C, washed in

cold staining buffer, and G2- or S2G2F-binders were captured on a MACS LS column and

recovered in YEP-glucose (-Trp) medium.

For round 2 of selection, 1.5x108 induced yeast, the procedure outlined in round 1 was

performed with the fluorophores swapped (i.e. rituximab-G2F-FITC and rituximab-G2-

Alexa647 or rituximab-S2G2F-Alexa647). For rounds 3-5, fluorescence-activated cell sort-

ing (FACS) was used in place of MACS. For round 3, 1.5x107 induced yeast was stained

with 500 nM rituximab-G2F-Alexa647 and 250 nM rituximab-G2-FITC or rituximab-

S2G2F-FITC. FITC+Alexa647- clones were sorted into YEP-glucose (-Trp) and expanded.

For round 4, 1.5x107 induced yeast was stained with 500 nM rituximab-G2F-FITC and

250 nM rituximab-G2-Alexa647 or 250 nM rituximab-S2G2F-Alexa647. FITC-Alexa647+

clones were sorted into YEP-glucose (-Trp) and expanded. For round 5, 1.5x107 induced

yeast was stained with 500 nM rituximab-G2F-Alexa647 and 100 nM rituximab-G2-FITC

or 100 nM rituximab-S2G2F-FITC. FITC+Alexa647- clones were sorted into YEP-glucose

(-Trp) and expanded.

8x106 yeast were spun down and resuspended in 30µL0.2% sodium dodecyl sulfate

(v/v) and heated at 94◦C for 4 minutes to lyse yeast. Yeast were spun down at 10000 x g

and 1µL of supernatant was used as template for a PCR reaction using [primer3, primer4].

Next-generation sequencing of post-round 5 nanobody sequences was performed by a
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MiSeq Nano (Illumina) with 10% PhiX to yield dominant clones (G2: C11 and D3) and

(S2G2F: H9 and C5).

5.1.4 Expression and purification of nanobodies

Nanobodies were expressed and purified similarly to previously reported meth-

ods126,130,182. Nanobody sequences were amplified with [primer 5, primer 6] and cloned

into pET26-b(+) expression vector with His tag and AviTag using Gibson Assembly

(NEB), and transformed into BL21(DE3) E. coli (NEB). Nanobody multimers were gen-

erated using multi-part Gibson Assembly with unique linker regions to preserve correct

orientation. Bacteria were grown in terrific broth at 37◦C overnight, and the next day a

1:100 culture was grown until an OD of 0.7-0.9, when 1 mM IPTG was added. After 20-24

hours of shaking at 25◦C, E. coli were pelleted and resuspended in SET buffer (200 mM

Tris, pH 8.0, 500 mM sucrose, 0.5 mM EDTA, 1X cOmplete protease inhibitor (Sigma))

and rocked for 30 minutes at room temperature, followed by the addition of 2x volume

of deionized water and 45 minutes more rocking. NaCl was added to 150 mM, MgCl2

to 2 mM, and imidazole to 20 mM before pelleting cell debris at 17,000 x g for 20 min-

utes. The periplasmic fraction was filtered with a 0.22 um filter and incubated with 4 mL

50% Ni-NTA resin equilibrated in wash buffer (20 mM HEPES, pH 7.5, 150 mM NaCl,

40 mM imidazole) (Qiagen) per liter of initial bacterial culture. Supernatant and resin

was rocked for 1 hour at room temperature, and then pelleted at 50 x g for 1 minute.

Resin was washed on column with 10 volumes of wash buffer before elution with elution

buffer (20 mM HEPES, pH 7.5, 150 mM NaCl, 250 mM imidazole). Eluted protein was

concentrated with 3 kDa MWCO filters (Amicon) before size-exclusion chromatography

(GE Healthcare). Proteins were stable at 4◦C.
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For tetramerization, nanobody monomers were biotinylated in vitro with BirA (Avid-

ity) for 1 hour at room temperature according to manufacturer’s directions, double de-

salted using Zeba Spin Desalting columns 7K MWCO (ThermoFisher), and purified by

size-exclusion chromatography. For in vivo biotinylation, CVB-T7 POL E. coli (Avidity)

were used to express nanobodies, and at the time of induction, 50 µM of D-biotin was

added to the culture. Streptavidin conjugates were complexed in a 1:4 ratio with biotiny-

lated monomers by adding 1/4th volume of conjugate every 10 minutes for a total of 40

minutes.

For nanobody-Fc fusions, nanobody sequences were directly fused to human IgG1

Fc residues 216-447. Importantly, Asn 297 was mutated to alanine to prevent nanobody

binding. These constructs were expressed and purified in the same manner as antibodies

(see ‘Expression and purification of IgG’).

