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Harnessing the Fc Region: Antibody Fc Modulation in Infection and Pregnancy 

 

Abstract 

Antibody-mediated responses to pathogens and infected cells are essential for most effective 

immune responses. While the Fab domain of antibodies is critical for binding and neutralizing pathogens, 

the antibody Fc domain mediates important non-neutralizing functions through interactions with Fc-

receptors on innate immune cells. Thus, the Fc-functionality of antibodies bridges the innate and adaptive 

systems, allowing the innate immune system to efficiently harness the specificity of the adaptive immune 

response. While Fab-mediated neutralization has long been viewed as the dominant mechanism of 

antibody-mediated immunity, there is a growing appreciation for the role of non-neutralizing functions of 

antibodies. Particularly in HIV research, where decades of intensive study have yet to yield an effective 

vaccine, emerging roles for alternate, Fc-functionality-based, antibody responses are gaining attention for 

their potential importance in protection and cure strategies. Modulation of the Fc and Fab characteristics 

of antibodies is important not only in infection and vaccine responses, but also in other immunologically 

distinct states, including pregnancy. This work will explore changes in antibody Fc effector functions 

during infection and vaccination in the contexts of HIV/SIV and pregnancy, delving into both the 

importance of the antibody Fc for the potential anti-pathogen activity of antibodies, but also more broadly 

into the immunoregulatory properties of the antibody Fc. We show that antibody Fc-glycosylation is 

directable via vaccination, and that the formation of larger immune complexes facilitates a more 

efficacious, Fc-mediated, immune response to SIV. Furthermore, we show that Fc-polyfunctionality may 

be important in the early control of HIV infection. We also extend the research on Fc-functionality to the 
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realm of pregnancy, showing that vaccines elicit a different antibody response during pregnancy, and, 

importantly, that antibody Fc characteristics drive the selective transfer of antibodies across the placenta. 

Collectively, these data offer insights into the regulation of Fc-functionality in different immune conditions 

and underline the importance of considering the antibody Fc when studying antibody-mediated immune 

responses or designing antibody-based therapeutics. These data have important implications for 

designing novel vaccines, whether for HIV, in pregnancy, or in other contexts, that harness the power of 

the antibody Fc to elicit robust immune responses. 
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Chapter 1: Introduction 

Based on two published manuscripts: 

Jennewein, M. F. & Alter, G. (2017). The Immunoregulatory Roles of Antibody Glycosylation. Trends 

Immunol, 38(5), 358-372. doi:10.1016/j.it.2017.02.004 

 
Jennewein, M. F., Abu-Raya B., Jiang, Y., Alter, G., Marchant, A. (2017). Transfer of maternal 

immunity and programming of the newborn immune system. Semin Immunopathol. 39(6):605-

613. doi: 10.1007/s00281-017-0653-x 

 

Antibodies are a critical part of the immune system. Underlying most vaccine-induced immunity 

and natural clearance of infection, antibodies are a primary arm of the adaptive immune system and can 

be harness by the innate immune system to great effect [1-5]. Though the correlates of protection 

following vaccination [1], and mechanisms that underly these correlates, are unknown for most clinically 

approved vaccines, the ability of antibodies to neutralize pathogens or toxins is thought to be crucial [1]. 

Furthermore, additional activities including antibody-dependent cellular phagocytosis (ADCP), antibody 

dependent cellular cytotoxicity (ADCC), and complement dependent cytotoxicity (CDC) are emerging as 

important contributors to protective immunity. However, the mechanisms that determine how antibodies 

function to prevent disease are incompletely understood. Specifically, how the structure of antibodies, 

and particularly their glycosylation, impacts their function, as well as how Fc-modifications impact the 

non-neutralizing functions of antibodies has yet to be fully elucidated. Recent successes in monoclonal 

therapeutic design relied on technological breakthroughs using antibodies that exhibit enhanced abilities 

to recruit innate immune killing through alterations in antibody Fc-glycosylation [6]. The superior potency 

and clinical impact of these Fc-modified therapeutics argue that antibody glycosylation represents a novel 

and important means to tailor and tune antibody functionality. Fc-modifications not only have relevance 
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for understanding vaccine-induced immunity and designing new vaccines that can induce the most potent 

antibody response, but also to understanding how antibodies function throughout a lifetime of immunity, 

including in early life and pregnancy. Understanding how antibodies function, and how to harness their 

function is critical for the design of next generation vaccines and therapeutics that have the potential to 

address conditions of high importance for global health; HIV and neonatal infection.  

 

Antibodies as critical mediators of immunity 

Antibodies come in five different classes: IgG, IgA, IgM, IgD and IgE. IgM is the first 

immunoglobulin produced during infection and it, along with IgA, predominate in the mucosal response 

as their J chain allows them to be secreted [7, 8]. Both IgM and IgA are polymeric, with IgM functioning as 

a pentamer, and IgA is a dimer [8]. IgE is associated with the hypersensitivity and allergic responses as 

well as parasite-specific responses [9, 10]. Circulating IgD is linked to response to parasites and mucosal 

Figure 1.1. Antibody and glycan structure: IgG is composed of two heavy chains (purple) and two light chains (blue), which 

can be subdivided into the antigen-binding (Fab) and crystallizable/constant domains (Fc). Each heavy chain contains a glycan 

at Asn297. The Fab may contain N-glycan sites as well. Glycans contains up to 13 monomers of N-acetylglucosamine (GlcNAc, 

blue rectangles), fucose (red triangles), mannose (green circles), galactose (yellow circles) and sialic acid (pink circles). The 

linkages of the monomers are indicated in red). PDB accession code 1IGY.  
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antigens, while membrane bound IgD may play a role in B cell fate decisions  [8, 11, 12]. IgG, which 

comprises the majority of the serum response to infection, is composed of four polypeptides, two heavy-

chains, which are each linked to a light-chain, that together form the antigen-binding domain (Fab). The 

constant/crystallizable region (Fc) is exclusively comprised of the two heavy chains (Figure 1.1) [8, 13]. 

While less variable than the Fab, the Fc domain is not constant, and changes both through the irreversible 

genomic selection of different protein backbones (isotype/subclass) and through post-translational 

glycosylation of Asn297 in the CH2 domain [13]. Humans possess four IgG subclasses (1-4) and 36 possible 

antibody Fc-glycans, of which over 30 have been observed in human plasma by mass spectrometry [14]. 

The structure of the Fc-region defines the capacity of the antibody to interact with innate immune Fc-

receptors and complement proteins, which direct antibody functionality. Collectively, interactions with 

different combinations of classical and non-classical Fc-receptors result in distinct innate and adaptive 

immune cell responses, including Antibody Dependent Cellular Phagocytosis (ADCP), Antibody Dependent 

Cellular Cytotoxicity (ADCC), Antibody Dependent Complement Deposition (ADCD) and anti-inflammatory 

activity [15]. With four subclasses and 36 N-glycans, the Fc region has a potential combinatorial diversity 

of up to 144 potential Fc regions for each Fab specificity, and theoretically 144 different functional states 

(Figure 1.2) [14]. Beyond this, antibodies work collectively as part of a larger immune complex with many 

antibodies and antigens cross-linked, adding another layer of complexity to the potential response to 

individual antigens. Whether all these combinations of glycosylation and subclass emerge naturally is 

incompletely known but understanding the landscape of subclass and glycosylation changes in health and 

disease may provide critical new insights into novel Fc-profiles that drive antibody function. 

. 
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Figure 1.2. Antibody combinatorial diversity drives antibody effector function: The IgG Fc is modified through two changes 

to the Fc-domain of an antibody: 1) choice of glycosylation (36 options) and 2) choice of subclass (four subclasses), creating 

144 theoretical combinations and linked functional states. Depending on the antibody:glycan combination, many different 

functional responses may be elicited including: the induction of an anti-inflammatory response, functional responses such as 

antibody dependent cellular phagocytosis (ADCP), antibody-dependent cellular cytotoxicity (ADCC), or inflammatory 

responses including complement activation and cytokine secretion.  
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Antibody subclass selection and functionality 

The immunoglobulin heavy chain locus encodes multiple constant regions, including four IgG 

isotypes arranged in the following order: IgG3, IgG1, IgG2 and then IgG4. IgG1 is the main subclass, making 

up 60% of serum IgG, with IgG2 at 32% and IgG3 and Ig4 both at 4% [13]. During isotype switching, 

selection of one subclass irreversibly loops out all upstream subclasses, so while IgG3 can switch forward 

to IgG1, IgG2 or IgG4 through further class-switch recombination, IgG1 cannot switch backwards to IgG3 

[16-18]. Interestingly, the subclass organization in humans matches their functional activity, based on Fc-

receptor affinity (Figure 1.3); IgG3 has the highest affinity, then IgG1 with similarly high affinity before 

IgG2 and IgG4, both with much lower affinity (Table 1.1) [13, 18, 19]. The long hinge of IgG3 has been 

linked to enhanced complement activation and associated with efficient antibody-hexamer formation 

that activates complement [20]. However, IgG3 has a short half-life in many Caucasian populations 

because of a hinge mutations that forces IgG3 to compete for binding to FcRn, the neonatal Fc receptor 

that recycles antibody [21, 22]. Nevertheless, IgG1 is fifteen times more abundant in serum than IgG3, 

and therefore likely the dominant antibody effector molecule in circulation [13]. 

Specific pathogens and adjuvants, as well as the extent of T-cell dependence during the immune 

response to antigen, can dictate subclass selection profiles. These factors collectively influence the 

evolution of the subclass response during infection, typically switching from the most functional 

Figure 1.3. Antibody binding to Fc receptors: Antibodies interact with Fc receptors in different ways. The classical, Type I, 

Fc receptors bind near the antibody hinge. Non-Classical, Type II, Fc-receptors including DC-SIGN and FcRn, bind lower, 

below the CH2/CH3 interface. 
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subclasses to the least functional subclasses in humans. For example, when B cells respond to a T-

dependent protein antigen, highly functional IgG3 and IgG1 antibodies are typically produced. Conversely, 

when B cells encounter a T-independent antigen, such as a bacterial capsular polysaccharide, less 

functional IgG2 responses are typically elicited. Moreover, repeat exposure to the same antigen, as is 

observed for allergens, can drive the subclass response to the least functional antibody subclass, IgG4 

[13]. This altered subclass selection program is likely an evolutionary mechanism to customize antibody 

effector function to the pathogenic insult or to homeostatically downregulate antibody effector function 

in the setting of chronic antigenic-stimulation.  

 

Antibody glycosylation 

Antibodies have a single N-linked glycan attached at asparagine 297 (Asn297) of each heavy chain 

(Figure 1.1) that has been suggested to impact antibody conformation via specific glycan/protein and 

glycan/glycan interactions [13]. The IgG glycans are positioned between the heavy chains, and act as 

integral structural components of the Fc. The α1,6 arm makes non-covalent interactions with the Fc-

 

 Serum 

Abundance 

FcγRI FcγRIIa FcγRIIb FcγRIIc FcγRIIIa FcγRIIIb FcRn 

Type  Activating Activating Inhibitory Activating Activating Activating Recycling, Placental 

Transport 

IgG1 60% ++++a +++ ++ ++ +++ ++ ++++ 

IgG2 32%  ++   + + ++++ 

IgG3 4% ++++ +++ ++ ++ ++++ +++ ++/++++b 

IgG4 4% ++++ ++ ++ ++ ++  ++++ 

Table 1.1: Antibody isotype affinity for Fc-Receptors [13,19,22,30] 

a. +: KA  (M-1) 104-105, ++: KA  (M-1) 105-106, +++: KA  (M-1) 106-107, ++++: KA  (M-1) 107-108. 

b. IgG3 molecules of allotypes common in Caucasian communities have lower affinity for FcRn. 
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protein backbone and the α1,3 arm extends into the cavity between the heavy chains, interacting with 

the opposing glycan and influencing the antibody’s structural rigidity and conformation [23, 24]. While 

the Fc is always glycosylated, 20% of antibodies have additional glycosylation sites within the Fab, 

generated through somatic hypermutation, which have not been shown to influence Fc-receptor binding, 

but does influence antigen binding [25]. In contrast, complete removal of the Fc-glycan results in a near 

complete loss of classical, Type I, Fc-receptor binding, with FcγRI retaining minimal binding [26, 27].  

 While glycosylation can take more varied forms on other proteins, the IgG Fc-glycan is always bi-

antennary [28]. A high-mannose glycan is added to each heavy chain as it folds in the ER, which is first 

trimmed and then extended as the antibody transits through the Golgi (Figure 1.4) [28]. The core glycan 

is composed of two sequential N-acetylglucosamine (GlcNAc) moieties attached at Asn297, to which a 

Figure 1.4. Sequential processing of the antibody glycan: The antibody glycan precursor, Glc3Man9GlcNAc2, is transferred 

onto the antibody polypeptide in the ER (purple outline). Once the glycosylated polypeptide enters the Golgi, it interacts with 

a highly ordered sequence of glycosidases and glycosyltransferases that trim and extend the glycan into a classical antibody 

biantennary structure.  The glycan is first trimmed into the Glc4Man3 precursor, in a highly ordered and sequential manner 

within the cis and medial Golgi (orange outline). Then it is sequentially extended by four glycosyltransferases. FUT8 adds a 

fucose within the medial Golgi (orange outline), and then inside the trans Golgi (yellow outline) B4GALT1 adds one or two 

galactose, MGAT3 adds the b-GlcNAc, and ST6GAL1 adds one or two sialic acids. Each glycan may or may not be modified by 

any specific glycosyltransferases, leading to 36 different versions of the glycan. 
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mannose is attached, followed by two additional mannose antennae, each capped with an additional 

GlcNAc (Figure 1) [28]. This forms the core antibody glycan structure, to which additional sugars can be 

added. The IgG glycan can be modified by the addition of a fucose to the primary GlcNAc, galactose to the 

antennary GlcNAcs, sialic acid to either additional galactose residue, and a bisecting GlcNAc (b-GlcNAc) to 

the core mannose [28]. Ultimately, the variable addition of these sugars can generate up to 36 glycans 

(Figure 1.1) [28]. Moreover, the two heavy chains can be glycosylated asymmetrically, further increasing 

the combinatorial diversity of antibody glycosylation [29]. Though symmetric glycan pairing is preferred, 

asymmetric parings were not random [29]. Specifically, this indicates that there are potential steric 

limitations, or preferential routing through the golgi, that allows certain glycoforms to pair [29]. The 

predominance of asymmetric Fc glycoforms points to a larger diversity of Fc-structures that are not only 

dictated by a single glycan profile, but due to a larger repertoire of glycan combinations that may 

differentially drive antibody effector function.  

 

Fc Receptors on immune cells 

Humans have six classical Fc-receptors that bind IgG (FcgRI, FcgRIIa, FcgRIIb, FcgRIIc, FcgRIIIa, and 

FcgRIIIb), found on innate immune cells at various expression levels (Figure 1.3) [30]. Antibody Fc-domains 

also interact with complement proteins (C1q and mannose binding lectin, MBL), other C-type lectin 

receptors that drive effector functions through different signaling modalities, as well as the neonatal Fc 

receptor (FcRn), that is involved in antibody recycling and therefore controls antibody half-life.  

 

Classical Fc receptors 

There is one high-affinity Fc receptor, FcγRI (KA: 108 M-1). The remaining Fc-receptors have low 

affinity (KA: 104-107 M-1) [19]. To overcome this, activation of Fc-receptors relies on the coordinated 
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binding of multiple antibodies to a target, forming high valency immune complexes, which bind and 

cluster Fc-receptors on innate immune cells [31]. Since many Fc-receptors may be bound simultaneously, 

the balance of types of Fc-receptors engaged in the immune-synapse determines the functional outcome 

of binding. 

Activating receptors signal through an immunotyrosine activation motif (ITAM) either in the 

cytoplasmic tail (FcγRIIa/c) or on the common gamma chain (most other Fc receptors) that cluster during 

activation, initiating signaling cascades that activate innate immune cells to induce antibody effector 

functions [32]. FcγRIIIb is GPI-anchored, and it’s unclear how it mediates signaling [33, 34]. For the other 

Fc receptors, receptor ligation activates the Src kinases that phosphorylate the ITAM leading to signaling 

cascades downstream of the receptor. This directly alter gene transcription through transcription factors 

such as nuclear factor of activated T-cells (NFAT), c-jun, c-fos, and NF-κΒ, initiating cytokine production 

and downstream activation [32, 35]. Conversely, FcγRIIb has an immunotyrosine inhibition motif (ITIM) in 

its cytoplasmic tail, which, following Src-mediated phosphorylation, recruits the inositol phosphate SHIP, 

altering ITAM signaling partners through Erk pathway inhibition, and reducing PI3K activation [32]. Upon 

activating Fc receptor binding, activating and inhibitory signals are integrated within effector cells, 

ultimately aimed at directing innate immune effector function. However, the specific  threshold or balance 

required to activate or to inhibit activity has yet to be defined and may be unique to individual innate 

immune effector cell types [35-37].  

 

Other Fc receptors 

Antibodies can also activate the complement cascade, similarly via low-affinity interactions [38]. 

Mechanistically, groups of six antibodies form hexamers that efficiently recruit C1q, the classical cascade 

initiator, or MBL, to the surface of infected cells or pathogens,  which then activates downstream 

components and ultimately assembles a membrane attack complex [39, 40]. Complement activation is 
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inhibited on autologous cells, preventing immunopathology [41], but complement-induced antibody-

opsonized cells may still be recognized and cleared by complement receptors on the surface of innate 

immune cells [41]. Moreover, because clearance can occur synergistically with Fc-receptor cross-ligation, 

it can trigger either activation or inhibition of the immune response, depending on the receptors clustered 

[15]. 

Antibodies also interact with the neonatal Fc Receptor. FcRn, a MHC-class receptor, is the primary 

receptor that mediates the transfer of IgG across the placenta and recycles antibody in the blood [42]. 

Unlike most of the type II Fc receptors, FcRn has a high affinity for monomeric IgG, and minimal affinity 

for complexed IgG [43, 44]. FcRn binds the constant region of IgG, at the CH2-CH3 interface without 

inducing structural change of the antibody [42]. Although it is still debated, FcRn appears to bind in a 2:1 

stoichiometry the majority of the time, with one receptor dominating the binding interaction and the 

second providing stability [42]. FcRn is widely distributed on many cell types.  

 

Non-neutralizing functions of antibodies 

 Antibody-mediated effector functions have been implicated in protection against many viruses, 

bacteria and parasites such as HIV, Influenza and Marburg [3, 5, 45-50]. Antibodies may drive different 

effector functions, including ADCC, ADCP, ADCD, anti-inflammatory activity, etc., depending on the Fc-

receptors that they engage on distinct subsets of innate immune cells. Fc receptors interact with immune 

complexes, leading to Fc receptor clustering and activation of different functions. The main functions 

dependent on the antibody Fc are antibody-dependent cellular phagocytosis (ADCP), antibody-dependent 

complement deposition (ADCD) and antibody-dependent cellular cytotoxicity (ADCC), though there are 

other, less common mechanisms of Fc-mediated functionality [51].  
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Pathways of Fc-functionality 

ADCP is mediated by monocytes, macrophages, neutrophils and eosinophils [52]. In ADCP, 

opsonized immune complexes are engulfed and then typically destroyed in the phagosome, though some 

pathogens have evolved to prevent this degradation. Most of the canonical Fc receptors have been 

implicated in mediating ADCP in different circumstances. For HIV, the prime Fc receptor driving ADCP is 

FcγRIIa. In addition to destroying pathogens and infected cells, ADCP is important for generating 

pathogen-associated molecular patterns for activating other antiviral systems, and in some cells, for 

increasing antigen presentation. ADCP has been implicated in protection against many diseases, and as a 

critical factor for HIV progression, and a possible correlate of protection for vaccine development [4, 53-

55].  

ADCD relies on the classical pathway of complement deposition. To activate this pathway, C1q 

binds multiple antibodies in an antigen-bound immune complex, preferably six but at least two, with an 

isotype/subclass preference in the order of IgM>IgG3>IgG1>IgG2>>IgG4 [56]. The complement pathway 

then proceeds, with progressive cleavage of complement components, and leads to the formation of 

membrane attack complexes, which pierce the cell membrane and induce complement-dependent 

cytotoxicity. Several of the cleavage products also interact with complement receptors on innate immune 

cells. In particular, the C5a receptor binds to C5a, signals to other Fc receptors and changes their threshold 

for activation [56]. Complement activation can also result in opsinophagocytosis, mediated through 

complement receptor 1, and inflammation, in addition to formation of the membrane attach complex 

[56].  

 In ADCC, immune complexes are recognized by natural killer (NK) cells via the FCGR3A receptor, 

CD16. Engagement of immune complexes leads to the release of cytokines and chemokines and 

degranulation that releases perforin and granulysin, which insert into the target cell membrane and leads 

to target cell lysis. Perforin also functions to deliver granulysin and granzyme B into the cell, where they 
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cleave intercellular proteins and induce apoptosis [57]. ADCC has also been implicated in the control of 

and protection against a variety of pathogens. Particularly in the case of HIV, ADCC is associated with 

control and has also been linked to the efficacy of the RV144 vaccine, the only protective HIV vaccine to 

date [58, 59].  

 

Systems serology 

The many possible non-neutralizing functions and the diverse antibody biophysical features that 

drive them is a challenge for interrogating the non-neutralizing functions of antibodies in the context of 

infection and vaccination. Furthermore, investigating the different antigen-specific responses that make 

up the immune responses adds yet another layer of complexity. One method to study the coordinated Fc-

functionality of antibodies and link them to biophysical features is through systems serology, a proprietary 

platform developed by the Alter lab [60, 61]. This platform allows Fc functionalities, in addition to antibody 

subclass, glycosylation, Fc-receptor binding and other characteristics of the antibody response to be 

profiled in a high-throughput manner against almost any antigenic specificity. With multivariate analysis 

of the entire response, across multiple timepoints or vaccine trials, systems serology allows unbiased and 

deep profiling of the immune response and can be used to efficiently identify correlates of protection and 

biomarkers of control in many contexts including in vaccine trials and natural infection.  

 

Antibody glycovariation 

 Beyond subclass, the primary way that effector functions are elicited and tuned, via the alteration 

of antibody-Fc receptor binding, is through antibody glycosylation. Antibody glycosylation is known to 

change dramatically in disease, via vaccination, as a result of autoimmunity, and with a variety of 

environmental factors. Understanding the ways that glycovariation occurs, and what effect it has, is 
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critical to gaining a deeper understanding of how antibody-mediated effector functions participate in the 

control of infectious disease. Although glycosylation is highly ordered and conserved, disease-associated 

shifts documented in autoimmune and infectious diseases suggest that it is actively modulated during 

inflammatory responses [28, 62, 63]. However, the specific mechanisms that lead to variation in 

glycosylation are incompletely understood. Most likely, many cellular pathways shape antibody 

glycosylation, including glycosyltransferase/glycosidase expression, changes in monosaccharaide 

availability, Golgi pH, Golgi organization, kinetics of protein production, and availability of vesicular 

transport machinery. Broader factors, such as age, sex and pregnancy also impact antibody glycosylation, 

arguing for hormonal control as well [14, 64, 65]. 

 

Genetic and environmental contributions to natural variation in glycosylation 

Large-scale population screening and genome wide association studies (GWAS) around the world 

have demonstrated that genetics and diet significantly influence antibody glycosylation [14, 66]. 

Collectively, glycosylation is around 50% heritable. Among the individual sugars, sialylation is particularly 

heritable, indicating that some sugars are under stricter genetic regulation. Antibody glycosylation is 

influenced by a multitude of genes comprising of almost 5% of the human genome that fall into many 

different pathways including cell metabolism, ER activity, Golgi apparatus dynamics, and secretion, 

highlighting the diverse pathways and complex regulation that governs glycosylation [67]. GWAS have 

also identified several specific genes involved in antibody glycosylation. HNF1A, a polymorphic 

transcription factor linked to diabetes and glucose metabolism, was identified as a master regulator of 

fucosylation, promoting salvage and synthesis of fucose precursors and suppressing the 

fucosyltransferase FUT8. SLC9A9, a proton pump, is connected to sialylation, potentially altering Golgi pH 

to re-locate sialyltransferases [68, 69]. Other identified loci overlap with hematological cancer loci, 

including IL6ST, a cytokine signal transducer, associated with agalactosylation and di-galactosylation, 
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indicating the importance of cytokines in the control of glycosylation [70]. The SMARCB1-DERL3 loci, 

coding for two proteins related to tumor inhibition and the misfolded protein response respectively, has 

also been associated with variation in b-GlcNAc and G1F [70]. Finally, the DNA-binding protein, Ikaros, 

was shown to influence fucosylation [70]. Critically, while these polymorphisms mark changes in the 

overall levels of circulating IgG glycosylation, they may not directly affect antibody glycosylation or 

glycosylation machinery, further emphasizing the need to define the mechanisms of control for 

glycosylation.  

Age has also been linked to changes in antibody glycosylation, where antibody agalactosylation 

doubles (at the expense of decreased digalactosylation) and b-GlcNAc increases over a lifetime [14, 71]. 

Sex-associated patterns are also significant; women show more dynamic age-related-glycosylation 

changes, and begin to lose digalactosylation at menopause, while men exhibit a steady decline throughout 

their lifetimes [72]. Pregnancy-associated variation has also been noted, including a significant reduction 

in agalactosylated and fucosylated antibody species, further suggesting a role for hormonal control of 

glycosylation [14, 72]. However many additional factors have been implicated in shaping glycosylation 

including BMI, smoking and biochemistry, collectively accounting for an additional 5% of the variation 

observed in glycosylation profile changes across populations, highlighting the breadth of factors that 

impact the antibody glycome [73]. 

 

Effects of glycan modifications on effector functions 

The addition and removal of monosaccharides in the Fc-glycan has been linked to altered antibody 

functionality. However, studies examining the functional impact of the removal of any single sugar likely 

are obscured by its impact on the addition of other sugars. For example, deficiencies in galactose, will also 

impact sialylation, due to the need for galactose for the addition of terminal sialic acids [13]. Similarly, the 

addition of a bisecting-GlcNAc will also lead to the downregulation of fucose levels due to steric hindrance 
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on the enzyme [74]. Along these lines, an NMR study showed structural relaxation of the glycans with 

agalactosylation, that allowed binding of mannose binding lectin directly to core GlcNAc sugars, and thus 

activation of the complement system [75]. Studies to support this observation have been limited. Yet, 

more recently, monoclonal antibody studies, using highly defined glycosylation profiles, pointed to a 

critical role of for hypergalactosylation in driving ADCC via enhanced FcγRIIIa binding [76], suggesting that 

a single sugar may have diverging influences on different antibody functions.  

Sialylation has been linked to anti-inflammatory effects. Intravenous immunoglobulin (IVIG), used 

to treat rheumatoid arthritis (RA) and other inflammatory conditions, has anti-inflammatory effects driven 

by a population of antibodies bearing α2,6 sialylation [77, 78]. Synthetic sialylation of Fcs has further 

replicated and confirmed the critical nature of antibody sialylation in anti-inflammatory activity [79]. 

However, dissection of the mechanisms behind this has been contentious. One model, that has largely 

been disproved, suggested that sialylation constrained the Fc-region to a ‘closed’ conformation, to 

enhance affinity for DC-SIGN and to drive production of IL-33, up-regulate FcγRIIb on macrophages and  

non-specifically dampen inflammation [80, 81]. Conversely, other structural analyses show that sialylation 

only marginally alters Fc-domain structure [24], and minimally impacts DC-SIGN binding [82]. Other 

proposed models include the involvement of receptors such as SIGLEC/CD22 [83], the C-type lectin 

dendritic cell immunoreceptor (DCIR) [84], and the Fc receptor-like protein 5 (FCRL5) [85] that may bind 

sialylated structures to drive anti-inflammatory responses. Mounting evidence points towards an anti-

inflammatory role of sialylation, though, the precise mechanisms for this effect remain under 

investigation.   

Afucosylation boosts ADCC activity by enhancing FcγRIIIa binding through steric interactions with 

the FcγRIIIa glycan [86, 87]. Specifically, fucosylation destabilizes the interaction between the antibody 

and FcγRIIIa’s glycan, hindering binding [88, 89]. Afucosylation allows carbohydrate-carbohydrate 

interactions that alleviate the steric clash and stabilizes binding, increasing antibody affinity 100-fold [90]. 



 16 

Interestingly, b-GlcNAc also improves ADCC [6, 91]. However, this mechanism appears dependent on b-

GlcNAc’s impact on fucosylation, rather than directly affecting Fc-receptor binding. Specifically, bisection 

and fucosylation are largely mutually exclusive; a bisected antibody is unlikely to be fucosylated and 

inhibition of fucosylation up-regulates GntIII, the b-GlcNAc glycosyltransferase, which then inhibits 

downstream fucosylation [74, 87, 92]. Thus, bisection likely enhances antibody functionality via 

afucosylation, which improves antibody binding to FcγRIIIa. 

 Galactosylation has also been linked to effector functions. Galactosylation primarily provides a 

scaffold for the later addition of sialic acid, so is important for the effects of that glycan as well. In addition, 

increased galactosylation has been linked to enhanced potential to elicit NK degranulation [76, 93, 94]. 

Agalactosylation has also been used in the monoclonal therapeutics to deplete complement deposition 

[95] and to enhance phagocytic activity [94] and is readily exploited modification [95, 96]. 

 

Antigen specific glycosylation 

Emerging data suggest that antibody glycosylation may be controlled in an antigen specific 

manner [97-99]. Specifically, pioneering work showed that the glycosylation of influenza virus-specific and 

tetanus-specific antibodies, but not total antibodies, changed upon vaccination, indicating that only 

responding B-cells modulated their glycosylation patterns [97]. Vaccination increased galactosylation and 

sialylation without changes in other sugars, highlighting differential regulation of select sugars [97]. 

However, these changes were transient, likely related to a rapid response to B-cell activation, returning 

to baseline after nine months (Figure 1.5) [97]. Likewise, recent studies following influenza vaccination 

showed that a rapid, transient, increase in antibody sialylation correlated with higher affinity antibodies. 

Mechanistically, sialylated antibodies engaged CD23 and induced the inhibitory receptor FcγRIIb, which 

raised the threshold for BCR activation [99]. This study highlighted an intriguing role for antibody-

glycosylation in driving higher quality immune responses. As both of these studies focused on recall 
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vaccine responses, they highlight glycosylation changes following boosting, which may be distinct from 

those occurring during initial responses. 

In contrast, studies using novel antigens, including HIV envelope proteins, highlight a unique 

opportunity to directly program and skew antibody glycosylation. Specifically, while glycosylation profiles 

on total circulating IgG antibodies were different across three vaccination sites (USA, East Africa, and 

South Africa), an experimental HIV vaccine drove a single, highly homogenous, antibody glycosylation 

profile on antigen-specific antibodies [98]. These data suggest that the vaccine-induced priming signals 

likely overcame baseline glycosylation differences resulting in the induction of a single glycosylation 

profile. How this occurs is incompletely understood but suggests that specific inflammatory signatures 

during priming may be integrated and utilized to direct antibody glycosylation. In the same study, non-

specific antibodies (anti-hemagglutinin) did not show an altered glycosylation profile upon vaccination, 

highlighting the specific programming of antigen-specific B cells [98]. These data collectively support a 

model whereby B cell priming may also select and fine-tune antibody glycosylation specific to the 

vaccine/pathogen signals delivered at the time of priming. Whether these glycan-profiles are permanently 

locked into memory is unknown, but recall profiling suggests that boosting transiently and specifically 

alters antigen-specific glycosylation, arguing that glycosylation may shift in early plasmablasts to tune 

immunity, but rapidly return to the originally programmed profile (Figure 1.5) [97]. Thus, these data 

highlight that immunological control exists in antibody glycosylation, likely regulated within antigen-

specific B-cells through antigen exposure at the time of priming and recall.  

 

Programming antibody glycosylation 

As described above, distinct glycosylation profiles on antigen-specific antibodies suggest that 

glycosylation may be programmed during B cell priming, potentially to customize antibody effector 

function in a pathogen/antigen specific manner [100]. Along these lines, in vitro B-cell stimulation was 
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shown to selectively alter antibody glycosylation. Specifically, IL-21 and CpG enhanced antibody 

galactosylation and sialylation, while all-trans retinoic acid had the opposite effect [100]. While these 

factors are linked to B cell survival and proliferation, not all growth factors, including IL-4 or TNF-α, 

influenced glycosylation [100], arguing that glycosylation is regulated independently of maturation [101]. 

Moreover, because antibody glycosylation is controlled independent of cell-wide glycosylation, the data 

suggest that it is controlled temporally or via Golgi compartmentalization [100, 102]. This regulation of 

glycosylation could be achieved in many ways. For example, changes in antibody glycosylation following 

influenza vaccination was linked to changing glycosyltransferase levels, potentially linked to cellular 

activation and/or inflammation [97, 99]. Other regulatory pathways may elicit unique antigen-specific 

Figure 1.5. Glycan changes in disease and following vaccination: A. Over the course of HIV infection, antibodies shift towards 

a more inflammatory profile, in parallel with the evolution of hypergammaglobulinemia [62,108]. B. Following vaccination, 

flu-specific antibodies shift towards a distinct glycan profile, from pre-vaccine antibody glycan profiles, thought to regulate 

the overall humoral immune response to vaccination [97,99]. Whether these overall shifts in these models are related to the 

generation of plasmablasts, or the conversion of memory B cells into plasmablasts, is uncertain at this time, but appears to 

be regulated in an antigen-specific manner. The blue to red color scale of the Fc-glycan depicts the overall change from basal 

circulating non-specific glycans (dark blue) to highly modified glycans (red).  
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antibody glycosylation due to epigenetic, transcriptional and post-transcriptional programming at the 

antigen-specific B-cell level following immunologic priming. Programming of glycosylation could occur 

through modifications to enzymatic, carrier, or Golgi/vesicular apparatus machinery, changes in pH-

dependent inactivation and recycling of glycosyltransferases through endosomes, regulation of 

glycosyltransferase expression by microRNAs, changes in cellular metabolism and availability of sugar 

nucleotides, aspartylprotease cleavage of membrane-bound glycosyltransferases and secretion of 

glycosidases into the serum [69, 103-106]. Thus, the process of programming glycosylation may be quite 

broad and varied, warranting deeper investigation to define the mechanisms by which glycosylation is 

naturally fine-tuned to regulate antibody functional activity.  

 

HIV as a model to understand effector functions and glycovariation 

 HIV infection, which has affected millions of people around the world, has also been one of the 

most highly studied viral infections and provides a way to understand the importance of antibody 

glycosylation and non-neutralizing functions in the context of infection. The discovery that a correlate of 

protection for the first moderately protective HIV vaccine, RV144, was HIV-specific antibodies able to 

simultaneously direct multiple effector functions, led to the discovery that the vaccine elicited elevated 

levels of HIV-specific IgG3 antibodies. This points to the potential importance of Fc-effector-mediating 

antibodies as a novel mechanism of protection against HIV [59, 107]. Likewise, vaccine studies in non-

human primates (NHP), support a role for functional antibodies in protection [45]. However, antibody 

subclass alone does not predict protection against HIV, or its NHP analog SIV, as depletion of IgG3 from 

RV144 plasma samples incompletely reduced antibody functionality. This suggests that additional 

antibodies, including subpopulations of IgG1, are important contributors [59]. Understanding these non-

neutralizing functions and how they are regulated via glycosylation and subclass is crucial for 

understanding the epidemic and designing therapeutics and vaccines. 
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Antibody glycosylation is programmed in an antigen-specific manner in disease 

Data from HIV infection have shown dramatic and persistent changes in antibody glycosylation 

[62, 98]. Antibody glycosylation is rapidly and progressively altered over time, changing to resemble that 

seen in autoimmune diseases [62, 98]. Given that hypergammaglobulinemia marks these chronic immune 

diseases [108], which have immune activation linked to an enrichment of agalactosylated antibodies 

[109], it is plausible that increased agalactosylation may simply be a marker of a non-specific expansion 

of antibody secreting cells, which may have an overwhelmingly agalactosylated profile, of which only a 

small fraction target the pathogen-directly (Figure 1.5). 

While agalactosylation levels normalize in RA patients when a disease flare resolves [63], 

agalactosylation does not resolve among HIV-infected patients with antiretroviral therapy and resolution 

of inflammation. These data suggest that B-cells may be permanently altered, continuing to generate 

inflammatory glycans despite the complete blockade of viral replication [62]. Moreover, spontaneous 

controllers of HIV, who exhibit low to undetectable viral replication without antiretroviral therapy, 

maintain the highest levels of agalactosylated antibodies, suggesting that there could be a beneficial role 

for these inflammatory antibodies in the chronic spontaneous control of the virus. Changes in total 

antibody glycosylation are accompanied by changes in antigen-specific antibody glycosylation, though 

these appear to be independent [98]. This suggests that glycosylation of pathogen-specific antibodies 

occurs independently of overall inflammatory changes on total circulating antibodies [62, 98]. 

Furthermore, following vaccination with an experimental HIV vaccine, HIV-specific antibodies exhibit a 

distinct glycan profile, compared to total antibody [98]. Moreover, these vaccine-induced antigen-specific 

antibody glycan profiles are nearly identical in vacinees across the globe, despite significant differences in 

the total antibody glycosylation profiles globally [97, 98]. Collectively, these data indicate that while there 

are a variety of factors that impact baseline antibody glycosylation, the specificity of the changes after 

vaccination argue for a common, and precise regulation of glycosylation at the time of immune priming.  
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HIV as a model for glycosylation during natural infection 

Because of the growing interest in antibody effector function in the control and eradication of 

HIV, in-depth characterization has been applied to define the mechanisms by which some individuals are 

able to generate and sustain high levels of functional antibodies and why these antibodies have broad 

antiviral effects [4]. Significant differences in antibody glycosylation exist among distinct HIV patient 

phenotypes [62, 110, 111], with an accumulation of agalactosylated antibodies, that is most dramatic in 

spontaneous controllers of HIV. Interestingly, these agalactosylated profiles are also enriched on HIV-

specific antibodies in “controllers”, who also exhibit lower fucosylation and drive enhanced viral 

suppression [62]. Remarkably, other glycosylation changes have been observed in HIV infection, where 

non-controllers, treated to reduce viral replication, generate HIV-specific antibodies with enhanced 

functional activity through the production of b-GlcNAc antibodies [62]. Neutralizers have also been shown 

to have enhanced antibody sialylation, that enables increased immune complex deposition in follicles, 

and lead to enhanced non-neutralizing functions [111]. Thus, emerging data suggest that control of HIV 

may be achieved via the induction of functional antibodies against the virus via the expansion of both 

highly-functional IgG3 antibodies, and through the generation of selectively glycosylated IgG1 antibodies, 

which dwarf IgG3 antibodies in abundance and potentially offer similarly enhanced functionality [4, 112]. 

Control of HIV has been associated with subclass skewing, with controllers showing higher IgG3 responses, 

a phenotype that progressors lose as they switch to the non-functional IgG2 [113]. These findings argue 

that the mechanism(s) that control the preferential induction of protective humoral immunity driven via 

unique subclass and glycan selection may be understood through the analysis of the humoral immune 

response among spontaneous controllers.  
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Non-neutralizing antibodies in the control and prevention of HIV: 

Beyond the association of RV144 and ADCC as a correlate of protection against HIV acquisition 

[59, 114], studies in controllers of HIV have also implicated broader Fc functionality [4, 115]. While elite 

status is heavily associated with development of broadly neutralizing antibodies (bnAbs), these antibodies 

are dependent on their non-neutralizing functions for efficacy [116]. The development of these bnAbs in 

infection is correlated not only to neutralization, but to polyfunctionality, functional differences that 

develop prior to neutralization and are a correlate of decreased risk [117]. While elite controllers don’t 

necessarily have higher functionality, they do show higher functional coordination during infection [4]. 

Furthermore, viral suppression has been associated with ADCC potential, and it, along with ADCP, is higher 

in viremic controllers as compared to progressors [4]. These functions have also been shown to be 

particularly critical in early infection, for determining viral set-point, and thus the future course of 

infection [118, 119]. 

Beyond natural control of infection, non-neutralizing antibodies, and coordinated polyfunctional 

responses, are emerging as critical to protection against HIV acquisition. ADCC-inducing antibodies 

passively transferred to neonates across the placenta have been shown to be protective for HIV 

acquisition from breastfeeding, as well as associated with longer survival after early-life infection [120, 

121]. HIV vaccine trials have also demonstrated this point, the new Ad26 mosaic vaccine currently moving 

into phase III efficacy testing, shows induction of ADCP and ADNP associated with protective efficacy in 

monkey models, providing a model for how functions could protect [55]. Furthermore, many other 

experimental vaccine trials show that coordinated polyfunctionality is critical for control [122-124]. 

Altogether, these data point to biophysical/functional coordination as key to the control of HIV and that 

efficient engagement of non-neutralizing functions may be essential to a successful vaccine. 
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Systems serology in the study of pregnancy   

One non-disease-associated clinical state in which to investigate the importance of antibody 

structure and function is during pregnancy. Pregnancy represents an distinct immune state, wherein 

inflammation is downregulated during much of pregnancy to protect the fetus, increasing the risk of 

severe infection for the parent [125, 126]. For the fetus, the transfer of antibodies across the placenta 

during pregnancy provides the newborn with passive immunity against pathogens. Transfer of antibodies 

occurs in utero, predominantly across the placenta [127]. Recently, prenatal vaccination has been 

suggested as a mechanism to boost immunity against specific pathogens affecting the young infant, to 

both protect the birth parent and the fetus [128]. Prenatal immunization against tetanus, pertussis and 

influenza has been used successfully in many populations to protect against morbidity and mortality [129-

131], influenza-associated hospitalization and illness [132, 133] as well as reducing the rates of preterm 

birth and low birth weight, which are often associated with viral infection [134, 135]. This strategy could 

be used to protect against additional pathogens, including Group B streptococcus and respiratory syncytial 

virus [136, 137]. Although it was recognized more than a hundred years ago by Paul Ehrlich [138], the 

mechanisms that govern the trans-placental transfer of antibodies have yet to be fully elucidated. 

Particularly, the types of antibodies found in neonates differ from those in their parents, suggesting that 

there may be some element of selective transfer of antibody across the placenta [139]. Further research 

into these mechanisms should improve our understanding of immunity in early life and will help the 

development of optimal immunization strategies.  