5.1.5 Surface Plasmon Resonance (SPR)

SPR was performed on a Biacore T200 machine (Cytiva Life Sciences). In some experi-

ments, purified IgG glycoforms diluted in HBS-EP+ were immobilized on the surface of

a Protein A or Protein G CM5 sensor chip at 1000 RU ( 50 nM). Purified nanobodies were

flowed over IgG-bound sensor chips at the indicated concentrations at 30 µL/minute for

60 seconds, followed by 600 seconds of dissociation. Sensor chips were regenerated with

10 mM Glycine-HCl pH 1.5.

In other experiments, purified His-tagged nanobodies were immobilized on the Ni2+-

activated surface of NTA sensor chips at 500 RU (50 nM). Purified IgG was flowed over

nanobody-bound sensor chips at the indicated concentrations at 30 µL/minute for 60 sec-

onds, followed by 600 seconds of dissociation. Sensor chips were regenerated with 350
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mM EDTA.

All kinetic constants were calculated using GraphPad Prism v9. For nanobody

monomer binding, sensorgrams were fit using a 1:1 Langmuir binding model and kinetic

constants reported. For tetramer binding, the association phase was fit separately using

an association kinetics model simultaneously fitting the association rate constant for each

concentration. The dissociation phase was fit to a biexponential decay model with two

dissociation rate constants (one fast, one slow) shared between each concentration.

For epitope mapping experiments, rituximab G2 diluted in HBS-EP+ was immobi-

lized on the surface of a Protein A or Protein G CM5 sensor chip at 1000 RU ( 50 nM).

Purified B7 or FcγRIIIA was injected at 10s at 30 µL/minute for 100 seconds to achieve

saturation. Immediately after, a mixture of purified B7 and FcγRIIIA at the same concen-

tration as in the primary injection was injected at 30 µL/minute for 100 seconds, followed

by dissociation.

5.1.6 Affinity maturation of C11

Using degenerate NNK oligos, assembly PCR was used to generate a site saturation mu-

tagenesis library of C11, where one codon in each CDR was mutated at a time, for a total

of 0-3 amino acid CDR mutations per nanobody clone. The pooled assembly PCR reac-

tion was amplified so that its ends overlapped with the surface display vector used in

the initial rounds of selection. Vector and insert DNA was electroporated into Saccha-

romyces cerevisiae strain BJ5465 (ATCC 208289) to generate a library of 1.4x107 transfor-

mants, which were plated on YEP-glucose (-Trp) agar. Plates were scraped and 1.4x108

induced in YEP-galactose (-Trp) for 48 hours. For round 1, yeast were washed in stain-

ing buffer and co-stained with 125 nM rituximab-G2F-FITC and 2.5 nM rituximab-G2-
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Alexa647 (50-fold excess G2F). FITC-Alexa647+ clones were sorted into YEP-glucose (-

Trp), expanded, and induced for round 2. Clones were induced, and co-stained with

37.5 nM rituximab-G2F-Alexa647 and 750 pM rituximab-G2-FITC (50-fold excess G2F).

FITC+Alexa647+ clones were sorted and plated onto YEP-glucose (-Trp) agar. 288 individ-

ual clones were induced in duplicate 96-well plates and stained with 200 pM rituximab-

G2-A647 or 10 nM rituximab-G2F-A647. Highly selective clones were selected and se-

quenced for further experiments.

5.1.7 Nanobody ELISA

For some experiments, half-well 96-well plates were coated with 30µLof 10 µl/mL mouse

anti-IgG1 (ThermoFisher) overnight. Plates were washed with PBST (0.05% Tween-20)

3 times, blocked with 2% BSA in PBS for 1 hour at room temperature, washed, in-

cubated with recombinant IgG, purified patient IgG, or patient serum, washed, incu-

bated with nanobody-streptavidin-HRP conjugates (1:1000, Biolegend), washed, devel-

oped with TMB substrate, quenched with 1M phosphoric acid, and read at 450 nm on a

spectrophotometer.

For other experiments, half-well 96-well plates were coated with 30µLof 10 µl/mL

nanobody overnight. Plates were washed with PBST (0.05% Tween-20) 3 times, blocked

with 2% BSA in PBS for 1 hour at room temperature, washed, incubated with recombinant

IgG, purified patient IgG, or patient serum, washed, incubated with anti-human IgG-HRP

conjugates (1:5000, JacksonImmunoResearch), washed, developed with TMB substrate,

quenched with 1M phosphoric acid, and read at 450 nm on a spectrophotometer.
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5.1.8 Nanobody Luminex

Magplex microspheres (region 45) were conjugated to mouse anti-human IgG1 (Ther-

moFisher) using xMAP Ab Coupling kit, per manufacturer’s instructions, and blocked

with 1% BSA in PBS overnight. 50µLmicrospheres and 50µLof diluted recombinant IgG,

purified patient IgG, or patient serum were shaken at 500 rpm in a 96-well plate for 1

hour. Microspheres were washed 3 times with 1% BSA in PBS and shaken with nanobody-

streptavidin-PE conjugates for 30 minutes. Microspheres were washed and median fluo-

rescent intensities calculated using Luminex 200 Instrument System (ThermoFisher).

For other experiments, Magplex microspheres (region 45) were conjugated to S2G2F-

specific clone H9 (10 µg/106 beads), per manufacturer’s instructions, and blocked with

1% BSA overnight. 50µLmicrospheres and 50µLof diluted recombinant IgG was shaken

at 500 rpm in a 96-well plate for 1 hour. Microspheres were washed 3 times with 1%

BSA in PBS and shaken with R-PE-conjugated Fab¬2 goat anti-human IgG Fc (Jackson

Immunoresearch) for 30 minutes. Microspheres were washed and median fluorescent

intensities calculated using Luminex 200 Instrument System (ThermoFisher).

5.1.9 ELISA-based FcγR binding assay

Recombinant FcγR ectodomains were expressed in Expi-293F and purified with Ni-NTA

resin as in previously described protocols171. High-binding 96-well microtiter plates

(Nunc) were incubated with 10µl/mL of recombinant FcγRI or FcγRIIIA(V) overnight

at 4◦C. Plates were then blocked with PBS plus 2% (w/v) BSA. IgG immune complexes

were prepared by incubation of an anti-NP (4-hydroxy-3-nitrophenylacetyl) antibody

3B62 with NP-BSA (27 conjugation) at a 10:1 molar ratio for 1h at 4◦C. Nanobodies were

serially diluted 1:3 in PBS, with a starting concentration of 19.2nM. IgG immune com-
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plexes or monomeric 3B62 were brought to concentration of 20 ug ml-1 or 2 ug ml-

1 respectively and pre-complexed at a 1:1 (v/v) ratio for 1h at room temperature and

then captured on FcγR-coated plates. Following 1h incubation, bound IgG was de-

tected using a 1:5000 dilution of horseradish peroxidase (HRP)-conjugated goat F(ab’)2

anti-human IgG (H+L) (Jackson Immunoresearch). Plates were developed with TMB

(3,3’,5,5’-tetramethylbenzidine) two-component peroxidase substrate kit. Reactions were

quenched with 1M phosphoric acid. Absorbance at 450 nm was recorded using a Spec-

traMax Plus spectrophotometer (Molecular Devices). Background absorbance was sub-

tracted for samples and % maximum binding was determined against an IgG or immune

complex only control.

5.1.10 IgG Fc glycan and IgG subclass analysis

The subclass distribution and Fc glycan composition of IgGs was determined by mass

spectrometry at the Institute of Biotechnology of the Cornell University, as described pre-

viously68,73. Briefly, IgGs were purified from plasma or serum samples by protein G pu-

rification and dialyzed against PBS. Assay reproducibility was determined by assessing

the Fc glycan profile from three subjects in two independent experiments. Research per-

sonnel involved in Fc glycan analysis had no access to clinical information and character-

istics of the patient samples.

5.1.11 Glycan Array

N-glycan arrays (Z-Biotech) were used according to manufacturer instructions. Briefly,

slides were blocked with Glycan Array Blocking Buffer for an hour on shaker at 85 rpm.
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After an hour, blocking buffer was removed and 200µLof B7 (0.5 mg/mL or 0.05 mg/mL)

or biotinylated-AAL (10 µl/mL) was added. Slides were incubated for 2 hours shaking at

200 rpm and then washed three times with Wash Buffer (50mM Tris-HCl, 137 mM NaCl,

0.05% Tween 20, pH 7.6). 200 µl of 1 µg/mL of Streptavidin-Cy3 (Vector labs) was added

for 1 hour shaking at 85 rpm. Slides were washed three times with Wash Buffer, dried,

and then scanned with a Typhoon FLA-9500 (GE Healthcare).

5.1.12 Immunoprecipitation

Streptavidin-coated Dynabeads (ThermoFisher) were incubated with 5:1 molar excess bi-

otinylated nanobody for 1 hour at room temperature, then washed 3 times with PBS.