 

Neonatal immunology 

Neonates are at enhanced risk from infectious disease due to their distinct immunologic state, 

and are often thus less responsive to vaccination [140]. Compared to the adult immune system, neonates 

have attenuated inflammatory response, reduced adaptive response, and enhanced immune regulation 
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[141-143]. The neonatal immune system appears to seek a greater degree of tolerance, to prevent an 

inflammatory responses by switching responses towards a Th2-type response [141]. At a cellular level, 

most innate and adaptive cell subsets are distinct at birth,  and, compared to adults, are deficient 

particularly in their ability to produce cytokines and extravasate [141]. Compared to adults, neutrophils 

are less able to form neutrophil extracellular traps, to adhere and extravasate, to phagocytose or degrade 

microbes. Monocytes show reduced MHC-II expression, fewer costimulatory molecules, and reduced TLR 

expression.  

However, NK cells, while still showing functional attenuation, particularly of their cytotoxic 

activity, are far more abundant at birth than at any other time in life, and retain much of their other 

functionality and ability to secrete cytokines and respond to target cells [144]. However, they are still 

immature compared to adult NK cells, and are less likely to express CD57, a terminal differentiation 

marker, as well as lower levels of L-selectin and CD54, suggesting different homing and adhesion patterns 

[144]. Additionally, neonatal NK cells are less cytotoxic than adult NK cells, with higher levels of inhibitory 

receptors, and impaired F-actin polymerization at the immune synapse, though their expression of 

perforin and granzyme B is comparable to adult NK cells. Though distinct, NK cells have been shown to be 

active in neonates, particularly in cytokine secretion, and important for antiviral immunity [144]. Given 

that several cell subsets are distinct in the neonatal population, understanding how certain antibodies are 

transported across the placenta, and what kind of response they can elicit in the neonatal immune system 

is critical.  

 

Placental morphology 

The placenta forms primarily from fetal tissue that, over the course of pregnancy, invades the 

uterus to construct the crucial interface between parental and fetal vasculatures [43, 145]. IgG must cross 

two layers of tissue; the syncytiotrophoblast layer and the fetal endothelium (Figure 1.6). The antibodies 
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must also traverse the stroma between these two tissues [43, 145]. It is important to note that mice and 

other rodents differ from humans, not only in that their major route of transfer of IgG is via breast milk, 

but also that transfer occurs across membranes of the inverted yolk sac, not the placenta [43]. The 

mechanisms of IgG transfer are thought to be similar, but it is an important caveat to comparing mouse 

and human data. The placenta expresses many Fc receptors, in addition to FcRn, including FcγRI on 

stromal cells, FcγRII on stromal and fetal endothelial cells and FcγRII on trophoblasts, stromal cells and 

fetal endothelium cells [146], and though their importance is not fully understood, it is possible that these 

may play a role in transfer. While autoimmune disease such as HIV are associated with reduced placental 

transfer of IgG [146, 147], it is unclear if this may be due to saturation of FcRn, or related to possible 

disease-induced changes in Fc receptor distribution [148].  

 

FcRn-mediated transfer across the placenta 

FcRn mediates antibody transfer across the placenta. FcRn binds IgG with high affinity at acidic, 

but not physiological pH [42]. Within the placenta, syncytiotrophoblasts take up fluid from parental blood 

by pinocytosis into vesicles that mature into endosomes [127, 149]. Acidification occurs within the 

Figure 1.6. Transplacental transfer of IgG: Maternal IgG are actively transported across syncytiotrophoblasts by the neonatal 

Fc receptor (FcRn). The mechanisms underlying the transfer of IgG across the placental stroma and fetal endothelium are not 

fully defined but probably involve other Fc-gamma (Fcg) receptors expressed by Hofbauer cells and endothelial cells. 
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endosome and allows membrane-bound FcRn to bind IgG and to prevent its degradation [42]. The 

endosome is then re-directed to the basal surface of the cell, in an unknown process, where FcRn deposits 

IgG into the neutral pH of the stroma [42]. Some studies suggest that FcRn is slightly influenced by 

glycosylation, with agalactosylated antibodies binding with less affinity than highly sialylated species [44, 

150].  

However, the mechanism by which antibodies move through the villous stroma and eventually 

the fetal endothelium is less well understood. Within the stroma, IgGs encounter connective tissue and 

Hofbauer cells (fetal macrophage-like cells) [43, 149]. Hofbauer cells may function in immune surveillance, 

adsorbing paternal-antigen-directed immune complexes [127, 151]. Hofbauer cells and the stroma show 

diffuse accumulation of IgG, indicating trapping of IgG [151].  

The final, barrier is the fetal endothelium, a tight barrier that is impermeable to trans-junctional 

transfer [127, 151]. There is considerable disagreement over whether FcRn is expressed on the fetal 

endothelium, and whether then, antibody transfer must rely on other Fc receptors [127, 152, 153]. One 

candidate is FcγRIIb2, an Fc-receptor expressed by fetal endothelial cells of the capillaries and terminal 

villi but not by other endothelia [154]. Interestingly, fetal endothelial cells solely express the b2 isoform 

of FcγRIIb2, an isoform that is associated with internalization [155]. Furthermore, fetal endothelial cells 

contain abundant vesicles, distinct from endosomes or caveolae, that contain FcγRIIb and stain brightly 

for IgG [151]. These vesicles or tubular structures that contain IgG can be found originating at the cell 

surface and fusing or extending along the apical/basal axis [156]. Direct evidence for a role of FcγRIIb in 

the transfer of IgG was obtained in an in vitro model system [156]. However, FcγRIIb2 has no affinity for 

monomeric IgG and has a high affinity for IgG3 [19, 155]. As FcRn has a much lower affinity for this isotype, 

the moderate transfer efficiency of IgG3 across the placenta may be the result of the combined affinities 

of the two receptors [19, 157]. FcγRIIb2 is not expressed by the mouse yolk sac endothelium and FcγRIIb2 

knock-out fetal mice have a near-normal serum IgG concentration [158]. The relevance of this observation 
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to the transfer of human IgG is debated since the architecture of the yolk sac and the mouse placenta 

vasculatures are different from those of the human placenta [43, 158]. However, while initial IHC analysis 

concluded that FcRn is not expressed on epithelial cells [127], new research suggests that FcRn may in fact 

be expressed on the fetal epithelium [152], solving the riddle of transfer of monomeric IgG, which FcγRIIb2 

should have minimal affinity for. This could leave FcγRIIb2 as a secondary pathway for the transfer of IgG 

and immune complexes, perhaps to enrich for non-inflammatory IgG.  

 

Selective immunoglobulin transfer 

At birth, IgG are the dominant isotype detected in the serum, with low levels of IgM, IgE or IgA 

[127]. Fetal IgG levels increase slowly during the first and second trimesters of pregnancy and sharply 

during the third trimester of pregnancy. In term neonates, IgG level is close to 1000 g/dL and about 125% 

of the level in parental serum, indicating active transfer [127, 149, 159]. The major point of transfer of IgG 

is through the placenta, where parental and fetal vasculatures come in close contact. The efficiency of IgG 

transfer is dependent on their subclass; of the four subclasses of human IgG, there is preferential transfer 

of IgG1, followed by IgG4, and IgG3 with slightly lower abundance, and low IgG2 transfer, though the 

molecular basis of this hierarchy has not been fully elucidated [21, 43]. IgG transfer is also influenced by 

their antigen specificity [160]. Overall, protein antigen-specific IgG are transferred more efficiently than 

polysaccharide-specific IgG, a fact that is probably related to the low transfer of IgG2. However, diverse 

protein or polysaccharide-specific antibodies are transferred at different rates and the basis for this 

diversity is unknown.  

One of the factors that may regulate the transfer of IgG is IgG glycosylation. The galactosylation 

and sialylation of IgG increases during pregnancy, a profile that is associated with lower inflammatory 

potential [161]. There is some evidence for an impact of parental IgG glycosylation on their transfer, with 

higher galactosylation, bisection, and sialylation detected in newborns as compared to birth parents [157]. 
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However, recent studies suggest that these differences in glycosylation may affect Fab rather than Fc 

fragments of IgG [157, 162]. The functional consequences of IgG glycosylation on antibody effector 

functions once antibody is transferred to the newborn is unknown. However, FcRn binds below the Fc 

glycan [42], and is thought to not be influenced by Fc-glycosylation, though there is some controversial 

evidence suggesting otherwise [44].  

 

Antibody transfer and disease during pregnancy 

The transfer of antibodies is affected by infection during pregnancy. In particular, chronic 

infections while in utero are associated with reduced transfer of IgG across the placenta. HIV infection and 

placental malaria have been the most intensely studied, but other infections may have an impact as well 

[149, 163]. The mechanisms underlying this reduced transfer are not fully elucidated. However, disease 

could be affecting the distribution of FcRn and other Fc receptors on the placenta and Hofbauer cells, 

potential changing how antibodies are trapped and transferred. The hypergammaglobulinemia induced 

by many chronic infections may play an important role by saturating placental FcRn [163, 164]. Indeed, 

parental IgG levels above 15 g/L are associated with reduced transfer ratios [149]. However, the impact 

of hypergammaglobulinemia appears to vary between IgG of different specificities and subclasses, 

suggesting that other mechanisms are involved [165].  

On the other hand, antibodies can have pathogenic roles in the fetus and young infant. Extant 

antibodies against dengue virus can dramatically worsen infection and cause dengue hemorrhagic fever 

through antibody-dependent enhancement of infection (ADE) [164]. When high levels of IgG against 

dengue are transferred, the infant is protected against infection and disease. However, when levels of 

transferred IgG decline over the first months of life, infants lose protection and are at risk of ADE mediated 

by non-protective levels of IgG [164]. This mechanism may also play a role in fetal infection with Zika virus, 

as anti-dengue IgG transferred to the fetus could contribute to pathology [166].  
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Trans-placental transfer of IgG can also cause disease when directed against paternal antigens, 

for example, antibodies to red blood cell antigens or platelet antigens can cause thrombocytopenia and 

fetal brain hemorrhage or fetal hemolytic disease. Removal of antibodies to paternal antigens is thought 

to be one of the functions of Hofbauer cells [127, 151]. Interestingly, the severity of fetal cytopenia is 

correlated with the glycosylation of transferred IgG rather than with their levels, supporting the 

importance of the functional regulation of transferred antibodies through their glycosylation profile [167, 

168].  

 

Concluding remarks 

Antibody structure, driven via subclass and glycosylation, is critical to understanding the types of 

non-neutralizing functions that antibodies can mediate, and thus to understand their role in the systemic 

immune response to infection. Emerging evidence suggests that antibody glycosylation is actively 

controlled immunologically, representing a novel approach to direct immune regulation and antibody 

functional activity. Collectively, defining the specific signals that program antibody effector functions will 

provide novel insights for the design of next generation vaccines, able to induce designer glycan profiles 

and linked effector functions. Data shows that antibody effector functions are important in infection, and 

that these can be driven by glycosylation, subclass and immune complex conformation, features that are 

tune-able via antigen design, adjuvant composition and vaccination strategy. Strong evidence that non-

neutralizing functions are able to be rationally manipulated will allow the generation of targeted therapies 

for a broad array of infectious, oncological, and autoimmune diseases for which traditional vaccinology 

approaches or monoclonal therapeutic design efforts have failed. That these biophysical features 

determine Fc receptor binding also allows the design of therapeutic and vaccines designed to target 

compartments previously hard to access, such as trans-placental transfer and the design of vaccines 

specific for the pregnant population. This thesis will explore the ways that these features can be exploited 



 30 

and driven, looking at how vaccines drive antigen-specific glycosylation programming, the importance of 

immune complex biology, antibody glycosylation in acute HIV infection, vaccine responsiveness in in 

pregnancy, and the mechanism of trans-placental antibody transfer. Collectively, these will point the way 

towards the rational development of vaccines able to leverage non-neutralizing functions efficiently in 

the context of pregnancy and infection towards effective control of infection and protection of vulnerable 

neonatal populations. 



Chapter 2: Antigen-specific antibody glycosylation is regulated via 

vaccination 

Based on a published manuscript: 

Mahan, A. E., Jennewein, M. F., Suscovich, T., Dionne, K., Tedesco, J., Chung, A. W., Steeck, H., 

Schuitemaker, H., Francis, D., Fast, P., Laufer, D., Walker, B., Baden, L., Barouch, D.H. and Alter, G. 

(2016). Antigen-Specific Antibody Glycosylation Is Regulated via Vaccination. PLoS Pathog, 12(3), 

e1005456. doi:10.1371/journal.ppat.1005456  

 

Abstract 

Antibody effector functions, such as antibody-dependent cellular cytotoxicity, complement deposition, 

and antibody-dependent phagocytosis, play a critical role in immunity against multiple pathogens, 

particularly in the absence of neutralizing activity. Two modifications to the IgG constant domain (Fc 

domain) regulate antibody functionality: changes in antibody subclass and changes in a single N-linked 

glycan located in the CH2 domain of the IgG Fc. Together, these modifications provide a specific set of 

instructions to the innate immune system to direct the elimination of antibody-bound antigens. While it 

is clear that subclass selection is actively regulated during the course of natural infection, it is unclear 

whether antibody glycosylation can be tuned, in a signal-specific or pathogen-specific manner. Here, we 

show that antibody glycosylation is determined in an antigen- and pathogen-specific manner during HIV 

infection. Moreover, while dramatic differences exist in bulk IgG glycosylation among individuals in 

distinct geographical locations, immunization is able to overcome these differences and elicit antigen-

specific antibodies with similar antibody glycosylation patterns. Additionally, distinct vaccine regimens 

induced different antigen-specific IgG glycosylation profiles, suggesting that antibody glycosylation is not 
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only programmable but can be manipulated via the delivery of distinct inflammatory signals during B cell 

priming. These data strongly suggest that the immune system naturally drives antibody glycosylation in 

an antigen-specific manner and highlights a promising means by which next-generation therapeutics and 

vaccines can harness the antiviral activity of the innate immune system via directed alterations in antibody 

glycosylation in vivo.   

 

Introduction 

Mounting evidence points to a critical role for non-neutralizing antibody effector function, such 

as antibody-dependent cellular cytotoxicity (ADCC), antibody-dependent cellular phagocytosis (ADCP) and 

complement-dependent cytotoxicity (CDC), in protection against [45], and control of HIV [46], influenza 

[47], Ebola virus [5], and bacterial infections [169]. Earlier work suggests that potent, long-lived antibody 

effector activity is driven by IgG1 antibodies [170], the dominant subclass in the blood [171]. However, as 

all vaccinated and infected individuals ultimately produce IgG1 antibodies, it is unclear why some IgG1 

responses provide protective immunity while others provide limited immunity at the same titers. While 

emerging data suggest that the co-selection of additional antibody subclasses, such as the most functional 

subclass, IgG3, may collaborate to direct more effective immune complex–based activity [59], IgG3 is 

cleared rapidly from the systemic circulation [172], arguing that sustained levels of some, but not other 

IgG1 antibodies may represent the critical determinant of protective immunity against HIV. Thus, defining 

how the immune system naturally tunes IgG1 represents a critical step for the development of more 

effective strategies to harness the immune system to prevent or control HIV infection. 

 Every IgG antibody is glycosylated at a single asparagine residue within the CH2 domain of the 

constant region (in the crystallizable fragment, Fc), and data from the monoclonal therapeutic community 

suggest that these changes potently alter the inflammatory profile and effector functions of the antibody 

[173]. The antibody glycan consists of variable levels of four sugar subunits (galactose, sialic acid, fucose 
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and an N-acetylglucosamine that bisects the arms of the structure (b-GlcNAc)), each of which alters the 

affinity of the antibody for innate immune receptors, including Fc receptors found on all innate immune 

cells [174]. For example, changes in fucose and the b-GlcNAc play a critical role in modulating monoclonal 

therapeutic antibody effector function, where a lack of fucose [86], the addition of the b-GlcNAc [91], and 

elevated sialic acid [175] increases ADCC activity. In contrast, agalactosylated polyclonal antibodies are 

associated with increased inflammation in HIV [62, 110] and chronic autoimmune conditions [176] and 

agalactosylated monoclonal therapeutics are known to drive enhanced complement binding and 

activation [177]. Conversely, the presence of higher levels of galactose provides the scaffold for the 

addition of terminal sialic acid groups, that are thought to drive anti-inflammatory activity through binding 

to lectin-like receptors [77], though there is some controversy in the field as to whether IVIG’s anti-

inflammatory effect is due to sialylation alone [81, 178, 179].  

Thus, while the antibody therapeutics field has clearly demonstrated that alterations in antibody 

glycosylation is a critical mechanism for improving therapeutic efficacy via the augmentation of effector 

function [91, 170, 180] or through the alteration of inflammation in rheumatoid arthritis treatment [77],  

it is still unclear whether antibody glycosylation is actively regulated in vivo. While, recent studies on 

antigen specific antibodies have shown that antigen-specific antibodies are induced with distinct antibody 

glycan profiles, it is still unclear whether distinct antibodies within the same individual are programmed 

with unique glycosylation profiles aimed at enhancing particular effector functions. However, given the 

emerging data pointing to distinct antibody glycan profiles on antigen-specific antibodies compared to 

bulk circulating antibodies [62, 97], it is possible that antibody glycosylation may be actively    controlled 

by the immune system. Moreover, over 30 different glycan structures have been identified in naturally 

produced antibodies, each with the theoretical capacity to drive distinct effector functional profiles [14, 

181], that may be selected immunologically in disparate manners to drive unique effector functions.  
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Thus, this study aimed to determine whether antibody glycosylation is differentially tuned against 

specific pathogens and/or antigenic targets and whether antibody glycosylation could be actively directed 

through immunological priming. We demonstrate different glycoprofiles on particular antigen- and 

pathogen-specific antibodies, clearly illustrating unique antibody glycan profiles against individual 

antigens, each of which was distinct from that present in bulk circulating antibodies, linked to distinct 

antibody effector functions, pointing to antigen-specific regulation of antibody glycosylation. 

Furthermore, while bulk circulating antibody Fc glycosylation was dramatically different in geographically 

distinct populations, immunization with a viral vector-based vaccine induced remarkably similar antigen-

specific antibody glycan profiles on vaccine-specific antibodies induced at all three geographic sites. 

Conversely, distinct antigen-specific IgG glycosylation profiles were induced by a protein–based HIV 

vaccine, suggesting that antibody glycosylation is selectively tuned at the time of vaccination by distinct 

inflammatory signals co-delivered at the time of B cell priming. Collectively, these data argue that IgG 

glycosylation is elicited differently by specific pathogens, antigens, and immune signals to selectively and 

specifically induce the targeted antibody functional profiles. Thus, the regulation of antibody glycosylation 

represents a potentially novel means by which next-generation therapeutic or vaccine strategies may 

selectively direct the immune regulatory and killing activity of antibodies. 

 

Methods 

Vaccine and Participant Cohorts 

HIV-positive participants were recruited through the Ragon Institute at Massachusetts General Hospital. 

A total of 197 HIV-positive subjects, balanced for sex and age, were included in this study, including 48 

elite controllers (<75 copies RNA/ml) [182], 64 viremic controllers (75-2000 copies of RNA/ml), 44 HIV-

positive subjects on antiretroviral therapy (<70 copies RNA/ml), and 41 untreated HIV-positive 

participants (>70 copies RNA/ml). The B003/IPCAVD-004/HVTN 091 vaccine trial (clinicaltrials.gov ID: 



 35 

NCT01215149) was a safety and immunogenicity trial of a combination of adenovirus vectors (Ad26 and 

Ad35) expressing gp120 ENVA. Adenoviral vectors were administered at seven sites in three regions: The 

United States, East Africa, and South Africa. Low-risk, HIV-negative adults received two intramuscular 

doses of one or the other vector, and all samples used in this study were collected at peak 

immunogenicity, two weeks after final immunization (manuscript in preparation). The VAX003 trial was a 

phase III efficacy trial administered in Thailand in a high-risk population of intravenous drug users 

(clinicaltrials.gov ID NCT00006327). This trial used seven doses of AIDSVAX B/E, a recombinant gp120 

clade B/E, with alum as the adjuvant. All samples used in this study were collected at peak 

immunogenicity, two weeks after the final vaccination.  

 

Ethics Statement 

The study was reviewed and approved by the Massachusetts General Hospital Institutional Review Board, 

and each subject gave written informed consent. All samples were collected and used with approval from 

local the Institutional Review Boards and appropriate national regulatory authorities [177]. The HIV 

positive cohorts were approved by the Massachusetts General Hospital institutional review board. The 

ICPAVD 004 trial was approved by the Harvard Medical School institutional review board and each subject 

gave written informed consent. The VAX003 study was approved by the Bangkok Metropolitan 

Administration institutional review board and each subject gave written informed consent.  

 

Fc Glycan preparation 

Plasma was collected by the vaccine trial staff and stored at -80°C until use. IgG was isolated using Melon 

Gel IgG purification resin (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer's 

instructions. Fc glycans were released and analyzed as described [183]. Briefly, whole antibodies were 

treated with IdeS protease (Genovis, Lund, Sweden) to separate the Fab from the Fc and Fc glycans were 
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released by PNGaseF (New England Biolabs, Ipswich, MA, USA) and then dried down prior to fluorescent 

labeling with 8-aminopyrene-1,3,6-trisulfonate. Labeled glycans were run on a capillary electrophoresis 

machine and glycan peaks were assigned using labeled standards. A representative glycan spectra is 

depicted in Figure 2.1 and a table of peak assignments and names are listed in Table 2.1.  

 

Antigen-specific antibody purification 

Isolated IgG was passed over gp120 embedded columns (YU2 for HIV-positive subjects, EnvA for IPCAVD 

vaccinees, and a 1:1 mix of A244 and MN for VAX003 vaccinees; Immune Technology Corp., New York, NY, 

USA), p24 (HXBc2; Immune Technology Corp.) or HA (mix of HA∆TM H1N1 A/Solomon Islands/3/2006, 

HA∆TM H3N2 A/Wisconsin/67/x161/2005, HA∆TM H1N1 A/Brisbane/59/2007, HA∆TM H3N2 

A/Brisbane/10/2007, HA1 H1N1 A/New Caledonia/20/99, HA B/Malaysia/2506/2004/0054P and HA∆TM 

B/Florida/2006; Immune Technology Corp.). The bound antibody was eluted from the column in 0.1 M 

citric acid, pH 2.9. The purified IgGs were treated with PNGaseF to release the attached N-linked glycans 

for analysis. To compare these antibodies to the bulk fraction, a subset of bulk IgG was processed without 

Fc separation as described above. 

 

Figure 2.1. Example capillary electrophoresis spectrum. Peaks identified as described in S1 Table. 
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 Functional assays 

Functional profiling was performed as described previous [184] Briefly, bulk IgG from chronic untreated 

HIV subjects was purified using a Melon Gel IgG purification Kit (Thermo Scientific). Complement 

activation was measured via the recruitment of C3d to CEM-NKR target cells by flow cytometry following 

antibody labeling of gp120-adsorbed target cells. ADCC was quantified following the elimination of 

fluorescently labeled antibody-coated-gp120-adsorbed CEM-NKR cells by purified primary NK cells [59]. 

Table 2.1. Glycan peak table: Structure, glycan name and CE peak assignment. GlcNAc: blue square, mannose: green circle, 

galactose: yellow circle, sialic acid: pink diamond, fucose: red triangle. Structures assigned to peaks in S1. ND: not detected. 
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NK cell activation was assessed following the addition of purified NK cells to antibody adsorbed gp120-

coated 96-well plates by flow-cytometry as the frequency of NK cells degranulating (CD107a 

upregulation), chemokine (MIP-1β) or cytokine (IFN-γ) secreting cells [59]. For ADCP was measured as the 

level of antibody-induced-gp120-coated fluorescent bead uptake by flow cytometry by THP-1 cells [54]. 

Finally, ADCVI was quantified as the difference in HIV-JRCSF replication in the presence or absence of 

antibodies in activated CD4 T cells in the presence of autologous primary NK cells and antibodies over 7 

days [185]. 

 

Statistics 

Univariate data were analyzed using GraphPad Prism Version 6.0e for Mac (GraphPad Software, San 

Diego, California) for statistical significance and graphical representation. The statistical tests used are 

indicated for each figure. Heat maps were constructed using GENE-E (Brode Institute, Cambridge, MA). 

Multivariate analyses were performed using MATLAB and Statistics Toolbox Release 2013b (the 

MathWorks Inc., Natick, Massachusetts) and JMP Pro 11.00 (SAS, Cary, North Carolina).  

 

Results  

IgG Fc glycosylation occurs in an antigen- and pathogen- specific manner 

Inflammatory diseases [176] and viral infections [173, 174] drive an overall shift in bulk circulating 

antibody glycosylation. Likewise, recent studies have highlighted that unique glycan profiles emerge on 

antigen-specific antibodies [62, 97]. However, whether all antigen-specific antibodies exhibit the same 

glycan profiles, tuned exclusively by inflammation, or whether antigen-specific antibody populations are 

tuned in an antigen- and/or pathogen- specific manner is unclear. Thus, HIV envelope (gp120)-, HIV capsid 

(p24)-, and influenza envelope (HA)-specific antibodies were selectively enriched from a population of 193 
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HIV-infected subjects, and glycan profiling was performed on enzymatically removed glycans by capillary 

electrophoresis (Figure 2.1, Table 2.1). Remarkably, antibody glycosylation differed not only between 

antigen-specific antibodies and bulk circulating antibodies, but also among the three different antigen-

specific antibody populations (Figure 2.2A). Specifically, as previously reported, gp120-specific antibodies 

possessed elevated levels of agalactosylated glycans and slightly increased fucosylated and bisected 

glycans with a decrease in sialylated structures compared to bulk antibodies (Figure 2.2A). Collectively, 

this combination of sugars points to the induction of a more functional (elevated b-GlcNAc) and more 

inflammatory (low galactose and sialic acid) glycan on gp120-specific antibodies [62, 110]. Thus, based on 

known glycan structure:function relationships [91, 186], gp120-specific antibodies exhibit a slightly 

inflammatory asialylated glycan poised to direct ADCC and complement-mediated killing via elevated b-

GlcNAc levels.   

However, p24-specific antibodies exhibited an even more exaggerated inflammatory profile than 

gp120-specific antibodies (Figure 2.2). p24-specific antibody glycans included significantly higher levels of 

agalactosylated glycans and slightly more fucosylation, as compared to bulk antibody glycans (Figure 

2.2A). These antibodies exhibited low levels of sialic acid and comparable levels of b-GlcNAc to the bulk 

circulating antibodies. Thus, p24-specific antibodies are selectively tuned to express a highly inflammatory  

agalactosylated glycan. In contrast to gp120- and p24-specific antibodies, influenza-specific antibodies 

exhibited a significantly different glycan profile, marked by significantly increased galactosylation (Figure 

2.2A) and sialylation and reduced b-GlcNAc. Thus, influenza-specific antibodies exhibited a third glycan 

profile, that like IVIG, may be tipped towards an anti-inflammatory glycan [77, 173] that may be 

deliberately tuned to drive enhanced ADCC via reduced fucose [186]. Interestingly, no correlation was 

observed among glycan patterns selected on gp120- or HA-specific antibodies (Figure 2.3) arguing that 

antigen-specific antibody glycosylation is selected independently in each individual and is not influenced 

by the host’s genetic or pre-infection background. Thus, based on univariate analyses, comparing the  
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Figure 2.2. Antibody glycosylation is programmed in an antigen-specific manner: A. Glycosylation was assessed on whole bulk-

circulating and antigen-specific IgG antibodies directed against gp120 (n=103), p24 (n=47), and HA (n=40) isolated from a cohort 

of 193 HIV-infected subjects. The dot plots represent the percent of glycan structures that contain galactose (G0=agalactosylated, 

G1=mono-galactosylated, G2=di-galactosylated) or that contain sialic acid (S=sialylated), fucose (F=fucosylated), or a bisecting 

GlcNAc (B=bisected). Differences between groups were compared using Kruskal-Wallis test with Dunn’s multiple comparison’s 

test (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). B. Differences in glycosylation for gp120-specific antibodies from chronic 

treated (orange), chronic untreated (pink), viremic controller (purple) and elite controller (green) HIV subjects were compared 

using two-way ANOVA with Tukey’s multiple comparison test (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). C. Antibody 

glycosylation levels on gp120-specific antibodies among chronic HIV-infected individuals were measured along with seven 

different gp120-specific effector functions. The correlations between gp120-specific antibody glycosylation and gp120-specific 

functional parameters were assessed using spearman correlations. Antibody dependent complement deposition (ADCD), 

antibody dependent cellular cytotoxicity (ADCC), antibody mediated NK cell activation (degranulation-CD107a, IFN-γ, or MIP-β 

secretion), antibody dependent cellular phagocytosis (ADCP), and antibody dependent cellular viral inhibition (ADCVI) are 

depicted. Significant correlations were identified for: Fucose--ADCC*, Di-sialylated--ADCC**, mono-galactosylated--ADCP*, Di-

galactosylated--ADCP**, Bisection--ADCP* and Mono-sialylated--ADCP** (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). D,E. 

To gain a multivariate sense of the overall glycan profile differences among antigen-specific antibodies, antigen-specific antibody 

glycan profiles (gp120- (teal), HA- (yellow) and p24- (red) specific antibodies) were compared using principle components analysis 

(PCA). Each dot on the score plot (D) represents an antigen-specific antibody glycan profile from a single individual and the 

loadings plot (E) shows the contribution of individual analyzed glycan structures to driving the separation between the antigen-

specific antibody glycan profiles. Vector length represents the magnitude of individual glycan structure effects on overall 

separation in antibody glycan profiles, with longer vectors represent features that are further from the mean and that drive a 

larger effect on separating antibody glycan profiles. Moreover, location on the loadings plot is identical to location on the score 

plot, determined by the collective influence of all vectors. This analysis accounts for 42.9% of the glycosylation variation across 

the antigen-specific antibody specificities.   
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incorporation of individual sugars into the antibody glycan, antibody glycosylation varies significantly 

among antigen-specificities in HIV infected persons. 

Beyond differences at the antigen-specific level, differences were previously observed in gp120-

specific antibody glycosylation profiles among a small group of HIV infected subjects with differential 

clinical progression profiles [62]. Similar differences in antibody glycan-profiles were observed within this 

larger population (Figure 2.2B), with elevated agalactosylation among all spontaneous controllers and 

elevated bisection among the chronic treated subjects. However, interestingly, no between HIV group 

differences were observed among the influenza-specific antibody glycan profiles (Figure 2.4), 

demonstrating disease specific nature of antibody glycan tuning.  

Figure 2.3. Correlations between glycan types: Correlations between gp120- and HA-specific antibodies were determined 

for agalactosylation, mono-galactosylation, di-galactosylation, fucosylation, bisection and sialylation by linear regression. P 

values and R2 values are displayed on the graph. No correlations were significant.  
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 While changes in antibody glycosylation and their effect on antibody effector function has been 

clearly illustrated in the context of monoclonal therapeutics [170], less is known about the impact of 

glycan-structure changes, which are often small, in polyclonal antibody populations. Thus, we next sought 

to define whether the observed glycan-profile differences impacted antibody effector function. Seven 

gp120-specific antibody effector functions, including: antibody dependent complement deposition 

(ADCD), ADCC, NK degranulation associated CD107a surface expression, interferon-γ (IFN-γ) and 

macrophage inflammatory protein 1β (MIP-1β) release, ADCP and antibody dependent cellular viral 

inhibition (ADCVI) were assessed in a group of chronically untreated HIV infected subjects for whom 

sufficient amounts of plasma were available for functional profiling. Thus gp120-specific antibody glyco-

profiles and gp120-specific antibody functionality were assessed in parallel to determine the relationship 

between glycosylation and antibody functionality against the same antigenic target in polyclonal pools of 

antibodies. The glycan profile:function correlational analyses showed a number of relationships (Figure 

2.2C). Interestingly, known relationships previously demonstrated for monoclonal therapeutics [86, 91, 

95], such as the association between: 1) low fucose and high ADCC, high bisecting GlcNAc and high ADCC, 

and 3) low galactose and complement activation, were observed in polyclonal gp120-specific antibodies 

(Figure 2.2C). Additionally, novel correlations were also observed including a significant positive 

Figure 2.4. HA-specific antibody glycosylation in HIV infection: Differences in glycosylation for HA-specific antibodies from 

chronic treated (orange), chronic untreated (pink), viremic controller (purple) and elite controller (green) HIV subjects were 

compared using two-way ANOVA with Tukey’s multiple comparison test. No differences were significant. 
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association between di-sialylation and ADCC, agalactosylation and bisection were positively correlated 

with phagocytic activity, and mono-sialylation and di-galactosylation were associated with antibody 

mediated viral inhibition (Figure 2.2C).  These data suggest that polyclonal antibody glycan structure shifts 

clearly result in alterations in antibody effector function that may be actively regulated during an immune 

response to direct enhanced clearance and control in an antigen-specific manner. 

To gain a more complete understanding of the differences in glycosylation between different 

antigen-specific antibody populations, we used principle component analysis (PCA) to generate integrated 

multivariate glycan profiles for each antibody population. PCA linearly transforms multi-dimensional 

measurements into linear coordinates, called principle components. We can plot the first two principle 

components, which account for the greatest variation, onto a two-dimensional plot to define multivariate 

differences among groups (overlapping dots reflect similar profiles whereas non-overlapping dots 

represent different overall glycan profiles). Specifically, PCA demonstrated that the three antigen 

specificities separated as distinct antigen-specific antibody glycan profiles (Figure 2.2D), with limited 

overlap, suggesting that each antigen-specific antibody population is induced with a unique glycan profile. 

Moreover, the vectors on the loadings plot (Figure 2.2E), illustrate the strength of the contribution of each 

glycan structure in driving the separation in the overall glycan profiles, highlighting the unique nature of 

selective enrichment of di-sialylated glycans among HA-specific antibodies, elevated G0F/G1B glycans 

among the p24-specific antibodies, and G1/G0FB glycans in the gp120-specific antibody population.  

Overall, these data strongly argue that antibody glycosylation is calibrated at an antigen-specific 

level within the same individual and that that each profile is distinct from one another and from bulk 

circulating antibodies (Figure 2.2). These data therefore suggest that antibody glycosylation may be tuned 

actively during the induction of an immune response, to generate an antigen/pathogen appropriate 

effector response. However, whether antibody glycosylation can be actively manipulated is still unclear.  
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Bulk IgG Fc-glycosylation varies geographically 

 To determine whether antibody glycosylation is programmable in a reproducible manner we 

turned to a vaccine trial using the experimental Ad26/Ad35 expressing an HIV Envelop protein A (the 

B003/IPCAVD-004/HVTN091 trial) that was conducted at sites in the United States, Kenya/Rwanda (East 

Africa), and South Africa.  As IgG bulk and antigen-specific glycosylation differ dramatically in 

inflammatory diseases [176] and infectious diseases [62],  bulk circulating antibody Fc glycosylation 

profiles were initially compared across the sites to ascertain baseline differences between the vaccine 

populations.  

 Significant differences in bulk IgG Fc galactosylation and sialylation were observed among 

individuals in the three regions (Figure 2.5A). In particular, individuals from both African regions exhibited 

significantly higher proportions of agalactosylated (G0) Fcs. While both African groups displayed lower 

sialylation than US vaccinees, East Africans had the lowest bulk antibody sialylation. Given the role of low 

galactose and sialylation in determining the inflammatory activity of antibodies [173], these data suggest 

that bulk antibody glycosylation in Africans is associated with inflammatory glycosylation, with East 

Africans having the most inflammatory profile. Since the bulk IgG population is made up of a large array 

of antigen-specific antibodies corresponding to the pathogens encountered by an individual, these 

differences may correspond to differences in genetic background, diet, and/or exposure to pathogens at 

each geographical location. 

 As mentioned above, changes in fucose and b-GlcNAc alter antibody function [86, 91]. 

Interestingly, in the South African cohort, we observed higher fucosylation of bulk Fc compared to either 

of the two other groups (Figure 2.5A). Additionally, South Africans had lower b-GlcNAc compared to both 

groups. Given the low functional activity of antibodies with high fucose and low b-GlcNAc containing 

glycans, these results highlight that even within a single continent, significant differences may arise in 
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antibody glycosylation of bulk antibodies, not only in sugars that modulate inflammation, but also among 

sugars that are critical for driving antibody functionality. 

Figure 2.5. Geographic location affects bulk IgG glycosylation: Bulk IgG glycosylation was assessed in subjects from three 

regions: Unite States (blue, n=43), Kenya and Rwanda (maroon, n=69), and South Africa (yellow, n=47). (A) Bulk antibody Fc 

glycosylation in vaccine recipients from each of the three regions was measured via capillary electrophoresis, and the mean 

proportion of total galactosylated, sialylated, fucosylated, and bisected structures was compared using Kruskal-Wallis one-

way ANOVA (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). (B) Multivariate comparison of antibody Fc glycosylation 

among the three geographic sites was performed using PCA. The score plot (left panel) depicts the principal component 

analysis of samples collected in the three regions (each dot represents a vaccinee, and colors are as described above), and 

the loadings plot of the PCA (right panel) shows the contribution of particular glycan structures to driving the observed 

separation, where longer arrows signify a greater contribution to separating glycan profiles. This PCA describes 55% of the 

total variance among these samples. 
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 Principle component analysis demonstrated largely non-overlapping antibody glycosylation 

profiles among vaccinees at each of the three sites in their bulk circulating antibody glycosylation profiles 

(Figure 2.5B), demonstrating that fundamentally different glycosylation profiles exist within each 

geographic region. The separation was largely driven by inflammatory glycan structures as shown by the 

length of the vectors on the loadings plot. For example, G0 structures, associated with inflammation [177], 

were largely associated with Kenya/Rwanda, whereas G2 structures, that are thought to be less 

inflammatory, were enriched among vaccinees from the US. Interestingly, the East African vaccinees 

separated completely from the other groups, while the South African and American recipients overlapped 

slightly in their bulk Fc-glycan profiles, suggesting that while variation in bulk Fc glycosylation exists among 

all groups, there are greater differences between East Africans and the other two populations, which are 

potentially related to a multitude of variables including distinct genetics [14], endemic infections [187], 

differences in diet [73], and other environmental factors. Overall, these data strongly suggest that 

baseline inflammation may alter the bulk antibody glycan profiles, potentially pre-determining the glycan 

profile of newly elicited antibodies.  

Glycosylation on vaccine-specific antibodies is distinct from bulk antibody glycosylation 

We next aimed to determine whether antigen-specific antibodies induced via vaccination 

exhibited distinct glycosylation profiles to bulk circulating antibodies, in a manner analogous to the 

distinct antigen-specific antibodies seen in HIV-infected subjects (Figure 2.2). Thus, the viral vector–

induced antigen-specific antibodies were enriched from bulk IgG using vaccine-matched gp120 antigens 

in a subset of vaccinees from each region. Strikingly, the viral vector–elicited antibodies were significantly 

different from the bulk antibody glycans by PCA analysis (Figure 2.6A). Specifically, no overlap was 

observed in the overall glycan profiles of antigen-specific (maroon) and bulk antibodies (blue) (Figure 

2.6A, left). Furthermore, all glycan types were found to be significantly different in vaccine-specific 

antibodies compared to bulk antibody glycosylation, with vaccine-specific glycans being significantly more 
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agalactosylated, mono-galactosylated, sialylated and bisected but less fucosylated and di-galactosylated 

(Figure 2.6B). As illustrated in the loadings plot (Figure 2.6A, right), this separation was driven primarily 

by differences in fucosylation and sialylation. This analysis shows that antigen-specific antibody 

glycosylation is specific and driven by the immune signals delivered at the time of immunization.   

 

Vaccine-induced antibodies overcome regional bulk antibody glycosylation differences 

To ultimately determine whether antibody glycosylation is programmed at an antigen-specific 

level in a reproducible manner independent of regional differences in bulk circulating Fc glycosylation, we 

next aimed to determine whether the regional differences observed in bulk Fc glycosylation were also 

present in antigen-specific antibody glycoprofiles. Remarkably, no differences among all three 

geographical locations were observed for any sugar in the antigen-specific antibody glycans (Figure 2.6C), 

strongly arguing that the viral vector-based vaccine induced a single glycan profile on vaccine-induced 

antibodies that is independent of pre-existing antibody glycan profiles. While a trend toward reduced 

addition of the b-GlcNAc was observed in the antigen-specific antibodies in the Kenyan/Rwandan 

vaccinees, these levels were opposite to those observed in the bulk antibody profiles (Figure 2.5A), 

arguing for a directed change away from the bulk antibody glycan profiles among the vaccine-induced 

antibodies. In addition, as expected, HA-specific antibody glycans were different across regions at each 

timepoint tested (cross-sectionally), but did not change due to vaccination (Figure 2.6D), indicating that 

vaccine-induced glycan changes are restricted to the vaccine antigen-specific antibody population, and 

does not globally affect the humoral immune response. Thus collectively, these data strongly argue that 

vaccine-induced glycosylation changes are highly restricted to the de novo-induced antigen-specific 

antibody response independent of baseline geographical regions in antibody glycosylation, suggesting 

that antigen-specific antibody glycosylation is induced at the time of B cell priming in a uniform and 

directed manner.  
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Figure 2.6. Vaccine-elicited antibody glycosylation profiles are distinct from bulk antibody glycosylation: Viral vector–

induced gp120-specific and influenza specific antibodies were isolated from vaccinees, and the attached glycans were 

analyzed by capillary electrophoresis. A. Multivariate PCA was used to compare bulk antibody glycoprofiles (blue, n = 32) and 

vaccine-elicited antigen-specific antibody glycoprofiles (maroon, n=20), and both the scores plot (left) and loadings plot 

(right) are shown. This analysis describes 69% of the variation. B. The mean proportions of bulk and vaccine-elicited antibody 

glycan were compared using students two-tailed paired t tests (n=13 for bulk, n=20 for gp120 (*p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001). C. The mean proportions of vaccine-elicited antibody glycan structures were compared across 

vaccine groups using Kruskal-Wallis ANOVA (n=9 for United States, n=6 for Kenya/Rwanda, n=4 for South Africa). No 

statistically significant differences were found. D. The mean proportions of influenza-specific antibody glycans at baseline 

(magenta), post-first (green), and post-boost (purple) vaccine timepoints were compared using non-parametric two-way 

ANOVA (n=18 for United States, n=11 for Kenya/Rwanda, n=5 for South Africa). No significant differences were found 

between the three timepoints for either antigen or glycan type. 