Dynabeads were incubated with serum, or IgG-depleted serum for 1 hour, after which

they were washed 3 times with PBS. Beads were boiled for 5 minutes at 95◦C in SDS

loading buffer, and loaded onto a 4-12% Bis-Tris protein gel for analysis.

5.1.13 Generation of FUT8 Knockout Expi-293F and DB cell lines

CRISPR–Cas9 guide RNAs targeting human FUT8 were assembled with Cas9-3NLS nu-

clease (Synthego) via incubation at 37◦C for 15 min. Cas9/RNP complexes were nucle-

ofected into 2 x 106 cells using the SF Cell Line 4D-Nucleofector kit according to manu-

facturer’s instructions (Lonza). After a week of culture, indel frequencies were quanti-

fied using TIDE software as described previously183. Sequence for the single-guide RNA

(sgRNA) molecule used is as follows: ACAGCCAAGGGTAAATATGG.
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5.1.14 B cell depletion model

All in vivo experiments were performed in compliance with federal laws and institutional

guidelines and have been approved by the Rockefeller University Institutional Animal

Care and Use Committee. Mice were bred and maintained at the Comparative Bioscience

Center at the Rockefeller University. For all experiments, huCD20 transgenic mice on a

FcγR-humanized background129 (males and females; 8-12 weeks old) were administered

0.5 mg/kg rituximab G2 (anti-huCD20) to deplete B cells. For nanobody prophylaxis,

nanobody-Fc fusion proteins were administered (2.5 mg/kg) together with rituximab.

For nanobody treatment nanobody-Fc fusion proteins were administered (2.5 mg/kg) 2

hours after rituximab. Mice were bled on Day 0, 1, and 2 for analysis. Whole blood was

lysed (RBC lysis buffer; Biolegend) for 5 minutes at room temperature, and resuspended

in FACS buffer (PBS containing 1% w/v BSA and 2 mM EDTA). Cells were labeled with

fluorescently-conjugated antibodies anti-CD45 (PE-Cy7) and anti-huCD20 (APC), as well

as 7-AAD viability dye (ThermoFisher). Samples were collected on an Attune NxT (Ther-

moFisher) and B cell frequencies (B220 in CD45+) were calculated using FlowJo (v10.6).

5.1.15 Surface BCR analysis

The B lymphoblast cell line, DB (ATCC), was utilized for evaluating nanobody binding to

surface BCR. Cells were stained in FACS buffer and labeled with fluorescently-conjugated

anti-hIgG Fc (BV421) at 1:200 (Biolegend), B7-tetramer (PE) at 1 µg/ml, as well as 7-AAD

viability dye (ThermoFisher) at 1:1000. For analysis of primary human B cells, buffy coats

were obtained from the New York Blood Center. Samples were diluted in RPMI-1640, and

peripheral blood mononuclear cells separated by Ficoll gradient centrifugation. Class-

switched B cells were enriched by MACS using a class-switched memory B cell enrich-
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ment kit (Miltenyi). B cells with cultured for 24 hours in B cell media (RPMI-1640 sup-

plemented with 10% fetal bovine serum, 55 µM β-mercaptoethanol, 2 mM L-glutamine,

1 mM sodium pyruvate, penicillin/streptomycin (1x), 10 mM HEPES, and 2 µg/ml anti-

RP105 (clone MHR73-11, Biolegend). CRISPR–Cas9 guide RNAs targeting human FUT8

were assembled with Cas9-3NLS nuclease (Synthego) via incubation at 37◦C for 15 min.

Cas9/RNP complexes were nucleofected into 1 x 106 cells using the P3 Primary Cell 4D-

Nucleofector kit and program EH-140 (Lonza). After 48 hours, indel frequencies were

quantified using TIDE software as described previously. Sequence for the single-guide

RNA (sgRNA) molecule used is as follows: ACAGCCAAGGGTAAATATGG (PAM se-

quence in bold). Cells were stained as described for the DB cell line. Samples were col-

lected on an Attune NxT and data was analyzed with FlowJo.

5.1.16 Patient samples

For serum or purified IgG in Fig. X, samples were obtained from a previously described

patient cohort of convalescent COVID-19 patients148. For dengue virus infected patients

in Fig. X, purified IgG from a previously published dengue virus infected cohort was

used73. All samples were de-identified and obtained under approval from the Rockefeller

University Institutional Review Board.

Sera from adult patients (≥21 years old) with COVID-19, presenting to the Emergency

Room of Weiler Hospital, the Einstein Campus of Montefiore Medical Center (MMC)

in the Bronx, New York, were collected between September 2020 and May 2021. In-

clusion criteria were signs and symptoms associated with COVID-19, documented new

SARS-CoV-2 infection, diagnosed by real-time reverse transcription PCR (RT-PCR) of na-

sopharyngeal secretions (obtained via deep nasopharyngeal swabs), and admission to the
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hospital. Exclusion criteria were age < 21, history of prior SARS-CoV-2 infection, or no

COVID-19 associated symptoms. Patients were categorized by WHO score149.

Hospitalized patients were grouped into those with moderate disease but not requir-

ing supplemental oxygen therapy (WHO score 4; n = 13) and those with moderate - se-

vere disease (WHO scores 5 – 9; n = 18) requiring supplemental oxygen by nasal canular

(WHO 5), high flow, Bilevel Positive Airway Pressure (BiPAP), and/or mechanical venti-

lation (WHO 6 – 9). There were no significant differences in demographics between the

groups. Patients with WHO score 4 had a mean age of 64 ± 15 years and 8/13 (61.5%)

were male; patients with WHO score 5 – 9 had a mean age of 66 ± 12 years and 9/18

(50%) were male. Left over sera (from clinical lab evaluations), stored at 4◦C in the clini-

cal hematology lab for 24-48 hours, were collected, coded without identifiers, aliquoted,

and stored at -80◦C on the day obtained until tested. The study was approved by the

Albert Einstein College of Medicine and MMC Institutional Review Board.

5.1.17 Statistics

An unpaired two-tailed t test was used when comparing two groups. One-way ANOVA

with Bonferroni’s post hoc test was used when comparing more than two groups. Graph-

Pad Prism software (v9.1) was used for all statistical analysis. P values of ≤0.05 were

considered statistically significant.
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5.2 Methods for ’The role of the IgG Fc glycan in develop-

ing antibody responses’

5.2.1 Generation of IgG1N297A mice

IgG1N297A mice were generated in C57BL/6 zygotes by following standard easiCRISPR

protocols184. Briefly, zygotes were injected with sgRNA targeting Exon 3 of IGHG1 and

single-stranded repair template coding for the N297A mutation, a NheI cut-site, and a

silent protospacer adjacent motif (PAM) mutation to prevent Cas9 recutting. sgRNA se-

quence was CACAGCTCAGACGAAACCCCGGG, with PAM sequence in bold. Repair

template contained 88 bp 5’ and 3’ homology arms. Mice were backcrossed to C57BL/6

and littermates were used as controls in all experiments. Genotyping was performed

using primers P f w and Prev (Table 3) and restriction digest with NheI.

To generate the IgG1N297A; IgG2b−/−; IgG2c−/− mouse, a similar strategy was used, but

sgRNA targeting the Ighg2b Ighg2c were included in the micro-injection solution. sgRNA

sequence was TCAGACACAAACCCATAGAGAGG, with PAM sequence in bold. Mice

were screened for the IgG1N297A allele as described above, and Exon 3 of Ighg2b Ighg2c

amplified by PCR and sequenced for indels. In 1/32 pups, the Igh locus was determined

to be IgG1N297A/N297A;IgG2b+/−; IgG2c+/−. Mice were backcrossed to C57BL/6 and homozy-

gotes for the Fc null allele were sequenced and IgG subclass titers measured by ELISA.
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5.2.2 Generation of the hIgG1 knock-in mouse

The Ighg2c targeting construct was generated by joining a 1 kb 5’ homology arm up-

stream of the mouse Ighg2c Cγ1 region, human IGHG1 Cγ1-Cγ3, and a 1.2 kb 3’ homology

arm downstream of the mouse Ighg2c Cγ3 region. Homology arms were generated by

PCR amplification (Pfu Turbo DNA Polymerase, Agilent Technologies) from C57BL/6 ge-

nomic DNA, and human IGHG1 Cγ1-Cγ3 from PCR amplification of from a DNA library

isolated from human blood (BAC clone RCPI-11-417P24, CHORI). These fragments were

placed within the pBluescript II SK+ cloning vector (Agilent Technologies). In between

the IGHG1 Cγ3 and mouse 3’ homology arm, a FRT-LoxP-Neo cassette was inserted.

The two gRNAs CAGTCCACAGCAATTTCGGCAGG and CAAGAACACCG-

CAACAGTCCTGG (PAMs in bold) were used to guide the Cas9D10A (nickase), along

with the targeting construct, into C57BL/6 embryonic stem (ES) cells. Transfection and

subsequent neomycin selection of targeted ES cell clones were performed by the Rocke-

feller University Gene Targeting Facility.