 50 

Different immune signals during antigen exposure elicit distinct glycosylation profiles 

Given that the adenovirus-vectored vaccines elicited similar glycosylation patterns on vaccine-

specific antibodies in all tested vaccinees, we aimed to determine whether the observed antigen-specific 

glycan profiles are conserved across all de novo-induced antibodies or if they are tuned differentially by 

distinct immunogens at the time of vaccination. Antigen-specific glycan profiles of antibodies isolated 

from recipients of the VAX003 vaccine trial (an alum-adjuvanted recombinant gp120 vaccine that induced 

high titer vaccine-specific antibody responses) were compared with glycan profiles induced in the 

B003/IPCAVD-004/HVTN091 experimental vaccine trial. Interestingly, using PCA, we observed significant 

separation of the gp120-specific antibody glycosylation profiles across the two vaccines for galactose, 

sialic acid, and b-GlcNAc (Figure 2.7A). Specifically, the B003/IPCAVD-004/HVTN 091 vaccine trial induced 

more anti-inflammatory glycan structures, with higher proportions of di-galactosylated, and sialylated 

glycans compared to antibodies induced in the VAX003 trial (Figure 2.7B). The viral vector used in 

B003/IPCAVD-004/HVTN 091 also induced an increased proportion of bisected glycan structures, which 

are known to elicit greater ADCC activity and therefore increased functionality [91]. However, no 

differences were observed in fucose content across the two vaccine trials.  Thus, the viral vector used in 

B003/IPCAVD-004/HVTN091 induced a less inflammatory but highly functional antibody glycan profile 

compared to the poorly functional but highly inflammatory antibody glycan profiles induced in the alum-

adjuvanted VAX003 study.  

All together, these data demonstrate that different immune signals delivered at the time of 

antigen exposure can specifically tune the glycosylation of antigen-specific antibodies in a signal-specific 

manner. Furthermore, the same antigen, HIV gp120, can induce differentially glycosylated antibodies in 

the presence of distinct immune signals. Given the importance of glycosylation in modulating antibody 

effector functions, these data suggest that inflammatory signals at the time of B cell priming can direct 

antibody glycosylation, aimed at tuning antibody effector function to target antigens in a pathogen-
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specific manner. Importantly, these data highlight that next-generation vaccine design strategies may 

selectively tune antibody effector function via modulation of antibody glycosylation.  

 

Discussion 

Unlike subclass selection, which irreversibly changes the constant domain, antibody glycosylation 

represents a flexible and powerful mechanism by which the immune system naturally finely tunes 

Figure 2.7. Different vaccines induce distinct vaccine-elicited antibody glycosylation profiles. A. The antigen-specific IgG 

glycans from the B003/IPCAVD-004/HVTN 091 (blue) and VAX003 (maroon) studies were compared using PCA. This analysis 

described 56% of the variation. B. The mean gp120-specific glycan profiles induced by the B003/IPCAVD-004/HVTN 091 

(n=19) and VAX003 (n=17) trials were compared using the Mann-Whitney U test (*p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001). 
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antibody effector function. However, while significant changes in antibody glycosylation have been 

reported on bulk circulating antibodies in the setting of chronic inflammatory diseases [176] and on 

antigen-specific antibodies [62, 97], it is still unclear whether the immune system naturally and selectively 

tunes antibody glycosylation in an antigen-specific manner. Here, we show differential glycosylation on 

distinct antigen- and pathogen-specific antibodies isolated from the same individuals (Figure 2.2), 

suggesting that the selection of antibody glycan profiles may be determined at the time of B cell priming 

as a means to specifically tune antibody effector activity to eliminate individual targets in an 

antigen/pathogen-appropriate manner. Moreover, we show that antibody glycosylation can be actively 

influenced via vaccination, overcoming different baseline circulating antibody glycome differences among 

vaccinees (Figure 2.5), to generate a specific antibody glycan profile within the vaccine-specific antibody 

subpopulation (Figure 2.6). Finally, distinct differences were observed in antibody glycan profiles among 

antibodies induced by different vaccines (vectored versus protein-only), highlighting the critical nature of 

distinct priming signals in directing the glycan profiles of antigen-specific antibodies (Figure 2.7). Given 

that antigen-specific antibodies represent only a small percent of the total circulating antibodies, which 

are composed of swarms of distinct epitope-specific antibodies, it is unlikely that antigen-specific antibody 

glycan shifts would influence the overall circulating glycome. However, differential antigen-specific 

antibody glycosylation clearly reflects differences in selective immune programming directed against 

distinct pathogens/antigens aimed at harnessing the broad Fc effector functional potential of the humoral 

immune response.  

The differential selection of antigen-specific antibody glycosylation profiles may be a means by 

which the humoral immune system customizes and selectively arms antibodies with extra-neutralizing 

effector functions that are more effective in controlling and clearing particular pathogens. While the 

magnitude of the observed glycan changes appears small, they are highly significant, and even small shifts 

were clearly associated with robust changes in antibody effector functions (Figure 2.2C). Given that 
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antibodies function as polyclonal swarms in immune-complexes, small glycan changes may have profound 

effects on innate immune Fc-effector cell functionality by simply skewing Fc-receptor/complement 

activation towards more desirable functions. Interestingly, some of the associations reflect previously 

identified relationships described for monoclonal therapeutic functional enhancement (low fucose= 

ADCC). However, additionally, novel glycan profile shifts that tracked with enhanced viral inhibition (G1), 

phagocytosis (G0), ADCC (SA), and complement activation (F and SA).  Additionally, HA-specific antibodies 

exhibited more galactosylated, sialylated (less inflammatory), and afucosylated (more ADCC) glycan 

profiles (Figure 2.2A), suggestive of an antibody glycan profile tuned to promote rapid NK cell cytotoxicity 

via FCGR3A [86] in the absence of high levels of inflammation [77]. By contrast, gp120-specific antibodies 

exhibited a more inflammatory profile marked by low galactosylation and sialylation with higher levels of 

fucosylation and b-GlcNAc incorporation, the latter of which has been implicated in driving ADCC and 

complement activation [77, 86]. Because the containment of influenza virus occurs predominantly within 

the lung [188], where rapid killing in the absence of excessive inflammation may be required to avoid 

immunopathology, an anti-inflammatory but ADCC-inducing antibody glycan would be highly protective. 

Conversely, non-neutralizing control of HIV may occur both in the blood as well as in lymphoid and gut 

tissues [189], where excessive pathology has been documented [190, 191]. However, whether less 

inflammatory and functional antibodies targeting HIV could provide enhanced control of HIV is unclear.  

Defining protective glycan structures against other pathogens that infect via mucosal tissues may 

point to potential antibody effector profiles that could provide enhanced early containment of HIV. Yet, 

differences were observed in antigen-specific antibody glycosylation, strongly suggesting that the immune 

response evolves a highly specific antibody glycoprofile to target each pathogen, engineering the correct 

glycans to generate antibodies that are the most functional for particular pathogen. Thus, since the choice 

of N-linked glycan on the antibody is both directable and crucial to determining the functionality of 

antibodies, a deeper understanding of how and why particular antibody glycans are built up is crucial for 
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understanding mechanisms to actively manipulate and control the bioactivity of antibodies via 

vaccination. Moreover, as vaccine-specific antibody glycosylation profiles were similar within vaccinees, 

irrespective of their baseline bulk antibody glycosylation profile, suggests that B cell programming of 

antibody glycosylation must occur in an environment that is unaffected by baseline inflammatory 

differences that may be driven by different diets, microbiomes, or co-infections [14, 73, 187]. 

Furthermore, alterations in antibody glycosylation during vaccination clearly occurs in an antigen-specific 

manner, as HA-specific antibody glycosylation profiles were unaltered, suggesting that antibody 

glycosylation must require some level of B cell receptor triggering. Yet, because distinct vaccinations 

elicited discrete antibody glycan profiles, it is likely that unique inflammatory signals, delivered via TLRs 

or cytokines, at the time of BCR engagement, must play a critical role in tuning the antibody glycoprofile 

towards particular effector function, potentially allowing B cells to integrate information and program 

function according to the microbial origin of the antigen to which they are selected. 

Previous genome wide data have identified a small number of single nucleotide polymorphisms 

that track with altered systemic antibody glycosylation [70]. However, here we observed highly significant 

regional differences in the circulating antibody glycome, that extend far beyond the frequencies at which 

these SNPs occur within populations, suggesting strongly the critical importance of environmental 

influences on modulating and shaping circulating humoral immune profiles. Whether these antibody-

glycome profiles are imprinted gestationally, related to nutritional differences or linked to differences in 

co-infections remains to be determined. Furthermore, whether this profile is reversible (upon relocation), 

and if it fluctuates over time also remains unclear. Given the critical nature of non-specific antibody 

glycosylation in therapeutically reducing inflammation, as is observed with IVIG [77, 178], understanding 

the key modulators of bulk glycosylation may not only help tune immunologic inflammation but also 

provide insights into populations at risk for particular infection, malignancies, or autoimmune disease. 
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Irrespective of the baseline circulating antibody glycome differences, vaccination resulted in the 

rapid selection of a single vaccine-specific glycan profile, suggesting that vaccination can select for uniform 

protective humoral immune profiles globally. However, whether these antibody glycan profiles change 

over time and whether they are preserved and can be recalled is unclear. Because humoral immune 

responses are composed of different waves of plasmablasts, it is plausible that the peak vaccine-specific 

antibody glycan profile may represent a particular wave of glycan profiles that later matures over time, 

concurrent with the loss of specific plasmablast populations. Thus, future longitudinal vaccine studies may 

provide enhanced insights into the specific antibody-glycoprofiles that may be seeded into the long-lived 

plasma cell pool, which are aimed at conferring immunologic memory until pathogen re-exposure. 

Moreover, understanding how antibody glycoprofiles may be tuned in memory-B cells that give rise to 

new waves of plasmablasts, through prime-boosting or via reaction to distinct adjuvants, offers a unique 

opportunity to fine tune antibody effector activity. Thus, these data highlight the critical need to more 

fully understand the signals and mechanisms that program glycan profiles naturally and via vaccination to 

define the specific vaccines, adjuvants, and/or vectors that can selectively induce glycan perturbations 

linked to desired antibody effector functions. 

 This study is the first to clearly demonstrate that the immune system actively tunes antibody 

glycosylation in an antigen-specific manner via the delivery of specific signals at the time of antigen 

exposure, in a BCR-dependent manner, independent of baseline inflammatory differences. Whether host-

genetics or baseline risk factors may impact B cell programming and thereby the ability to generate 

specific antibody glycan profiles is unknown. However, given the emerging interest in modulating 

antibody effector activity against HIV, and other pathogens, novel strategies able to actively modulate 

antibody effector function in vivo are highly desirable. Thus, the data presented here demonstrate that 

vaccination can harness antibody effector function via the regulation of antibody glycosylation offering a 

novel route to improve future vaccines that may provide protection from HIV and beyond.  
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Abstract 

Gene based delivery of immunoglobulins promises to safely and durably provide protective immunity to 

individuals at risk of acquiring infectious diseases such as HIV. We used a rhesus macaque animal model 

to optimize delivery of naturally-arising, autologous anti-SIV neutralizing antibodies expressed by Adeno-

Associated Virus 8 (AAV8) vectors. Vectored transgene expression was confirmed by quantitation of target 

antibody abundance in serum and mucosal surfaces. We tested the expression achieved at varying doses 
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and numbers of injections. Expression of the transgene reached a saturation at about 2 x 1012 AAV8 

genome copies (gc) per needle-injection, a physical limitation that may not scale clinically into human 

trials. In contrast, expression increased proportionately with the number of injections. In terms of anti-

drug immunity, anti-vector antibody responses were universally strong, while those directed against the 

natural transgene mAb were detected in only 20% of animals. An anti-transgene antibody response was 

invariably associated with loss of detectable plasma expression of the antibody. Despite having atypical 

glycosylation profiles, transgenes derived from AAV-directed muscle cell expression retained full 

functional activity, including mucosal accumulation, in vitro neutralization, and protection against 

repeated limiting dose SIVsmE660 swarm challenge. Our findings demonstrate feasibility of a gene 

therapy-based passive immunization strategy against infectious disease and illustrates the potential for 

the nonhuman primate model to inform clinical AAV-based approaches to passive immunization. 

 

Introduction 

Antibodies mediate protection against infection for nearly all traditional licensed vaccines. To 

achieve protective antibody titers, active immunization has historically been employed. More recently, 

given advances in monoclonal antibody isolation and production technologies, delivery of prophylactic 

antibodies via passive vaccination is being considered for pathogens where active vaccination strategies 

have not succeeded. Advantages of passive immunization include better efficacy, enhanced coverage 

against multiple disease strains or serotypes, greater tolerability, and economics. Strategies to prevent 

infection via prophylactic administration of monoclonal antibodies are advancing clinically, with success 

against a variety of diseases (primarily in animal models): respiratory syncytial virus, Influenza A, hepatitis 

C, herpes simplex, Ebola, Rabies, cytomegalovirus, Hendravirus, and HIV [192-194]. As with all protein-

based regimens, obstacles include cost of production [195, 196], maintenance of functional drug levels 

[197-199], and rejection by anti-drug antibody responses [198, 200-202].  



 59 

Genetic delivery of antibody via viral vectors such as adeno-associated viruses (AAV) is particularly 

exciting given preclinical and clinical studies demonstrating persistent expression of transgene drug 

products [203-209]. Gene therapy provides a potential one-time administration strategy, after which 

protein products are produced in vivo, and persistently accumulate to functional levels [207-210]. Adeno-

associated virus (AAV) is a safe gene therapy vector capable of delivering transgenes long term [205, 211]. 

The clinical success of AAV-vectored gene therapy for hemophilia highlights the potential to replace 

infusion of purified F.VIII or F.IX protein in humans with a single administration, resulting in millions of 

dollars saved in infusions of purified clotting factors [203, 204, 206, 212]. Used appropriately, AAV 

vectored gene therapy has an excellent safety record, has been approved clinically as the drug Glybera, 

and has showed successes in human trials for gene replacement in multiple diseases (lipoprotein lipase 

deficiency, Leber’s congenital amaurosis, and aromatic L-amino acid decarboxylase deficiency) [205, 213, 

214]. 

The use of AAV to deliver antibodies against infectious disease has been adopted by the field of 

HIV preclinical research and recently extended to human clinical trials (NCT017455, NCT03374202). To 

date, two phase I clinical trials delivering anti-HIV envelope broadly neutralizing antibodies (bNAbs) via 

AAV have begun. However, the field of HIV is awash with candidate antibodies that may be useful for 

prophylaxis. To determine the best passive immunization candidates for HIV prevention via gene 

therapy, in vivo NHP models are the best animal model. To date, five studies have provided proof of 

principle that HIV/SIV envelope targeting antibodies can be delivered to NHP via AAV [215-219]. 

Initial studies delivered non-simian antibodies, simianized antibodies, or antibody-like molecules 

showed high frequency of loss of expression due to anti-drug antibody (ADA) responses [215-217, 219, 

220]. Chimeric models suffered from issues of compatibility between host immune system and the 

infecting virus or non-simian antibody. Specifically, the generation of ADA was reported to abrogate any 

protective effect of the delivered antiviral molecules. Here, we show that we can largely circumvent the 
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challenges of anti-drug immune responses previously described by delivering autologous, naturally-arising 

mAbs, as would be done clinically. We demonstrate the feasibility of AAV8-based delivery of native anti-

SIV Env-specific mAbs, show durable transgene antibody accumulation in serum and mucosal 

compartments with a low frequency of ADA responses in species-matched immunocompetent outbred 

hosts, and observed a protective effect of VIP against SIV challenge. 

This platform has the potential for long term delivery of anti-viral immunity against SIV, an 

established model of natural infection for HIV [221-224]. Here, we used AAV8 to deliver antibodies 

directed towards the CD4 binding site (CD4bs) and variable loop 1 (V1) region of its envelope. We 

established and optimized a platform of passive immunization to deliver species matched antibodies 

where transgene expression is durably sustained, anti-drug antibody generation is infrequent, and 

transgene mAbs translocate to mucosal compartments where they may act prophylactically. We describe 

the unique glycan profiles and maintenance of neutralization function of transgene mAbs. Lastly, we 

performed challenge studies to demonstrate the protective capacity of vectored immunoprophylaxis 

(VIP). Together, our data inform clinical trials testing the AAV platform to deliver HIV broadly-neutralizing 

antibodies to prevent infection. 

 

Methods 

Ethics statement 

All animal experiments were reviewed and approved by the Animal Care and Use Committee of the 

Vaccine Research Center, National Institutes of Allergy and Infectious Diseases (NIAID), National Institutes 

of Health (NIH) and all animals were housed and cared for in accordance with local state, federal and 

institute policies in an American Association for Accreditation of Laboratory Animal Care-accredited 

facility with stringent standard operating procedures and compliant with U.S. Animal Welfare Act (AWA) 

and Regulations, the Public Health Service (PHS) Policy on Humane Care and Use of Laboratory Animals, 
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the Guide for the Care and Use of Laboratory Animals and all applicable NIH Policies on in vivo research. 

These experiments were carried out under the following protocol numbers (VRC-14-475, VRC-14-499, 

VRC-14-487). All animals were monitored carefully by veterinary staff. To date, no adverse events have 

been associated with these immunizations. The NHP study was conducted in accordance with the 

requirements of the Animal Welfare Act (AWA) set forth under the Regulations and Standards in the Code 

of Federal Regulations (CFR), Title 9 CFR, Chapter 1, Subchapter A—Animal Welfare, Parts 1, 2, and 3. 

Approval of this study by the VRC ACUC ensured compliance with AWA requirements for environment 

enhancement adequate to promote the psychological and physical well-being of nonhuman primates. 

Specific humane interventions are described in the nonhuman primate protocol, including detailed 

descriptions of monitoring frequency, use of anesthesia and analgesia for procedures, and humane 

method of euthanasia based upon the American Veterinary Medical Association (AVMA) Guidelines on 

Euthanasia, or as recommended by the veterinary staff. Sedation was performed using Ketamine 

Hydrochloride 5.0–10.0 mg/kg IM or with xylazine 0.5–1.0 mg/kg, as required. Upon completion of the 

study animals were made available to other investigators according to the Vaccine Research Center Policy 

on post-study disposition of nonhuman primates. Any nonhuman primates that could be used in other 

research protocols, by criteria defined in this policy, were euthanized at the discretion of the PI via the 

following method: exsanguination while under a deep surgical plane of anesthesia induced by sodium 

pentobarbital, 10–15 mg/kg IV. Euthanasia was performed under the guidance of the veterinary staff. 

Euthanasia was followed by a full gross and histopathologic examination of a full range of tissues. All 

carcasses were disposed of by incineration. 

 

Study design 

Our goal was to determine the feasibility of antibody gene transfer using AAV8 in rhesus macaques as a 

model for passive immunization interventions in humans. Healthy male and female Macaca mullatta 
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animals were used, all were of Indian origin except where noted. Based on the literature, we expected 

expression of antibody might be difficult to achieve and thus began with a pilot study of 6 NHP at high 

dose. Given the robust expression observed, we sought to further optimize and characterize our system 

of passive immunization by altering dose (Indian origin macaques) and number of shots (Chinese origin 

macaques). Given the success of delivery at 2 x 1012 gc/animal, we delivered antibody via AAV8 at this 

dose and 5 x 1012 gc/animal in larger challenge studies, including relevant antibody delivery data here. 

Two outliers were excluded from averages of serum antibody; a control monkey with high background 

serum reactivity in our ITS01 quantitation and one monkey given AAV at low dose that did not show 

transgene expression. All macaques included our protection analysis were of Indian origin. Rates of 

infection and viral loads between historic and contemporaneous controls were comparable, as previously 

observed with this challenge stock. Two monkeys were censored after the second challenge in our initial 

protection study due to false positive SIV viral load measurement. Sample collection endpoints were at 

least 25 weeks post AAV. 

 

Serum antibody quantification (MSD) 

Antibody titers were quantified from heat-inactivated sera using the Meso-Scale Discovery Sector 2400 

platform as previously described (Meso-Scale Discovery; Rockville, MD., USA) [225]. Briefly, MSD 384 well 

streptavidin coated plates were blocked for 1 hr at RT using 35μl 5% (W/V) MSD blocker A buffer shaking 

at 600RPM. Plates were washed 6 times and incubated with a biotin-bait conjugate for 60’ minutes at RT 

shaking at 600 RPM. For ITS01 and ITS06.02, anti-idiotype antibodies were generated in mice as described 

previously (Genscript; Piscataway, NJ., USA) [226]. The clones 17B4-IgG1 (mouse anti-ITS01), 8A4-IgG1 

(mouse anti-ITS06.02) and 44A11-IgG1 (mouse anti-ITS52) were selected based on maximum binding to 

target with minimal off target reactivity. These antibodies were biotinylated and used as coat protein at 

1 μg/ml. For total IgG quantitation, coat protein was mouse anti-rhesus IgG-biotin (Life Diagnostics; 
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Westchester, PA., USA, clone 10C2-9) at 4 μg/ml. For total anti-Env antibody, SIVmac239 gp140-FT was 

enzymatically biotinylated using BirA according to manufacturer’s instructions (Avidity L.L.C.; Aurora, CO, 

USA). ITS52 in sera could not be detected and animals receiving only this antibody were excluded from all 

analyses, those receiving ITS01 + ITS06.02 + ITS52 were grouped with ITS01 + ITS06.02. Bait proteins were 

removed by washing and plates were incubated as above with sample sera diluted at 1:500, 1:2500, 

1:12500, and 1:62500, purified mAb standards or blanks in 1% (W/V) MSD blocker A buffer. Samples were 

washed and plates were incubated as above with secondary antibody sulfo-tagged mouse anti-rhesus IgG 

(Southern Biotech; Birmingham, AL, USA, clone: SB108a). Plates were washed as before, followed by 

addition of 35 μl of MSD read buffer. Electrochemiluminescence was quantified on an MSD sector 2400 

instrument according to manufacturer’s recommendations. Antibody concentration in sera/mucosal 

extracts were calculated based on standard curve. For a given sample, the estimate of the lowest in-range 

dilution was included as the final estimate of mAb concentration. 

 

Serum antibody quantification (ELISA) 

Alternately, purified antibodies delivered during NHP PK infusion and initial mouse AAV studies were 

quantified in animal sera by ELISA as previously described [227]. Briefly, 96-well maxisorp plates (Thermo 

Fisher Scientific; Waltham, MA., USA) were coated with 2 μg/ml of SIVmac239-gp140-FT in PBS at 4°C for 

16 hours. Standards, blanks or diluted samples (1:50,000, 1:100,000 and 1:150,000) were applied to wells 

and incubated for 60 minutes at 37°C. Secondary anti-rhesus IgG-HRP (Southern Biotech; clone: SB108a) 

was diluted 1:5000 and incubated in wells for 60’ at 37°C. HRP activity was resolved using 100 μl of 

SureBlue TMB (KPL Inc., Gaithersburg, MD., USA) and stopped using 100 μl of 1N H2SO4. Plates were 

washed with PBS + 0.02% Tween-20 six times between coating, samples, detection and resolution. 

OD450nm was measured on a Versamax microplate reader (Molecular Devices; Sunnyvale, CA., USA). 

Antibody concentration in sera/mucosal extracts were calculated based on standard curve. For a given 
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sample, the estimate of the lowest in-range dilution was included as the final estimate of mAb 

concentration. 

 

Anti-idiotype antibody generation 

Balb/c mice were immunized with Complete Freund’s Adjuvant (CFA) with Fab derived from ITS01 or 

ITS06.02 initially. At weeks 2 and 5 post immunization (p.i.), mice were reimmunized with Fab plus 

Incomplete Freund’s Adjuvant (IFA). At week 8 p.i., mice were reimmunized with Fab alone. Splenocytes 

were fused with myeloma cells at day 60 p.i. and plated in 96-well plates for expansion for screening of 

supernatant reactivity to Fab. Positive clones were expanded, subcloned by limiting dilution and re-

expanded to generate anti-idiotype antibody producing cell lines. Culture supernatants of subclones were 

screened to ensure Fab reactivity was preserved. Hybridoma heavy and light chain V regions sequences 

were determined by RT-PCR and Sanger sequencing. These VH and VK sequences were synthesized and 

cloned into mouse IgG1 and IgK expression vectors for production in cell culture. 

 

Bioconjugation 

Antibodies were biotinylated (Sigma-Aldrich; St. Louis, MO., USA) or sulfo-tagged (Meso-Scale Discovery) 

using activated NHS-ester chemistry. Antibodies were buffer exchanged into 100 mM carbonate buffer 

pH 8.4 and adjusted to 1 mg/ml. NHS activated tags (biotin or sulfotag) were reconstituted in DMSO 

anhydrous to 10 mg/ml and 3 nM, respectively and 8 μg or 500 nmoles were added to buffer exchanged 

IgG. The reaction was incubated for 1 hour at RT in the dark with gentle agitation. The reactions were 

simultaneously desalted and buffer exchanged twice using zeba spin columns 40 MWCO (Thermo Fisher 

Scientific; Waltham, MA., USA) into 10 mM TRIS, 150 mM NaCl + 0.1% NaN3 pH 8.2. 
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Mucosal antibody quantification 

Transgene antibodies were extracted from tissue biopsies and mucosal swabs as previously described 

[228]. Briefly, tissue biopsies were transferred to and dissociated in microtubes using a micropestle (VWR 

International; Radnor, PA., USA) in PBS plus protease inhibitor (Roche; Basel, Switzerland). Samples were 

spun at 15000 rpm at 4°C for 15 min. Supernatant was filtered using Spin-X tubes (Corning Life Sciences; 

Corning, NY., USA) with .22 μm sterile filter (Sigma-Aldrich) and spun as before. Antibody was extracted 

from mucosal swabs by soaking Wek-Cel sponge spears in 300 μl elution buffer (PBS + protease inhibitor 

+ 0.5% IGEPAL + 0.25% BSA) for 5 minutes in Spin-X tubes with 0.22 μm sterile filters. Tubes containing 

sponges and buffer were spun as before. Following filtration, an additional 300 μl was applied to sponges 

and tubes were spun as before. Saliva was collected by spinning Salivette tubes (Sarstedt; Nümbrecht, 

Germany) at 3000 x g for 10 minutes. Antibody in extracted samples were quantified as above using a 

single 1:5 dilution point for transgene antibody and 1:100–1000 for total IgG detection. Antibody 

concentration in sera/mucosal extracts were calculated based on standard curve. For a given sample, the 

estimate of the lowest in-range dilution was included as the final estimate of mAb concentration. Mucosal 

extracts with blood contamination and were excluded based on visual observation. 

 

Pseudovirus neutralization assay 

The pseudovirus neutralization assay was performed as previously described [229]. In brief, mAb/serum 

were serially diluted 5-fold for a series of 8 dilutions and incubated with previously titrated pseudovirus 

for 30 minutes in 96-well black culture plates (Thermo Fisher Scientific). Following incubation, 104 TZM-bl 

cells are added to wells in 20 μl and incubated overnight. The following day 80 μl additional medium was 

added. 24 hours later, 50 μl of Steady-Glo lysis/luciferase substrate reagent solution (Promega; Madison, 

WI., USA) was added to each well. The data was acquired using a Spectramax luminometer (Molecular 
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Devices). Neutralization is calculated as a 1-sample RLU / baseline control RLU after background 

subtraction. 

 

Pseudovirus production and titration 

Pseudovirus stocks were generated and titrated. Briefly, 293T cells cultured in DMEM + 10% FBS (Thermo 

Fisher Scientific) were plated at 2 x 106 cells/flask in a T75 flask. Cells were co-transfected on day 1 with 

10 μg of ΔEnv-SG3 HIV plasmid backbone and 3.3 μg envelope expression plasmid of the desired 

pseudotype using 40 μl Fugene transfection reagent (Promega) in 800 μl serum free media. Fresh culture 

media was replaced on day 1 post transfection. Supernatant containing virus was harvested on day 2 post-

transfection, filtered at 0.45 μ (Merck-Milipore; Billerica, MA., USA), aliquoted and frozen at -80°C. 

 

Antibody purification 

Plasmids containing heavy and light chain genes for a given antibody were co-transfected into Expi293 

cells (Thermo Fisher Scientific) at 0.5 μg/Ig chain/ml of culture containing 2.8 x 106cells/ml in 85% of the 

final culture volume on day 0. Expifectamine (Thermo Fisher Scientific) and DNA were diluted in optiMEM 

(Thermo Fisher Scientific) at 10% of the final culture volume according to manufacturer’s specifications 

and added to cells. On day 1, the included enhancers 1 and 2 were added to the culture according to the 

manufacturer’s specifications. Culture supernatants were harvested on days 5–8 and filtered using a 0.45 

μ filter. Antibodies were purified from supernatant over a protein A column (GE Healthcare; Silver Spring, 

MD., USA) by gravity flow and buffer exchanged into PBS. All preparations were sterile filtered. Antibody 

preparations were stored at 4°C or frozen at -30°C. 
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AAV8 production 

Plasmids containing packaging component for AAV8 capsid plus the desired antibody expression 

transgene containing chimeric genome were co-transfected into 293 cells. Supernatants were harvested 

and viral vectors were precipitated using PEG8000 (Sigma-Aldrich) and pelleted by centrifugation. Viral 

pellets were subjected to 2 rounds of CsCl centrifugation (60,000 RPM x 24 hours) and AAV factions were 

collected via syringe. Vectors were desalted and concentrated to 3–3.6 x 1013 gc/ml and frozen. All AAV 

lots were tested for purity via SDS-PAGE and for expression in SCID mice. 

 

AAV immunization 

To screen constructs, SCID mice were immunized with 2.5x1010 gc total of AAV8-DJ vectors (n = 1 per 

construct) containing anti-SIV Env antibody genes via the intramuscular injection into the gastrocnemius 

in a volume of 100μl. Non-human primates were immunized with AAV8-DJ vectors containing anti-SIV Env 

antibody genes via the intramuscular route. Intramuscular injection was distributed over 1, 2, 4, or 8 

injections into the right quadriceps, both quadriceps, both quads and gastrocnemius, or quads, gastrocs, 

biceps brachii and deltoids (respectively). Injection volumes were 250 or 500 μl for a total dose between 

2 x 1011 and 2 x 1013 gc/animal. 

 

Anti-AAV immunity 

Anti-vector immunity was determined via ELISA as described above. Coat protein was empty AAV8 

particles at 2 x 1010 gc/ml in PBS. Serum samples were serially diluted 5-fold over 8 dilutions and applied 

to plates following coating and blocking. Anti-Rhesus IgG (Southern Biotech; clone SB108a) was used for 

detection. Plates were resolved and readings acquired as above. 
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Antibody infusions 

Purified antibodies were infused into rhesus macaques at 10 or 30 mg/kg intravenously four times at 

approximately nine-week intervals into the saphenous vein using a 20–22 g needle and syringe (Becton, 

Dickinson and Co.; Franklin Lakes, NJ, USA). Blood draws were sampled from the saphenous vein on the 

opposite leg. 

 

Anti-drug antibody quantitation 

Anti-drug antibody responses were detected using MSD sector 2400 as above using biotinylated ITS01-

Fab or ITS06.02-Fab as coat protein at 0.5 and 2 μg/ml, respectively. Fabs were generated by digesting 1 

mg whole IgG containing a cleavage site (HRV3C) from human rhinovirus by incubation at 4°C for 16 hours 

with 10 U of HRV3C protease (Thermo Fisher Scientific). Fabs and Fc were separated by protein A affinity 

chromatography (GE Healthcare) and further purified by size exclusion chromatography using an ÄKTA 

FPLC (GE Healthcare). 17B4 and 8A4 expressed on rhesus IgG1 Fc were used as standards to provide an 

estimate of serum anti-drug antibody. Serum ADA and standards were detected using an Fc reactive anti-

human IgG at 0.25 μg/ml. ADA responses against ITS09.01-LS were measured via as above, however, no 

positive control anti-ITS09.01-LS clone was available on a rhesus IgG1 Fc backbone and relative units are 

electrochemiluminescence units. 

 

Glycosylation analysis 

Magnetic streptavidin beads (New England Biolabs; Ipswich, MA., USA) were linked to SIVmac239-biotin 

according to manufacturer’s instructions at a ratio of 1 μg protein/10 μl beads and washed with binding 

buffer (0.5 M NaCl, 20 mM Tris-HCl (pH 7.5), 1 mM EDTA) prior to use. 200 μl of heat-inactivated plasma 

was incubated with 50 μl of 1 μm blank beads for 1 hour at RT to clear out any bead-reactive antibodies. 

Beads were precipitated, and plasma was added to 25 μl of antigen-bound magnetic beads at 37°C for 1 
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hour. Beads were then washed with binding buffer and resuspended in 20 μl of PBS containing of IdeZ 

Protease (New England Biolabs) and incubated at 37°C for 1 hour while shaking to release IgG Fc fragments 

from the beads. Cleaved Fc fragments were deglycosylated and labeled using the GlycanAssure APTS kit 

(Thermo Fisher) according to manufacturer’s instructions. Briefly, glycans were removed using PNGaseF 

at 50°C for 1 hour. Glycans were purified on magnetic beads prior to being labeled with APTS for 2 hours 

at 50°C. Excess dye was removed using glycan-reactive magnetic beads. Resultant labeled glycans were 

diluted 1:5 in a total volume of 10 μl of capillary electrophoresis loading buffer containing GeneScan 600 

LIZ Dye Size Standard v2.0 and Landmark Red and run on a 3730 Genetic analyzer using a POP7 polymer 

and a 36 cm capillary according to manufacturer’s instructions. Data was analyzed using the GlycanAssure 

Data Analysis Software (Thermo Fisher) against 24 labeled standards (Prozyme; Hayward, CA., USA). 

 

Blood withdrawals 

The primary site for biosampling was the femoral vein but other sites such as the saphenous or cephalic 

tail veins were used according to the approved protocol, at the discretion of veterinary staff. Bleeds were 

5 ml in serum separator tubes (SST) or EDTA tubes using 20-22 gauge needles and either syringes or 

vacuum tubes (Becton Dickinson and Co.). The blood volumes removed from each monkey were based 

on: 1) the current assessment that total blood volume of a rhesus monkey is approximately 6% of its total 

body weight (60 g/kg); 2) the maximum blood volume removed did not exceed 20% (12 ml/kg) per month, 

with no more than 15% (9 ml/kg) removed during any single draw; and 3) ongoing experience and 

hematological observations in each monkey. 

 

Intrarectal challenge 

Intrarectal challenges were performed according to the current SOP from our laboratory of animal 

medicine, LAM SOP 9008-3. Briefly, challenge stocks were titrated in vivo as described previously [230]. 
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On the day of challenge, viral stock aliquots were thawed at RT and diluted in PBS to the appropriate 

dilution to make 1 ml aliquots in 1 ml syringes. Animals were sedated with Ketamine (10 mg/kg body 

weight (BW), intramuscularly (I/M) or subcutaneously (S/Q)) and Xylazine (0.5 mg/kg BW, I/M or S/Q) on 

the day of challenge and laid prone with elevated haunches. Syringes were inserted intrarectally up to the 

end of the barrel and the viral challenge stock was injected. Syringes were removed after 5 minutes and 

animals were recaged. 

 

Viral load measurement 

Plasma SIV gag RNA was quantified to determine viral loads as previously described [231].  

 

Statistics 

All statistical analyses were performed using JMP statistical analysis software (SAS Institute Inc.; Cary, NC, 

USA). Differences in antibody expression levels over time were calculated using a matched pairs model to 

perform a Wilcoxon signed rank test. Correlation of relative mucosal and serum mAb were performed by 

linear fit of the Log10 of the data by compartment (rectal, nasal, or saliva sponges, or rectal biopsies) at 

weeks 2, 4, or 5-24. Covariates analysis was performed on Log10 of relative mucosal data to control for 

contributions of dose and number of injections in AAV immunized animals. Tests between multiple groups 

were performed using nonparametric Steel-Dwass to adjust for multiple comparisons. Comparisons 

between two groups were performed using Wilcoxon/Kruskal-Wallis Rank Sums test where data were not 

normally distributed. Comparison of mean serum antibody levels between transgenes across time for 

statistically significant differences was performed using matched pairs analysis. Smoothed fits were 

generated using R (version 3.4.0). 
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Results:  

Anti-SIV mAb delivery via infusion 

To test the feasibility of passive immunization of rhesus macaques using anti-SIV env mAbs, we 

performed an initial series of antibody infusions. Animals received purified ITS01-LS (n = 2) or ITS09.01-LS 

(n = 2) intravenously four times at 3 or 30 mg/kg at approximately 9-week intervals. The LS mutation is 

reported to enhance antibody persistence in human and macaques, and was chosen here to mirror clinical 

passive immunization [227, 232]. For these doses, the serum antibody concentration demonstrated a 

typical two-compartment decay, as expected for infused antibodies (Figure 3.1A). Infused antibodies 

translocated to rectal mucosa as expected (Figure 3.1B). At peak post infusion, mucosal ITS01-LS 

represented up to 2% and 3% of total IgG in rectal biopsies and swabs, respectively. Likewise, mucosal 

ITS09.01-LS represented up to 2.3% and 1.2% of total IgG in rectal biopsies and swabs, respectively. The 

amount of mucosal mAb was correlated to the plasma levels (rectal Weck-Cel spears, R = 0.60, p ≤ 0.01; 

biopsies, R = 0.83, p ≤ 0.01) (Figure 3.1C). Antibodies demonstrated consistent half-lives of 24.7 ± 8.5 

and 13.4 ± 3.6 days for ITS01-LS and ITS09.01-LS across 4 infusions, respectively (Figure 3.1D). 

The consistent serum antibody decay rates suggest the absence of anti-drug antibody (ADA) 

responses, despite the introduction of the “LS” mutation to increase neonatal FcR binding and extend 

circulating half-life of mAbs [227]. We found no evidence of ADA by direct assay of sera, even after 4 

successive infusions, save for one animal A03684 (Figure 3.2). This animal tested positive for ADA 

against ITS01 and ITS09.01 at one and two timepoints, respectively. All three of these measurements 

were only slightly above the limit of detection for ADA. In this animal, despite receiving only infusions of 

ITS09.01-LS, the serum was reactive to both ITS01 and ITS09.01 Fab. Additionally, the half-life of 

ITS09.01 following the 2nd and 4th infusions did not decrease dramatically compared to others. Thus, this 

response was an extremely weak, cross-reactive ADA response. 
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Figure 3.1: Pharmacokinetics of infused anti-SIV env mAbs. ITS01-LS (blue; n = 2) and ITS09.01-LS (red; n = 2) were infused 

intravenously 4 times (indicated on x-axis) into NHP at 30 mg/kg (solid lines) or 3 mg/kg (hashed line) and measured by ELISA. 

The absolute serum (A) and fractional mucosal (B) expression in rectal biopsies (upper) and swabs (lower) are shown. C. 

Fractional mucosal mAb correlated with fractional serum mAb for both biopsies (left) and swabs (right); linear regression is 

fit (solid lines) with a 95% confidence interval (shaded area). (D) Serum mAb half-lives are expressed in days by animal and 

infusion number in table format, with average and standard deviation across all four infusions. 
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Based on these data, we moved forward with testing AAV-vectored approaches to long-term 

delivery of mAbs in vivo. Given the vector availability at the time, antibody Fc in AAV constructs did not 

include the LS mutation. 

 

Down selection of AAV candidates 

Candidates selected for NHP AAV studies were first tested for expression and neutralization in 

mice in vivo using AAV8. Mice were injected IM with 2.5 x 1010 gc/animal (n = 1/mAb). All antibodies were 

detected in sera at high concentration and exhibited binding to SIVmac239 gp140 by week 8 (Figure 3.3A). 

Transgene antibody neutralization capacity in serum was assayed to ensure proper function. ITS01, 
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Figure 3.2. Lack of measurable ADA elicitation after mAb infusion: Rhesus macaques were infused with ITS01-LS (n = 2, blue) 

or ITS09.01-LS (n = 2, red) four times (denoted on x-axis by numbered circles) over the course of ~60 weeks. Averages of 

duplicate measurements of anti-drug antibody responses against ITS01-LS (upper) or ITS09.01-LS (lower) for all four animals 

are shown. Anti-ITS01-LS relative units are standardized based on a monoclonal anti-ITS01-LS standard; anti-ITS09.01-LS 

relative units are expressed in electrochemical units as no anti-idiotypic mAb has been isolated. Limits of detection are 

denoted by hashed lines for ITS01-LS and ITS09.01-LS. 
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ITS06.02 and ITS11 demonstrated neutralization while ITS08 and ITS10 failed to neutralize (Figure 3.3B). 

ITS01 and ITS06.02 were selected for advancement to NHP in vivo testing based on these data to have 

one anti-CD4bs and one anti-V1 AAV construct. ITS11 was not selected given its poorer expression and 

lower potency than ITS06.02. 
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Figure 3.3. Screening potential AAV8 constructs in mice: A. Antibody concentration as measured by ELISA in mice at weeks 

2, 4 and 8 (red, green, blue, respectively) injected with AAV8-Ab (2.5 x 1010 gc/animal) (ND, not done). B. Neutralization 
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smE660.A8 or the tier 2 smE660.2A5. 
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Proof of concept 

To determine the utility of AAV to provide adequate and durable expression of anti-SIV env mAbs 

in NHP in vivo, we injected six rhesus macaques intramuscularly with 1013 gc/animal each of AAV8-ITS01 

and AAV8-ITS06.02 separately, one in each quadriceps to avoid potential mismatched Ig heavy/light chain 

pairing. Detectable transgene mAb began at week 2, peaked at week 5 and came to setpoint around week 

14 (Figure 3.4A). ITS01 and ITS06.02 expression peaked at 21.2 ± 8.6 μg/ml and 8.6 ± 1.7 μg/ml, 

respectively. At peak serum antibody levels (day 28 post AAV), ITS01 reached higher levels (mean ITS01 = 

18.2 μg/ml; mean ITS06.02 = 5.2 μg/ml; p = 0.03; Matched Pairs Wilcoxon Signed Rank), but this difference 

disappeared by day 42 (Figure 3.4B). In two animals, serum abundance of both mAbs (DEB8) or ITS01 
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week 4 (p ≤ 0.05). 
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(A10V030) fell below the limit of detection at set point, which was later found to be due to ADA, discussed 

below. 

 

Anti-vector immunity 

Pre-existing anti-vector antibody might prevent the initial transduction. Two of six pilot animals 

were found to harbor low and intermediate pre-existing anti-vector serum reactivity (Figure 3.5A). 

Despite this immunity, both animals were successfully transduced and their serum mAb abundance fell 

within the range for all six monkeys (Figure 3.5B).  

Notably, all animals developed high anti-vector immunity within 2 weeks of injection (Figure 

3.5A). We chose one animal that maintained (A9V097) and one (DEB8) that lost detectable serum ITS01 

to investigate the possibility for repeat AAV administration to boost serum mAb levels. Animals were 

injected with 1013 gc of AAV8-ITS01 each at 180 days after initial administration. Re-administration 

boosted the high anti-vector immunity approximately 10-fold higher within one week (Figure 3.5C), 
A

B

Se
ru
m
 m

Ab
 (µ

g/
m
l)

0.1

1

10

100

0 10 20 30
Weeks post AAV

A9V056
A9V097
DEB8

A10V026
A10V030
A10V055

An
ti-
AA

V 
(O
D
/m

l)

1

100

10k

1M

0 2 4 6
Weeks post AAV

C

D

Se
ru
m
 IT
S0
1 
(µ
g/
m
l)

0.1

1

10

100

0 10 20 30
Weeks post first AAV

A9V097
DEB8

An
ti-
AA

V 
(O
D
/m

l)

1

100

10k

1M

0 10 20 30
Weeks post first AAV

Figure 3.5. Impact of anti-vector immunity on transgene expression: Anti-vector reactivity (A) and expression (B) of ITS01 is 

shown for the six animals. Animals with low (A10V030; orange) and intermediate (A10V026; purple) pre-existing anti-vector 

immunity are highlighted. After 6 months, two of these animals were re-injected with 1 x 1013 gc AAV8-ITS01 in the right 
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indicating a successful “take” of the injection. Nonetheless, serum ITS01 abundance did not change in the 

10 weeks following the second administration (Figure 3.5D). Thus, high level anti-vector humoral immune 

responses will inhibit repeat transduction by the same vector. 

 

Dose and route optimization 

Given the successful delivery of antibody via AAV8, we reduced the dose by 10- and 100-fold to 

economize vector production. At medium dose (2 x 1012 gc/animal; n = 24), comparable expression was 

observed compared with high dose (2 x 1013 gc/animal; n = 6) (Figure 3.6A, Figure 3.7A,E). At the low dose 

(2 x 1011 gc/animal; n = 2), one of two animals showed no serum accumulation of mAb, while the other 

showed low peak and set point expression near baseline. Both animals demonstrated anti-AAV8 

seroconversion. The animal lacking serum transgene accumulation was removed from further analyses to 

demonstrate correlations between dose and output levels. When comparing peak (weeks 4 post AAV) and 

set point (weeks 18–54 post AAV), serum transgene mAb, no differences among doses were observed 

that reached significance (p ≤ 0.05). The highest dose trended to mildly higher levels, but the increase was 

about two-fold despite a 10-fold higher dose. These data suggested a saturation of the site of injection 

occurring at or near the medium dose, which might be expected if the number of muscle cells transduced 

by needle injection is limited by physical parameters. 
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Figure 3.6. Dose and injection site number titration of AAV administration: A. Absolute (upper panels) or fractional (lower 

panels) serum antibody levels of ITS01, ITS06.02 or both are shown as a smoothed fit with 95% confidence interval shading 

for varying doses (left panels) or shots (right panels). At the lowest dose, data for a single animal is shown (the other one 

animal showed no expression of transgene). Animals received 2 injections into the quadriceps with AAV8-ITS01 and/or AAV8-

ITS06.02 at low, medium, high doses (2 x 1011 (n = 1; green), 2 x 1012 (n = 24; cyan), 2 x 1013 (n = 6; violet) gc/animal, 

respectively). Controls received no injections (n = 16; gray). For varying shots, animals received 2 x 1012 gc/animal spread 

across 1, 2, 4, 8 injection sites (1: R quadriceps (n = 2; orange), 2: both quadriceps (n = 24; cyan), 4: both quadriceps and 

gastrocnemii (n = 2; magenta), 8: both quadriceps, gastrocnemii, deltoids and biceps (n = 2; blue), respectively). B. Fractional 

mucosal transgene IgG is shown for individual macaques in mucosal compartments (n = 28). A scale adjustment is an x-axis 

break to emphasize early mucosal accumulation denoted by diagonal hashes between 4 and 5 weeks post AAV. C. The 

correlation between serum versus rectal transgene mAb is shown for weeks 2, 4, and 5-24 post AAV. Points are colored by 

number of shots and point shapes denote dose, low, medium or high as noted in the legend. 
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Figure 3.7. AAV bolus injection saturates injection site at high doses: Absolute (A) and fractional (B) serum antibody levels 

of ITS01, ITS06.02 or both for NHP that received 2 injections into the quadriceps with AAV8-ITS01 and/or AAV8-ITS06.02 at 

low, medium, high or zero doses (2 x 1011 (n = 2), 2 x 1012 (n = 24), 2 x 1013 (n = 6) gc/animal, respectively), compared with 

controls (n = 16) receiving no injections. Absolute (C) and fractional (D) serum antibody levels of ITS01, ITS06.02 or both for 

NHP injected with 2 x 1012gc/animal in 1, 2, 4, 8 shots: into the right quadriceps (n = 2), both quadriceps (n = 24), both 

quadriceps and gastrocnemii (n = 2) or both quadriceps, gastrocnemii, deltoids and biceps (n = 2). Serum transgene mAb 

concentrations are plotted at peak (left) and set point (right), stratified by dose (E) (all animals receive 2 shots; Low = 2 x 

1011 gc/animal, Med = 2 x 1012 gc/animal, High = 2 x 1013 gc/animal) or number of shots (f) (all animals receive 2 x 1012 gc 

total). Animal ZG57 (Low dose) has been excluded due to lack of transduction. Asterisks indicate statistical significance (p ≤ 

0.05). 
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To further explore this limitation, we administered the same total medium dose divided across 1 (n = 2), 

2 (n = 24), 4 (n = 2), or 8 (n = 2) injection sites at a single time point. Peak serum transgene mAb 

accumulation followed a near-linear dependence on the number of injection sites (Figure 3.6B, Figure 

3.7B,F). However, these differences waned by week 24; nonetheless, the two animals receiving 8 

injections exhibited a more consistent, high-level expression. These data suggest that optimization of  

plasma transgene mAb accumulation from AAV should be aimed at delivery devices that can target many 

distinct injection sites rather than increasing the dose of the vector. 

To ensure that AAV transgene mAbs are translocated to mucosal surfaces, where they may act 

prophylactically against pathogens, we measured transgene mAb from nasal, rectal and buccal swabs. 

Assaying mAb abundance revealed long term accumulation at these mucosal sites (Figure 3.6B, Figure 

3.8A). Translocation of transgene mAbs to rectal mucosa correlated strongly with relative serum mAb 

abundance at peak and late timepoints (week 4, R = 0.30, p = 0.01; weeks 5–24, R = 0.78, p ≤ 0.01) (Figure 

3.6C). Different delivery modalities did not diminish mucosal accumulation (Figure 3.9B), and the 

correlation between mucosal and plasma antibody levels tended to improve over time as the mucosal 

antibody equilibrated (Figure 3.8B). 

 

Anti-drug antibody responses 

Prior passive immunization attempts in rhesus macaques using mAbs derived from humans, 

antibody-like molecules or non-native anti-S(H)IV mAbs have been complicated by frequent and rapid 

anti-drug antibody generation [215-218]. We quantified serum anti-drug antibody responses in macaques 

receiving anti-SIV env mAb via AAV. At late timepoints, (9–31 weeks post AAV), serum mAb (ITS01 or 

ITS06.02) was below the limit of detection in all animals where ADA responses were generated (p ≤ 0.01) 

(Figure 3.10A). However, serum ADA responses were infrequent: approximately 20% of animals 
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developed measurable ADA against the antibodies they received via AAV (7/38 anti-ITS01; 6/22 anti-

ITS06.02). No cases were observed of cross-reactive ADA: i.e. no animals receiving ITS01 generated anti-

ITS06.02 antibodies or vice versa, suggesting these responses are specifically anti-idiotypic (Figure 3.10B). 

To characterize the basis of the serum ADA response, a subset of animal sera, including from all 

animals that generated ADA at late timepoints, were assayed for ADA over time. Polyclonal serum ADA 

were quantified using a monoclonal ADA standard, and thus are quantified relative to monoclonal μg/ml 
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equivalents. These estimates were overlaid with serum antibody expression levels for three 

representative cases, where no ADA (A9V056), ADA to both mAbs (05C043) or ADA to only one mAb is 

generated (28812) (Figure 3.10C). Typically, ADA responses arose approximately 8-12 weeks post AAV 

and persisted at high levels up to 180 days. 
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Antibody glycosylation profiling 

AAV8 predominantly transduces hepatocytes and muscle cells [219, 233]. We compared the Fc 

glycosylation profile of transgene mAbs secreted by these cell types in the transduced animals to those of 

B/plasma cells during infection or tissue culture-derived antibody. Specifically, we quantified Fc-glycan 

species of Env-specific mAbs from the sera of AAV transduced animals at week 4 post AAV, mAb infused  

animals (293 or CHO-produced) day 5 post infusion, and chronically SIV infected animals (polyclonal sera) 

via capillary electrophoresis. Because of the descriptive nature of this analysis comparing many glycan 

species, only those significant differences with p ≤ 0.001 by Steel-Dwass nonparametric comparisons are 

reported below. 

Bulk Fc-glycan analysis from antibodies revealed AAV transgene mAbs had more digalactosylated 

and fewer agalactosylated mAbs than 293 or infection derived mAb (Figure 3.11A, Figure 3.12A). Bisected 

glycans were lowest in 293 derived mAb compared to AAV and B/plasma cell derived mAb (Figure 3.11B, 

Figure 3.12A). Transgene mAbs and CHO produced cells were highly monosialylated compared to 

infection derived mAb, with AAV derived mAbs also being highly disialylated compared to infection 

derived mAb. AAV derived mAbs also bore more total sialylation than infection derived antibody (Figure  

3.11C, Figure 3.12A) AAV derived mAb had less fucosylation than 293-produced mAb, but more than those 

derived from infection (Figure 3.11D, Figure 3.12A). 

To further dissect these differences, the individual glycan species were compared. 293-derived 

mAbs contained much higher levels of G0F and G1F glycans than AAV and infection derived antibody 

(Figure 3.11E, Figure 3.12A). AAV derived mAb bore higher G1, G1’/G0FB, G1’F/G1FB, G2S1, and G2S1B 

Fc-glycans than all others. Infection derived antibody was enriched in G0, G1S1F, G2F, G2FB, G2S1FB and 

G2S2F and found to be lowest in G1, G2S1’B, G2S2 and G2S2B. Where cell culture derived mAb (293 and 

CHO) were equivalent, G1 and G2S1FB were enriched glycan species from these sources. 
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Hepatocytes have been shown to be highly permissible to AAV transduction and contribute to 

transgene serum expression. However, these cells are short lived compared to muscle cells and may 

contribute only temporarily to transgene expression. Thus, we compared the glycan profiles of transgene 

mAb secreted at 3–4 (peak), 8 (mid), and 12 (late) weeks post AAV. Bulk galactosylation, sialylation, 

fucosylation and bisection did not change over time (Figure 3.11F-I). The individual glycan profile showed 

no change over time for AAV transgene mAbs (Figure 3.11J). Individual glycan profiles for 293 and CHO 

derived mAbs also did not change over time, aside from the selective retention of 293 derived bisected 

mAb species (Figure 3.13).  

 

Figure 3.12. Anti-SIV env antibody Fc-glycan relative abundance by source: The relative abundance of Fc-glycan components 

(A); Total Glycans) or species (B); Individual Glycans) are expressed as greater than or equal to by antibody source where 

differences in groups were found to be statistically significant p ≤ 0.001. 
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In vitro antibody function 

Antibody glycosylation has been demonstrated to alter function, particularly, neutralization. 

Additionally, ADA responses can target antibody paratopes, blocking their ability to neutralize effectively. 

In our initial mouse screening for AAV administration, serum ITS08 and ITS10 no longer had neutralizing 

capability (Figure 3.3), although the reasons for this loss of function were not explored. Sera from animals 

transduced with a single AAV transgene antibody were compared against purified mAb. When normalized 

for transgene antibody abundance, the serum neutralization regression curve aligned with that of purified 
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cell culture produced mAb (Figure 3.14A). This concordance in EC50 was observed for all timepoints, for 

animals receiving either ITS01 and ITS06.02, and against both neutralization-sensitive and -resistant 

SIVsmE660 clones tested (Figure 3.14B). Similarly, the maximum neutralization capacity between 

transgene and purified cell culture derived mAb was consistent across all assays for ITS01 and ITS06.02 
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(Figure 3.14C). Thus, there was no change in the SIV-neutralization parameters of the mAbs expressed by 

the AAV transduction. 

 

Vectored immunoprophylaxis 

Delivery of antibodies via AAV has been proposed as a one-shot alternative to repeated infusions 

for protection against infectious diseases. Given the translocation of mAbs expressed via AAV to mucosal 

surfaces and retention of function, we hypothesized that protection against repeated low dose 

administration of SIV could be observed. We enrolled Indian origin macaques that received ITS01 and 

ITS06.02 into a challenge regimen to test the hypothesis that vectored delivery of anti-viral antibodies 

could protect against SIV infection. We began challenges five weeks post AAV to allow for adequate 

accumulation of transgene mAb in plasma and at mucosal surfaces then performed seven limiting dose 

intrarectal challenges using SIVsmE660 swarm at AID0.33. The passively immunized group had a 3.1% rate 

of infection, with only a single infection in 32 challenges compared to the 34% rate of infection of historic 

controls (n = 20). VIP reduced the rate of infection by ~90% compared with historic controls (p = 0.003) 

(Figure 3.15A). Two monkeys were removed from the challenge regimen after two challenges due to false 

positive viral loads (later confirmed by retesting sera from the same time points). As a sensitivity analysis, 

we refit our models with these two animals excluded. The results were unchanged (p = 0.006). To confirm 

this protective effect, we repeated this challenge regimen with an AAV vectored mAb group (n = 4) and 

contemporaneous controls (n = 4). The mAb pretreatment showed a trend towards a similar level of 

protection versus contemporaneous controls (75%, p = 0.237), with 2 infections in 20 challenges. These 

infections occurred despite >10 μg/ml of serum transgene mAb in AAV treated animals (Figure 3.15B). All 

three infections in mAb pretreated animals resulted in productive infection (Figure 3.15C). These animals 

had a geometric mean peak viral load 0.67 logs lower than control animals. Combining data from all 
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challenges with the same virus swarm stock, the AAV transduced animals (n = 10) showed a protective 

effect of 83% (p = 0.002) versus controls (n = 24). 

 

Discussion 

Our study demonstrates the utility of NHP to model passive immunization delivering native anti-

viral mAbs via infusion or AAV. Infused mAbs behave as expected for native antibodies and were detected 

at the mucosal surfaces within a short timeframe following infusion [198, 220, 227, 232]. The successful 

translocation of infused and AAV delivered mAb to the rectal mucosal is encouraging and the protective 

effect of AAV delivered antibodies against viral challenge represents an example of species matched AAV 

vectored immunoprophylaxis against infectious diseases. 
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Figure 3.15. Vectored immunoprophylaxis mediates a protective effect against 

limiting dose SIVsmE660 swarm challenge in rhesus macaques: A.  Limiting dose 

intrarectal challenges were administered weekly as denoted in the Kaplan-Meier 

curve on the x-axis to animals receiving mAb (ITS01+ITS06.02) via AAV in our 

initial (blue, n = 6) and repeat (green, n = 4) groups or no mAb controls (gray, n = 

24). Two animals were censored from analysis after challenge 2 due to false 

positive viral loads (vertical ticks). B. Serum anti-SIV env transgene mAb was 

quantified and plotted (y-axis) versus time (x-axis) for mAb pretreated animals 

and four contemporaneous control animals. Diamonds indicate timepoint of 

infection corresponding to animals’ expression level line. Challenges at AID0.33 are 

denoted as grey downward facing triangles above. C. Plasma viral loads (y-axis) 

are plotted versus time post infection (x-axis). 
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The generation of anti-drug antibodies responses that block neutralization or binding has been 

observed previously in many studies attempting mAb delivery based on AAV and remains a major hurdle 

in the field [216, 217, 220]. In the present study, the half-life of infused antibodies did not decrease 

following repeated infusions, except following the fourth infusion of ITS01, by ~2-fold in one animal. In 

the presence of an anti-drug antibody response, this reduction would have expected to have been far 

more dramatic, as previously described [220]. In fact, directly assaying anti-drug antibody responses 

revealed levels at or close to background for all but one animal. The one animal, A03684, that showed 

signal just above baseline may have been falsely positive. The serum reacted to both antibodies, despite 

administration of only ITS09.01-LS. Additionally, no boosting of the ADA was observed after successive 

administrations, despite a signal just above background following the second infusion. 

We achieved long term anti-SIV Env mAb expression in NHP following AAV injection. Importantly, 

the consistency with which these mAbs are expressed over the long term is encouraging, with expression 

observed for up to 1 year. Initial studies delivering immunoadhesins, antibody-like molecules derived from 

SIV infected rhesus macaques, demonstrated stable expression beyond one year post AAV in all animals 

injected [215, 219]. Subsequent studies delivered whole IgG or antibody based molecules to provide anti-

envelope immunity to NHP, resulting in stable transduction of a subset of those animals [216, 217, 220]. 

Transgene expression in these later studies suffered from anti-drug antibody generation elicited against 

non-rhesus epitopes (human or artificial constructs), with one group requiring immunosuppression to 

maintain expression beyond eight weeks. These NHP studies reveal the importance of immunological 

tolerance to transgene products. Rejection by anti-drug antibody has not been reported in other gene 

therapy clinical trials correcting hemophilia or enzyme deficiencies but remains a major hurdle for 

antibody delivery [203-206, 212, 213, 234, 235]. 

In spite of previous reports finding strong ADA responses in 50-100% of AAV injected animals, we 

found only 20% of animals generating these responses against ITS01 and ITS06.02 [216, 217, 220]. We 
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confirm the loss of expression, as observed by others, following the generation of an ADA response. This 

reduced frequency of ADA responses is likely due to the use of autologous, naturally-arising mAbs, with 

high identity to germline, 91% and 88% for ITS01 and ITS06.02, respectively. The ADA responses were 

directed against Fabs, and were not cross reactive, ruling out anti-CH2/3 responses, while suggesting no 

inherent adjuvanting of self-epitopes by AAV. The remaining possible epitopes targeted by ADA responses 

are thus CH1, light chain constant regions, variable region alleles of the transduced antibodies not 

harbored by the transduced monkey, or anti-idiotype directed against the recombined/somatically 

hypermutated region of the variable regions. 

It is noteworthy that in our study, there was universal concordance between the loss of expression 

in the plasma and the generation of ADA—a strikingly contemporaneous effect. This suggests that the 

mechanism of loss of transgene expression in AAV-directed expression of autologous mAbs is likely 

because of antibody-based mechanisms, and not cellular (cytotoxic). This observation further reinforces 

the importance of circumventing ADA responses, as previously suggested [216, 217, 220]. 

We tested various regimens to effect higher expression. Surprisingly, there was little impact of 

dose on expression of the transgene in the plasma, suggesting that physical limits are reached at about 

1012 gc per injection. Notably, physical limitations of uptake by muscle cells are unlikely to be different 

between NHP and humans. Our data gives pause to clinically dosing AAV single-site injections based on 

the weight of the recipient. In contrast, we found that the expression did increase with the number of 

injections sites, using the same cumulative dose, as has been reported previously in the case of DNA 

vaccination [236]. Thus, clinical trials attempting to reach the plasma levels of mAb we found in NHP may 

need to scale the number of injections by weight—e.g., a single injection of 2 x 1012 gc in a 4 kg NHP is a 

model for 20 injections of 2 x 1012 gc in an 80 kg human, but will not model a single injection of 40 x 

1012 gc. 
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Prior preclinical doses used for gene transfer via AAV have ranged from 3 x 1011-1014gc/animal in 

macaques [215-217, 219, 220]. Human clinical trials deliver comparable doses at 1.6 x 1013–4 x 

1014 gc/subject based on a 80 kg subject [203, 204, 206, 212, 234, 236]. Stroes et al. administered 8 x 

1012 and 2.4 x 1013 gc/subject (based on 80 kg/subject) of AAV1 to deliver a lipoprotein lipase in 40 or 60 

injections respectively [236] These authors demonstrated persistent serum lipase activity up to 31 

months, supporting the proposed dose spreading. Conversely, Manno et al. administered hF.IX via AAV2 

at 1.4 x 1013–1.3 x 1014 gc/subject in 10–20, 30–50 or 80–90 shots, but found low serum transgene 

accumulation [234]. 

Our data reveal the necessity to factor anti-vector immunity into AAV based passive immunization 

strategies, yet another hurdle for this technology. Given the successful transduction of animals harboring 

low/intermediate pre-existing anti-vector immunity, the pre-existing humoral response appears to have 

been qualitatively different from that generated via delivery of AAV8 IM in that it did not abrogate 

transduction. However, the humoral response after AAV immunization is substantial, as previously 

reported [203-205, 214, 234]. Likely, the ineffective re-administration relates to the strong anti-AAV 

humoral response (which is itself boosted following the second injection). These data highlight the 

challenge of crafting immunization regimens that might re-administer many shots of AAV within a <1 week 

window. Work is underway to identify AAV capsids with low seroprevalence or immunogenicity that might 

circumvent the issue of anti-vector immunity [237-240]. 

Glycan profiles of AAV expressed mAbs demonstrate the differences between glycosylation 

machinery of muscle, 293, CHO, and B/plasma cells. It is widely recognized that the N267 glycan on the Fc 

region relates to the neutralizing, functional or inflammatory nature of a given antibody by modulating Fc 

receptor binding affinity [98, 241-244]. AAV expressed mAbs bear profiles with higher frequency of 

digalactosylated and sialylated glycan species on their Fc versus antibodies derived via cell culture or 

infection. This signature has been reported to confer increased Fc mediated functionality to mAbs and 
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lower anti-inflammatory signaling [245]. Cell line and infection derived mAbs have an opposite Fc glycan 

profile in this regard, based on their frequent agalactosylation and lower frequency sialylation. The diverse 

profile of discrete glycan species found on antibody Fc derived from various cellular sources further 

highlights the potential heterogeneity of antibodies produced for/following passive immunization. More 

work detailing specific Fc-glycan modulated effector function is needed before passive immunization 

approaches against target diseases can be tuned at the glycan level. 

To prolong the half-life of transgene mAbs, the Fc region could be modified to augment circulating 

mAb levels by reducing clearance. Based on clinical data comparing WT versus “LS mutant” Fc regions, the 

half-life of an antibody can be prolonged by a factor of 3-fold [227, 232]. We expect that introducing this 

mutation into the transgene Fc could therefore result in a commensurate 3-fold increase in the serum 

mAb levels. 

Our experience highlights the importance of staged testing in mice, before proceeding to large 

mammals. Some constructs did not express as rapidly as others or retain neutralizing function when 

expressed in mice. The reasons for this discrepancy in vitro neutralization are unclear but could be related 

to inappropriate V region glycans (where potential N-linked glycosylation sites are present) or other post-

translational modification. Screening multiple constructs in mice, then down-selecting for trials in NHP to 

confirm expression and function is key. The NHP model may be useful for optimizing vector parameters 

such as capsid (tissue targeting), the promoter/enhancer, and other molecular considerations to maximize 

expression. This technology may inform clinical trial design, however consistent translation between 

simian and human systems will need experimental validation. 

Lastly, we demonstrate the ability of an AAV based VIP strategy to provide a protective effect 

against infectious disease. To date antibody mediated protection based on mAb delivery via AAV has only 

been demonstrated in clonal SHIV/SIV challenge models in macaques and HIV, Influenza, and Ebola clonal 

challenge in mice [215-218, 233, 246, 247]. Here we use a fully rhesus system to delivery native mAbs and 
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a repeated limiting dose SIVsmE660 swarm challenge model to demonstrate antibody mediated 

protection. Previous attempts to delivery whole IgG via AAV for protection studies have been hampered 

by the generation of ADA responses that abrogated transgene accumulation during the challenge 

regimen. Here, only one animal in our protection study had plasma mAb levels drop to below detection 

limits by the final challenge timepoint. We acknowledge the caveat of reliance on historic controls for the 

initial protection study. However, the rates of infection historic (0.33 infections/challenge) and 

contemporaneous controls (0.40 infections/challenge) were reproducible. These data demonstrate the 

utility of vectored approaches in macaques to model passive immunization against infectious disease that 

maintain functional levels of mAb throughout a prolonged challenge regimen. Studies to further detect 

and dissect an antibody-mediated protective effect are currently underway. 

AAV-vectored mAbs, by virtue of retaining function, mucosal translocation, and stable expression 

levels, could provide a means of passive immunization against infectious diseases. This represents an 

attractive alternative to regimens employing repeated infusions, which may not scale well given the 

practical and financial costs of widespread application needed in the battle against HIV or other epidemics 

[248]. Clinical trials delivering broadly neutralizing antibodies against HIV have begun using either protein 

infusion (NCT02568215, NCT02716675) in Phase II or AAV VIP in Phase I (NCT017455, NCT03374202) and 

will serve as a proof of principle on these concepts. The infrastructure to scale passive immunization 

strategies to combat epidemic disease is not yet in place. This effort will require substantial investment 

from government and industry to make passive immunization either via AAV or infusion feasible on a 

global scale. In the past 8 years, a large number of potent broadly neutralizing antibodies have been 

described that target various sites of vulnerability on its viral envelope [249-252]. The best candidates for 

prophylaxis or therapy remain to be determined. The NHP model, as we demonstrate here, provides an 

excellent platform with which to compare mAbs via infusion or AAV to test and optimize passive vaccine 

concepts. 
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Additional data 

Given the success of AAVs for efficiently delivering bnAbs in rhesus macaques, and the protection 

that these bnAbs conferred against low-dose viral challenge (Figure 3.16), the next steps were to look 

more closely at the details of protection delivered. Specifically, understanding the dynamics of protection 

and comparing infused antibodies to AAV-delivered antibodies is critical for designing vaccine regimens 

that may rely on AAVs. Previously, a mixture of ITS01 and ITS06.02 was shown to protect in two separate 

monkey trials, but further work is needed to fully characterize protection and its mechanism .  

Here, the ability of ITS01, ITS06.02, a combo of ITS01 and ITS06.02 and a combination of ITS01, 

ITS06.02 and ITS52, to mediate protection after delivery via AAV or infusion was assessed in rhesus 

models. The data show that combinations of two or more antibodies elicited enhance protection over 

administration of single antibodies, regardless of mode of delivery. Furthermore, the sera from monkeys 

that received two or more antibodies elicited higher levels of antibody dependent monocyte and 

Figure 3.16. Protection of AAV-delivered mAbs against infection by SIVsmE660 swarm challenge: Rhesus Macaques were 

given AAVs containing either ITS01, ITS06.02, combinations of the two, or the combo with the addition of ITS52. and tested 

against infection with SIVsmE660 swarm challenge. A. Kaplan Meyer curve showing percent of monkeys infected over the 

different challenges. B. Dot-line graph showing the serum mAb concentration over the weeks of the study. Initial low-dose 

challenges are indicated in grey triangles at the top of the graph. Subsequent high-dose challenges indicated in red triangles 

at the top of the graph. Diamonds indicate when each animal became infected. C. Line plot showing the plasma viral load of 

each animal across the weeks following initial infection. Statistics are evaluated with Wilcoxon test *p<0.01.  



 98 

neutrophil phagocytosis, pointing towards a role for non-neutralizing functions and immune complex 

composition in the protective capacity of bnAbs.  

 

Methods 

Heat inactivation of plasma 

All plasma samples were heat inactivated at 56°C for one hour. Precipitate was spun down at 20,000´g 

for 10 minutes. The supernatant was stored at -80°C. 

 

Phagocytosis 

Antigen coupling to beads: 

Antigens; SIVMAC239 gp140 monomer (Immune Technology Corp., New York, NY), were biotinylated with 

EZ-Link Sulfo-NHS-LC-biotin (ThermoFisher Scientific, Waltham, MA, USA) according to manufacturer’s 

instructions. Biotinylated antigen was then coupled to 1 μm yellow-green fluorescent neutravidin 

microspheres (ThermoFisher Scientific) at a ratio of 10 μg of protein to 10 μl of beads. Beads were 

incubated at 37°C 5% CO2 for 2 hours. Beads were then washed twice with 1 mL PBS-0.1% BSA and were 

resuspended in a final volume of 1 mL PBS-0.1% BSA and stored at 4°C in the dark for up to one week.  

 

Formation of immune complexes 

Ten microliters of protein-coated beads were incubated with an equal volume of heat-inactivated plasma 

diluted in PBS in a 96-well U-bottom culture plate. Optimal plasma dilutions were pre-determined by 

titration. Following a two-hour incubation at 37°C, 5% CO2, the immune complexes were spun down and 

washed in PBS to remove any lingering plasma components or cytokines and incubated with either THP-

1 cells (ATCC, Manassas, VA, USA) or neutrophils as described below. 
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Monocyte antibody-dependent cellular phagocytosis (ADCP) assay 

The monocyte ADCP assay was adapted from Ackerman et al. [54]. Briefly, immune complexes were 

incubated with 25,000 THP-1 cells per well at a concentration of 1.25×105 cells/ml in R10 (RPMI 

supplemented with 10% fetal bovine serum, penicillin/streptomycin, L-glutamine and HEPES) for 16 hours 

at 37°C, 5% CO2. After the incubation, the cells were fixed in 4% paraformaldehyde. Data were collected 

on a BD LSR II flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA) equipped with FACS Diva software. 

All flow cytometry data were analyzed using Flowjo (TreeStar, Ashland, OR, USA). Negative or 

unstimulated controls were used to set gates. Data is reported as the mean of 2-3 independent replicates. 

Phagocytosis score was calculated as the percentage of bead positive cells, multiplied by geometric mean 

fluorescence intensity of bead positive cells, divided by 10,000. 

 

Antibody-dependent neutrophil phagocytosis (ADNP) assay: 

Neutrophils were isolated from whole blood by lysing erythrocytes in ACK lysis buffer (ThermoFisher) for 

5 minutes before precipitation by centrifugation. Granulocytes were washed twice with PBS. Neutrophils 

were resuspended at 2.5×105 cells/ml in R10 and 50,000 cells per well were incubated with immune 

complexes for 1 hour at 37°C, 5% CO2. Neutrophils were stained with anti-CD66b-Pacific blue (clone: 

G10F5, BD biosciences) and cells were fixed with 4% paraformaldehyde prior to flow cytometry. 

Phagocytosis scores were calculated as stated above in ADCP assay. 

 

NK cell activation assay 

NK cells were isolated from buffy coats. NK cell isolation was performed with RosetteSep NK cell 

Enrichment Kit per the manufacturer’s instructions. Purified NK cells were separated by density 

centrifugation, washed twice with PBS and used immediately. ELISA plates were prepared by coating 

plates with protein at a concentration of 1 μg/ml and incubated overnight at 4°C. Plates were then blocked 
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with PBS-5% BSA overnight at 4°C. Plates were washed in PBS, and plasma was plated at three dilutions. 

Human gamma globulin isotype was plated at 1 mg/ml on uncoated wells as a positive control and PBS 

was used as a negative control. Plates were incubated at 37oC 5% CO2 for two hours. The isolated NK cells 

were then added to each well at a concentration of 2.5×105 cells/ml, 50,000 cells per well, in R10 in the 

presence of anti-CD107a, Brefeldin A (2.5 μg/ml) and Golgistop and incubated at 37oC, 5% CO2 for five 

hours. After the incubation, cells were stained with anti-CD3, anti-CD56 and anti-CD16. Cells were fixed 

and permeabilized using the Fix&Perm cell permeabilization kit (BD Biosciences), and intercellular staining 

was performed with anti-IFNγ (BD Biosciences, clone:B27) and anti-MIP-1β (BD Biosciences, close:D21-

1351). Data were collected on a BD LSR II flow cytometer equipped with FACS Diva software. All flow 

cytometry data were analyzed using Flowjo. Negative or unstimulated controls were used to set gates. 

Data are reported as the Area under the curve of NK cells positive for a given marker at three dilutions, 

minus the mean of the protein-matched PBS-only control. 

 

Statistics 

All statistical analyses were performed using JMP statistical analysis software (SAS Institute Inc.; Cary, NC, 

USA). Protection was determined with a Wilcoxon test. Multiple pairs are tested with a Wilcoxon’s 

nonparametric multiple comparison test. Tests between multiple groups were performed using 

nonparametric Steel-Dwass to adjust for multiple comparisons. Comparisons between two groups were 

performed using Wilcoxon/Kruskal-Wallis Rank Sums test where data were not normally distributed. 

Comparison of mean serum antibody levels between transgenes across time for statistically significant 

differences was performed using matched pairs analysis. Smoothed fits were generated using R (version 

3.4.0). 
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Results 

Delivery of combinations of antibodies with AAV induces protection 

 Groups of rhesus macaques were injected with AAVs containing either ITS01 (n = 4), ITS06.02 (n 

= 4), a combination of ITS01 and ITS06.02 (n = 6) or a combination of ITS01, ITS06.02 and ITS52 (n = 4). 

Challenges began five weeks post AAV injection to allow for adequate accumulation of transgene mAb in 

plasma and at mucosal surfaces. Then seven limiting dose intrarectal challenges were performed using 

SIVsmE660 swarm at AID0.33 (Figure 3.16). Over the challenges, control animals showed a rapid increase 

in infection, the animals given a combination of two mAbs showed significant protection with a 90% 

reduction in infection (Figure 3.16A). The animals that received the combination of three bnAbs also 

showed a trend towards protection with a 75% reduction in infection, though this was not significant due 

to the small group size. The plasma mAb concentration shows that the AAVs induced potent, and highly 

similar mAb production in all the monkeys (Figure 3.16B). While some combinations of mAbs appeared 

to lead to greater protection, set-point viral load was not affected by antibody type, with animals showing 

a range of viral loads across the first 25 months of infection that did not group by treatment group, 

indicating no durable control of infection due to the antibodies (Figure 3.16C). 

 

Antibody infusion of multiple antibodies induces protection 

 In order to ascertain whether the effect of combinations of mAbs leading to protection against 

infection was limited to AAV-delivered antibodies, the ability of mAbs to induce protection via infusion 

was tested. Here, animals were infused with either ITS01 (n = 4), ITS06.02 (n = 4) or a combination of both 

of the antibodies (n = 4). In this experiment, the animals that received ITS06.02 appeared to have received 

no protection against infection, showing the same kinetics of infection as the control animals (Figure 

3.17A). The animals that received ITS01 alone showed a moderate trend towards protection, with a 

reduction in infection of 45%. However, significant protection was seen in the animals that received a 
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combination of ITS01 and ITS06.02, with a reduction in infection of 72%. Interestingly, for this experiment, 

the serum antibody level of ITS06.02 was far lower than for the ITS01 condition of the combo condition, 

perhaps explaining its poor protection here. Still, the serum mAb concentration elicited for ITS01 and the 

combination was identical, showing that the enhanced protection seen in ITS01-LS+ITS06.02 is not due to 

serum mAb concentration. Lastly, as in the AAV condition, no grouping of viral load was observed across 

the first 20 weeks of infection, showing that the infusion of these mAb does not affect the overall course 

of infection nor does it have any durable effect on the clinical course.  

 

Neutralization doesn’t explain protection 

 To begin to understand why combinations of two or more antibodies are more effective at driving 

protection than the same antibodies given alone, the neutralization capacity monkeys that received either 

ITS01, ITS06, ITS09, ITS01+ITS06 or ITS01+ITS06+ITS52, by either delivery method, was tested (Figure 

3.18). However, the ICs showed no difference between all of the different antibody formulations at the 

different ICs. This indicates that the neutralization capacities of the individual monoclonals here do not 

Figure 3.17. Protection of infusion-delivered mAbs against infection by SIVsmE660 swarm challenge: Rhesus macaques 

were infused with either ITS01, ITS06.02, or a combination and tested against infection with SIVsmE660 swarm challenge. A. 

Kaplan Meyer curve showing percent of monkeys infected over the different challenges. B. Dot-line graph showing the serum 

mAb concentration over the weeks of the study. Low-dose viral challenges are indicated in grey triangles at the top of the 

graph. Diamonds indicate when each animal became infected. C. Line plot showing the plasma viral load of each animal 

across the weeks following initial infection. Statistics are evaluated with Wilcoxon test *p<0.01. 



 103 

have additive effects, and neutralization cannot explain the increased protection when monkeys are given 

two or more antibodies.  

 

Antibody non-neutralizing functions may drive enhanced protection 

  Since neutralization did not explain protection, the capacity of these antibodies to elicit non-

neutralizing functions was examined. First, NK degranulation was examined (Figure 3.19). CD107a, IFNγ 

and MIP-1β expression were used as surrogates of NK-degranulation and cytokine release. However, there 

were no differences in the cytokine score between single and multiple antibodies. In fact, the levels seen 

for many of the monkeys were lower than control groups, suggesting that these antibodies induced 

minimal NK degranulation, if any.  

 Next, the capacity of sera to induce phagocytosis by monocytes and neutrophils was examined. 

For monocyte phagocytosis, there were no significant differences between ITS01 and ITS06.02, but the 

ADCP score was significantly enhanced for both AAV-delivered ITS01+ITS06.02 and ITS01+ITS06.02+ITS52 

as compared to the single infusion of ITS01 and the AAV ITS01 (Figure 3.20A). Additionally, the same trend 

appeared in neutrophil phagocytosis, with the double mAb and triple mAb conditions significantly 

enhanced relative to ITS01 delivered AAV and infusion (Figure 3.20B). It is also clear that AAV delivery is 

Figure 3.18. Neutralization capacity of sera: The sera of Rhesus macaques infused with either ITS01, ITS06.02, or a 

combination was tested for neutralization capacity. IC25, IC50 and IC80 were calculated for all antibody infusions. 
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superior to infusion of mAb, as the AAV-delivered mAb are allowing the monkeys to access higher levels 

of ADNP and ADCP in double and triple mAb conditions. Conversely, this is not the case for infusion-

delivered mAb, where no significance difference between single and multiple for infusion-delivered 

antibodies was observed. These data indicate that combinations of antibodies elicit superior protection 

over singular antibodies because of their capacity of induce phagocytosis at greater rates, and thus 

allowing greater viral control.  

 

Discussion 

 In these experiments, rhesus models demonstrate that AAV- and infusion-delivered mAbs can 

protect against SIV acquisition. However, the mechanism of protection is more surprising, because it does 

not appear to be mediated by neutralization. Rather, the data show enhanced non-neutralizing functions 

in monkeys that received multiple antibodies. These data demonstrate that non-neutralizing functions, in 

Figure 3.19. NK cell activation induced by sera of macaques: The potential of sera from macaques that received either 

infusion-delivered single mAb, or AAV-delivered single or multiple mAbs to induced NK-mediated cytokine and chemokine 

release, as a marker of NK-degranulation potential, was measured. The dot plot shows the cytokine score for CD107a, IFNγ, 

and MIP-1β. Dots colored by group with the median indicated. 
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particular the capacity to mediate phagocytosis, is critical to allowing combinations of mAbs to enhance 

protection against SIV acquisition. The most plausible explanation for the mechanism of protection here 

is by enabling the formation of larger and more versatile immune complexes.  

 In the context of antibody-mediated protection, antibodies crosslink viruses or infected cells to 

clear infection. Beyond just the avidity of binding, the type of antibody response and the size of the 

resultant immune complex matter. Research has shown that larger immune complexes more potently 

activate Fc receptors [253], allowing enhanced non-neutralizing functions. Perhaps, by introducing two or 

three Abs into the animals in these experiments, different cells are cross-linked between different cells 

due to the antibodies targeting different epitopes. This would allow larger immune complexes to be 

formed, and resulted in the more potent phagocytosis response, and putative protection. While capacity 

Figure 3.20. Phagocytosis induced in sera of macaques: The phagocytosis of immune complexes of fluorescent beads coated 

with SIV envelope and the sera from macaques given mAbs by AAV and infusion was compared in monocytes (A) and 

neutrophils (B). Phagocytosis score was calculated as the percent of bead positive cells multiplied by the mean fluorescent 

intensity of the beads, divided by 10,000. Data presented is the area under the curve for the phagocytic score at three 

dilutions. The dots indicate the total score for each sample and the mean and standard deviations for the whole group are 

shown. ND indicates the condition was not tested. Statistics are evaluated with Wilcoxon’s nonparametric multiple 

comparisons each pair test. *p<0.01. 
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to induce NK -degranulation is often associated with protection and control of infection [4, 59], 

phagocytosis is also implicated in control and protection [52, 53, 55].  

 These experiments also revealed that combinations AAV-delivered antibodies were superior to 

identical infusion-delivered antibodies. This increased efficacy could result either from the antibodies 

themselves, or from the AAV vector used. The glycosylation in antibodies elicited via AAV are much more 

in line with predicted high levels of non-neutralizing functionality, due to their galactosylation and 

bisection, predicting their protective potential. Conversely, the antibodies infused are closer to an 

inflammatory phenotype that is unlikely to harness non-neutralizing functions. However, the use of a viral 

vector may also influence the development of more functional antibodies, as viral vector priming has been 

linked to induction of more antibody functionality by providing infection-associated danger signals with 

adenoviral vectors [254, 255]. Further experiments may elucidate which of these is playing a stronger role 

in this context.  

 While the antibodies chosen for this study were bnAbs, and thus intended to protect via 

neutralization, this study provides strong evidence that the non-neutralizing functions of bnAbs may also 

play a role in infection. Evidence suggests that the protective efficacy of bnAbs depends on non-

neutralizing functions [256]. Particularly, while neutralization is often enough, non-neutralizing functions 

participate in enhancing and optimizing the response to infection [45, 227, 256]. Non-neutralizing 

functionality is thought to be particularly important to attack cell-associated viruses, which are highly 

efficient at initiating infection in macaques [257, 258].  

 This study reiterates that non-neutralizing functions may be important in protection against HIV. 

Moreover, it shows that delivery method, such as AAV, may be able to induce more potent functionality, 

independent of any other antibody modification, due to the altered glycosylation induced by muscle cells. 

Furthermore, this study provides strong evidence that effective antibody defenses, particularly 

therapeutics that will rely on antibody-mediated defense, need to consider a more polyclonal view of the 
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immune responses, where multiple antigenic specificities are a benefit for the construction of immune 

complexes that allow infection to be effectively cleared. 



Chapter 4: Tracking the trajectory of functional humoral immune 

responses following acute HIV infection  

 

Based on a manuscript in preparation: 

Madeleine F. Jennewein, Jennifer Mabuka, Carolyn Bodreau, Margaret E. Ackerman, Bruce D. 