The first round of screening ES cell clones by PCR for both the 5’ and 3’ regions of

hIgG1 sequence identified positive events that were confirmed by southern blot analysis

of XbaI-digested genomic DNA. A probe that hybridized outside of the targeting vector

identified a 3.9 kb band, indicating the presence of a successfully targeted allele, while a

7.0 kb band identified the wild-type Ighg2c allele. Positive clones were selected and micro-

injected into C57BL/6 mouse blastocysts and implanted into surrogate mice. Pups born

were screened for presence of the targeted allele and crossed to mice expressing FLPase

for removal of the FRT-flanked Neomycin cassette.
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5.2.3 Flow cytometry

Single-cell suspensions of mouse peripheral blood, popliteal lymph nodes (pLNs) or

splenocytes were obtained by mechanical homogenization and 70µm filtration, red blood

cells lysed for 5 min at room temperature with RBC Lysis Buffer (Biolegend), resuspended

in PBS containing 0.5% (w/v) BSA and 2 mM EDTA (FACS buffer), and labeled with the

following antibodies (all used at 1:200 dilution unless otherwise stated): anti-B220-(clone

RA3-6B2), anti-NK1.1-(clone PK136), anti-Gr-1-(clone RB6-8C5), anti-F4/80, anti-CD3-

(clone 17A2), anti-CD11b-(clone M1/70), anti-human FcγRIIa (clone IV.3) (5 µg ml−1), anti-

human FcγRIIb (clone 2B6) (5 µg ml−1), anti-human FcγRIIIa/b (clone 3G8) (5 µg ml−1),

anti-human FcγRI (clone 10.1) (5 µg ml−1), anti-TCRβ (clone H57-597), anti-IgD (clone

11-26c.2a), anti-mouse IgG1 (clone RMG1-1), anti-mouse Fas (clone Jo2 at 1:800), anti-

mouse CD138 (clone 281-2 at 1:400), anti-mouse CD38 (clone 90), NP-PE (5 µg/ml), anti-

mouse IgG3 (clone R40-82), anti-mouse IgG2a/b (clone R2-40), anti-human IgG1 (clone

M1310G05), and anti-mouse phospho-CD79α (Y182) (clone D1B0). For FcγR staining, iso-

type staining was performed with mouse IgG1 isotype control (5 µg ml−1), mouse IgG2b

kappa isotype control (5 µg ml−1), mouse IgG1 kappa isotype control (5 µg ml−1), mouse

IgG1 kappa isotype control (5 µg ml−1). Viability was determined by 7-AAD staining

(1 µg ml−1, ThermoFisher) or Fixable Aqua Live/Dead stain (ThermoFisher). Data was

collected using an Attune NxT flow cytometer (ThermoFisher) and data were analyzed

using FlowJo (v10.8) software.

5.2.4 ELISA

For baseline IgG titers, diluted sera were added to ELISA plates (Nunc) coated with

goat anti-mouse κ light chain and/or goat anti-mouse λ light chain antibodies (1 µg ml-
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1 each, Bethyl Laboratories), and plates were developed with species/isotype-specific

horseradish peroxidase (HRP)-conjugated antibodies: goat anti-mouse IgM, goat anti-

mouse IgG1, goat anti-mouse IgG2b, goat anti-mouse IgG2c, goat anti-mouse IgG3, or

goat anti-human IgG (all from JacksonImmunoResearch). Detection was performed us-

ing a TMB Peroxidase Substrate Kit (SeraCare) and reactions stopped with the addition

of 0.16 M phosphoric acid. Absorbance was measured at 450 nm using a SpectraMax

Plus spectrophotometer (Molecular Devices). Background absorbance of negative con-

trols was subtracted from experimental samples and duplicate wells were then averaged.

Serum TNP- and NP-specific IgG levels were quantified by ELISA. Sera were diluted

and added to ELISA plates coated with TNP-BSA or NP-BSA (10 µg/mL, Biosearch Tech-

nologies), and plates were developed with the same secondary antibodies listed above.

5.2.5 Immunizations

IgG1N297A mice were immunized subcutaneously (s.c.) in the hind footpad with 10 µg

NP-OVA adjuvanted with alhydrogel (InVivoMab) at a 2:1 ratio in a total volume of 20

µL.

hIgG1 knock-in mice were immunized intraperitoneally (i.p.) with TNP-LPS (50 µg;

Biosearch Technologies) in 200 µL of PBS or NP-OVA (50 µg; Biosearch Technologies) in

200 µL of Alum (Thermo Scientific). Some mice were boosted i.p. with 50 µg of NP-OVA

in 200 µL of PBS 21 days after primary immunization.
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5.2.6 Antibody engineering and production

The Expi293F expression system was used to generate antibodies. Briefly, Expi293F cells

were maintained in Expi293 Expression Medium (Thermo Fisher Scientific), and trans-

fected with heavy-chain and light-chain constructs using an ExpiFectamine 293 Transfec-

tion Kit (Thermo Fisher Scientific). The Fc engineered GAALIE variant was generated

by site-directed mutagenesis using specific primers, as previously described18. Five days

after transfection, supernatants were collected, centrifuged, and sterile-filtered (0.22 µm).