Walker, Thumbi Ndung’u and Galit Alter. Tracking the trajectory of functional humoral immune 

responses following acute HIV infection 

 

Abstract 

Increasing evidence points to a role for antibody-mediated effector functions in preventing and controlling 

HIV infection. However, it is unknown how these antibody effector functions evolve following infection. 

Moreover, how the humoral immune response is naturally tuned to recruit the antiviral activity of the 

innate immune system, and the extent to which these functions aid in the control of infection are poorly 

understood. Using a set of hyper-acute HIV-infected samples from 10 South African women, identified 

within 48 hours of infection (the FRESH cohort), systems serology was performed to evaluate both the 

functional and biophysical changes in, gp120-, gp41-, and p24- specific antibody responses during the first 

year of infection. Significant changes were observed in both the functional and biophysical characteristics 

of the humoral immune response following acute HIV infection. Fc functionality increased over the course 

of infection, with increases in antibody-mediated phagocytosis, NK degranulation and complement 

occurring in a highly antigen-specific manner. Both antibody subclass changes and glycosylation drove the 

evolution of antibody effector activity, highlighting the natural modifications in the humoral immune 

response that enable the directed recruitment of the innate immune system to target and control HIV. 
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Moreover, enhanced antibody functionality, particularly gp120-specific polyfunctionality, was tied to 

improvements in clinical course of infection, pointing to the potential importance of non-neutralizing 

functions in HIV-infection control.  

 

Introduction 

  Acute HIV infection represent a window in time where the host and pathogen are establishing a 

balance that determines the eventual viral set point, a robust predictor of the rate of disease progression 

[259, 260]. Many cellular responses, including T cells and NK cells, have been proposed as early predictors 

of viral control [46, 261-263]. Early work suggested that gp120-specific antibody-dependent cellular 

cytotoxicity (ADCC) in acute infection was associated with slower HIV disease progression and showed 

that gp120-specific ADCC is enriched in long-term non-progressors [263]. Among functional antibody 

profiles, gp120-specific antibodies have been investigated most deeply due to their proposed role in both 

neutralization and ADCC. However, gp41-specific responses have been suggested to be important, as they 

represent one of the earliest emerging antibody populations [264], and p24-responses are a key 

biomarker of infection and have also been proposed as a biomarker of protective immunity [265-268]. 

However, whether functional activity evolves in a parallel or complimentary manner with respect to early 

changes in viremia is poorly understood.  

 Emerging data point to the potentially protective role of several non-neutralizing antibody 

functions, including antibody dependent phagocytosis (ADCP), antibody dependent complement 

deposition (ADCD), and antibody dependent cellular cytotoxicity (ADCC), as key factors in the control and 

prevention of HIV [45, 62, 269]. Specifically, spontaneous controllers of HIV develop polyclonal pools of 

antibodies able to drive polyfunctional antibody profiles [4, 111]. Several non-neutralizing functions have 

been associated with viral suppression in monkey and mouse models as well as in human cohorts. ADCC 

has been associated with greater viral control in humans and monkeys [118, 119, 270] and in protection 
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against transmission in human parent-to-child transmission [120, 121]. Non-neutralizing functions have 

also been identified as correlates of protection against infection in human and monkey vaccine trials [55, 

59, 114, 271]. While studies of the first years of infection have shown early evolution [117, 272, 273] and 

later loss of antibody effector function with progressive disease [263, 272, 274, 275], little is known about 

the overall evolution of antibody effector functions across different antigen specificities in early infection.   

To begin to define the profile of the early functional antibody responses to HIV, the biophysical 

and functional profile of gp120-, gp41-, and p24-specific antibodies were assessed across 10 hyper-acutely 

infected women who remained untreated over the first year of infection. There was significant 

development of antibody subclass, glycosylation and non-neutralizing functions across the first year of 

infection. These differed in an antigen-specific manner, with the gp120-specific response showing the 

most variation across the first year of infection, while the p24- and gp41-specific responses were higher 

at the first timepoint but did not increase as steadily over the year. These differences appear to be driven 

primarily by changes in antibody-glycosylation. Interestingly, we show that enhanced antibody 

polyfunctionality, rather than any single function, particularly polyfunctionality of gp120-specific 

antibodies, is associated with improved viral control and thus improved clinical course.  

 

Methods 

FRESH Cohort 

Peripheral blood samples were collected from ten women enrolled in the FRESH cohort in Kwa-Zulu-Natal, 

South Africa who were acutely infected with HIV [276]. The ten participants were identified within Fiebig 

stage I and remained off anti-retroviral therapy during the duration of the study. Samples were collected 

weekly, for the first 3 months of infection, and then every three months, and viral load and percentage of 

CD4+ T cells were measured. For this study, samples collected at close to one, three, nine and twelve 
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months of infection were used to profile the humoral immune response. The study was reviewed by the 

Partners Internal Review Board and approved by the Partners Human Research Committee and the 

biomedical research ethics committee of the University of KwaZulu-Natal. All subjects provided written 

informed consent.  

 

Sample preparation  

Peripheral blood plasma samples collected close to one, three, nine and twelve months of infection 

following infection were used. Plasma was separated from whole blood and cryopreserved. Prior to 

analysis, all plasma samples were heat inactivated at 56°C for one hour to eliminate complement activated 

immune complex activity. Plasma samples were then spun at 16,000´g for 10 minutes, and supernatants 

were isolated and stored at -80°C until use.  

 

Proteins 

Antibody responses to three HIV antigens were measured to clade C antigens; HIV gp120 Clade C Du151, 

HIV gp41 ectodomain, and HIV p24 Clade B/C CN54. All proteins were obtained from Immune Technology 

Corp (NY, USA).  

  

Phagocytosis assays 

Antigen coupling to beads 

Antigens were biotinylated with EZ-Link NHS-LC-biotin (ThermoFisher, MA, USA) according to 

manufacturer’s instructions. Excess unbound biotin was removed using a Zeba Spin desalting column 

(ThermoFisher), and protein was re-suspended in PBS at 1 mg/mL. Biotinylated protein was coupled to 1 

μm yellow-green fluorescent, neutravidin-coated microspheres (FluoSpheres, Life Technologies, CA, USA) 

at a 1:1 ratio of protein to beads by incubating at 37°C for two hours. Beads were washed twice with PBS-
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5% BSA to block. Beads were resuspended in a final volume of 1 mL PBS-0.1% BSA and stored at 4°C in the 

dark for up to one week.  

 

Formation of immune complexes 

Ten microliters of protein-coated beads were incubated with ten microliters of heat-inactivated plasma 

diluted in PBS in a 96-well U-bottom culture plate. Optimal plasma dilutions were pre-determined by 

titration. HIV positive plasma was used as a positive control, and PBS was used as a negative control. 

Following a two-hour incubation at 37°C, 5% CO2, the immune complexes were washed in PBS and 

incubated with either THP-1 cells or neutrophils as described below. 

 

Monocyte antibody-dependent cellular phagocytosis (ADCP) assay 

The monocyte ADCP assay was adapted from Ackerman et al. 2011 [54]. Briefly, immune complexes were 

incubated with 25,000 THP-1 cells (ATCC, VA, USA) per well at a concentration of 1.25×105 cells/ml in R10 

(RPMI with 1% Pen/Strep, 1% HEPES, 1% L-glutamine and 10% FBS) for 16 hours at 37°C, 5% CO2. Following 

the incubation, cells were fixed in 4% paraformaldehyde. Data were collected on a BD LSR II flow 

cytometer (BD Biosciences, CA, USA) equipped with FACS Diva software. Flow cytometry data were 

analyzed using Flowjo (TreeStar, OR, USA). Negative or unstimulated controls were used to set gates. Data 

is reported as the mean of two replicates. Phagocytosis score was calculated as the percentage of bead 

positive cells, multiplied by geometric mean fluorescence intensity of bead positive cells, divided by 

10,000. 

 

Antibody-dependent neutrophil phagocytosis (ADNP) assay 

The ADNP assay was performed as previously described [277]. Briefly, granulocytes were isolated from 

whole blood by lysing erythrocytes with ACK lysis buffer (Thermo Fisher Scientific, MA, USA) for 5 minutes 
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before precipitation by centrifugation. Granulocytes were washed twice with PBS. Granulocytes were 

resuspended at 2.5×105 cells/ml in R10 and 50,000 cells per well were incubated with immune complexes 

for one hour at 37°C, 5% CO2. Neutrophils were stained with anti-CD66b, and cells were fixed with 4% 

paraformaldehyde prior to flow cytometry. Phagocytosis scores were calculated as above in ADCP assay. 

 

Antibody-dependent complement deposition 

HIV antigens were biotinylated and coupled to 1 μm red fluorescent neutravidin microspheres 

(Fluospheres, ThermoFisher) as described above. Immune complexes between plasma sample and beads 

were formed as described above and incubated for two hours. Lyophilized guinea pig complement 

(Cedarlane, Canada) was rehydrated in ice cold H2O and diluted to 2% complement in gelatin veronal 

buffer with Magnesium and calcium (Boston Bioproducts, MA, USA). Following the two-hour incubation, 

plate was washed and 200 μl per well of complement was added and incubated at 37°C, 5% CO2 for 30 

minutes. After incubation beads were washed twice in 15 mM EDTA (Fisher Scientific). Complement 

deposition was detected with FITC-conjugated, goat anti-guinea pig complement C3 (MP biomedicals, CA, 

USA) for 5 minutes at RT. Beads were resuspended in PBS. Samples were analyzed on the iQue Screener 

PLUS platform (Intellicyt, NM, USA). Data was analyzed using ForeCyt software (Intellicyt) and recorded 

as median fluorescent intensity of FITC.   

 

NK cell activation assay 

ELISA plates were prepared by coating plates with protein at a concentration of 1 μg/mL in PBS and 

incubated overnight at 4°C. Plates were then blocked with PBS-5% BSA overnight at 4°C. Plates were 

washed with PBS, and 50 μL plasma was plated at dilutions pre-determined by titration. HIV positive 

plasma was used as a positive control, and PBS was used as a negative control. Plates were incubated at 

37oC 5% CO2 for two hours for immune complex formation. During this time, NK cells were isolated from 
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healthy adult buffy coats drawn the previous day. NK cell isolation was performed with RosetteSep NK 

cell Enrichment Kit (Stem Cell Technologies, Canada) per the manufacturer’s instructions. Purified NK cells 

were separated by density centrifugation, washed twice with PBS and used immediately. The isolated NK 

cells were then added to each well at a concentration of 2.5×105 cells/mL, 50,000 cells per well, in R10 in 

the presence of anti-CD107a (BD Biosciences, CA, USA), Brefeldin A (2.5 μg/mL; Biolegend, CA, USA) and 

GolgiStop (BD Biosciences, CA, USA) and incubated at 37°C, 5% CO2 for five hours. After the incubation, 

cells were stained with anti-CD3, anti-CD56 and anti-CD16 (all BD Biosciences, CA, USA). Cells were fixed 

and permeabilized using the BD Fix/Perm kit (BD Biosciences, CA, USA), and intracellular staining was 

performed with anti-IFNγ and anti-MIP-1β (both BD Biosciences, CA, USA). Data were collected on a BD 

LSR II flow cytometer (BD Biosciences, CA, USA) equipped with FACS Diva software. Flow cytometry data 

were analyzed using Flowjo (TreeStar, OR, USA). Negative or unstimulated controls were used to set gates. 

Data were reported as the percentage of NK cells positive for a given marker minus the mean of the 

protein-matched PBS-only control. 

 

Antigen-specific antibody isotype and subclass analysis 

Antigen-specific IgG isotype and subclass levels were measured by multiplexed Luminex assay as 

described in Brown et al. [278]. HIV antigens were coupled to Magplex microspheres (Luminex 

corporation, TX, USA) using carboxyl chemistry. Microspheres were first activated with 100 mM 

monobasic sodium phosphate, pH 6.2 (Sigma-Aldrich, CA, USA) in the presence of 50 mg/mL EDC and 50 

mg/mL sulfo-NHS (both Thermo Fisher Scientific, MA, USA). Beads were then washed in 0.05 M 2[N-

Morpholino]ethanesulfonic acid (MES) pH 5.0 (Boston BioProducts, MA, USA) and incubated with antigen 

for two hours at a ratio of 25 μg of antigen to 5×106 microspheres. The beads were blocked with PBS-TBN 

(PBS-0.1%BSA, 0.02% Tween-20, 0.05% Azide, pH 7.4) for 30 minutes. Then, beads were washed with 
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0.05% PBS-tween 20 and blocked in PBS-2% BSA for two hours. After washing with 0.05% PBS-tween 20, 

the beads were resuspended in PBS and stored at 4°C in the dark.  

Plasma samples were diluted in luminex wash buffer (PBS-0.05% BSA-0.001% Tween-20) in a 384-

well plate with duplicates for each isotype or subclass and incubated with coupled microspheres for two 

hours. Beads were then washed in Luminex wash buffer and then incubated with PE-labeled secondaries 

for Total IgG, IgG1, IgG2, IgG3, IgG4, IgA1, IgA2 or IgM (Southern Biotech, AL, USA). Samples were washed 

again and resuspended in xMAP sheath fluid (Luminex corporation, TX, USA). Samples were analyzed on 

a Bioplex 3D system. Data were calculated as the median fluorescent intensity of PE.  

 

Antigen-specific antibody Fc Receptor binding 

Antigen-specific binding to Fc receptors was assessed similarly to antibody isotype and subclass analysis, 

as previously described [279]. HIV antigen coupled microspheres as described above were used. Plasma 

samples were diluted in luminex wash buffer and were detected with recombinant Fc-receptor detectors 

tetramers (FCGR2A-H (high affinity variant), FCGR2A-R (low affinity variant), FCGR2B, FCGR3A-V (high 

affinity variant), FCGR3A-F (low affinity variant), FCGR3B and C1q, Duke Protein Production Facility) in 

duplicate. Fc-receptor detectors were generated using recombinant AviTagged Fc-receptors using a 

Bir500 kit according to manufacturer’s instructions (Avidity Biosciences, CO, USA). Fc receptors were then 

incubated with streptavidin-PE (ProZyme, Hayward, CA) for ten minutes, and any residual streptavidin 

was quenched with an excess of 20 μΜ biotin for a further ten minutes (Avidity Biosciences, CO, USA). 

Detector Fc-receptor tetramer was added to washed antibody opsonized beads for 2-hours in duplicate. 

Beads were then washed in Luminex wash buffer and incubated with the secondary detectors for one 

hour. Samples were washed again and resuspended in xMAP sheath fluid (Luminex corporation). Samples 

were analyzed on a Bioplex 3D system.  
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Antibody Avidity 

Avidity was assessed using ELISA. 96-well Immulon plates (ThermoFisher) were coated with 100 μL of 250 

ng/mL of each HIV antigen in PBS overnight at 4°C. The next day plates were washed in PBS-0.05% Tween-

20 and blocked with PBS-2% BSA for 2 hours at room temperature. Samples were diluted in PBS, plated in 

duplicate on ELISA plates, and incubated for two hours at room temperature. Plates were washed again, 

and PBS-0.05 Tween-20 was added to half the plates and 8 M Urea (Sigma Aldrich) was added to the 

treated replicates. After 5 minutes of incubation on a shaker, plates were flicked. This was repeated for a 

total of three washes with 8 M urea. Plates were washed with PBS, and antibody binding was detected 

with goat anti-human IgG-HRP (Bio-Rad, CA, USA). Developing solution was prepared by dissolving an OPD 

tablet (ThermoFisher) in 11 mL of PBS with 4.4 μL of hydrogen peroxide. Samples were developed, and 

the reaction was quenched with 2 N sulfuric acid. ELISA plates were read on a luminometer at 490 nm 

with reference at 570 nm.  

 

Principal Component Analysis (PCA) 

Two PCA models were constructed, one for glycosylation data and one to compare antigen-specific 

responses. For the glycan PCA the input variables were the 24 glycan peaks. For the PCA model comparing 

timepoint and antigen specificity, each antigen-specific response was treated as an individual data point. 

For this PCA, variables included all antigen-specific data—avidity, subclass/isotype, Fc receptor binding, 

non-neutralizing functions and glycans. Each antigen-specific response was treated as an individual data 

point and all values for were calculated as deltas (3M-1M, 9M-3M and 12M-9M). For both models, all 

variables were centered and scaled to a standard deviation of 1 and PCAs were constructed in Matlab 

(Mathworks, Natick, MA, USA).  
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LASSO-Partial Least Squares Regression (PLSR) 

Least absolute shrinkage and selection operator (LASSO) regression analysis was used to define the 

minimal set of features that separated the samples by timepoints as previously described [280]. Briefly, 

PLSR  was used to model the separation along time course achieved by the LASSO-selected features when 

combined into latent variables, which linearly combine the features to describe the most variance in 

outcome along a two-dimensional plot. The model is orthogonalized so that Latent Variable 1 (LV1) 

captures the variance in timepoint while other variables are orthogonal to LV1. To create a robust model, 

the PLSR analysis included 1000 repetitions of 10-fold cross validation to obtain a CV r value of 0.96. 

Variable importance in projection (VIP) scores were calculated, a weighted sum of squares of the PLS 

weights, which summarize the importance of the various features to the PLSR model. 

 

Results 

Functional antibodies develop over the first year of infection 

Several lines of evidence suggest that the early immune response to HIV infection shapes the 

course of disease [264]. Early cellular responses, primarily NK [112, 281, 282] and T cells [283], have been 

linked to enhanced viral control, the establishment of a lower viral set-point and slower progression to 

AIDS [264]. While neutralizing antibodies evolve only after a few years of infection [284], the humoral 

immune response emerges early, representing a key component of the early immune response [264]. 

However, while binding antibodies track with progression, rather than control, mounting evidence 

suggests that antibodies able to recruit innate immune function, including the cytotoxic functions of the 

humoral immune response, emerge early [285]. These antibodies have also been linked to enhanced 

antiviral control and slower HIV disease progression [285]. Moreover, individuals who spontaneously 

control HIV harbor elevated levels of functional antibodies, able to leverage NK cell cytotoxicity, monocyte 
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phagocytosis, neutrophil function, and complement activation [4, 53, 112, 274, 281, 286, 287]. 

Interestingly, while specific HLA class I alleles, essential for T cell mediated immunity, explain 15% of 

spontaneous control of HIV [182], functional antibodies evolve in a larger fraction of “controllers” in an 

HLA-independent manner, potentially pointing to a globally relevant harness-able immune mechanism of 

viral control [288]. However, while the early evolution of ADCC and ADCP responses against HIV envelope 

glycoprotein gp120 have been defined previously [272], less is known about the co-evolution of all 

antibody non-neutralizing functions against gp120 and other critical antiviral targets. 

 To begin to understand the evolutionary kinetics of the non-neutralizing response to HIV 

infection, ten women acutely infected with HIV (identified in Fiebig stage I), who were participants in the 

FRESH cohort, were followed over the first year of infection (Figure 4.1) [276]. Samples from one month 

(at a time when binding antibodies become detectable across antigens), 3 months, 9 months and 12 

months of infection were comprehensively profiled for their antibody response to infection, creating a 

Figure 4.1. Clinical course of infection: The viral load (light blue) and CD4 count (dark blue) for the ten subjects is plotted for 

the first year of infection.  
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complete picture of the longitudinal development of non-neutralizing antibody responses. While 

neutralizing antibodies were not detected in any of these women (unpublished data), functional 

responses and antibody biophysical profiles (subclass/isotype, avidity, Fc-glycosylation and Fc receptor 

binding) were all captured against  gp120, gp41-for which responses emerge earliest [264]-and the 

internal gag antigen (p24), which is associated with enhanced viral control [265-268]. Functional 

responses across the three antigens showed a marked increase during infection, however this evolution 

varied in an antigen-specific manner (Figure 4.2A-C). Specifically, while gp120-specific antibodies showed 

the greatest magnitude of change in their non-neutralizing functions over the year, with all functions 

increasing, gp41-specific responses exhibited a distinct functional evolutionary profile. Early in infection 

gp41-specific antibodies, induced robust neutrophil and monocyte phagocytosis, which declined over the 

first year, while the NK cell and complement-activating response evolved oppositely (Figure 4.2B). 

Interestingly, while p24-specific immune response showed a similar pattern to gp120, very early antibody 

mediated degranulation decreased, with a concomitant evolution of all functions (Figure 4.2C). 

Individually, the functions also exhibited distinct profiles across the three antigens (Figure 4.2D), with 

gp120 and p24-specific antibodies showing more similar evolutionary profiles, compared to gp41. These 

data point to distinct functional evolutionary profiles across antigen specificities, pointing to independent 

regulation of the antigen-specific responses during acute infection. Despite these differences across 

antigens, collectively, polyfunctionality increased over the first year of infection, tracking with the 

maturation of the humoral immune response (Figure 4.2E).  

 

Relationship between functional evolution and antibody levels 

 To begin to define the biophysical changes in the humoral immune response that may underlie 

functional evolution, we next profiled the overall changes in antibody isotype and subclass selection over 

the course of the first year of infection (Figure 4.2F-H). As expected, IgM and IgG3 responses dominated  
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Figure 4.2. Non-neutralizing functions develop during acute infection: A-C. Radar plots show the relative antigen-specific 

non-neutralizing functions elicited at 1-month (pink), 3 months (purple), 9 months (light blue) and 12 months (dark blue) of 

infection for gp120- (A), gp41- (B), and p24- (C) specific responses. Each function displayed was normalized to an average of 

0 and a standard deviation of 1, and the average of the ten subjects is graphed along the radars. Radars are labeled from 1.5 

to -0.5 in light grey. D.  Radar plots show the gp120-, gp41- and p24- specific response for each of the six functions measured; 

ADNP, ADCP, ADCD, CD107a expression, IFNγ expression, and MIP-1β expression. E. The pie charts show polyfunctionality 

scores at each timepoint. The presence of each function was determined by a median split. The size of each slice represents 

the number of subjects who have a given number of functions at each timepoint and colored according to the number of 

functions. F-H. Radar plots show the relative titers of each subclass/isotype for antigen-specific antibodies. Radars are labeled 

from 1 to -1 in grey. I-K. Heatmaps show the r value of Spearmen correlation between function and subclass/isotype across 

all four timepoints. Statistics for radar plots evaluated as using one-way ANOVA. Heatmap generated with spearmen 

correlation. *p<0.05, **p<0.01, ***p<0.01, ****p<0.001.  
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early in infection across all antigens, but regressed with the progressive maturation of the humoral 

immune response, in line with their order in the antibody locus [13]. While the gp120-specific response 

at 1 month was dominated by IgM antibodies, the gp41 and p24 specific humoral immune responses 

accessed IgA, IgM as well as early IgG3 responses as early as 1 month following infection (Figure 4.2F-H). 

Moreover, gp120 and gp41-specific IgG1 antibody levels consistently increased in magnitude over the 

course of the first year of infection (Figure 4.2F, G). p24-specific antibody responses hit maximum levels 

by 3 months post-infection (Figure 4.2H) and gradually switched to profile dominated by the less  

functional IgG2 and IgG4 subclasses (Figure 4.2H). Collectively, these data highlight different evolution 

patterns among antigen-specificities over time.  

To understand how these subclass changes link to function, correlations between functions and 

subclass across all timepoints were calculated (Figure 4.2I-J). Here, the correlations between function and 

subclass were largely consistent across all three antigens, highlighting conserved biophysical:function 

relationships irrespective of the antigen-specificity and functional evolutionary profile. ADCP, ADNP and 

ADCD seemed to be most closely tied to subclass IgG, IgG1, IgA1 and IgA2 titers (Figure 4.2I-K). This is 

consistent with the predominance of these antibody classes/subclasses within the blood [13]. However, 

relationships with NK cell mediated CD107a, IFNγ, and MIP-1β were less clear. Thus, these data suggest 

that similar biophysical changes driven antibody effector functions irrespective of antigen or evolutionary 

pattern. 

 

Antibody glycosylation changes dramatically during infection  

 Given the dominant relationships of IgG1 and antibody effector function, we next aimed to define 

whether the IgG1s themselves evolved to gain function over the course of infection. Decades of research 

in the monoclonal therapeutics community has highlighted the key importance of Fc-glycosylation in 

shaping antibody IgG1 effector function [170, 242, 289]. Thus, antigen-specific antibody Fc-glycosylation 
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changes were analyzed using capillary electrophoresis [183]. Changes in levels of agalactosylation (G0), 

monogalactosylation (G1), digalactosylation (G2), fucosylation (F), bisection with N-acetylglucosamine (B), 

monosialylation (S1) and disialylation (S2) were assessed for gp120- (Figure 4.3A),  gp41- (Figure 4.3B), 

and p24-specific (Figure 4.3C) antibodies. Consistent decreases in sialylated species and increases in 

agalactosylated, inflammatory, species with infection were observed from early to late infection, and 

across multiple clinical states, as previously reported [62, 290, 291]. However, these studies have not  

assessed antibody N-glycosylation longitudinally in progressors. Antigen-specific variation was observed 

in bisected GlcNAc addition on gp120 and gp41 antibodies, but not on p24-specific antibodies. These  

changes were apparent when each sugar was analyzed over time (Figure 4.3D), highlighting clear 

increases in agalactosylation and single galactosylation, whereas digalactosylation and sialylation 

decreased over time. Interestingly, more skewed changes occurred for fucosylation and bisection, 

increasing over time for gp120-specific but not p24- or gp41- specific antibodies (Figure 4.3D). Principal 

components analysis (PCA) highlight the strikingly different evolutionary, antigen-specific, glycan patterns 

that emerged, which point to a dominant influence of disease progression on shaping antibody 

glycosylation (Figure 4.3E). Together these data highlight diverging evolutionary patterns for 

inflammatory and functional glycans that emerge with HIV disease progression.  

 To next determine whether these glycan changes influenced evolving changes in antibody effector 

function, we next examined relationships between glycan and functional activity across antigen 

specificities (Figure 4.3F). As previously seen [76, 98], conserved relationships between inflammatory 

agalactosylation and less-inflammatory digalactosylation with antibody function were observed for gp120 

and p24 specific antibodies (Figure 4.3F). Conversely, distinct relationships were observed for gp41-

specific responses. Gp41-specific agalactosylation was linked to complement deposition, also modulated 

by fucosylation, bisection, and sialylation. However, surprisingly, changes in neutrophil and monocyte 

phagocytosis were marked by inverse changes in galactosylation, sialylation, fucosylation, and bisection,  
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Figure 4.3. Antibody glycosylation changes during acute infection: A-C. Radar plots depict the relative amounts of each 

monosaccharide on antigen-specific antibody Fc glycans. Glycans determined by summing the percentages of each of 24 

individual glycan peaks that display a given quality. G0=Agalactosylated, G1=monogalactosylated, G2=Digalactosylated, 

F=Fucosylated, B=Bisected with N-Acetylglucosamine, S1=monosialylated and S2=di-sialylated. Glycans are normalized to an 

average of 0 and a standard deviation of 1 and the average of the ten participants at each timepoint is graphed. Radars are 

labeled from 1.5 to -1 in grey. D. Radar plots show the gp120-, gp41- and p24- specific responses for each glycan attribute. 

Radars are labeled from 1.5 to -0.5 in light grey. E. Principal components analysis of glycans colored by timepoint. PC1 

describes 50.4% of the variance and PC2 describes 11.4% of the variance. F. Heatmaps show the r value of the Spearmen 

correlation between function and glycan across all four timepoints. Statistics for radar plots evaluated as using one-way 

ANOVA. Heatmap generated with spearmen correlation. *p<0.05, **p<0.01, ***p<0.01, ****p<0.001.  
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highlighting potential substructure differences in antibody glycans that may be exploited naturally during 

infection to drive changes in antibody effector function at an antigen-specific level.   

 

Multivariate analysis humoral development over time  

 Since robust changes in antibody effector functions, subclass and glycosylation were observed 

over time, we next aimed to assess differential effects of time and antigen-specificity on the composition 

and functionality of antibodies elicited. To see whether time or specificity had a greater effect in 

differentiating the antibodies, we used PCA. The model was constructed treating each antigen-specific 

response as an individual point, with antibody functionality, Fc receptor binding, subclass/isotype, avidity 

and glycosylation, calculated as difference between timepoints, as input variables. This PCA highlighted 

the absence of any discernable difference across antigen-specificities (Figure 4.4A). Conversely, when the 

PCA was colored by timepoint was considered, significant separation between the timepoints was 

observed in antibody profiles (Figure 4.4B). Moreover, antigen-specificities tracked together over time 

(Figure 4.4C) highlighting the importance of timepoint and the co-development of antibodies with disease 

progression, rather than early programming as the determining factor in shaping antibody effector 

function in HIV infection.  

 Next, to define the change of Fc-profiles over the course of infection, an orthogonalized partial 

least squares regression (PLSR) model was developed  to track the development across the four timepoints 

(Figure 4.4 D,E). As expected, robust separation was observed in antibody profiles over time, separating 

out over latent variable 1 (LV1). The antibody features that contributed to this  separation were then 

plotted on a variable importance scores plot (Figure 4.4E), where features in blue were present early in 

infection and those in red evolved over time. As expected, higher levels of p24-IgG3s were present in early 

infection, in addition to higher levels of digalactosylated gp41 antibodies able to recruit neutrophil  
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Figure 4.4. Multivariate determinants of timepoint: A-C. To compare across timepoints and antigens, each antigen-specific 

response was treated as a separate point and deltas were calculated for 3M-1M, 9M-3M and 12M-9M. Each dot represents 

one subject. A. PCA colored to show the separation of the different antigen-specific responses. PC1 captures 13.8% of the 

variance while PC2 captures 10.2% of the variance. B. PCA colored to show the effect of timepoints. PC1 captures 13.8% of 

the variance. PC2 captures 10.2% of the variance. C. PCA colored to show both timepoint (indicated by shade) and antigen 

(indicated by color). PC1 captures 13.8% of the variance and PC2 captures 10.2% of the variance. D. A PLSR model was 

developed to define the features associated with timepoint in infection. Dots represent full responses, including measures 

from all three antigens, from one participant. Features associated with timepoint are captured on LV1, accounting for 44.2% 

of the variance. E. Variable importance in the projection (VIP) scores are ordered, scaled, and colored according to their 

importance. Variables that point to the right are enriched later, while those that point to the left are enriched earlier.  
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phagocytosis. Conversely, functional maturation was observed over time in both gp41 and gp120-specific 

antibodies linked to increased inflammatory glycans. These data indicate that specific non-neutralizing  

functions, specifically those of against gp120, may have greater importance in driving clinical features as 

they mature across the first year of infection.  

 

Polyfunctionality dictates clinical course  

 Early studies highlighted the critical importance of early ADCC levels as a protective marker of 

disease progression [263]. Thus, despite the infection associated changes in Fc-profiles, differences in the 

magnitude of antibody functions were observed across the 10 participants. Thus, to begin to define 

whether any given antibody function, or group of functions were linked to disease progression, we 

examined overall differences in antibody effector profiles over time across antigen-specificities (Figure 

4.5A). Different patterns of antibody functionality were observed, where some women exhibited many 

functions as early as the first month, and high polyfunctionality (subjects 1-3), those that began with fewer 

functions, but increased modestly and steadily over infection (subjects 4-7), and a third group that showed 

a dip in polyfunctionality at 3 months of infection (subjects 8-10). Much of these patterns were replicated 

in the antigen-specific responses, implying that subjects have a similar magnitude of change across all 

specificities. Importantly, one of the participants controlled infection (subjects 1) and exhibited a high 

polyfunctionality at 1 month and robust polyfunctional antibody evolution. Subjects 2 and 3 also exhibited 

very similar profiles but were not controllers. Interestingly, subject 2 controlled infection for over 4 years 

before meeting clinical guidelines for care in South Africa (CD4 < 350). In contrast, nearly all other subjects 

met the standards for care after a year of follow-up. These data imply that polyfunctionality may be an 

important factor but is not the only factor dictating viral control.  
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Figure 4.5. Polyfunctionality determines clinical course: A. The bars show the polyfunctionality profiles for the ten 

participants showing the number of functions each subject has overall, and for each antigen-specific response at the four 

timepoints. B. Correlation between CD4 count and the number of functions that each subject has across all timepoints. C. 

Correlation between CD4 count at 12 months and the change in total polyfunctionality from moth 1 to 12. D-F. Correlation 

between CD4 count at 12 months and the change in antigen-specific functionality for gp120- (D), gp41- (E), and p24- (F) 

specific functions from month 1 to month 12. Correlations are spearmen correlations.  
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 While no single function at any timepoint or over time were associated with markers of clinical 

progression, we next sought to determine whether combinations of function and polyfunctionality, were 

associated with disease progression. Thus, the number of functions in response to all three antigens were  

summed for each subject over time, to generate a polyfunctionality score. No relationship was observed 

between CD4 counts and polyfunctionality at each timepoint (Figure 4.5B), even at the first time point, 

suggesting that early functions may not be a predictor of enhanced protection from disease progression. 

Instead, the increase in polyfunctionality over the first year of infection (12M-1M) was significantly  

correlated with CD4 counts (Figure 4.5C), highlighting the presence of more functional antibodies in the 

setting of preserved CD4 cell function and help. Importantly, this relationship was largely driven by gp120-

specific antibody polyfunctionality, potentially pointing to a specific contribution by functional gp120-

specific envelope antibodies to viral control.  

 

Discussion 

While the neutralizing antibody response takes several months to evolve, the humoral immune 

response to HIV matures rapidly and remains a diagnostic biomarker of HIV infection [189, 264]. The 

responses to HIV antigens evolve with distinct kinetics, likely driven by the abundance of the antigen as 

well as the pre-existence of cross-reactive antibodies [264, 292]. Specifically, gp41-specific humoral 

immunity evolves rapidly following infection, drawing on microbiome-cross reactive antibodies [293-295],  

followed by p24-specific antibodies [296], and then by gp120-specific antibodies that mature over time, 

to ultimately confer autologous neutralization to historical viral variants after months of infection [264, 

296]. Furthermore, in a subset of infected individuals, these neutralizing responses evolve further to drive 

cross-neutralizing antibody activity [250, 284]. However, despite a comprehensive understanding of the 
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evolution of the binding and neutralizing antibody response, less is known about the evolution of the 

functional humoral immune response. 

Here, with the advantage of precise sampling over the course of the first year of infection, we 

observed a progressive evolution of the functional humoral immune response (Figure 4.2), shifting both  

 with the evolving subclass and isotype profile as well as with changes in Fc-glycosylation (Figure 4.3). 

Interestingly, these changes evolved differentially across antigen specificities (Figure 4.4). Particularly, 

there was more extreme changes in the gp120-specific rather than the gp41- and p24-specific responses. 

Surprisingly, no single function across all three antigen-specificities tracked with improved clinical 

outcome (CD4 T cell counts). Instead, gp120-specific polyfunctionality was linked to reduced loss of CD4+ 

T cells (Figure 4.5), highlighting the critical importance of leveraging multiple innate immune cell functions 

to fully control the virus. 

In this cohort, nine of ten participants progressed, providing an opportunity to explore the 

longitudinal development of the antibody response and the relationship between early humoral immune 

responses and disease progression. The gp120-, gp41- and p24- specific antibodies evolved independently 

with respect to non-neutralizing functionality, subclass/isotype and antibody glycosylation. Though no 

individual function was linked to viral control, polyfunctionality, and specifically gp120-specific 

polyfunctionality was associated with higher CD4 counts at 1 year of infection. These data highlight the 

longitudinal evolution of antibody extra-neutralizing functionality and argue for a role for a coordinated 

humoral functional responses, rather than any single functional response, as a critical determinant of viral 

control.  

The identification of immune correlates of viral control, particularly in acute infection, has critical 

implications for understanding HIV pathogenesis and ultimately the design of vaccines or therapeutics 

that may lead to the durable control of HIV. While no preventative vaccine or cure strategies have been 

successfully developed, at least two cases suggest that a “functional cure”-viral suppression in the 
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absence of ART-may be achievable for periods of time. Specifically, hematopoietic stem cell 

transplantation with bone marrow lacking the HIV co-receptor [297-299] as well as early antiretroviral 

therapy in both an infant [300, 301] and acutely infected adults [302, 303], have led to extended periods 

of durable viral control after treatment discontinuation. These data suggest that interventions that 

provide the immune system lead time may allow the immune response to sustain extended control of the 

virus. While genome wide association studies have pointed to the critical importance of HLA class I alleles, 

which interact with both T and NK cells, in the control of HIV, these protective polymorphisms account for 

less than 20% of viral control [182]. Thus, 80% of viral control must be achieved through non-HLA-

dependent mechanisms. Instead, ADCC-inducing antibodies are enriched in non-progressors [263], and 

among controllers [4, 304], functions that are lost over years of infection in non-controllers [272], implying 

that non-neutralizing functionality may be a critical correlate of control, as this study demonstrated.  

The exact contribution of antibody polyfunctionality to viral control is unclear. Whether 

polyfunctionality is a true driver of viral control or a biomarker of a different, underlying mechanism of 

viral control has yet to be determined. If polyfunctionality is driving control, it may be that more 

polyfunctional non-neutralizing responses are able to more efficiently attack infected cells, particularly 

within the gut and lymphoid tissues. The ability to leverage several innate immune effector mechanisms 

simultaneously may provide the highest likelihood of control. Though, previous studies have linked the 

development of polyfunctionality to different clinical states in HIV [4]. Early studies suggested that the 

presence of ADCC early following infection was strongly associated with durable control of viremia [263, 

305]. Moreover, follow-up studies highlighted the rapid decay of antibody effector function over the first 

years of infection in most progressive patients compared to those in spontaneous non-progressors [4, 

272]. Because HIV-specific functional antibody responses emerge in an HLA-independent manner [288], 

these data collectively support the idea that, like CD8+ T cells, NK cells and functional antibodies may also 

contribute to viral containment and control. 
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Beyond protection, we showed strikingly different patterns of humoral evolution between   

gp120-, gp41- and p24-specific responses. Antibodies to gp41 showed a distinct immune trajectory, 

drawing on early cross-reactive IgM and IgA responses [294, 295, 306], to drive robust ADNP and ADCP as 

early as 1 month following infection. However, these antibodies show little functional development past 

1 month. Previous studies have noted that gp41 specific immune responses, though they appear early, 

may be ineffective at restricting viral load during early infection [293]. Unlike gp120-specific immune 

responses that become progressively more polyfunctional, gp41-specific antibodies switch from a 

phagocytic dominated function in early infection to one that is largely cytotoxic. However, whether these 

evolving antibodies target the microbiome instead of the virus is unclear, but the lack of functional 

development could reflect deleterious effects of gp41 antibodies that may limit their protective activity. 

Regardless, the functional changes of gp41 may reflect importance at very early timepoints, but less 

importance as acute infection progresses.  

We also show a distinct development of the p24-specific response, polarized towards ADCC early, 

then switching towards other functions, in the opposite direction to gp41-specific antibodies. However, 

the magnitude of change is much smaller than the gp120-specific responses. p24-specific responses have 

been studied previously and have been linked to protection [265, 267, 268]. These studies showed that 

p24-specific antibodies could inhibit viral spread in vitro [267], p24-specific antibodies were able to drive 

enhanced dendritic cell opsinophagocytosis and control of viral replication [268], and that polyfunctional 

p24-reactive antibodies drove decreased viral load [265]. Though, p24 is not expressed on the surface of 

the infected cell membrane or on the surface of the virion, accumulating data suggest that that functional 

antibodies may drive viral restriction within infected cells, via Fc-receptors including TRIM21 [307]. 

Conversely, while no association was observed between p24-specific humoral immune responses and 

slower HIV disease progression here, p24-specific humoral immunity demonstrated converging 

evolutionary properties to the gp120-specific response. This discrepancy may be related to the earlier 



 134 

sampling performed here, with later p24-specific humoral immunity perhaps playing a more critical role 

in antiviral immunity. Nonetheless, this data demonstrates the individual immune trajectories of each 

antigen-specific response.  

These data provide insights in the longitudinal evolution of the immune response across the first 

year of infection, deeply profiling the humoral responses to multiple HIV antigens. Beyond describing 

patterns of immune development, they provide clues as to which aspects of the humoral response may 

correlate to control. Similar to previous studies highlighting the presence of polyfunctional antibodies 

among spontaneous controllers of HIV [4], here gp120-specific polyfunctionality was positively correlated 

with CD4 levels at 12 months. However, whether polyfunctionality is a predictor of viral control or if it 

simply co-evolves with control, due to the presence of preserved CD4+ T cells, remains unclear. While 

further research is needed to determine whether polyfunctionality contributes to viral control and 

containment, the substantial evidence of the importance of extra-neutralizing functional antibody 

responses in facilitating viral control [45, 62, 269], and prevent HIV acquisition [55, 59, 114, 120, 121, 271], 

argue that polyfunctionality is a critical characteristic of a controlled HIV response. Thus, future 

preventative and therapeutic vaccine strategies able to harness the polyfunctional activity of HIV-specific 

antibodies may complement cellular mechanisms in the containment and control of HIV. 
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Abstract  

Pregnancy represents a unique immunological state, often thought to be tolerogenic in nature 

in order to prevent rejection of the fetal graft. Systemic immune changes have been noted, including 

alterations in immune cell frequency, cell function, and cytokine production, that have been 

hypothesized to leave pregnant women more vulnerable to infection. However, while  research has 

focused primarily on transfer of immunity to the fetus, less is known about the alterations in the 

immune response in pregnancy, and specifically how these changes may mechanistically underlie 

differences in susceptibility to infection. Thus, to begin to define changes in vaccine-induced immunity 

during pregnancy, here we focused on the comprehensive analysis of the humoral immune response to 

influenza in a matched cohort of 20 non-pregnant and 14 pregnant volunteers vaccinated against 

seasonal influenza. As previously reported, significant changes in both Fc and Fab glycosylation was 

observed across pregnant and non-pregnant populations. However, while significant differences were 

observed in H1 titers, HAI, affinity, and specific antibody effector functions (monocyte phagocytosis and 

complement deposition) limited differences were observed for H3-immunity. This study therefore 
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argues that despite significant pregnancy associated antibody glycosylation changes, antibody non-

neutralizing functions to common strains are less affected functionally compared to those that have 

recently entered the population.  

 

Introduction 

Immunity during pregnancy is often thought to be precarious, associated with increased incidence 

and severity of infection [308], and it is unclear if vaccine-induced immunity is affected by pregnancy. 

With increasing global efforts to improve the health of neonates and their parents, the Centers for Disease 

Control in the United States, along with many other countries and the World Health Organization, has 

recommended Tdap and influenza vaccination in the third trimester of pregnancy [309-311]. This 

recommendation has been successful in reducing infant morbidity and mortality associated with pertussis 

[129-131] and influenza hospitalization and illness [132, 133], and rates of preterm birth and low birth 

weight [134, 135]. These successes have inspired broad uptake of prenatal vaccination and the ongoing 

development of new vaccines for pregnancy [312-314]. However, it is still unclear whether vaccines 

developed in non-pregnant populations will provide equivalent protection during pregnancy or if the 

antibodies induced by vaccines in the context of pregnancy are the most advantageous for the pregnant 

parent or for transfer to the fetus [315]. While much work has focused on the altered immune state of 

pregnancy, it is unclear whether this hinders the development of effective immunity. Particularly in the 

case of influenza, where there is significantly increased risk during pregnancy, vaccine responses are 

known to differ, particularly in terms of reduced titer in pregnant populations [316-318], but research has 

yet to fully address the question of antibody effector functions in immunity, a critical component in the 

response to influenza, or to connect clinical outcomes to immune regulation [125, 126, 319].  

Studies of vaccines in pregnancy have focused on their safety and evidence of response to 

vaccination [132, 317, 320, 321]. Studies of the TDAP, several influenza vaccines and yellow fever vaccines 
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in pregnancy have demonstrated induction of antibody production that was protective, but geometric 

mean titers and HAI were generally lower than in non-pregnant populations [316, 318, 320, 321]. Lower 

B cell frequencies have been observed generally during pregnancy, and influenza, TDAP and yellow fever 

vaccines have been found to induce lower antibody titers [316, 318, 320, 321]. Beyond this, the TDAP 

vaccine has been shown to elicit reduced T cell responses [316], but more comprehensive profiling of the 

innate compartment is lacking. Studies of immunologic changes across pregnancy show anti-inflammatory 

changes, including reductions in numbers of circulating NK and T cells, repressed cytokine expression and 

transient resolution of autoimmune conditions like rheumatoid arthritis [126, 322]. Overall, there is a 

switch to a Th2 phenotype during the second and third trimester of pregnancy that maintains an anti-

inflammatory state [316, 318, 321, 323]. Conversely, pregnancy is associated with increased levels of 

dendritic cell, phagocytic cells and CD56dim NK cells [324].  

Beyond the innate compartments, the types of antibodies elicited during pregnancy are altered. 

Several studies have noted significant changes in antibody glycosylation [161, 162, 325]. Interestingly, this 

change in post-translational antibody modifications occurs on both the antigen binding (Fab) and constant 

domain (Fc) of the antibody, with a significant impact on  Fab glycosylation resulting in a dramatic increase 

of ‘asymmetric antibodies’, with Fab glycosylation, speculated to prevent antibody cross-linking [326, 

327], particularly to paternal antigens on the placenta [328]. Moreover, the interplay between Fc and Fab 

glycosylation changes during pregnancy, and whether these changes can be implicated in disease in 

pregnancy or their effects on vaccine-induced immunity to influenza has yet to be fully explored. However, 

while mounting evidence strongly argues for altered immunity during pregnancy, it is unclear how these 

changes alter vaccine responsiveness or how they may contribute to higher susceptibility and severity of 

infection in pregnancy [308].  

While antibodies represent the primary correlate of protection following most clinically approved 

vaccines, their mechanism of action varies from direct neutralization to complement  fixation, to 
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opsonophagocytic elimination, to antibody mediated cytotoxicity [245, 329, 330]. However, little is known 

about the effect of pregnancy on antibody functionality. Thus, here we profiled the response to influenza 

vaccination during pregnancy, focusing on H3-specific responses, as an endemic response, and the H1 

response, as a subtype to which pregnant people are particularly susceptible [331]. While expected 

changes in glycosylation in both the Fab and Fc were noted in pregnancy, significant differences were 

observed across H3 and H1 specific antibody functional profiles. This suggests that antigen-specific 

functional changes to some but not all pathogens potentially occur, accounting for selective immune 

deficits in pregnancy that may be alleviated in a targeted manner. 

 

Methods 

Human serum samples 

Plasma samples from pregnant and non-pregnant women were collected. Plasma from pregnant women 

were collected at the end of the third trimester of pregnancy, most of whom received the flu vaccine 

during pregnancy (Table 5.1). The majority of participants received the flu vaccine within the four months 

prior to plasma collection, during the 2017-2018 flu season. The vaccines during this season included 

A/Michigan/45/2015, A/Hong Kong/4801/2014 and B/Brisbane/60/2008. All subjects were HIV, HBV, and 

HCV negative and provided written informed consent before sampling. This study approved by the 

  
 Non-pregnant Pregnant 

Age 31.35 
(Range: 23-44) 

27.64 
(Range: 18-35) 

Hormonal Birth control 10:10 
(yes:no) 

N/A 

Received Flu vaccine 15:5 
(yes:no) 

11:3 
(yes:no) 

Received TDAP vaccine 0:20 
(yes:no) 

14:0 
(yes:no) 

Months between 
vaccine and sample 

collection 

4.2 
(Range: 0-6) 

4.3 
(Range:2-6) 

  

Table 5.1. Demographics of study participants 
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Partners Human Research Committee (Approval Number 2018P001060). All subjects provided written 

informed consent.  

 

Cell lines 

Madin-Darby canine kidney-SIAT1 cells (SIAT1-MDCK), isolated from a female adult canine Cocker Spaniel 

kidney (Sigma Aldrich, St. Louis, MO, USA), were grown in EBSS plus L-glutamine, 1% non-essential amino 

acids and 10% fetal bovine serum. THP-1 cells, a cell line isolated from a 1-year-old male (ATCC, Manassas, 

VA, USA), were grown in R10 (RPMI plus 10% fetal bovine serum, L-glutamine and penicillin/streptomycin) 

supplemented with 0.01% β-mercaptoethanol. 

 

Plasma heat inactivation 

Plasma samples were heat inactivated at 56°C for one hour. Plasma samples were spun at 20,000´g for 

10 minutes and serum was collected and stored at -80°C.  

 

Viruses 

H1N1 strain A/California/07/2009 (H1 CA), H1N1 A/Michigan/45/2015 (H1 MI) and H3N2 A/Hong 

Kong/4801/2014 (H3 HK) were grown in 9-10 day old embryonated eggs.  

 

Recombinant Proteins 

For titer and avidity determination, genes coding H3 HK and chimeric HA bearing A/Puerto Rico/8/1934 

stalk (group 1) or HK stalk (group 2) were synthesized as reported [332, 333] and were subcloned into the 

pFastBac gp67 vector (GenScript, Nanjing, China). Recombinant H3 HK and chimeric group 1 or group 2 

proteins expressed in Sf9 cells were column purified (GenScript). For functional assays and luminex Fc 

receptor binding and titer, recombinant H1 MI and H3 HK proteins (HAΔΤΜ Η1Ν1 Α/Michigan/45/2015 
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and H3ΔTM H3N2 A/Hong Kong/8/68) expressed in 293 cells were purchased from Immune Technology 

Corp. (New York, NY, USA).  

 

Anti-HA ELISA and Avidity assays 

HA-specific ELISA and avidity assays were performed as previously described [334]. Briefly, plasma was 

serially diluted and was added to MaxiSorp microtiter plates (ThermoFisher) pre-coated with 0.2 μg/mL 

of recombinant protein [334]. Plates were incubated at 37°C for 90 minutes. For avidity determination, 

plates were washed with 100 μl per well of 4 M urea for 15 minutes and were re-blocked for an additional 

hour [334]. Bound antibody was detected with HRP-goat anti-human (Invitrogen, Carlsbad, CA, USA) 

followed by 1-Step Ultra TMB (ThermoFisher), and absorbance was measured at 450 nm in a Victor V 

multilabel reader (PerkinElmer, Waltham, MA, USA). Antibody titers were interpolated based on 

Sigmoidal four parameter logistic regression.  

 

Hemagglutination Inhibition Assay 

Plasma was pretreated with receptor-destroying enzyme (RDE) (Denka-Seiken, Tokyo, Japan) and was 

two-fold serially diluted with the initial dilution at 1:10. Diluted plasma was then incubated with 4 HA 

units/25 μl of viruses at room temperature for 30 min. Hemagglutination inhibition (HAI) titers were 

determined using  0.5% turkey red blood cells for H1N1 viruses or 0.75% guinea pig red blood cells in the 

presence of 20 nM oseltamivir for H3N2 viruses as described previously [335, 336]. Geometric mean titers 

were calculated.  

 

Microneutralization Assay 

H1N1 and H3N2-specific microneutralization (MN) titers were determined using a nucleoprotein-based 

ELISA as previously described [334]. Briefly, RDE-treated plasma was incubated with 100 50% tissue 
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culture infectious dose of virus at 37°C, 5% C02 for 1 hour and was then added to SIAT1-MDCK cells (Sigma) 

for overnight incubation. Infected cells were then detected using influenza A nucleoprotein-specific 

monoclonal antibodies (Millipore, Burlington, MA, USA). MN titers represent the reciprocal of the highest 

serum dilution resulting in ³50% neutralization. 

 

Phagocytosis assays 

Antigen biotinylation 

Antigens were biotinylated with a 20-fold excess of 10 mM EZ-Link NHS-LC-biotin (ThermoFisher) 

according to manufacturer’s instructions. Following biotinylation, excess unbound biotin was removed 

using a Zeba spin desalting column (ThermoFisher).  

 

Antigen:bead coupling 

Antigens were mixed with yellow-green florescent neutravidin microspheres (ThermoFisher) at a ratio of 

10 μl of beads per 10 μg of biotinylated protein and were incubated at 37°C, 5% CO2 for 2 hours. Following 

this incubation, beads were washed twice with PBS-0.01% BSA and then resuspended in 1 mL of PBS-

0.01% BSA. Beads were stored at 4°C for up to one week.  

Immune complex formation 

Participant plasma was pre-diluted across three serial dilutions; 1:10, 1:50 and 1:100 in PBS with control 

IgG and PBS included as positive and negative controls. 10 μl of each sample was mixed with 10 μl of 

antigen-coupled fluorescent beads in a round bottom plate and incubated at 37°C, 5% CO2 for 2 hours. 

Samples were washed with 200 μl of PBS and spun down at 2000´g for 5 minutes. PBS was removed by 

flicking the plate.  
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Monocyte antibody-dependent cellular phagocytosis assay (ADCP) 

THP-1 cells were adjusted to 1.25´105 cells per mL and 200 μl per sample were added to immune 

complexes. Plates were incubated for 16 hours at 37°C, 5% CO2. Following the incubation, cells were fixed 

with 100 μl of 4% paraformaldehyde (PFA) for 10 minutes and then resuspended in 50 μl of PBS for 

analysis. Flow cytometry analysis was conducted on an iQue Screener PLUS (IntelliCyt, Albuquerque, NM, 

USA) and analyzed on the ForeCyt software (IntelliCyt). Negative samples were used to set gates. 

Phagocytosis scores were calculated as the percentage of bead positive cells, multiplied by the geometric 

mean fluorescent intensity of bead positive cells, divided by 1´107. All reported values are the are under 

the curve of the mean of 2 replicates.  

 

Antibody dependent neutrophil phagocytosis assay (ADNP) 

Neutrophils were isolated from healthy adult whole blood. Erythrocytes were lysed with ACK lysis buffer 

for 5 minutes before neutrophils were precipitated by centrifugation. Neutrophils were washed twice in 

PBS and then resuspended at 2.5×105 cells/ml in R10 and 200 μl was added to each sample. Neutrophils 

were incubated with immune complexes for 1 hour at 37°C, 5% CO2. Following the incubation, cells were 

spun down and stained with anti-cd66b (clone:G10F5, BioLegend, Dedham, MA, USA) for 15 minutes, and 

then fixed in 4% PFA. Cells were resuspended in 50 μl of PBS for analysis on the iQue screener. Cells were 

gated on the CD66b+ cells. Phagocytosis scores were calculated as the percentage of bead positive cells, 

multiplied by the geometric mean fluorescent intensity of bead positive cells, divided by 1´106. 

 

Antibody-dependent complement deposition 

Antigen:bead coupling 

Antigens were biotinylated as in phagocytosis assays. Antigens were mixed with red florescent neutravidin 

microspheres (ThermoFisher) at a ratio of 10 μl of beads per 10 μg of biotinylated protein and were 
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incubated at 37°C, 5% CO2 for 2 hours. Following this incubation beads were washed twice with PBS-5% 

BSA and then resuspended in 1 mL of PBS-5% BSA. Beads were stored at 4°C for up to one week.  

 

Immune complex formation 

Plasma was pre-diluted across three serial dilutions; 1:10, 1:50 and 1:100 in PBS-5% BSA with control IgG 

and PBS included as positive and negative controls. 10 μl of each sample was mixed with 10 μl of antigen-

coupled fluorescent beads in a round bottom plate and incubated at 37°C, 5% CO2 for 2 hours. Samples 

were washed with 200 μl of PBS and spun down at 2000´g for 5 minutes. PBS was removed by flicking the 

plate.  

 

ADCD Assay:  

Lyophilized guinea pig complement (Cedarlane, Burlington, ON, Canada) was resuspended in ice-cold 

water and then diluted 1:100 in cold veronal buffer supplemented with 0.1% fish skin gelatin (Boston Bio 

Products, Boston, MA, USA). 200 μl of diluted complement were added to each sample well and incubated 

at 37°C, 5% CO2 for 20 minutes. Plates were then washed twice with ice-cold 15 mM EDTA-PBS. 

Complement deposition was detected with anti-guinea pig C3 (MP Biomedical, Santa Ana, CA, USA). Plates 

were washed in PBS and then re-suspended in 50 μl of PBS for analysis on the iQue screener. Gates were 

set on red-fluorescent beads based on size; a complement score was determined as the geometric mean 

fluorescent intensity of FITC of the beads divided by 1,000. Data presented is area under the curve of the 

complement score averaged for two replicates. 
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NK Cell Activation Assay 

Formation of immune complexes 

96-well ELISA plates were coated with antigen at 3 μg/mL in 100 μl of PBS for 2 hours at 37°C, 5% CO2. 

Plates were washed three times and subsequently blocked with 200 μl of 5% BSA in PBS overnight. The 

next day, plates were washed again, and samples were added, pre-diluted to three serial dilutions (1:10, 

1:50, 1:100) in a volume of 50 μl. Purified IgG and PBS were used as positive and negative controls. Plates 

were incubated for 2 hours at 37°C, 5% CO2 and washed three times.  

 

Isolation of NK cells 

NK cells were isolated from healthy adult donor buffy packs. NK cells were isolated using a RosetteSep NK 

Cell Enrichment Kit (Stem Cell Technologies, Vancouver, BC, Canada), according to manufacturer’s 

instructions. Purified NK cells were isolated by density centrifugation in Histopaque, washed twice and 

adjusted to 1.5×106 cells per mL in R10. NK cells were supplemented with 1 ng/ml rhIL15 and incubated 

overnight at 37°C, 5% CO2. Prior to the assay, the concentration of the cells was adjusted to 2.5×105 

cells/ml and supplemented with Brefeldin A (Biolegend) at 2.5 μg/ml and Golgistop (BD Biosciences, 

Franklin Lake, NJ, USA). Staining for CD107a (clone:555802, BD Biosciences) was also added.  

 

NK cell activation assay 

Following immune complex formation, 50,000 NK cells in a total volume of 200 μl were added to each 

sample well and incubated for 5 hours at 37°C, 5% CO2. Following the incubation, surface staining with 

anti-CD3 (Clone:UCHT, BD Biosciences), anti-CD56 (Clone: B159, BD biosciences) and anti-CD16 (Clone: 

3G8, BD biosciences) was performed. Cells were then fixed and permeabilized using the FIX&Perm kit 

(ThermoFisher), and intracellular staining was performed with anti-IFNγ (Clone:B27, BD biosciences) and 

MIP-1β (Clone:D21-1351, BD Biosciences). Cells were resuspended in PBS for flow cytometric analysis on 
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the iQue screener PLUS. Analysis was performed with Forecyte software. Negative samples were used to 

set gates. Data was reported as the percentage of CD16+CD56+CD3- NK cells positive for CD107a, IFNγ or 

MIP-1β and is the area under the curve of the mean of three replicates.  

 

Antibody-dependent Cellular Cytotoxicity (ADCC) Assay 

The ADCC assay was performed as previously reported [337] with some modifications. Briefly, SIAT1-

MDCK cells were seeded in 96-well white flat-bottom plates (PerkinElmer) and were infected with H1N1 

or H3N2 viruses for 6 hours. RDE-treated plasma (25 µl/well) and ADCC Jurkat effector cells (Promega, 

Madison, WI, USA) (25 µl/well) were added to infected SIAT1-MDCK cells. After 24-hour incubation at 

37°C, Bio-Glo luciferase assay reagent (Promega) was added, and luminescence was measured using a 

Victor V multilabel reader (PerkinElmer).  

 

Antibody-specific antibody subclassing and FcR binding 

Preparation of antigen-coated microspheres 

Subclassing and Fc receptor binding were performed using a multiplex luminex assay. Antigens (H1N1 and 

H3N2) were coupled to MagPlex microspheres (Luminex corporation, Austin, TX, USA) at a ratio of 25 μg 

of protein to 400 μl of beads. Microspheres were activated with 100 mM monobasic sodium phosphate 

pH 6.2 in the presence of 50 mg/mL EDC and 50 mg/ml sulfo-NHS. Beads were washed 0.05 M 2[N-

Morpholino]ethanesulfonic acid (MES) pH 5.0 and incubated with antigen for 2 hours at 37°C, 5% CO2. 

Beads were blocked with PBS-TBN (0.1% BSA, 0.02% tween-20, 0.05% Azide in PBS, pH 7.4) for 30 minutes. 

Finally, beads were washed in PBS-0.05% tween-20 and resuspended in 250 μl of PBS.     
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Immune complex formation 

Plasma samples at a dilution of 1:50 were incubated with antigen-coupled magnetic microspheres for a 

final dilution of 1:500 in luminex wash buffer (PBS-0.05% BSA-0.001% tween-20) on 384-well flat-

bottomed black plates for 2 hours, shaking at 800 rpm, at room temperature. Samples were washed in 

luminex wash buffer. 

 

Subclassing assay 

Plates were incubated with PE-labeled secondaries for Total IgG, IgG1, IgG2, IgG3, IgG4, IgA1, IgA2 and 

IgM (Southern Biotech, Birmingham, AL, USA) for one hour at room temperature while shaking at 800 

rpm. Samples were washed again and resuspended in Qsol buffer (IntelliCyte). Plates were analyzed on 

an iQue screener PLUS platform and analyzed with Forecyte software. H1N1 and H3N2 coupled beads 

were distinguished based on size and granularity, and data was analyzed as median fluorescent intensity 

of PE for each bead population. Data is reported as the mean of two independent replicates.  

 

Fc Receptor binding assay 

To form PE-labeled secondaries, recombinant Fc receptors with an AviTag were biotinylated on their 

avidin tag using a Bir500 kit (Avidity, Aurora, CO, USA) according to manufacturer’s instructions. Fc 

receptors were purified using a zeba spin desalting column. Fc receptors were then incubated with 

streptavidin-PE (Prozyme, Hayward, CA, USA) for ten minutes before excess unbound biotin was 

quenched with an excess of 20 μΜ biotin (Avidity) for a further ten minutes. Secondaries were added to 

plates and incubated for 1 hour at room temperature while shaking at 800 rpm. Plates were then washed 

and analyzed on an iQue screener as in subclassing assay.  
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Glycosylation analysis 

Antigens were biotinylated and coupled to streptavidin magnetic beads (New England Biolabs) at a ratio 

of 2.5 μg of protein to 25 μl of beads per each sample for 30 minutes and then washed. 200 μl of plasma 

samples were incubating with non-antigen-coated neutravidin beads to remove non-specific binding by 

for 30 minutes. Plasma was then removed and added to antigen-coated beads and incubated for 1 hour 

at 37°C. To isolate the Fc N-glycan, IDEZ (New England Biolabs) was used to cleave off the Fc. 1 μl of IDEZ 

was added to the antibody-bound beads in a total volume of 20 μl of PBS and incubated at 37°C for 1 hour. 

The cleaved Fc fragments were deglycosylated, and fluorescently labeled using a GlycanAssure APTS kit 

(ThermoFisher scientific) according to manufacturer’s instructions. Briefly, the Fc fragment was 

deglycosylated with PNGase, purified on glycan-binding beads, then fluorescently labeled with 8-

Aminopyrene- 1,3,6-Trisulfonic Acid (APTS) via reductive amination, and then washed again using glycan-

binding beads. Glycans were analyzed on a 3500xL genetic analyzer. Glycan fucosyl and afucosyl libraries 

(Prozyme) were used to assign 24 discrete glycan peaks using GlycanAssure software (ThermoFisher). Data 

is reported as percentages of total glycans for each of the glycan peaks.  

 

Univariate Statistical Analysis 

A Mann-Whitney test was used to examine differences between the pregnant and non-pregnant samples. 

P values are two-sided, *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. Statistical analyses were 

conducted using Prism 7 (GraphPad, San Diego, CA, USA). 

 

Multivariate Analysis 

Principal Components analysis (PCA) and Least absolute shrinkage and selection operator Partial Least 

Squares Discriminant Analysis (LASSO-PLSDA) were used to distinguish the profile of pregnant and non-

pregnant participants. LASSO is  a regression analysis that selects variables that contribute to the 
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differences between samples arranged along an ordinal dependent variable. It selects features that are 

required to create a maximum separation which are then visualized on the PLSDA plot. Missing values 

were imputed using the k-nearest neighbor. Variables were centered and scaled to a standard deviation 

of 1. Principal Component Analysis (PCA) was used to visualize if there if pregnant and non-pregnant 

samples separate into discrete groups within the two-dimensional principal components (PC) space. The 

LASSO-PLSDA model had a calibration success of 100% with a leave-1-out CV success of 97.0588%. 

MATLAB was used to perform all multivariate analysis. 

 

Results 

Antibody titer changes in an antigen-specific manner during pregnancy 

 Pregnancy is a time of functional downregulation of the immune system, where many of the 

innate immune cells, including NK, T and B cells are reduced in number and functionality, while others, 

including phagocytic cells, increase in frequency [324]. While some vaccines in pregnancy have been 

shown to reduce the activation of T cell subsets, the innate reaction to vaccination during pregnancy is 

unknown [316]. To gain a deeper sense of the changes to the humoral immune response to vaccination, 

the influenza-specific humoral immune response was profiled in 20 non-pregnant and 14 pregnant 

women following vaccination. Because similar overall antibody profiles existed in the plasma from 

vaccinated and unvaccinated participants (Figure 5.1), all subjects were analyzed together. Antibody titers 

to the head and stalk of influenza were profiled, in addition to hemagglutinin inhibition and 

microneutralization to HI subtypes (H1 A/Michigan/45/2015 (H1 MI) and H1 A/California/07/2009 (H1 

CA)) and an H3 subtype (H3A/Hong Kong/4801 (H3 HK)) (Figure 5.2A-D). Distinct profiles were observed 

to H1 and the H3 strains, with pregnant participants showing a significant reduction for some H1 antigens, 

but not for the H3 antigen. Interestingly, H1 A/Michigan/45/2015 (H1 MI) displayed lower titers, but not 
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lower HAI or microneutralization. Conversely, only HAI decreased for H1 A/California/07/2009 (H1 CA) 

and no differences were observed in H3 binding, HAI, or neutralization. In contrast to HA titers, binding 

titers to the stem of H1 and H3 were both decreased in pregnancy (Figure 5.2B), highlighting an overall 

loss of universal epitope binding titers. Yet, surprisingly, despite the loss of H1-specific antibody titers, H1-

specific avidity increased potentially linked to alterations in antibody glycosylation (Figure 5.2E). Thus, 

alterations in antibody titer and avidity appear to be directed in an antigen-specific manner.  

 

Pregnancy alters antibody Fc and Fab N-glycosylation 

Several previous studies have noted significant differences in antibody glycosylation. Specifically, 

studies of the entire serum glycome they have noted increases in sialylation, galactosylation and 

fucosylation during pregnancy [338, 339]. Studies of antibody Fc-glycosylation have shown similar 

increases in galactosylation and sialylation during pregnancy [161, 325, 339-341]. In addition to Fc-

glycosylation at asparagine 297 (N297) in the heavy chain, occasionally, N-glycosylation sites can arise in  

Figure 5.1. Relationship of antibody profiles and vaccine status: The 

principal component analysis includes all influenza-specific antibody 

features across all participants. No differences were observed across 

the antibody profiles for vaccination and un-vaccinated participants.   
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Figure 5.2. Antibody titer, HAI and Avidity: These bar graphs show the IgG titer to hemagglutinin head (A) and stem (B). C. 

These bar graphs show the normalized hemagglutinin inhibition assay (HAI)  geometric mean titers to the virus. D. These bar 

graphs show the virus-specific microneutralization (MN) geometric mean titers. E. These bar graphs show the avidity index. 

All data are log transformed. Antibody titers, HAI and MN were evaluated using a one-tailed Mann-Whitney test, testing 

whether the pregnant samples showed a significant reduction in titer relative to non-pregnant participants. Avidity was 

evaluated using a two-tailed Mann-Whitney test *p<0.05, **p<0.01, ***p<0.001.  

 



 152 

the somatic hypermutation process during B cell selection and affinity maturation [25], resulting in Fab 

glycosylation. Previous studies have shown that the frequency of Fab glycosylation increases during 

pregnancy and that these glycans show an increase in sialylation and reductions in N-acetylglucosamine 

bisection [161]. However, these analysis haven’t profiled antigen-specific Fab and Fc changes, together, 

during pregnancy. To therefore define whether glycosylation changes also were observable in our cohort, 

Fc- and Fab-glycosylation was interrogated for both HA-specific (pooled H1 MI and H3 HK-specific) and 

total circulating antibodies. Capillary electrophoresis was used, capturing 24 distinct glycan peaks, and  

Figure 5.3. Fc and Fab glycosylation of HA-specific antibodies: These radar plots depict the differences in HA-specific (A,B), 

and bulk (C,D), antibody glycosylation for Fc-glycans (A, C), and Fab-glycans (B,D). G=galactose (0-2), F=fucose , B=Bisecting 

GlcNAc, S=sialic acid (1-2). E,F. Heatmaps showing the spearmen correlation between Fab and Fc glycosylation of HA-specific 

antibodies for non-pregnant (E), and pregnant (F). Significance for radar plots determined by Mann-Whitney test. *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001  
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overall changes in the four differentially added sugars (galactose, sialic acid, bisecting n-acetyl 

glucosamine–GlcNAc, and fucose) were calculated across HA-specific (Figure 5.3A,B) and total circulating 

(Figure 5.3C,D) antibodies.  

As expected [161, 338, 342], pregnancy was associated with a significant shift towards 

digalactosylated, sialylated, and fucosylated antibody profiles, in concordance with reduced inflammation 

during pregnancy [343, 344]. Similarly, albeit less pronounced, differences were also observed in bulk Fc-

glycosylation (Figure 5.3C,D). These data confirm striking changes in Fc-glycosylation during pregnancy 

marked by a shift towards less functional and inflammatory Fc-glycans during pregnancy. In addition to 

significant changes in Fc-glycosylation, significant changes in Fab glycosylation were also noted. In 

contrast to the Fc-domain, bulk circulating Fab glycosylation shifted towards more inflammatory fully 

fucosylated structures (Figure 5.3D). In contrast, HA-specific Fab glycosylation showed a very different 

profile, marked by a shift towards more highly galactosylated and sialylated structures (Figure 5.3B). 

Interestingly, more concordant glycan shifts were observed across antibodies (HA-specific versus bulk) 

highlighting the coordinated glycosylation of both ends of the antibody, likely regulated at the time of 

antibody transit through the Golgi apparatus.  

 To finally, gain a deeper understanding of the link between Fc and Fab glycosylation, the 

correlations between glycan levels in the Fab and Fc were calculated for the pregnant and non-pregnant 

populations. While the significance differed from pregnant to non-pregnant populations (Figure 5.3E,F), 

broadly the patterns of coordination did not change. Generally, the different glycan types were correlated 

between Fab and Fc. This indicates that, while the proportions of Fab-glycosylation antibodies change 

during pregnancy, global regulation of Fc and Fab glycosylation remains coordinated.   
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Antigen-specific non-neutralizing functions are affected by pregnancy 

 Given the differences observed in titers and neutralization, we next sought to determine whether 

additional changes occurred across H3 and H1-specific antibody effector function. Recent data have 

pointed to a protective role of antibody dependent cellular cytotoxicity [319, 345], antibody dependent 

cellular phagocytosis [346], antibody dependent complement deposition [347], and antibody dependent 

neutrophil recruitment [348], in the response to influenza [319, 345, 347-351]. Despite changes in 

antibody titers, antibody effector functions were largely conserved across the two HAs in pregnancy 

(Figure 5.4). However, reduced H1-specific, but not H3-specific, monocyte phagocytosis and complement 

deposition was observed in pregnancy (Figure 5.4B,C). These data highlight the conservation of all 

functions across H3, despite changes in Fc and Fab glycosylation, but specific shifts in H1-specific 

functional profiles. 

 

Coordination between the glycosylation and functional response  

To ultimately define the glycan changes that may underlie altered Fc-effector profiles in 

pregnancy, we finally examined the relationships between antibody functions and Fab/Fc-glycan profiles 

across H3 and H1 specific responses. Interestingly, the correlation network was strikingly different across 

non-pregnant and pregnant populations for the Fab relations to antibody effector function (Figure 

5.5A,B). While the patterns look very similar for the Fc-associations, non-pregnant populations show 

negative correlations between all Fab glycans and functions, particularly for disialylation and 

digalactosylation. Conversely, in pregnancy, the correlations between Fab and function  show some 

strongly positive associations for Fab glycans and function, particularly for fucosylation and bisection. Fab-

glycosylated antibodies are known to block to the formation of immune complexes [25], and thus may  

inhibit Fc receptor crosslinking that is essential for driving the non-neutralizing functional responses. 

Particularly because the correlations become increasingly negative with some of the larger glycan 
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structures, this could represent the steric limitations on antibody crosslinking with Fab glycosylation, and 

overall show that Fab glycosylation is a limitation. However, pregnancy is known to be a time where Fab 

glycosylation is beneficial [326, 327]. While the beneficial aspect of Fab glycosylation is thought to relate 

to binding to, and restricting paternal antigens, it is clear that pregnancy represents a shift where Fab 

glycosylation is positively correlated to non-neutralizing functionality. It is unclear whether Fc and Fab  

Figure 5.4. Antibody non-neutralizing functionality in pregnancy: These graphs show the function analysis of H1 MI and H3 

HK specific antibodies in pregnant and non-pregnant participants. A. Antibody-dependent neutrophil phagocytosis (ADNP) 

scores. B. Antibody-dependent monocyte phagocytosis (ADCP) scores. C. Antibody-dependent complement deposition 

(ADCD), measuring C3 deposition, indicated by MFI. D, E. NK-mediated CD107a, MIP-1β and IFNγ expression for H1 (D) and 

H3 (E). F. Antibody-dependent cellular cytotoxicity (ADCC) score. Statistics evaluated using two-tailed Mann-Whitney Test. 

*p<0.05, **p<0.01 
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Figure 5.5. Computational analysis separates pregnant and non-pregnant vaccinees: A,B. Spearman Correlation networks 

between Fc/Fab glycans and non-neutralizing functions show the associations between glycan and function for non-pregnant 

(A) and pregnant (B) populations. C. Principle components analysis (PCA) of all parameters measured, including glycosylation, 

titers, avidity, non-neutralizing functions and Fc receptor binding shows distinct differences in serological profile of pregnant 

and non-pregnant vacinees. D. LASSO-Principle least squares discriminant analysis (PLSDA) shows the distinct separation of 

pregnant and non-pregnant participants, orthogonalized along LV1. LV1 explained 18.6% of the variance and LV2 explained 

10.9% of the variance. E. The Variable Importance in the Projection (VIP) scores for the PLSDA demonstrating the prime 

factors driving the differences between the serum response in pregnant and non-pregnant participants. Factors pointing 

towards the left are enriched in non-pregnant samples, while those pointing right are enriched in pregnant samples. Bar color 

and length corresponds to relative importance. Factor labels are colored by category.  
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glycosylation is co-induced such that Fab-glycosylated antibodies are mediating functions, but the 

correlations point towards a possible link. Though it is unclear whether this correlation is a true 

connection, or just reflects the greater prevalence of Fab glycosylation is unknown, it does show that Fab 

glycosylation may be beneficial not just for binding, but perhaps in enhancing the non-neutralizing 

functionality of antibodies in some way.  

 

Multivariate signatures of pregnancy 

To disentangle the multiple variables assessed in the immune state of pregnancy and to define 

what  constitutes the immune state of pregnancy with respect to the antibody response, multivariate 

analysis was used. Principal components analysis of all of the influenza-specific variables assessed, 

including antibody glycosylation, non-neutralizing functions, subtype distribution, Fc receptor binding 

(Figure 5.6), HAI and microneutralization, shows the split between pregnant and non-pregnant 

participants that is mostly captured along principal component 2 (Figure 5.5C). There is a distinct split 

between these populations in the unbiased analysis, demonstrating that there are tangible immune 

differences across these two states. However, both populations show a significant spread, indicating that 

this analysis also captures heterogeneity in the immune response across both populations. 

To further profile the differences between pregnant and non-pregnant participants, least absolute 

shrinkage and selection operator and Principal Least Squares Discriminant Analysis (LASSO-PLSDA) was 

utilized to define the features that varied between pregnant and non-pregnant participants. LASSO was 

used to determine which features contributed most strongly, and this predictors were then visualized on 

the PLSDA plot. Here, the analysis shows the separation of pregnant and non-pregnant samples 

orthogonalized along LV1 (Figure 5.5C). The down-selected features were ranked by their importance in 

separating the pregnant and non-pregnant immune state (Figure 5.5D). As the univariate analysis 

predicted, many of the top predictors are glycosylation, both on the antibody Fc and along the Fab. But  
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Figure 5.6. Antibody isotype, subclass and Fc-receptor affinity: These dot plots depict the differences between isotype and 

subclass levels, and Fc-receptor affinity for non-pregnant (NP, grey circles) and pregnant (P, blue circles). A. Isotypes. B. IgG 

subclasses. C. Class 1 Fc receptor. D. Class 2 Fc receptors. E. Class 3 Fc receptors. F. Neonatal Fc receptor. Statistics evaluated 

as Mann-Whitney test.  
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top predictors also include the functions that showed significant differences. Interestingly, it 

seems that the split along galactosylation, with digalactosylation being higher in pregnancy, is the main 

driving force in determining the model. Furthermore, titer makes a limited contribution, even given the 

lower titer seen in H1-reactive antibodies. Overall, the separation between pregnant and non-pregnant 

participants is driven primarily by glycosylation changes, which appear to be directed towards 

inflammatory modulation,  

not towards changes in the Fc-functional potential of antibodies. This underscores the message that 

changes to antibody glycosylation is directed towards both functionality and immunomodulation. 

Furthermore, it suggests that inflammatory changes are critical to immunity during pregnancy, but are 

independent of the Fc-functional response, further suggesting that the pregnant immune response must 

be evaluated at the antigen-specific level. 

 

Discussion 

 Pregnancy represents a state of immunological balance during which defenses against pathogens 

must be maintained, but a tolerized state is also necessary to support the growth of the fetus. Many 

immune perturbations have been noted in pregnancy, including elevation in anti-inflammatory cytokines 

[322], altered cellular immune activity [126, 322], and modulated antibody glycosylation [161, 162, 325], 

that have all been hypothesized to contribute to pregnancy associated-susceptibility to some infections 

[308]. For example, more severe disease has been noted following influenza infection during pregnancy 

[126, 331], however the specific immune perturbations that contribute to this gap in immunity remain 

unclear. The identification of the specific gaps in immune function could provide critical insights for the 

development of next generation prenatal vaccines aimed at providing protection during this vulnerable 

immunologic state. The data presented here suggest that while influenza-specific humoral profiles diverge 

during pregnancy, these changes do not uniformly compromise immunity to all influenza strains. Instead, 
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alterations in antibody titer, HAI, avidity and extra-neutralizing functions (Figures 5.2 and 5.4) were 

primarily restricted to the H1 response, with limited alterations in antibody function against an H3 strain. 

These data may account for the increased susceptibility to H1 infection in pregnancy, but clearly illustrate 

that humoral immunity is not functionally altered overall during pregnancy. These data suggest that the 

perturbations in antibody glycosylation patterns during pregnancy, both in the Fab and Fc (Figure 5.3 and 

5.5), do not lead to a universally compromised humoral immune response, but may contribute to 

pregnancy associated immunity in a non-canonical fashion. However, functional deficits may exist for 

particular pathogens, highlighting the need to systematically define the functional gaps, and develop 

strategies to bridge these vulnerabilities in a targeted manner to protect during this unique immunological 

time.   

 The data presented here challenge the conventional view that pregnancy is a time of sweeping 

reductions in the ability of the immune system to fight infection, and thus results in increased severity of 

and susceptibility to infection [126]. Here, the response to H3 was uncompromised across pregnant and 

non-pregnant participants in assays of neutralization and extra-neutralizing functions. These functions 

have been implicated in the protection against influenza [319], pointing to a lack of alterations in Fc and 

Fab functional potential, despite significant changes in glycosylation. However, the H1-specific response 

shows selective reductions in titer and in ADCP and ADCD, but not ADNP or NK-cell activation, suggesting 

that pregnancy alters the immune response in an antigen-specific manner. Along these lines, H1 infection 

in pregnancy has been connected to increased disease severity, compared to other influenza strains. 

Therefore, this reduction in functions may play a part in explaining clinical outcomes of influenza infection. 

Critically, these data strongly argue that immunity is not globally compromised during pregnancy, but 

instead selectively impacted by changes in titer and glycosylation. However, it is yet unclear why 

glycosylation changes broadly across all humoral immune responses and impacts functional immunity in 

an antigen specific manner. More research is required to disentangle the mechanisms and factors that 
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drive altered immunity in the context of some antigens. Extending this research to other pregnancy-

associated infections could provide a more wholistic impression of the breadth of immune perturbations 

and their consequences on disease.  

Another important finding in these data was altered Fc and Fab glycosylation in pregnancy. 

Though the individual responses to H1 and H3 antigens were not compared due to limited sample volume, 

distinct profiles may exist across these antibodies, which could provide deeper insights into the specific 

glycan changes and associated functional consequences in future studies. Despite both being included in 

yearly seasonal influenza vaccines, H3 and H1 viruses are not equally prevalent in human populations. H3 

circulates during the influenza season at a higher frequency than H1, and also undergoes more antigenic 

drift year-to-year [352]. Interestingly, the response to H3 is not perturbed by pregnancy in the same ways 

as H1. The alterations in H1 may be linked to the increased recall of memory responses without associate 

antibody evolution. Future research will be needed to profile the overall polyclonal changes in H3 versus 

H1 responses, particularly focusing on potential differences in stem versus head-specific antibodies and 

potential effects of strain specificity. 

Surprisingly, despite the dramatic shifts in Fc-glycosylation, limited functional changes were 

observed. These data suggest that the glycan alterations may not occur to specifically avoid the functional 

activity of immune complexes but must have evolved to instead drive other immune functions. One 

possibility is that the strong shift towards digalactosylated glycans may represent an adaptation towards 

enhancing the transfer of antibody across the placenta. Recently, digalactosylated antibodies that 

mediated NK-degranulation were found to be enriched in the cord blood, associated with a preference of 

FcRn, the Fc receptor that transits antibodies across the placenta, for digalactosylation [315, 353]. Thus, 

pregnancy associated inflammatory changes may arise to specifically and selectively increase antibody 

glycosylation, intended to enhance the transfer of antibodies across the placenta. However, it is plausible 

that not all antigen-specific B cells or plasmablasts may respond equally, potentially resulting in some of 



 162 

the differences in glycosylation across antigen-specific populations [139, 149]. As well as driving total 

transfer, digalactosylated antibodies were found to mediated higher NK-degranulation, a function that 

the neonatal immune system, though overall immature, may be poised to best exploit as opposed to 

phagocytosis or other non-neutralizing functions [315]. Thus, the induction of higher levels of 

digalactosylation during pregnancy may, in coordination with higher trans-placental transfer, work to 

enrich the most efficacious antibodies within the neonate. A deeper understanding of changes across 

antigen-specific antibody populations will be a critical component of the development of prenatal 

vaccines that drive enhanced immunity in neonates.  

However, beyond the possibility that these changes intentionally arise to improve antibody 

transfer to infants, enhanced Fc-sialylation may also represent a critical mechanism to dampen 

inflammation during pregnancy, as part of the tolerizing state of pregnancy [354]. Like intravenous 

immunoglobulin therapy, where sialylation plays a critical role in driving beneficial anti-inflammatory 

activity [77, 354, 355], it is plausible that increased sialylation in pregnancy may help support the 

production of elevated levels of anti-inflammatory cytokines aimed at tempering the immune system. 

However, the multivariate analysis would suggest that reductions in inflammatory state, mediated via 

glycosylation, is a main focus of the pregnant immune system because Fc and Fab glycosylation 

modulation is driving the separation between pregnant and non-pregnant participants in the PLSDA model 

(Figure 5.5). This is especially prominent because the glycans that come up in the PLSDA VIP scores are 

very similar glycoforms, and differences are primarily directed towards changes in the number of 

galactose residues, the main sugar nucleotide implicated in setting the inflammatory state [356, 357]. 

These data suggest that much of the modulations in glycosylation in pregnancy is directed towards 

controlling inflammation, but more research will be needed to unravel the different glycoforms that direct 

anti-inflammatory versus functional activity.   
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Surprisingly, some of the Fab glycosylation changes often occur in the opposite direction to the 

changes that occur in the antigen-specific Fab. While the antigen-specific Fab-glycosylation patterns 

mirror Fc-glycosylation, decreased sialylation and increased bisection and fucosylation occur in bulk 

glycosylation, the opposite direction of antigen-specific changes to the Fab and Fc. Strikingly, these 

changes, occurring in parallel to increased presence of Fab glycosylation during pregnancy [326, 327], a 

feature that is thought to be critical in dampening immunity to paternal antigen in the fetus, but appear 

to have differential impact on binding and HAI for different influenza strains. The similarity in Fc and Fab 

glycosylation for the influenza-specific antibodies suggests some level of coordination in the Golgi for the 

glycosylation machinery. The differences between antigen-specific and bulk glycosylation clearly indicate 

that not all pathways of antibody production are regulated the same with respect to glycosylation, 

demonstrating that the control of glycosylation machinery and Golgi coordination may differ across 

different states of antibody production or B cell development. The programming of Fab glycosylation may 

be dependent on affinity maturation, suggesting that programming within the germinal center and the 

differential selection of B cells is important. However, beyond glycan pattern changes, whether pregnancy 

specifically induces more potential N-glycosylation sites during affinity maturation, or somehow allows 

signals that lead to the selection of B cells with additional N-glycan sites on the Fab is unclear. 