Clarified supernatants were incubated with constant agitation with Protein G Sepharose

4 Fast Flow (GE Healthcare) at 4◦C overnight. The next day Protein G beads were washed

with PBS, bound antibodies were eluted using IgG elution buffer (Thermo Fisher Scien-

tific), dialyzed (MWCO 100,000 kDa) in PBS, and sterile-filtered again. Purity was as-

sessed by SDS–PAGE followed by SafeStain blue staining (ThermoFisher), as well as by

size exclusion chromatography (SEC) using a Superdex 200 Increase 10/300GL column

(GE Healthcare) on an Äkta Pure 25 HPLC system (data analysed using Unicorn v.6.3

software).

5.2.7 Ex vivo B cell stimulation

Spleens from mice of the indicated genotypes were harvested, homogenized, filtered

through a 70 µm strainer, red blood cells lysed for 5 min at room temperature with RBC

Lysis Buffer, and resuspended in MACS buffer (PBS + 0.5% (w/v) BSA + 2 mM EDTA).

CD43+ cells were depleted using CD43 MACS beads (Miltenyi) and the flow through col-

lected. After washing in MACS buffer, cells were cultured in RPMI-1640 supplemented

with 10% fetal bovine serum (FBS), 20 ng/mL recombinant mouse interleukin-4 and 50

µg/mL lipopolysaccharide for 5 days at 37◦C to class-switch B cells to the IgG1 isotype.
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Cells were analyzed for class-switching by flow cytometry using procedures outlined

above.

Cells were washed with ice-cold PBS twice and then incubated for 20 min in 50 µL

Fixable Aqua stain (ThermoFisher) diluted in PBS. Cells were washed and seeded in a

round-bottom 96-well plate (Nunc) at a density of 105 cells/well in 50 µL of RPMI-1640 +

2% FBS. Cells were kept on ice at all times, besides during stimulation. For stimulation, 50

µL of anti-mouse IgG1 F(ab’)2 diluted in media at 2x the concentrations indicated in Fig-

ure 3.4 and plates were placed in a shallow 37◦C water bath for 5 minutes. For fixation, 100

µL of fixation buffer (eBioscience FoxP3/Transcription Factor Fixation and Permeabiliza-

tion Buffer : diluent in a 1:1 ratio, ThermoFisher) was added to each well and incubated

for 10 min in the water bath. Cells were then washed with eBioscience Wash Buffer (Ther-

moFisher) before fluorescent staining. Cells were stained intracellularly/extracellularly

simultaneously with anti-B220, anti-IgD, anti-IgG1, anti-pCD79α (clones indicated in sec-

tion above) and analyzed on FlowJo (v10.8).

5.2.8 Tolerance studies

To study tolerance to human IgG1 antibodies, 100 µg of 3BNC117 (anti-HIV gp120)-hIgG1,

2B8 (anti-CD20)-hIgG1, 2B8-hIgG2, 2B8-hIgG3, or 2B8-hIgG4 were administered i.p. ac-

cording to the schedule indicated in Figure 3.11. Serum was collected at the timepoints in-

dicated. To detect serum 3BNC117 levels, diluted sera were added to ELISA plates coated

with recombinant gp120 (2 µg ml-1, Sino Biological), and detected with HRP-conjugated

goat anti-human IgG (JacksonImmunoResearch). OD450 values were converted to µg ml-1

using a standard curve generated with purified 3BNC117. To detect mouse anti-human

IgG1 levels, diluted sera were added to plates coated with human IgG1 Fc or an irrelevant
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mouse chimeric antibody with a mouse IgG1 heavy chain and human kappa light chain

(both 2 µg ml-1, produced in-house), and detected with HRP-conjugated goat anti-mouse

IgG1/2b/2c/3.

5.2.9 Chronic immune thrombocytopenic purpura model

Mice were injected intravenously (i.v.) with 10 µg of anti-glycoprotein IIb antibody (clone

6A6)-hIgG1 on Days 0, 1, and 2, of each week for three weeks. Whole blood was harvested

on days 0-3 of each week. Platelet counts were measured using an automated hematologic

analyzer (Heska HT5). To detect mouse anti-human IgG1 levels, diluted sera were added

to plates coated with human IgG1 Fc (2 µg ml-1, produced in-house), and detected with

HRP-conjugated goat anti-mouse IgG1/2b/2c/3.