Furthermore, Fab glycosylation has been linked to autoimmune and pathogenic conditions [25], but it is 

unknown if these are regulated in the same manner during pregnancy. Further research may reveal 

nuances in how Fab glycans can differentially contribute to different inflammatory states and how B cell 

programming modulates the presence and the type of Fab glycan.  

 Overall, this study illustrates that despite dramatic changes of Fc and Fab glycosylation, humoral 

immunity is largely not altered in the context of pregnancy. Some changes occur in an antigen-specific 

manner that if further systemically dissected could provide important clues to develop vaccine-based 

approaches to bridge immune vulnerability in pregnancy [308]. These data suggest that the changes that 
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occur do not necessarily dampen immunity, but have evolved deliberately to reduce inflammation, 

enhance transfer and program antigen-specific profiles. While recent research has shown that antibody 

glycosylation dictates trans-placental antibody transfer, this research extends this data for understanding 

not just the goals for an immune response that would aid the fetus, but the ways in which the immune 

response is directed during pregnancy, suggesting that potential prenatal vaccines must be evaluated at 

the antigen-specific level for their impact on the immunity of both parent and fetus. With the great 

promise of vaccination during pregnancy to reduce not only neonatal and fetal morbidity and mortality, 

but also to improve health during pregnancy, this research will contribute to novel therapeutic and 

vaccine design. 
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Abstract 

Despite the worldwide success of vaccination, newborns remain vulnerable to infections. While neonatal 

vaccination has been hampered by maternal antibody-mediated dampening of immune responses, 

enhanced regulatory and toleragenic mechanisms, and immune system immaturity, maternal pre-natal 

immunization aims to boost neonatal immunity via antibody transfer to the fetus. However, emerging 

data suggest that antibodies are not transferred equally across the placenta. To understand this, we used 

systems serology to define Fc features associated with antibody transfer. The Fc-profile of neonatal and 

maternal antibodies differed, skewed towards NK cell-activating antibodies. This selective transfer was 

linked to di-galactosylated Fc-glycans that selectively bind FcRn and FCGR3A, resulting in transfer of 

antibodies able to efficiently leverage innate immune cells present at birth. Given emerging data that 

vaccination may direct antibody glycosylation, our study provides insights for the development of next-

generation prenatal vaccines designed to elicit antibodies that will most effectively aid neonates. 
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Introduction

Vaccines, one of the most impactful public health interventions, have reduced global morbidity 

and mortality against infectious disease [329, 358]. However, in newborns vaccines have been less 

effective at reducing infection-related deaths [359]. Compromised vaccine-induced immunity in infants 

has been attributed to the potentially tolerogenic nature of the neonatal immune system [141], the 

reduced functionality of newborn immune cells [141, 144], as well as dampened immunity from pre-

existing parental-derived antibodies [143]. Strategies have been proposed to drive more effective 

immunity in newborns, including designing vaccines and adjuvants tailored to neonates [142, 143]. 

Prenatal immunization, aimed at enhancing trans-placental transfer of antibodies, has shown significant 

promise in boosting newborn immunity [360], providing a non-invasive strategy to enhance immunity in 

this vulnerable population. However, epidemiologic studies focusing on matched pairs of gestational 

parent and fetus, have found that the extent of immunity transferred varies significantly by antigen [139, 

149]. Specifically, while measles-specific antibodies are transferred efficiently (>100%), antibodies 

targeting other pathogens, including poliovirus and coxsackie viruses, are less efficiently transferred [139].  

The neonatal Fc receptor, FcRn, is responsible for receptor-mediated trans-placental transport of 

IgG [42]. FcRn binds IgG in a pH-dependent manner within acidified endosomes in syncytiotrophoblasts 

and transits IgG to the interstitial space between the parental and fetal circulation [42, 361]. While FcRn 

binds to the CH3 domain of all IgG subclasses [13], differences in IgG subclass transfer have been noted 

[13, 362], including enhanced binding to IgG1 and differential transfer efficiencies of allotypic variants of 

IgG3 known to bind FcRn with different affinities [13, 22]. Given that FcRn binding occurs in the CH3 

domain, IgG transport, and particularly antigen-specific IgG1 transport, should occur at the same rate. 

However, a transfer hierarchy exists across antigen-specific antibody subpopulations [139]. Thus, other 

qualitative antibody features are likely to govern differential transfer of particular antibody populations.  
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With the re-emergence of pertussis infections among newborns [363], efforts have emerged to 

understand the transfer of pertussis immunity to neonates. Thus, we aimed to dissect the profile of 

transferred antibodies, focused on defining whether Fc features influence pertussis-specific antibody 

placental transfer, to help inform prenatal vaccine campaigns and next-generation vaccine design. A 

global, unbiased, and antigen-specific systems serology antibody profiling approach was applied [61] to 

deeply and comprehensively define the specific qualitative Fc features of antibodies found in the cord 

blood and the blood of the birth parent on the day of birth. Striking differences were observed in the 

functional profile of antibodies transferred to neonates, with preferential transfer of NK cell-activating 

antibodies. This preferential transfer, observed across many antigens, was linked to antigen-specific Fc-

glycan profiles on the Fc-domain of antigen-specific antibodies, as well as to enhanced binding to FcRn 

and FCGR3A, two receptors found to be co-localized on syncytiotrophoblasts. The transfer of FCGR3A-

binding, NK cell-activating antibodies coincided with the presence of fully competent NK cells in the cord 

blood, compared to less competent cord blood neutrophils. These data suggest an evolution of the 

placenta to selectively transfer antibodies with the most functional potential in the neonatal immune 

context to better provide protection to neonates.  

 

Methods 

Human serum samples 

Matched cord blood and peripheral blood samples from maternal:fetal pairs were collected at birth and 

during the first 3 days post-partum, respectively, from two paired cohorts. Cohort 1 was recruited in the 

US and included eighteen pairs. Cohort 2 was recruited in Belgium and included 28 pairs. Plasma was 

separated from whole blood and cryopreserved until required. Immunization with Tdap was performed 

during pregnancy in the fourteen mothers in cohort 1. Because equivalent titers and similar overall 

antibody profiles existed in cords from vaccinated and unvaccinated parents (Figure 6.1) all pairs from 
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cohort 1 were analyzed together. A full history of vaccination during the current pregnancy was obtained 

from each participant and, where possible, from before pregnancy. Clinical characteristics are included 

in Table 6.1. All subjects were HIV, HBV, and HCV negative and provided written informed consent before 

sampling. The study was conducted according to the principles expressed in the declaration of Helsinki, 

reviewed by the Partners Internal Review Board, and approved by the Partners Human Research 

Committee (Approval Number 2011P001763). Cohort 2 is part of a study of maternal determinants of 

infant immunity [364] and was reviewed by the ethics Committee of the Hôpital Saint-Pierre, Belgium and 

Partners Human Research Committee (Approval Number 2011P001763). 

 

Human placental samples 

Placental sections were obtained from term pregnancies of healthy adults at Massachusetts General 

Hospital. The study was conducted according to the principles expressed in the declaration of Helsinki, 

Figure 6.1. Relationship of antibody profiles across vaccinated and non-vaccinated mothers: The principal component 

analysis includes all pertussis-specific antibody features across all pairs. A. No differences were observed across antigen-

specific antibody profiles (left) irrespective of vaccination. B. Similarly, no overall differences in antibody profiles were 

observed across vaccinated or un-vaccinated people (right). 
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reviewed by the Partners Internal Review Board, and approved by the Partners Human Research 

Committee (Approval Number 2010P000632).  

 

Cell lines 

THP-1 cells (cell line isolated from a 1-year old male) (ATCC, Manassas, VA, USA) were grown in R10 (RPMI 

plus 10% fetal bovine serum, L-glutamine and penicillin/streptomycin) supplemented with 0.01% β-

mercaptoethanol. 

 

Heat inactivation of plasma 

All plasma samples were heat inactivated at 56°C for one hour. Precipitate was spun down at 20,000´g 

for 10 minutes. The supernatant was stored at -80°C. 

 

Table 6.1: Demographics of study participants 
 

 Primary Cohort Secondary Cohort 

Baby Sex 8:10 
(M:F) 

12 :19 
(M:F) 

Age of Mother 33 years  
(range:28-39) 

29.9 years  
(range:18-42) 

Gestation Time 39.5 weeks 
(range:36-42) 

38.9 weeks 
(range:36-42) 

Delivery Mode 10:4:4 
(spontaneous vaginal:induced 

vaginal:c-section) 

10:4:4 
(vaginal:planned C-

section:emergency C-section) 

Race of Mother 15:2:1 
(Caucasian:Asian:mixed) 

15:1:15 
(Caucasian:Asian:African) 

Ethnicity of Mother 16:2 
 (non-hispanic:Hispanic) 

NA 

Tdap Vaccination 14:4 
(yes:no) 

NA 

Gestation Time at 
Vaccination 

33.9 weeks  
(range:29.3-38.9) 

NA 
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Phagocytosis 

Antigen coupling to beads 

Antigens; the four pertussis antigens, Pertactin (List biologics, Campbell, CA, USA), Fimbriae 2/3 (List 

Biologics), Pertussis Toxin (List Biologics) and Filamentous Hemagglutinin (Sigma Aldrich, St. Louis, MO, 

USA), RSV-post fusion protein [365] or a mix of HAΔTM H3N2 A/Brisbane/10/2007 and HAΔTM 

B/Florida/4/2006 (Immune Technologies, New York, NY, USA), were coupled to 1 μm yellow-green 

fluorescent, carboxylate-modified microspheres (ThermoFisher, Waltham, MA, USA) at a ratio of 10 μg of 

protein to 5 μl of beads. Microspheres were first activated with 100 mM monobasic sodium phosphate, 

pH 6.2 in the presence of 5 mg/mL EDC and 5 mg/mL sulfo-NHS. Beads were then washed in 0.05 M 2[N-

Morpholino]ethanesulfonic acid (MES) pH 5.0 and incubated with antigen for two hours. The coupling 

reaction was quenched with 500 mM glycine for 30 minutes. Then beads were washed with 0.05% PBS-

tween 20 and blocked in PBS-2% BSA for two hours. After washing with 0.05% PBS-tween 20, the 5 μl of 

beads were resuspended in a final volume of 1 mL PBS-0.1% BSA and stored at 4°C in the dark for up to 

one week.  

 

Formation of immune complexes 

Ten microliters of protein-coated beads were incubated with an equal volume of either heat-inactivated 

plasma diluted in R10 or PBS in a 96-well U-bottom culture plate. Optimal plasma dilutions were pre-

determined by titration. Following a two-hour incubation at 37°C, 5% CO2, the immune complexes were 

spun down and washed in PBS to remove any lingering plasma components or cytokines and incubated 

with either THP-1 cells or neutrophils as described below. 
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Monocyte antibody-dependent cellular phagocytosis (ADCP) assay 

The monocyte ADCP assay was adapted from [54]. Briefly, immune complexes were incubated with 25,000 

THP-1 cells per well at a concentration of 1.25×105 cells/ml in R10 for 16 hours at 37°C, 5% CO2. After the 

incubation, the cells were fixed in 4% paraformaldehyde. Data were collected on a BD LSR II flow 

cytometer (BD Biosciences, Franklin Lakes, NJ, USA) equipped with FACS Diva software. All flow cytometry 

data were analyzed using Flowjo (TreeStar, Ashland, OR, USA). Negative or unstimulated controls were 

used to set gates. Data is reported as the mean of 2-3 independent replicates. Phagocytosis score was 

calculated as the percentage of bead positive cells, multiplied by geometric mean fluorescence intensity 

of bead positive cells, divided by 10,000. 

 

Antibody-dependent neutrophil phagocytosis (ADNP) assay 

For the ADNP assays comparing parental and cord antibodies with adult neutrophils, granulocytes were 

isolated from freshly drawn peripheral blood. Erythrocytes were precipitated by adding a 3% Dextran 

solution, before separating the granulocytes and peripheral blood mononuclear cells (PBMC) by density 

centrifugation with Ficoll-paque PLUS (Sigma Aldrich). The isolated granulocytes, contained in the pelleted 

fraction, were washed briefly in water to remove remaining erythrocytes before tonicity was restored by 

the addition of an equal volume of 1.8% NaCl solution.  

For neutrophils used to compare function in adult blood and cord blood, granulocytes were 

isolated from whole blood by lysing erythrocytes in ACK lysis buffer for 5 minutes before precipitation by 

centrifugation. Granulocytes were washed twice with PBS.  

Granulocytes isolated via both methods were resuspended at 2.5×105 cells/ml in R10 and 50,000 

cells per well were incubated with immune complexes for 1 hour at 37°C, 5% CO2. Neutrophils were 

stained with anti-CD66b-Alexafluor647 (clone:G10F5, BD biosciences) or anti-CD66b-Pacific blue 
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(clone:G10F5, Biolegend, San Diego, CA, USA) and cells were fixed with 4% paraformaldehyde prior to 

flow cytometry. Phagocytosis scores were calculated as above in ADCP assay. 

 

NK cell activation assay 

For comparisons of NK degranulation activity between parental and cord plasma, PBMCs were isolated 

from freshly drawn buffy coats by density centrifugation and then incubated overnight at a concentration 

of 3×106 cells/ml in R10 supplemented with 1 ng/ml rhIL15. The next day, NK cells were isolated using 

EasySep NK cell Enrichment Kit (Stem Cell Technologies, Burlington, ON, Canada).  

For comparison of adult and cord blood NK cell degranulation, cord blood NK cells were isolated 

within 8 hours of birth from cord blood and adult NK cells were isolated from buffy coat’s drawn that day. 

NK cell isolation was performed with RosetteSep NK cell Enrichment Kit (Stem Cell Technologies) per the 

manufacturer’s instructions. Purified NK cells were separated by density centrifugation, washed twice 

with PBS and used immediately without rhIL-15 supplementation.  

ELISA plates were prepared by coating plates with protein at a concentration of 1 μg/ml and 

incubated overnight at 4°C. Plates were then blocked with PBS-5% BSA overnight at 4°C. Plates were 

washed in PBS, and plasma was plated at dilutions pre-determined by titration. Human gamma globulin 

isotype was plated at 1 mg/ml on uncoated wells as a positive control and PBS was used as a negative 

control. Plates were incubated at 37oC 5% CO2 for two hours. The isolated NK cells were then added to 

each well at a concentration of 2.5×105 cells/ml, 50,000 cells per well, in R10 in the presence of anti-

CD107a (clone:H4A3, BD biosciences), Brefeldin A (2.5 μg/ml) (Biolegend) and Golgistop (BD biosciences) 

and incubated at 37oC, 5% CO2 for five hours. After the incubation, cells were stained with anti-CD3 

(Clone:UCHT-1 BD Biosciences), anti-CD56 (clone:B159, BD Biosciences) and anti-CD16 (clone:3G8, BD 

Biosciences). Cells were fixed and permeabilized using the Fix&Perm cell permeabilization kit 

(ThermoFisher) and intercellular staining was performed with anti-IFNγ (clone:B27, BD Biosciences) and 
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anti-MIP-1β (clone:D21-1351, BD Biosciences). Data were collected on a BD LSR II flow cytometer 

equipped with FACS Diva software. All flow cytometry data were analyzed using Flowjo. Negative or 

unstimulated controls were used to set gates. Data are reported as the percentage of NK cells positive for 

a given marker minus the mean of the protein-matched PBS-only control. 

 

Antigen-specific antibody isotype and subclass analysis 

Antigen-specific IgG subclass levels were measured by ELISA. ELISA plates were coated with 1 μg/ml of 

FHA, Pertactin, Fimbriae 2/3 or Pertussis toxin overnight at 4°C. The next day, plates were blocked for two 

hours with PBS-5% BSA. Plasma was added at predetermined dilutions for each subclass and antigen, and 

incubated for two hours at 37°C. To account for background binding of antibodies, PBS-0.05% tween-20 

control was included for each protein, and furthermore, control wells with no pertussis protein were 

blocked as above and included for each sample at each dilution (both in duplicate). Following a one-hour 

room temperature incubation with an anti-human IgG-horseradish peroxidase (HRP) secondary antibody 

(clone:G18-145, BD Biosciences, the ELISA was developed using ultra-TMB (ThermoFisher). The reaction 

was stopped with 2M H2SO4. Optical density values were read immediately at a wavelength of 450 nm 

(reference wavelength of 592 nm) using a Tecan Infinite M1000 Pro (Tecan, Männadorf, Switzerland). 

Data are reported as reference value corrected, and BSA background corrected OD450 values. 

 

Glycan analysis 

Proteins were biotinylated and coupled to 1 μm neutravidin-coated magnetic beads (New England 

Biosciences, Ipswich, MA, USA); 2.5 μg of protein was coupled to 25 μl of beads for each sample. Heat-

inactivated sample (200 μl) was incubated with 25 μl of un-coupled magnetic beads to clear non-specific 

bead binding for 30 minutes. Plasma was then removed from these beads and added to the 25 μl of 

protein-coupled beads and incubated for one hour at 37°C. The resulting immune complexes were 
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washed, and the antibody Fc was cleaved off by incubating with 1 μl of IDEZ (New England Biolabs) in a 

total volume of 20 μl of PBS at 37°C for 1 hour. The resulting Fc fragments were deglycosylated and 

fluorescently labeled using a GlycanAssure APTS Kit (ThermoFisher) according to manufacturer’s 

instructions. Glycans were analyzed on 3500xL genetic analyzer (ThermoFisher). Samples were run with 

N-glycan fucosyl, afucosyl, bisecting and mannose N-glycan libraries (Prozyme)  to enable identification of 

twenty-four discrete glycan species (Figure 6.2). The relative frequencies of each of these glycans as 

percentages of total glycans were calculated using GlycanAssure software.  

 

Fc Receptor binding 

FcR binding was preformed using a multiplexed Luminex assay as described in Brown et al., 2012 [278]. 

Pertussis antigens were coupled to magplex microspheres (Luminex, Austin, TX, USA) as described above 

in coupling for phagocytosis assays. Recombinant  FcRs with an AviTag were biotinylated on their avidin 

tag using a Bir500 kit (Avidity, Aurora, CO, USA) according to manufacturer’s instructions. FcRs were then  
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Figure 6.2. NK degranulation selection across cohorts: A. The dot-plots show NK-dependent degranulation to RSV pre-fusion 

F antigen plotted as the percentage of NK cells positive for CD107a, IFNγ and MIP-1β. B. The dot-plots show 28 pairs from 

cohort 2 ability to drive NK degranulation (CD107a expression) in response to Pertussis toxin (PTX), Pertactin (PTN) and 

measles virus antigens. Significance in A, B evaluated for NK degranulation with paired t-test. *p<0.05, **p<0.01, ***p<0.001. 

C. A MLPLSDA was used to analyze the features separating parental and cord blood samples for RSV pre-fusion, RSV post-

fusion and flu-specific antibody profiles. Each dot represents an individual blood sample tested for one of these three 

antigens. LV1 and LV2 account for 18% and 22% of the variability in functional and glycan profiles across the antigens. The 

separation of the pairs is largely captured on LV1, which explains 36% of the Y variance in the direction of the parental:cord 

separation. 5-fold cross validation was performed on the data, obtaining a Cross Validation (CV) accuracy of 96%. D. The bar 

graph represents the loading plot for LV1 of the MLPLSDA, that captures variation across the pairs. The predictors are ordered 

according to their VIP scores. E. MLPLSDA was used to define the features that separate the pairs for all seven antigens 

tested. Each dot represents an individual blood sample  tested for one of these three antigens. LV1 and LV2 account for 14% 

and 17% of the variability. The separation between pairs is largely captured on LV1, which explains 37% of the Y variance in 

the direction of the parental:cord separation. 5-fold cross validation was performed on the data, resulting in a CV accuracy 

of 94%. F. The bar graph represents the loading plot for LV1 of the MLPLSDA, that captures variation across pairs. The 

predictors are ordered according to their VIP scores. Significance across functional comparisons was defined using a paired 

t-test, *p<0.05, **p<0.01, ***p<0.001. 
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incubated with streptavidin-PE (ProZyme, Hayward, CA) for ten minutes, and any residual streptavidin 

was quenched with an excess of 20 μΜ biotin from the Bir500 kit for a further ten minutes. Plasma 

samples were diluted to three dilutions (1:50, 1:100 and 1:500) in luminex wash buffer (PBS-0.05% BSA-

0.001% tween-20) and incubated with microspheres for two hours. Samples were washed in Luminex 

wash buffer (Luminex) and then incubated with PE-labeled FcRs for one hour. Samples were washed again 

and resuspended in xMAP sheath fluid. Samples were analyzed on a Bioplex 3D system (Bio-rad, Hercules, 

CA, USA). Data is calculated as area under the curve of the median fluorescent intensity of PE.   

 

Glyco-modified monoclonals 

293T derived wild type PGT128 was predominantly agalactosylated and fucosylated (G0F) (Figure 6.3). 

The di-galactosylated form was made by mixing 0.5 mg of PGT128 with 15 μg of β-1,4-

Galactosyltransferase (Roche Custom Biotech, Basel, Switzerland) and 488 μg of UDP-Galactose (Roche 

Custom Biotech) in a total volume of 400 μl of 20 mM MnCl2, 100 mM MES and was incubated at 37°C for 

 24 hours. After galactosylation, antibodies were purified using the Nab Protein G spin column 

(ThermoFisher) according to the manufacturer’s protocol.  

 

FcR affinity ELISA 

384-well ELISA plates were coated with FcRs at 10 μg/mL overnight at 4°C. Plates were blocked for two 

hours at 37°C with 2X assay buffer A. Samples were diluted in 1X Assay Buffer A (ThermoFisher) and added 

in serial dilutions, then incubated for two hours. Secondary antibody, anti-Fab HRP, was diluted 1:10,000 

in 1X Assay buffer A and incubated on plates for one hour. Binding was detected with TMB for 10 minutes, 

and then quenched with 2N H2SO4. Plates were read on a Tecan Infinite M1000 Pro at 450 nm (with 

reference at 570 nm). Values are reported as reference-background corrected, area under the curve.  
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Figure 6.3. Capillary electrophoresis analysis of Fc-glycans: Fluorescently-labeled glycans were run on capillary 

electrophoresis. These example traces show a matched cord (A) and parental (B) sample, the fucosylated (C) and 

afucosylated (C) glycan libraries used to assign glycan peaks and the agalactosylated PGT128 (primarily G0F), (E) and the 

glycosylation-modified digalactosylated PGT128 (primarily G2F) (F). 
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FcR affinity by BLI 

An Octet RED96 system (Fortébio, Fremont, CA, USA) was used to analyze dissociation constants (kD) for 

glycosylation modified monoclonals. FcR receptors biotinylated as for FcRs binding were loaded onto 

streptavidin coated biosensors (Fortébio) in assay buffer (PBS 0.05% Tween 20 and 1% BSA). 

Immobilization levels above 2.0 nm were reached, and biosensors were washed in assay buffer. For 

association phase, PGT128 G0F and G2F samples were diluted in assay buffer across five two-fold dilutions 

starting at 25 μg/mL and allowed to bind for 300 s. The dissociation phase was recorded using assay buffer 

for 800 s. The sensorgrams were plotted and evaluated using the Octet data analysis software.  

 

Immunohistochemistry and immunofluorescence 

Placental sections were fixed for 24 hours in formalin and then embedded in paraffin. A microtome was 

used to cut the placenta sections into 0.5 μm sections which were mounted onto glass slides 

Immunohistochemistry was used to select dilutions for immunofluorescence analysis (Figure 6.4). Slides 

were heated for 25 minutes at 60°C then deparaffinized in xylene for 10 minutes. Slides were rehydrated 

with graded ethanol washes. Antigen retrieval was done in Nuclear Decloaker (Biocare Medical, Pacheco, 

CA, USA). Sections were blocked with Background Sniper (Biocare Medical) then washed in PBS. Sections 

Figure 6.4. Immunohistochemical analysis of placental sections: Immunohistochemistry was used to select antibody 

dilutions for further immunofluorescence analysis. Representative images are shown for each primary antibody and the 

concentration used. 
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were blocked with normal goat serum at a 1:10 dilution for 15 minutes then incubated with primary 

antibody for one hour. Primary antibodies used for immunohistochemistry included: Anti-Placental 

Alkaline Phosphatase to label trophoblasts (clone: ALPP/870Abcam, Cambridge, UK), anti-FcRn (List 

Biologics) to label FcRn receptors, Anti-CD64 (Abcam) to label FCGR1 receptors, Anti-CD32 

(clone:EPR6657(2), Abcam) to label FCGR2 receptors, and CD16 (clone:2H7, Leica Biosystems, Wtzlar, 

Germany),  to label FCGR3 receptors. For immunohistochemistry, following primary incubation, slides 

were washed and stained with universal HRP secondary antibody (Biocare Medical) for one hour. Samples 

were stained with DAB + chromogen substrate system (Agilent, Santa Clara, CA, USA), then washed and 

counterstained in hematoxylin. Samples were washed, dehydrated, then sealed with mounting medium 

and coverslips. After 24 hours of drying, samples were imaged on a TissueFAXS whole slide scanning 

system (Tissue Gnostics, Vienna, Austria) and analyzed with HistoQuest (Tissue Gnostics). For slides 

analyzed for immunofluorescence, following primary incubation slides were washed and incubated for 

one hour with a fluorescent secondary antibody. Secondary antibodies used included: Goat anti-Mouse 

IgG2b (ThermoFisher); anti-Mouse IgG1 Antibody (clone:RMG1-1, Biolgend); and Goat Anti-Rabbit IgG 

H&L (Abcam). For co-stains between FcRn and FCGRI, FCGR2 or FCGR3, FcRn staining was done as a 

tertiary and quaternary stain using streptavidin/biotin binding, so streptavidin and biotin binding was 

blocked prior to secondary incubation using an Avidin/Biotin blocking kit (ThermoFisher). Biotinylated 

anti-FcRn was prepared using the same anti-FcRn as above and biotinylated using the SiteClick Biotin 

Antibody Labeling Kit (ThermoFisher). For these slides, anti-FcRn, was incubated on the slides for one hour 

following the secondary incubation. After washing, FcRn was detected with a quaternary labeling step of 

streptavidin-linked Brilliant Violet 421 (Biolegend). For all slides, following antibody labeling samples were 

washed and incubated for five minutes with Hoechst. Samples were washed and mounted with Prolong 

Gold Antifade (Invitrogen, Carlsbad, CA) and coverslips. After drying for 24 hours, slides were imaged with 

fluorescence microscopy then analyzed with TissueQuest. 
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Univariate statistical analysis 

A Wilcoxon matched-pairs signed rank test was used to examine differences in paired parental:cord 

samples and a Bonferroni correction was used to correct for multiple corrections. A Wilcoxon rank test 

with Hochberg’s step-up method to correct for multiple comparisons was used to examine difference 

from baseline in the glycan transfer efficiency test. A Mann-Whitney test was used for comparisons 

between two groups. For more than two groups comparison, a Friedman’s test with a Dunn’s post-test or 

a two-way ANOVA with Sidak’s post hoc analysis was used. Spearman’s rank correlation was used to 

examine bivariate associations. P values are two-sided. Statistical analyses were conducted using 

GraphPad Prism. 

 

Statistical analysis of change in median and median absolute deviation 

This analysis was used to identify the features that change in median and spread (MAD) from parent to 

cords in a statistically significant manner. A preprocessing step was performed, where we removed the 

measured glycan species with zero median, indicating low-abundance features, in both parental and cord 

blood. For the remaining 22 features, the median and median absolute deviation (MAD) were calculated 

as robust measures of average and spread of data, respectively. The percentage change in median and 

MAD were calculated according to the following formula: 

% Change in median = 100 * (median(Xinfant)-median (Xparent)) / (median(Xparent)) 

% Change in MAD =  100 * (MAD((Xinfant) – MAD(Xparen)) / MAD(Xparen) 

Here,  and  are the values of the variable x in parents and cords, respectively.  

To assess whether the parents and cords, which consist of matched samples, have different population 

mean ranks, the nonparametric Wilcoxon signed-rank test was performed, and p-values were calculated 

using the MATLAB function signrank. Significant p-values are judged at three levels of p<0.0005, p<0.005, 

and p<0.05 as denoted with ***, **, and * respectively. The statistical significance of the change in the 
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spread was calculated by performing Wilcoxon signed-rank test on the absolute value of () using the 

MATLAB function signrank.  

 

Multivariate analysis summary 

Principal Component Analysis (PCA) was used to visualize if there is any subpopulation in the overall 

population of cord samples in the two-dimensional principal components (PC) space that is enriched in 

cord from vaccinated or non-vaccinated parents.  

To find correlates that contribute majorly to the separation of parental and cord serology profiles, 

two sets of analyses were performed; (i) Orthogonalized Partial Least Squares Discriminant Analysis 

(OPLSDA) to find correlates that contribute majorly to the separation of parent and cord serology profiles 

(Figure 6.5), (ii) multi-level partial least squares discriminant analysis (MLPLSDA) was used as the 

preferred alternative that utilizes the paired structure of the data leading to improved separation of 

parental and cord serology profiles. For these set of analyses, a preprocessing step was performed, where 

we removed the measured glycan species with zero median, indicating low-abundance features, in both 

parental and cord blood, resulting in 22 features. MATLAB was used to perform all multivariate analysis. 

To investigate the determinants of high transfer of antibody titer as well as NK-activating antibodies across 

the placenta, Orthogonalized Partial Least Squares Regression (OPLSR) modeling was performed to  

investigate (I) the relationship between the parental features and the transfer of antibody titer (ordered 

from low to high titer transfer), and (II) the relationship between the transfer of NK-activating antibodies 

and the transfer ratios of biophysical features of antibodies including subclass  titers, Fc-glycans, and 

binding to FcRs. 

Partial correlation network analysis was utilized to assess the pair-wise correlation of features 

along all the samples. The analysis was performed in MATLAB. Cytoscape 3.6.1 was used for visualization. 
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Principal Component Analysis (PCA): 

A PCA model was constructed using 22 variables with non-zero median in either parental or cord blood. 

Variables were centered and scaled to a standard deviation of 1. In the two-dimensional space of PC1 vs. 

PC2, no apparent subpopulation with enrichment in cords from vaccinated or non-vaccinated parents was 

observed. 

Figure 6.5. Computational analysis of paired blood samples: An OPLSDA was used to analyze the features separating the 

paired blood samples. Each dot represents an individual blood sample tested for one of the four antigens. Latent variable 1 

(LV1) and LV2 account for 17.5% and 20.8% of the variability in the analysis, respectively. The separation of parent and child 

was mostly captured on LV1, capturing 21% of Y-variation. Conversely, LV2 largely captured the variability in the antibody 

profiles that do not contribute to the difference in adult and cord blood. 5-fold CV was performed on the data, obtaining a 

CV accuracy of 64%. B. The bar graph represents the loading plot for LV1 of the OPLSDA, that captured variation across pairs. 

The predictors are ordered according to their VIP scores. Features are colored according to feature type; functions (pink), 

glycans (red), subclasses (purple) and FcR binding (blue). C. A network was constructed based on the pairwise correlation 

coefficients between the 22 biophysical features and functional responses. Edges are weighted using the significant 

correlation coefficients, ρij, after removing the one with p-value >0.05. 
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Orthogonalized Partial Least Squares Discriminant Analysis (OPLSDA): 

To mathematically identify the key features contributing to profile differences between parental and cord 

blood, an OPLSDA framework was used [366, 367]. An OPLSDA model was constructed using 22 variables 

with non-zero median in either parental or cord blood. Variables were centered and scaled to a standard 

deviation of 1.5-fold cross validation was performed on the data (Venetian blinds), obtaining a Cross 

Validation (CV) accuracy of 64%. To assess model significance, a permutation test was performed by 

randomly shuffling the labels. The OPLSDA model performed significantly better than random (Wilcoxon 

p=0.017).  

 

Multi-Level Partial Least Squares Discriminant Analysis (MLPLSDA): 

To mathematically identify the key features contributing to the profile differences between parental and 

cord blood, a MLPLSDA [368]. MLPLSDA uses the same principles as OPLSDA analysis for multivariate 

data  [174, 366] but also takes advantage of the paired structure of the data (paired parental and cord 

blood). Intuitively, this analysis subtracts the effect of heterogeneity between parental:cord samples 

(inter-pair variability) and focuses on the effects within parental:cord samples. The model was 

constructed using 22 variables with non-zero median in either parental or cord blood. Variables were 

centered and scaled to a standard deviation of 1. 5-fold cross validation was performed on the data 

(Venetian blinds), obtaining a Cross Validation (CV) accuracy of 94%. To assess model significance, a 

permutation test was performed by randomly shuffling labels. The MLPLSDA model performed 

significantly better than random (Wilcoxon p=2x10-14). 

 

Orthogonalized Partial Least Squares Regression (OPLSR): 

PLSR is a multivariate regression technique [366] where linear combinations of features are used to 

predict the variance in the dependent variables. The model is then orthogonalized such that Latent 
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Variable 1 (LV1) captures the variance in features that are in the direction of the dependent variable, while 

other latent variables describe the variation orthogonal to the predictive component (LV1). Here, OPLSR 

was applied to analyze (I) the relationship between the parental features and the transfer of titer, and (II) 

the relationship between the parental biophysical features and the transfer ratio of the NK cell-activating 

antibodies. 

I. Here, Y = total IgG titer in cord blood relative to the parental blood. These were ranked such 

that the lowest transfer ratio was ranked 1. X = All antibody features of parental blood. 

II. Here, Y = total CD107α by NK cells in cord blood relative to the parental blood. These were 

ranked such that the lowest transfer ratio was ranked 1. X = The parental antibody biophysical 

features. 

 

Partial correlation network: 

While correlation networks offer insights into the pairwise correlation of variables (Figure 6.5), they are 

sensitive to indirect effects. As an alternative, partial correlation networks, also known as Gaussian 

Graphical Models (GGM), are used to alleviate this effect. Previous studies of the metabolomics data and 

glycomics data in cohorts have shown that highly correlated pairs in GGMs appear predominantly 

between structures that are one enzymatic step apart [369-371]. Thus, we chose partial correlation 

network analysis, as it is a stricter measure of the degree of association between two variables. A partial 

correlation network was generated, where the nodes represent the 22 variables consisting of the 

biophysical features and functional responses--antibody subclasses, Fc-glycan structures, their binding to 

FcRs and the induced antibody-dependent functions. The edges represent their pairwise Pearson 

correlation coefficients corrected for the confounding effects of all other variables. The analysis was done 

in MATLAB using the partialcorr function. Edges between nodes are weighted using significant partial 

correlation coefficients, after correcting for multiple comparisons (Benjamini-Hochberg q value < 0.05, 
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testing the hypothesis of zero correlation). Line thicknesses and colors are proportional to the partial 

correlation strengths with dark magenta and dark blue depicting a correlation coefficient of 1 and -1, 

respectively. Node sizes are proportional to their degree defined as their number of significant (false 

discovery rate < 0.05) connections. For example, ADNP with six connections has the highest degree, while 

G2F has the second highest number of connections, which is five. 

 

Results 

Unique signatures of placental transfer of Fc function 

The placenta preferentially transfers IgG antibodies [13]. Though FcRn binds to all IgG subclasses, 

differences in transfer efficiencies have been noted across the subclasses (IgG1>4>3>2) [13, 149, 372] and 

across IgG1 populations [139], raising the possibility for FcRn-mediated preferential selection of IgG1 

transfer. Thus, to begin to define the characteristics of antibodies that are preferentially transferred 

across the placenta, we aimed to define whether the transferred antibodies possessed any qualitative 

functional differences from those in their gestational parent, focusing on pertussis-specific immunity. 

Using samples drawn from a cohort of 14 mothers and matched cord blood on the day of birth (Figure 

6.1) we compared the functional activity of antibodies specific to the four pertussis antigens included in 

the Tdap vaccine-Pertactin (PTN), Filamentous Hemagglutinin (FHA), Fimbriae 2/3  (FIM) and Pertussis 

Toxin (PTX) [373].  

While significant differences existed in the magnitude of antibody-dependent monocyte 

phagocytosis (ADCP) across the pertussis antigens, including higher levels of PTX compared to FIM specific 

phagocytic antibodies in the parents (Figure 6.6A and B), overall transfer of phagocytic antibodies was 

relatively stable across all specificities (Figure 6.6C and D). Similarly, heterogeneous magnitudes of 

antibody-dependent neutrophil phagocytosis (ADNP) were observed across antigen specificities (Figure  
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Figure 6.6. Placental transfer of antibody function: Antibodies against pertussis derived filamentous haemagglutinin (FHA), 

pertactin (PTN), fimbriae (FIM), and pertussis toxin (PTX) antigens were compared in 14 matched pairs. A. The flow cytometric 

plots depict the gating strategy for antibody dependent cellular phagocytosis (ADCP). B. The connected dot-plot shows the 

phagocytic activity across pairs. C. The box and whisker plot shows the transfer ratio of ADCP. The dotted line indicates a 

100% transfer efficiency (equivalent levels across both compartments). D. The flow plots highlight the gating strategy for 

antibody dependent neutrophil phagocytosis (ADNP). E. The dot-plot shows the relationship between ADNP activity across 

pairs for each antigen-specificity. F. The whisker plots show the transfer ratio for ADNP. G. The flow plots highlighting the 

gating strategy for the NK cell activation assay. H-J. The dot-line plots show NK-dependent degranulation plotted as the 

percentage of NK cells positive for CD107a (H), IFNγ (I) and MIP-1β (J). K-M The whisker plots depict the transfer ratio across 

the NK cell activation assays. Significance for dot-line plots was calculated using a Wilcoxon test with a Bonferroni correction, 

where p<0.0125 was considered significant, *p<0.0125, **p<0.0025, ***p<0.00025. Significance across transfer rations was 

evaluated using a Friedman test with Dunn’s post-test correction **p<0.01, ***p<0.001, ****p<0.0001.  
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6.6D and E). However significant differences were observed in antigen-specific ADNP transfer 

across specificities (Figure 6.6F), where FIM- and PTX-ADNP inducing antibodies were transferred with 

high efficiency compared to FHA and PTN specific antibodies. These data point to heterogeneity in overall 

levels and transfer efficiencies across pertussis specific monocyte and neutrophil recruiting antibodies, 

driven in an antigen-specific manner.  

To define whether the same variability would be observed across NK cell activating antibodies, we 

examined the ability of the parental and cord antibodies to drive NK cell degranulation (CD107a 

upregulation), NK cell cytokine secretion (interferon-g, IFNg), and chemokine secretion (macrophage 

inflammatory protein-1b, MIP-1b). Strikingly, while lower levels of FHA specific NK cell-activating 

antibodies were observed across all parents, all parents transferred elevated levels of NK cell-activating  

antibodies (across all three degranulation readouts) (Figures 6.6I and J), albeit at different transfer ratios 

(Figures 6.6K, L and M). Across all antigen specificities and matched pairs, enhanced antibody transfer 

was consistently observed for NK cell-activating antibodies. Thus, our data demonstrate the preferential  

transfer of antibodies involved in NK cell activation to neonates, providing the first evidence of a 

functional, potentially Fc-specific, sieving across the placenta.  

 

Validation of the placental functional sieve 

To confirm that the preferential transfer of NK cell recruiting antibodies could be extended 

beyond pertussis-specific immunity, the functional characteristics of viral-specific antibodies were 

interrogated. Similar to the results observed for pertussis, significant variability existed in the levels of 

functional antibodies to respiratory syncytial virus (RSV) and influenza (Flu) across mothers (Figure 6.7A 

and B), accompanied by variable ADCP and ADNP transfer across each antigen (Figure 6.7A and B). 

Conversely, enhanced transfer of NK cell IFNg and MIP-1b inducing antibodies were transferred across 

both specificities, as were degranulation (CD107a) inducing antibodies to RSV (Figure 6.7E,F and Figure 
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6.2C-F). Additionally, the NK cell transfer signature was further validated in a second geographically 

distinct cohort across pertussis, RSV, and measles, highlighting again, preferential transfer of NK-

activating antibodies to neonates (Figure 6.2 A, B). Thus, despite heterogenous baseline pathogen-specific 

functional antibody levels, NK cell-activating antibodies are consistently preferentially transferred across 

the placenta. 

Antibody Fc glycans, rather than subclass, contribute to placental sieving 

To begin to define the specific biophysical characteristics of antibodies that are selectively sieved 

via the placenta, we next examined the transfer of both antigen-specific IgG subclass and Fc glycosylation,  

which both influence Fc effector functions [91, 241]. As expected, total IgG was enhanced in the cords 

across the four pertussis antigens for all pairs (Figure 6.8A). IgG1 were transferred preferentially (Figure 

Figure 6.7. Confirmatory antiviral-antibody placental transfer profiles: To validate the pertussis specific placental transfer 

signature across additional specificities, the functional transfer profile was assessed across two viral targets, respiratory 

syncytial virus (RSV) and influenza (Flu). A. The dot-line plot shows the ADCP levels across paired samples. B. The dot-line plot 

highlights ADNP levels across paired samples. C,D. The whisker plots show the transfer ratios across pairs for ADCP and ADNP, 

respectively. E. The dot-line plots show the ability of RSV and Flu specific antibodies across pairs to recruit NK cell activation 

quantified as the level of CD107a, IFNγ and MIP-1β upregulation. F. The whisker plots show the transfer ratios for each NK 

cell function across each specificity. Significance for dot-line plots was evaluated using a Wilcoxon test with a Bonferroni 

correction, where p<0.025 was considered significant, *p<0.025, **p<0.005 F. Additionally, significant differences in transfer 

ratios were evaluated using a Friedman’s test with a Dunn’s post-test correction.  
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6.8B). Whereas IgG2, IgG3, and IgG4 levels were largely equivalent across the pairs, with equivalent or 

lower transfer ratios across antigens (Figure 6.8B). As previously described [139], differences were 

detected in transfer ratios across antigen specificities, with reduced transfer of FIM specific IgG1 

responses relative to other antigens, again highlighting qualitative differences in antigen specific antibody 

transfer, beyond subclass differences, that may account for differences in transfer ratios. Importantly, 

while these data confirm the preferential transfer of IgG1, they fail to explain why some antigen-

specificities and functions transfer more efficiently than others. 