5.2.10 Melanoma chronic treatment model

For the B16-F10 lung metastasis model, mice were pretreated i.v. with 40 µg of anti-gp75

(clone TA99)-hIgG1-GAALIE 21 and 7 days before they were injected i.v. with 1 ×105

B16-F10 tumor cells. They received 40 µg of recombinant TA99-hIgG1-GAALIE i.p. on

days 1, 4, 7, and 11. On day 14 after tumor challenge, mice were killed and lungs were

analyzed for the presence of surface metastases by counting the number of metastatic foci.

To detect mouse anti-human IgG1 levels, diluted sera were added to plates coated with

human IgG1 Fc (2 µg ml-1, produced in-house), and detected with HRP-conjugated goat

anti-mouse IgG1/2b/2c/3. To detect serum TA99-hIgG1-GAALIE levels, diluted sera

were added to ELISA plates coated with 5 µg ml-1 recombinant gp75 (Creative Biomart),

and detect with HRP-conjugated goat anti-human IgG.
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5.2.11 Statistics

An unpaired two-tailed t test was used when two groups were being compared. One-

way ANOVA with Bonferroni’s post hoc test was used when more than two groups were

compared. GraphPad Prism software (v9.1) was used for all statistical analysis. P values

of ≤0.05 were considered statistically significant (indicated as *P ≤ 0.05, **P ≤ 0.01, ***P ≤

0.001, and ****P ≤ 0.0001).
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unbound X0
Data collection
Beamline NSLS-II FMX
Space group I21I21I21

Cell dimensions (a, b, c) (Å) (59.3, 95.1, 110.4)
Cell dimensions (α, β, γ) (◦) (90, 90, 90)
Resolution (Å) 50-1.8 (1.84-1.80)
Wavelength (Å) 0.97934
Rpim 0.045 (0.339)
CC1/2 0.991 (0.708)
<I>/< σI> 29.9 (1.8)
Completeness (%) 99.2 (95.8)
Redundancy 9.5 (6.7)
Unique Reflections 27855

Phasing
Search model Alphafold (X0)

Refinement
Rwork / R f ree 0.192/0.222
B-factors (Å2) (Avg/Wil) 31.2/23.4
RMS deviations

bond lengths (Å) 0.007
bond angles (◦) 0.959

Ramachandran plot
% favored 98.3
% allowed (◦) 1.7
% outliers 0

Model contents
Protomers / ASU 2
Protein residues 240
Water 175
PDB ID XXXX

Table 6.1 | Refinement and collection statistics for unbound X0 crystal structure. Values
in parentheses refer to the highest resolution shell. R f ree set consists of 5% of data chosen
randomly against which structures was not refined.
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Complex I Complex II
Data collection
Beamline NSLS-II AMX NSLS-II AMX
Space group C2 P61

Cell dimensions (a, b, c) (Å) (125.6, 92.2, 76.5) (170.6, 170.6, 126.2)
Cell dimensions (α, β, γ) (◦) (90, 117.0, 90) (90, 90, 120)
Resolution (Å) 50-2.6 (2.64-2.60) 50-2.7 (2.75-2.70)
Wavelength (Å) 0.92010 0.92010
Rpim 0.050 (0.574) 0.035 (0.522)
CC1/2 0.996 (0.504) 1.000 (0.604)
<I>/< σI> 23.6 (1.4) 31.1 (1.5)
Completeness (%) 90.7 (90.4) 98.2 (98.9)
Redundancy 2.5 (2.5) 4.6 (4.8)
Unique Reflections 21352 56382

Phasing
Search model(s) 3AVE (Fc) + XXXX (X0) Complex I

Refinement
Rwork / R f ree 0.208/0.279 0.220/0.255
B-factors (Å2) (Avg/Wil) 78.1/60.2 94.0/71.1
RMS deviations

bond lengths (Å) 0.015 0.012
bond angles (◦) 1.95 2.06

Ramachandran plot
% favored 96.5 97.5
% allowed (◦) 3.5 2.4
% outliers 0 0.1

Model contents
Protomers / ASU 2 4
Protein residues 653 1308
Water 10 14
PDB ID YYYY ZZZZ

Table 6.2 | Refinement and collection statistics for the X0-IgG1 Fc Complex I and II
crystal structures. Values in parentheses refer to the highest resolution shell. R f ree set
consists of 5% of data chosen randomly against which structures was not refined.
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