Beyond IgG subclass effects on Fc receptor (FcR) binding, Fc glycosylation is also linked to changes 

in regulating antibody effector function via altered FcR affinity [241]. While univariate analyses pointed 

to significant changes in Fc-galactosylation across pairs (Figure 6.8D, Figure 3.9), we explored Fc-glycan  

driven sieving using transfer efficiencies (Figure 6.8E-G and Figure 6.9). Both bulk (all IgG in plasma) and 

FHA-specific agalactosylated (G0) antibodies were transferred poorly (Figure 6.8D-F).  Conversely, di-

galactosylated (G2) and total galactosylated (G) bulk and total galactosylated (G) FHA-specific antibodies 

were transferred preferentially to the cord (Figure 6.8E, F). Further comparison across antibody  

populations highlighted consistent inhibition of the transfer of agalactosylated and bisected antibodies 

and enhanced transfer of galactosylated and sialylated antibodies across bulk and most antigen-specific 

antibody populations, except PTX-specific antibodies (Figure 6.8G and Figure 6.9). Combined, these data 

point to a potentially critical role for Fc glycosylation, in addition to subclass, in placental sieving of 

antibodies.  

Defining the critical Fc-features of placental transfer: To gain a deeper appreciation for the key Fc 

signatures linked to antibody transfer, a multi-level partial least squares discriminant analysis (MLPLSDA) 

was used. This analysis was aimed at defining the antibody features, independent of overall pair variation, 

that contributed to the sieving effect [368]. Clear separation was observed across the parental and cord 

antibody profiles (Figure 6.10A). Features were then ranked based on their overall contribution to  



 192 

  



 193 

  

Figure 6.8: Subclass and glycosylation transfer profiles: To define the biophysical signatures that drive selective placental 

transfer, subclass and Fc-glycosylation profiles of pertussis-specific antibodies were interrogated across the paired samples. 

A. The dot-line plot shows the level of total IgG antibodies for each of the pertussis vaccine antigens (FHA, PTN, FIM, and PTX) 

across pairs. B. The dot-line plots highlight the paired IgG1, IgG2, IgG3, and IgG4 levels for each of the 4 pertussis antigens. 

C. The bar graph depicts the overall transfer efficiency (cord divided by parent) for each subclass across all 4 antigens. D. The 

dot-line plot shows the major Fc-glycan profile levels (G0=agalactosyalted, G1=mono galactosylated, G2=digalactosylated, 

Total G=both G1 and G2, F=fucosylated, B=bisecting GLcNAc, Total S=total sialylated including both S1 and S2) for all antigen 

specificities across pairs. E. The whisker box plots show the transfer efficiency (cord/parent) for each of the major Fc-glycan 

profiles for total circulating antibodies (bulk IgG) and FHA (right). G. The heat map shows the transfer ratios for antigen-

specific glycosylation, across all specificities combined (total) or for individual antigen-specific antibody populations, where 

positive correlations are depicted in yellow, and inverse correlations are plotted in purple. Significance for dot/line analysis 

included a Wilcoxon test with a Bonferroni correction, where p<0.0125 was considered significant, *p<0.0125, **p<0.0025, 

***p<0.00025. For the bar graph, significance was evaluated  using a two-way ANOVA with a Tukey’s post-test correction. 

For transfer ratios, significance was evaluated using a Wilcoxon signed rank test, after variation of median was assessed from 

zero, and was corrected with a Hochberg’s step-up procedure, with **p<0.01, ***p<0.001. 
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Figure 6.9. Transfer ratio of antigen-specific Fc-glycans: A. The whisker plots show the transfer efficiency (cord divided by 

parent) for each of the major Fc-glycan profiles for FIM, PTX and PTN specific antibodies. B,C. Representative raw CE plots 

highlight differences in glycan profiles in pairs. A dotted line is centered at the top of the G0F peak to show relationships 

between the G0F, G2S1F and G2F peaks. D-G. The dot-plot shows parent to cord transfer of one of the most variable peaks, 

G2S1F., across all four pertussis antigens (D), FHA specific (E), PTN specific (F), and PTX specific (G). Statistics were evaluated 

using a Wilcoxon signed rank test, variation of median from zero with Bonferroni correction. P values below 0.007 were 

considered significant. *p<0.007, **p<0.0014. For G2S1F transfer statistics, a Mann-Whitney test was used, *p<0.05, 

**p<0.01, ***p<0.001. 
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Figure 6.10. Multivariate signatures of selective functional transfer: Computational analysis was used to identify predictors 

of functional transfer. A. A multilevel PLSDA (MLPLSDA), which accounts for variance across pairs,  was used to define the 

specific features that most effectively provided resolution between paired antibody profiles. Dots represent individual 

samples (parent=purple or cord=pink) across all four antigens. The orthogonalized approach ensured that latent variable 1 

(LV1) captured the separation between paired antibody profiles, while LV2 captured the antibody profile variances that do 

not contribute to this separation. 5-fold cross validation was performed, resulting in 94% Cross Validation accuracy. B. The 

bar graph shows the loadings on LV1, ordered by their enrichment in either cord (right/pink) or parent (left/purple) profiles. 

Features were ordered based on their Variable Importance in Projection (VIP) scores, in such a way that features at the top 

of the plot provided the greatest resolution in antibody profiles, where the size of the bar reflected the impact on resolving 

differences between pairs. C. The heat map shows the percentage of change in median and median absolute deviation 

(MAD), which are respectively robust estimates of the average and spread of variables in cord samples compared to their 

corresponding measurements in their parent. Significance of these changes was assessed using Wilcoxon signed-rank test. 

*p<0.05, , **p<0.005, and ***p<0.0005 D. A PLSR model was developed to define the features in mothers associated with 

enhanced antibody-titer transfer. Dots represent single pairs across all four antigens and are colored according to their rank 

of low to high total IgG transfer (dark=high and light=low transfer). Features associated with highest transfer are captured 

on LV1, accounting for 51% of the variance of titer transfer. This model out-performed 97% of random models (Wilcoxon 

p=0.03) E. The bar graph depicts the loading plot for LV1, in which all features of the parent were ranked based on their VIP 

score, importance in driving antibody transfer. F.  A PLSR model was also generated to define the antibody features in the 

parent associated with NK cell-activating antibody transfer. The dots were colored based on their rank of NK-activating 

antibody transfer (dark=high, light=low transfer). Transfer correlates are captured on LV1, explaining 53% of the variance 

of titer transfer order. This model out-performed 86% of random models (Wilcoxon p=0.14) G. The bar graph shows the 

loading plot associated with NK cell activating antibody functional transfer. 
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separating the pairs’ Fc-profiles (Figure 6.10B). In agreement with the univariate analysis and non-paired 

conventional orthogonalized PLSDA analysis (Figure 6.5), the ability of antibodies to drive NK cell 

activation were among the top 3 enriched features in the cord blood antibody profile. Additionally, the 

ability to drive neutrophil phagocytosis, IgG1 levels, and particular antigen-specific glycans were among 

the top features enriched in the cord antibody profiles. Conversely, mono-galactosylated glycans 

(G1F/GIFB) and the ability to drive monocyte phagocytosis (ADCP) were retained in the parent’s plasma. 

Furthermore, validation on RSV specific and Flu specific antibody profiles, separately, as well as 

simultaneously across all seven tested antigens, replicated the clear split between intra-pair antibody 

profiles, always driven by NK cell function and glycan patterns (G2S1F predominantly) (Figure 6.2C-F). 

These data provide a first glimpse of the individual functional and biophysical characteristics associated 

with placental transfer, across an array of antigen-specificities, and point to galactosylation as a key 

predictor of placental sieving. 

To home in on the specific variables that were actively transferred, we next compared the median 

and median absolute deviation (MAD) of the antibody features in parental samples to their corresponding 

cord blood samples. The median and MAD are robust estimators of the average and spread of individual 

variables across samples, respectively. Equivalent spread would indicate non-selective transfer, whereas 

constricted spread in the cord would point to a sieve effect. Thus two sets of variables were of highest 

interest; variables with an increased or decreased median in cord blood compared to their matched 

parental plasma, indicating active transport or exclusion of the corresponding properties (Figure 6.10C, 

top row), and variables with decreased spread in cord blood, indicating selection for specific amounts of 

those variables in infants (Figure 6.10C, bottom row). Using this framework, CD107a, IFNγ, MIP-1β, ADNP, 

as well as G2S1F, IgG1, IgG4, C1q binding, and FcRn binding exhibited enhanced median levels toward the 

cord and are thus likely actively transferred across the placenta. Conversely, the median FCGR2A binding 

was decreased in cord blood indicating potential blockade of antibodies able to bind to this receptor 
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(Figure 6.10C). By contrast, while there was no shift in the median G2F value, the spread of G2F was 

significantly decreased in the cord. These data point to a tight selection of antibodies, specifically linked 

to the directed transfer of G2F glycans. Moreover, most glycan species demonstrated a decrease in spread 

in cord compared to matched parental samples, suggestive of Fc glycan-based selection through the 

placenta.  

To specifically define the determinants of transfer beyond titer as well as that selectively predict 

NK cell functional transfer, two orthogonalized partial least squares regression (OPLSR) models were 

developed. First, antibody features that were enriched among parental:cord pairs with the highest IgG 

titer transfer efficiencies were defined (Figure 6.10D, E). As expected, the top determinants of IgG transfer 

included elevated digalactosylated and sialylated antibodies and lower levels of agalactosylated glycans. 

Interestingly, while functional features did not track with total IgG transfer, binding to FcRs and 

complement were among the top predictors of transfer, pointing to clear qualitative processes involved  

in sieving antibodies across the placenta. Along the same lines, galactosylation and Fc-receptor binding 

profiles were among the most critical features that predicted transfer of NK cell activating antibodies in 

the second model (Figure 6.10F and G). Surprisingly, IgG1 titer and total IgG titer transfer were negatively 

associated with CD107a functional transfer, highlighting that not all antibodies are functional or selected 

for transfer, which points to the critical role of qualitative sieving activity of the placenta. Thus, these two 

PLSR models clearly point to the critical nature of antigen-specific antibody Fc-glycosylation and Fc-

receptor binding, beyond FcRn, as key determinants of placental antibody transfer.  

 

Fc-galactosylation affects antibody binding to FcRn and other Fc receptors 

Contradictory roles for Fc glycosylation on FcRn binding have been reported [44, 157, 162, 289, 

374], including reports documenting negligible effects of Fc glycosylation on FcRn binding, with no change 

in antibody glycosylation across the placenta [162, 374], as well as studies pointing to significant antibody 



 199 

galactosylation-driven changes in FcRn affinity [44]. Thus, to determine whether galactosylation impacts 

FcR and FcRn binding, a monoclonal antibody was synthesized that was either fully agalactosylated or 

digalactosylated (Figure 6.3). As previously described [93, 375], galactosylation did not impact FCGR1, 

FCGR2A, FCGR2B or FCGR3B binding (Figure 6.11A). Conversely, the digalactosylated antibody exhibited 

improved binding to both FCGR3A and FcRn (Figure 6.11A). Moreover, while, no difference in binding was 

observed by bio-layer interferometry to FCGR2A by the galactosylated variants (Figure 6.11B), for FcRn 

binding the kD for the digalactosylated monoclonal was significantly lower than for the agalactosylated 

monoclonal variant, validating the observed influence of galactosylation on FcRn binding (Figure 6.11B).  

Beyond binding, glycan modified monoclonal antibodies also emulated the expected antibody 

functional profiles observed in parental:cord samples. Specifically, while galactosylation did not alter 

ADCP or ADNP (Figure 6.11C, D), digalactosylated antibodies, which are more efficiently trapped on FcRn 

and FCGR3A, also drove enhanced NK cell degranulation and chemokine secretion (Figure 6.11E). 

Moreover, network analysis of all antibody features from the pertussis-specific response of the pairs 

further highlighted the direct association of FcRn binding antibodies with FCGR3A binding antibodies that 

were in turn linked to NK cell activation, further pointing to the similar glycan binding preferences of these 

two Fc-receptors (Figure 6.11F, Figure 6.5). Thus, these data support the hypothesis that digalactosylated 

antibodies may selectively bind and become enriched on FcRn, resulting in enhanced transfer across the 

placenta aimed at deliberately arming the newborn with NK cell activating antibodies able to bind 

effectively to FCGR3A.  

 

Fc receptor expression in the placenta 

The presence of Fc-receptor binding predictors of placental transfer (Figure 6.10D-G) along with 

monoclonal-galactosylation mediated FCGR3A binding differences (Figure 6.11E) suggested that Fc-

receptors, beyond FcRn, may contribute to placental sieving. Given our emerging appreciation for the  
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Figure 6.11. Galactosylation selectively enhances FcRn, FCGR3 binding, and NK cell activation: A monoclonal antibody was 

glycoengineered to either be fully agalactosylated (G0F) or fully di-galactosylated (G2F). See Figure 6.3. A. The bar graphs 

show the binding levels of the glycovariant monoclonal antibody to distinct human Fc-receptors by ELISA. Data are presented 

as area under the curve (AUC) of four five-fold dilutions or AUC of five two-fold dilutions (FcRn). B. The bar graph depicts the 

dissociation constant (kD) determined by bio-layer interferometry for binding to FcRn and FCGR2A. C. The bar graphs highlight 

the ability of the distinct monoclonal glycovariants to recruit ADCP (AUC divided by 103 of three five-fold dilutions), D. ADNP 

(AUC divided by 104 for three five-fold dilutions), and E. NK degranulation (AUC for three five-fold dilutions). F. The partial 

correlation network depicts pair-wise correlation between 22 antibody features across pairs and pertussis antigens after 

removing the confounding effects (compare to Figure 6.5C). Edges between nodes are weighted using significant partial 

correlation coefficients, after correcting for multiple comparisons (Benjamini-Hochberg q value < 0.05,). Line thicknesses and 

colors are proportional to the partial correlation strengths. Node sizes are proportional to their degree defined as their 

number of significant (p value < 0.05). Differences between glycan variants were assessed using an unpaired t-test *p<0.05, 

**p<0.01, ***p<0.001.   
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expression of FcRs across tissues, including the placenta [146, 376], we next aimed to determine whether 

FcRs could contribute to FcRn-mediated antibody sieving at the placental level. The localization of FcRs 

and FcRn was examined across placental tissue (Figure 6.12A-D, Figure 6.4). As previously reported, low 

levels of FCGR1 and FCGR2 were observed on trophoblasts (12.97% and 4.7% positive, respectively) 

(Figure 6.12A). FCGR2, while present, was largely absent on trophoblasts, presumably enriched on fetal 

epithelial cells. Conversely, high levels of both FCGR3 and FcRn (40.70% and 22.40% positive, respectively) 

were observed on trophoblasts. Given the low expression levels, limited colocalization of FCGR1 with FcRn 

was observed (Figure 6.12C,D). However, FCGR3 was co-localized with FcRn on the trophoblast layer 

(Figure 6.12D). These data support a potential role for FcRs, and particularly FCGR3, not only in regulating 

immune cell function, but potentially also in synergizing with FcRn in the selective transfer of NK cell-

activating antibodies across the placenta (Figure 6.12E). 

 

Implications for the transfer of NK-degranulation inducing antibodies in neonates 

Finally, to gain insights into the potential evolutionary benefit of preferential transfer of NK cell-

activating antibodies, we next aimed to determine whether the preferential transfer of NK cell activating 

antibodies could confer any immunological advantage to newborns. Accumulating data have documented 

attenuated macrophage, neutrophil, NK cell, and T and B cell function in early life [141]. Neutrophils and 

NK cells are among the most abundant innate immune cells on the first day of life [141, 144]. Thus, the 

ability of cord antibodies to drive ADNP was assessed using both adult- and cord-derived neutrophils  
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Figure 6.12. FcR expression in the placenta: To explore the potential role of additional Fc-receptors in shaping placental 

antibody transfer, healthy placentas were stained for Fc-receptor expression. A. Term placentas (n=5) were analyzed by 

immunofluorescence for Fc-receptor expression (red or orange), trophoblast staining (green), and nuclear localization 

(DAPI:blue). B. The table shows the average receptor expression on trophoblasts. C. Co-staining of FcRs with FcRn (light 

blue), trophoblasts (green) and nuclei (dark blue) was also interrogated. D. The bar graph shows the averages of FcRs on 

trophoblasts or that colocalize with FcRn. E. Finally, the model depicts the potentially involvement of FcRn and FCGR3A 

collaboration with the trophoblasts, on selective antibody capture and subclass and Fc-glycan sieving, aimed at selectively 

transferring NK cell activating antibodies to newborns. 

 



 204 

(Figure 6.13A,B). While the results were variable across the samples, cord-derived neutrophils exhibited 

largely decreased activity compared to adult neutrophils. Conversely, while FHA-specific NK cell 

degranulation trended towards lower in cord-derived NK cells, no difference was observed in antibody-

dependent NK cell degranulation across adult and cord NK cells, suggesting that some antibody-directed 

innate immune functions may be conserved in early life (Figure 6.13C,D). However, striking differences 

were observed in the ability of cord antibodies to recruit NK cell cytokine production, with significantly 

Figure 6.13. Differences in Fc-functional activity of adult and cord innate immune cells: The ability of adult and cord innate 

immune cells to mediate ADNP and NK cytotoxicity in response to PTX and FHA was evaluated. A. The flow plots show the 

gating strategy for cord neutrophils. B. The line-dot plots depict the phagocytosis score for cord antibody samples in adult 

(dark pink) and cord (light pink) neutrophils. C. The flow plots highlight the gating strategy for neonatal NK cell function. D. 

The line-dot plots represent the percent parent (dark pink) or cord (light pink) NK cell responses (CD107a and IFNγ) following 

stimulation with cord antibodies. Significance was evaluated using a two-way ANOVA with Sidak’s test. 
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elevated levels of IFNg secretion in cord NK cells compared to adult NK cells (Figure 6.13C, D). Similar 

patterns were observed with adult-derived antibodies (Figure 3.14), highlighting the unique capacity of 

neonatal NK cells, but not neutrophils, to respond to antibody-opsonized targets. While emerging data 

suggest that cord blood cells may harbor distinct phenotypes/function compared to neonatal immune 

cells [377], these data are in agreement with previous reports suggesting that neutrophils, monocytes, 

dendritic cells, and macrophages require a period of time following birth to acquire full functionality, while 

NK cells are functionally primed to fight disease immediately post-partum, even though they are less 

cytotoxic [144]. Thus, the placenta appears to transfer antibodies able to selectively leverage innate 

immune effector functions present on the very first day of life.  

Figure 6.14. Comparison of functional potential of cord and adult innate immune cells: The ability of primary adult and cord 

blood innate immune cells to mediate ADNP and NK cytotoxicity was compared across three primary cord-donors. Antibodies 

from maternal samples were tested against pertussis toxin (PTX) and filamentous hemagglutinin (FHA) A. The dot-line plot 

shows the ability of maternal antibodies to drive ADNP in cord or adult neutrophils. For each maternal sample, the adult and 

cord ADNP levels are connected. B. The dot-line plot shows the ability of maternal antibodies to drive NK cell degranulation 

(CD107a) and cytokine (IFNγ) secretion. For each maternal sample, the adult and cord NK cell activation are connected. For 

both analyses, a two-way ANOVA with multiple comparisons was used with a post-hoc Sidak’s test for multiple comparisons. 

**p<0.01, ***p<0.001, ****p<0.0001.  
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Discussion 

Emerging data point to significant differences in newborn and adult immunity, including the 

existence of attenuated immune inflammatory activity, reduced adaptive immune responsiveness, and 

enhanced regulatory functions in newborns [141-143], that collectively contribute to diminished vaccine 

responses in this population. To overcome the limitations in immune priming in newborns, vaccination 

during the third trimester of pregnancy has been suggested as a strategy to increase antibody titers in 

neonates. While successful, significant disparities exist in transfer rates in the setting of disease, including 

HIV [147], or other co-morbidities [149], and across antibody specificities [139]. Thus, these studies point 

to our limited understanding of the mechanism of placental antibody transfer [139, 149, 372]. Defining 

the mechanics of placental transfer may offer novel insights for the rational design of prenatal vaccines 

able to drive transfer of protective antibodies to fetuses and reduce their window of vulnerability. Here, 

we demonstrate that the placenta preferentially sieves pertussis-specific antibodies based on Fc qualities, 

transferring NK cell-activating, rather than neutrophil or monocyte activating, antibodies to the fetus. This 

selection is based on Fc glycosylation, where digalactosylated antibodies that interact effectively with 

FcRn and FCGR3A may be selectively captured and transferred, arming the fetus with antibodies able to 

access NK cell functions immediately upon birth (Figure 6.12E).   

Pregnancy-specific changes in glycosylation have been observed across both the Fc and the Fab 

domain of antibodies [161, 167, 338]. However, glycosylated Fabs do not have the capacity to interact 

with FcRn, which binds to antibodies in the CH3 domain [378, 379], suggesting that only changes in Fc-

glycosylation are likely to regulate placental selection. The potentially critical role of galactosylation for 

FcRn binding has been previously noted, likewise demonstrating enhanced FcRn binding to 

digalactosylated antibodies [44]. Moreover, large studies of worldwide antibody glycosylation data 

confirm enhanced transfer of digalactosylated antibodies across the placenta, as well as lower transfer 
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rates of bisected glycans [338]. Thus, FcRn-mediated preferences for specific Fc-glycovariants may 

influence the quality of antibodies that are transported across the trophoblast layer. 

Changes in IgG galactosylation have been implicated in inflammatory diseases, with 

agalactosylated species accumulating in autoimmune, infectious and oncological diseases [63, 110, 380]. 

By contrast, less-inflammatory galactosylated IgG antibodies accumulate during pregnancy [325, 338]. 

Whether this shift occurs stochastically, due to the tolerogenic immune state in pregnancy, or in a 

deliberate manner to dampen inflammation during pregnancy and limit potential immunopathology 

during infection, is unclear. However, in HIV-exposed uninfected infants, antibody transfer is altered, 

suggesting that inflammation may interfere with antibody transfer, and that avoiding inflammation may 

be beneficial for transfer [147, 372]. In healthy pregnancy, generation of highly galactosylated antibodies 

may correspond to a deliberate effort to generate antibodies able to transfer more effectively across the 

placenta. However, whether this change occurs across all antigen-specificities is unclear but could provide 

insights into the type of IgG that may be transferred most effectively to fetuses. Moreover, whether 

prenatal vaccination specifically results in the induction of digalactosylated antibodies is unclear. Yet, 

given that adjuvant-driven inflammatory cues at vaccination can shape antibody Fc function via altered 

glycosylation [98, 381], the design of next-generation prenatal vaccines able to selectively skew IgG 

glycosylation towards Fc profiles that are transferred more effectively to fetuses may result in enhanced 

immunity in neonates.  

The selective transfer of NK cell-activating antibodies in the setting of functional NK cells in 

newborns points to the deliberate selection of antibodies able to leverage effective immunity at birth. 

Neonates are born not just deficient in IgG production, but deficient in other immune functions. 

Specifically, most innate and adaptive cell subsets are immature at birth, particularly in their ability to 

produce cytokines and extravasate [141]. For example, neutrophils are unable to form neutrophil 

extracellular traps, lack many adhesion molecules, exhibit low expression of toll like receptors, mediate 
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impaired phagocytosis, and exhibit attenuated neutrophil burst and microbial degradation. By contrast, 

while NK cells also exhibit functional attenuation of cytotoxic killing activity, which is acquired through NK 

cell education post-birth, NK cells are among the most abundant and functional innate immune cells post-

partum [144] Though emerging data indicate that cord blood and infant innate immune cellular 

phenotype and function are distinct [377], neonatal NK cells have been shown to respond robustly to 

target cells and able to secrete copious inflammatory cytokines from birth [144]. Along these lines, here 

we show that while monocyte and neutrophil phagocytic antibodies are not transferred actively, the 

placenta preferentially transfers NK cell activating antibodies across the placenta into the cord. Moreover, 

these preferentially transferred antibodies are able to drive equivalent recruitment of NK cell 

degranulation across adult and cord NK cells, and are responsible for significantly enhanced recruitment 

of NK cell IFNg and MIP-1b secretion from cord NK cells (Figure 6.13). These data point to a potentially 

unique evolutionary placental bias aimed at selectively transferring antibodies to the newborn that are 

able to leverage the most competent immune cells. 

FcR expression has been documented broadly in the placenta, particularly prominently on 

Hofbauer cells, located between the placental trophoblast layer and the fetal endothelium, thought to 

contribute to immunity [127]. Importantly, the tight fetal endothelial layer does not express FcRn [382]. 

However, the fetal endothelium expresses FCGR2B, which is thought to play a role in antibody transfer to 

the cord blood [151, 156]. FCGR2B is the sole inhibitory, low-affinity, FcR in humans and, like FCGR3, 

interacts poorly with monomeric antibodies [19]. Moreover, given the homology in the extracellular 

region of the activating FCGR2A and the inhibitory FCGR2B [383], FCGR2B-driven sieving would result in 

enhanced transfer of antibodies with ADCP activity, which is largely mediated through FCGR2A [384]. 

However, limited sieving was observed for ADCP inducing antibodies, suggesting a limited role for  FCGR2B 

mediated selection in the healthy placenta.  
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The colocalization of FCGR3 and FcRn on the trophoblasts raises the question of whether these 

two FcRs may collaborate to select antibodies for transfer. The expression of FCGR3 on trophoblasts may 

additionally provide some mechanistic understanding for the efficient transfer of IgG3 antibodies, which 

bind more effectively to FCGR3 but less efficiently to FcRn [13, 22]. However, FCGR3 exhibits low-affinity 

binding to monomeric IgG [385], and FCGR3 has a preference for afucosylated antibodies [86], a signature 

that is not preferentially transferred across the placenta. Thus, it is likely that FCGR3 participates post-

FcRn capture, participating in the enrichment of FcRn trapped antibodies, potentially further skewing the 

shift of antibodies to those with the greatest functional potency for the newborn. Yet, whether additional 

FcRs contribute to selection following trophoblast selection, including sieving by Hofbauer cells or the 

fetal endothelium, remains unknown. FcR changes occur during inflammation and infection of the 

placenta [372] that could lead to differential antibody sieving in the diseased or inflamed placenta, as has 

been previously observed in children of HIV-infected people [147, 163]. While the data here suggest that 

FcRn contributes most actively to the selection of NK cell-activating antibodies in the healthy placenta, it 

is plausible that alterations in the quality of antibodies in disease [149, 163, 330] could also be driven by 

changes in FcR expression on syncytiotrophoblasts or other immune cells of the placenta. 

These data open up many options for improving the health of neonates worldwide. While the CDC 

has already recommended third trimester vaccination with Tdap and flu vaccines, neonates continue to 

suffer from many other infectious diseases. With our emerging appreciation for the unique immune states 

that arise during pregnancy and the unique selective function of the placenta, next-generation rational 

vaccine design for pregnancy may hold the key to delivering enhanced immunity to newborns. Moreover, 

for diseases for which vaccines have yet to be developed, similar design principles may be engineered 

onto monoclonal therapeutics to transfer immunity passively to prevent deadly or debilitating diseases. 

Collectively, these data point to a deeper understanding of mechanisms of placental transfer of immunity, 
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offering insights for the development of novel strategies to enhance immunity in our vulnerable 

newborns.  



  

 

Chapter 7: Discussion 

The antibody Fc-domain-mediated innate immune response is a critical component of the 

immune response. The Fc-domain bridges the adaptive and innate immune systems to direct innate-

immune killing of infected cells and to modulate overall immune inflammation. This dissertation explores 

how the antibody Fc-domain is altered in response to infection and vaccination, both during the 

immunomodulatory period of pregnancy and at steady state. As shown, tuning of the antibody Fc, which 

include alterations to Fc-subclass, Fc-glycosylation and immune complex formation, are highly antigen-

specific and can be directed by vaccination. Beyond vaccine- and infection-mediated programming of the 

antibody Fc, Fc-characteristics, particularly Fc-glycosylation, are modulated by geography, diet, race, 

genetics, in the context of autoimmune disease, and during pregnancy, aging, and early life. Likewise, 

changes in Fc-characteristics have been associated with progression and inflammation and have recently 

been identified as important biomarkers of control in infections such as HIV and tuberculosis [4, 50]. In 

pregnancy, Fc-glycosylation dictates the transfer of antibody across the placenta and determines the 

functional repertoire that the fetus can access [315]. Together, this work emphasizes the importance of 

considering Fc-functionality in vaccine design and in the systemic study of immunity, offering a roadmap 

to the possible rational development of novel vaccines able to effectively target different pathogens 

across different immune states.  

 

Antibody glycosylation is antigen-specific 

Previous research into antibody Fc-glycosylation showed changes in overall antibody glycosylation 

primarily in the context of autoimmune disease. During rheumatoid arthritis, lupus, multiple sclerosis, 

inflammatory bowel diseases, Sjögren’s syndrome, Alzheimer’s and many other inflammatory conditions, 

patients’ antibodies shift to a highly inflammatory glycosylation profile, marked by increased 
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agalactosylation [176, 380, 386-389]. However, antibody glycosylation has been shown to be modulated 

by other factors including diet and geography [14, 66], childhood and aging [14, 71, 176, 390, 391], and 

pregnancy [161, 162, 325]. These data replicated the finding that bulk glycosylation varies geographically, 

which may be due to changes in diet, genetics, and the microbiome [14, 73, 187]. These are likely to affect 

the coordination of glycosylation machinery differentially; genetics may affect the activity of 

glycosyltransferases, diet may determine the availability of sugar nucleotides, and the microbiome, along 

with pre-existing cross-reactivity, may modulate the selection and programming of the antigen-specific 

responses. 

  However, more recently, data have emerged that imply that there are differences in Fc-

glycosylation at the level of antigen-specific antibodies that may be programmed by vaccination. 

Specifically, data show that there are vaccine-induced changes in the glycosylation of antigen-specific IgG, 

indicating that antigen-specific antibody glycosylation may be regulated independently of bulk IgG 

glycosylation in the context of vaccination [97], and that antigen-specific antibodies during infection have 

distinct glycosylation patterns [62]. However, whether the immune system selectively glycosylates 

antibodies in an antigen-specific manner was still unclear.  

To expand upon this data, we investigated whether antibody glycosylation is antigen-specific in 

the context of infection and vaccination across diverse geographic cohorts. We compared the antibody 

glycosylation patterns of antigen-specific antibodies induced in response to gp120, p24 and influenza 

hemagglutinin and showed that the Fc-glycosylation responses for each of these antigens differed 

significantly across antigens and within different HIV positive populations. Furthermore, we connected 

these glycosylation changes to the Fc-functionality elicited, suggesting that the glycan modifications were 

directly influencing antibody non-neutralizing functions. Moreover, we showed that while Fc-

glycosylation profiles vary greatly geographically, vaccination can overcome these differences to elicit a 

singular antibody glycosylation pattern across disparate populations. These data demonstrate that 
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antibody glycosylation is not only regulated at the level of the antigen-specific response but is highly 

tunable via vaccination. Importantly, this data demonstrated that vaccines can program the same 

glycosylation profile irrespective of geography, suggesting that population-level differences will not affect 

the immune response to vaccination. While the mechanisms behind this antigen-specific glycosylation 

unclear, specifically which signals delivered at the time of vaccination drive selective Fc-glycosylation, it 

does imply that Fc-glycosylation can be directed and gives hints as to which glycans should be induced for 

different functional outcomes. 

 

Programming antibody glycosylation within the germinal center 

 This research has implications for understanding how different antibody responses drive effective 

immunity and for the design of novel vaccines reliant on rational immunogen design. Particularly with the 

research showing that non-neutralizing functions may be critical for the design of next-generation 

vaccines [124], understanding how glycosylation programs function is critical. However, antibody 

glycosylation is understood to modulate inflammation through the global induction of agalactosylated 

antibodies in inflammation, or digalactosylated antibodies to reduce inflammation in pregnancy [161, 162, 

325], in addition to determining Fc receptor binding and Fc-functionality. This suggests that antibody 

glycosylation is functioning on multiple levels of influence, determining inflammation via agalactosylation, 

and also Fc-functionality through the additional tuning of fucose, sialic acid and bisecting N-acetyl 

glucosamine [77, 109, 178, 392]. While recent research has expanded the understanding of vaccine- and 

infection-mediated programming of Fc-glycosylation towards non-neutralizing functions [97, 179, 241], 

research on how inflammation is programmed is still necessary. Which antigen specificities contribute to 

the overall regulation of inflammation, and whether the agalactosylated antibodies during inflammation 

are specific to the disease or condition is unknown. Given the data showing the highly digalactosylated, 

anti-inflammatory HIV-specific antibodies during HIV infection, in contrast to highly agalactosylated bulk 
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antibodies, these inflammatory antibodies are likely to be a distinct subset that may not be fully HIV-

reactive. This suggests some level of global programming, beyond the antigen-specific level, to specify 

broad inflammation across B cells.  

 Beyond specifying inflammation and functional potential, how the immune system programs and 

stores patterns of antibody-specific glycosylation and Fc-functionality is unclear. Antigen-specific 

glycosylation appears to be a mechanism to individualize the immune response for each antigen. Whether 

this is specifically encoded by the immune system to optimize defensive mechanisms or is determined by 

the pathogenic response to the immune system is unknown. Antigen-specific responses have been shown 

to be set via infection or through vaccination, which suggests programming at the level of individual B-

cells during the germinal center response. Data suggests that Fc-glycosylation is set differently than cell-

wide glycosylation, and that, except for inflammatory agalactosylation or pregnancy-specific 

digalactosylation, antigen-specific glycosylation is set at the individual B cell level [97, 100, 393]. This 

implies a tight coordination of glycosylation machinery happening at the time of individual B cell priming.  

Cytokine signaling may influence B cell programming. Certain systemic serum cytokines have been 

linked to altering antibody glycosylation in the context of inflammation [394, 395]. However, this is 

unlikely to be driving selective glycosylation in vaccination of healthy adults because these inflammatory 

cytokines would be lacking. While pregnancy modulates overall immunity, downregulating some 

inflammatory signaling, and altering cytokine expression, in this case too whether this is enough to direct 

differential glycosylation is unknown [396].  

Similarly, adjuvants have been shown to change the germinal center reaction after vaccination 

and could be driving glycosylation. While effective vaccination and Fc-modulations have been suggested 

to depend on adjuvant selection, how adjuvants affect the B cells within the germinal center response is 

unknown [381, 393, 397]. Data have shown that the choice of adjuvant influences the extent of B cell 

development in the germinal center reaction with secondary germinal centers, shaping subclass and B cell 
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types [398]. While it is yet unknown, it is likely that these signals are also playing a role in determining 

antibody glycosylation.  

Programming of antibody glycosylation, in most natural infections, is likely to take place through 

B:T interactions in the germinal center though other cells within the germinal center may also play a role 

as well. Dendritic cells (DCs), which process antigen to present to T cells, allow T cells to activate B cells 

and induce antibody production [399, 400]. The strength of T cell binding to antigen presented by DCs 

shapes the pathway of T cell maturation induced, changing how the T cell signals to B cells. Furthermore, 

signals from cognate interactions between T follicular helper cells potently change how B cells are selected 

and the type of antibodies that they produce [400]. Critically, cytokine signaling from T cells is known to 

change antibody isotype and program which kind of development pathway the B cell takes, that cell’s 

longevity, and its proinflammatory or inflammatory bias [400]. Likewise, DCs differentially signal to T cells, 

impacting the type of T cell response induced, thereby changing the B cell response [401]. Some research 

has shown that T-cell help can change the type of glycosylation induced [402-404]. However, other 

research looking at T-cell independent polysaccharide vaccines would indicate that in some cases 

glycosylation is programmed independent of T-cell help [381]. This may indicate multiple pathways of 

control or yet unknown processes of antigen:B cell interactions. It is likely that, for some antigens, 

antibody glycosylation is being concurrently programmed with subclass in the germinal center via 

coordinated signaling mechanisms, but more research will be needed to ascertain how antigen, cytokines, 

adjuvants and other signals at the time of priming combine to direct changes in glycosylation machinery. 

Within the individual B cell, the signals received from the germinal center interaction will act upon 

the glycosylation process to specific N-glycan patterns on the antibody Fc. This may involve modification 

of the Golgi’s vesicular machinery to differentially route antibodies, changes in golgi pH to inactivate 

glycosyltransferases, recycling of glycosyltransferases, micro RNAs that affect glycosyltransferase levels, 

sugar nucleotide availability, or cleavage and secretion of glycosyltransferases [69, 103-106]. Among 
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these, genetic or metabolism-related control mechanisms seem the most likely based on current data 

showing that the expression of specific glycosyltransferases is altered in disease and by vaccination [97, 

99, 405] as well as diet and environmental changes to antibody glycosylation [14, 66]. Transcriptional 

modulation of glycosylation machinery may be a primary modulator of this process. While more 

transcription factors need to be validated, factors such as HNF1A, SLC9A9 and RUNX3, found in genome-

wide association screens, have been shown to affect N-glycosylation [68, 69, 406, 407]. Epigenetic 

regulation of protein glycosylation has also been previously demonstrated [408]. Likewise, metabolic 

regulation of sugar nucleotide metabolism has been linked to N-glycosylation, particularly in the context 

of supplementation of cell lines for monoclonal antibody production [409]. However, fine study of each 

of these factors and how they are programmed by B:T interactions has yet to be carried out. Further 

research will be needed to ascertain which of these mechanisms are functioning to direct antigen-specific 

antibody glycosylation as well as to understand how signals are transmitted from antigenic-response in 

the germinal center to the golgi machinery.  

 

Fab glycosylation and subclass-specific glycosylation matter for Fc-functionality 

 Beyond understanding the mechanism of antibody glycosylation and working to exploit it in 

vaccine design, more research is needed to untangle antigen-specific antibody glycosylation at a deeper 

level. Interrogating subclass-specific glycosylation, Fab glycosylation, and glycosylation of antibody 

isotypes, other than IgG, will be critical for diving deeper into how the immune response is programmed 

at a granular level in individual B cells. While none of these topics have been extensively studied due to 

technical limitations, there are indications that antibody glycosylation is not only antigen-specific but 

differentially regulated on IgG subclasses [393, 410, 411], and between the Fab and Fc [161, 412]. 

Subclass-specific glycosylation is likely to be coupled with antigen-specific IgG subclass induction, another 
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hint that programming of antibody glycosylation is induced within the germinal center [13, 413]. However, 

extensive study of subclass-specific antigen-specific glycosylation has yet to be carried out.  

Fab glycosylation also requires more study. Fab glycosylation has been shown to change 

extensively in pregnancy and autoimmune disease, but whether these changes are antigen-specific or are 

associated with severity and disease outcome remains to be determined [25]. Fab glycosylation potently 

influences the binding to antigens. While a conventional understanding would posit that Fab binding 

affinity influences antigen binding, recent research suggests some level of interdependence between Fab 

and Fc-functionality [414, 415]. Steric limitations imposed by Fab binding have been shown to change the 

ability of the Fc to interact with innate immune cells, as in the case of ADCC epitopes [416]. Furthermore, 

new research suggests that the Fab and Fc may interact, with Fab binding changing the shape of the Fc 

region. This suggests that epitopes that induce higher functionality are not the only instances of Fab-Fc 

linkage in the induction of non-neutralizing functions. Thus, studying antigen-specific Fab glycosylation is 

necessary to understanding Fc-functional potential of antibodies. Answering these questions will facilitate 

a much more granular understanding of antibody-mediated immunity, but this will depend on technical 

advances that facilitate high-throughput, low sample-input methods.  

 

Immune complex size and composition drive protective non-neutralizing functionality 

 Given that antibody Fc-glycosylation is altered in infection and vaccination, we wanted to extend 

this research to understand the impact of glycosylation changes in the context of infection. One 

mechanism to control glycosylation is to produce antibodies in different cell lines [417], so we compared 

the potential for AAV and infusion-delivered antibodies to drive protection against simian 

immunodeficiency virus (SIV) in a macaque model. We showed that AAV delivery could induce high 

antibody titers, but moreover, that antibodies induced by AAV differed significantly in their glycosylation 

patterns, trending towards patterns indicative of higher Fc-functionality and lower inflammatory 
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potential. Furthermore, we showed that while specific AAV-induced antibodies protected against SIV 

infection, delivery of combination of antibodies, two or three at a time, led to higher rates of protection 

than delivery of a single antibody. We extended this research to investigate the mechanism of protection 

and showed that neutralization did not drive protection in this model. However, non-neutralizing 

functions, specifically higher levels of ADNP and ADCP were seen in the animals that received two or more 

antibodies via AAV, and these animals showed higher protection from SIV challenge. These data indicate 

that glycans, with their ability to modulate antibody functionality, may have increasing importance at low 

antibody titers to improve bioactivity by aiding the formation of larger immune complexes that can drive 

Fc receptor engagement, whereas at high titers antibody avidity clustering may be sufficient, without the 

formation of large immune complexes. These results indicate that the introduction of multiple antibodies 

may protect by allowing the formation of larger more diverse immune complexes that better cross link 

antigen and cluster Fc receptors. These data also underscore the point that non-neutralizing functions 

may provide essential viral protection in vivo, even for broadly neutralizing antibodies. 

 

Polyclonality facilitates more potent functionality 

Much of the work in the field of antibody-mediated immunity has focused on understanding the 

dynamics of the functions of individual antibodies or individual antigen:antibody complexes. However, 

this work demonstrates that a polyclonal view of the immune system and the immune response is critical 

for designing therapeutics and understanding immunity. The data showing that pools of multiple 

antibodies, rather than individual broadly neutralizing antibodies, are better able to protect against SIV 

acquisition, suggest that considering the potential for polyclonality for enhanced immunity and designing 

polyclonality into therapeutics may be beneficial, particularly with low-avidity antigens. While some novel 

therapeutic designs have sought to harness polyclonality of binding via bi- and tri-specific antibodies, 
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which host multiple different Fab regions [418], these do not consider the implications of the polyclonality 

within the Fc region.  

Beyond crosslinking multiple antigens, polyclonality allows immune complexes to engage multiple 

Fc receptors simultaneously (Figure 7.1). Particularly with new data demonstrating that immune complex 

size and composition matter [253, 419], and as these multiple-antibody cocktails in SIV infection 

demonstrated, polyclonality allows the immune system to harness more Fc functionality. In the case of 

Ebola, functional heterogeneity was shown to be beneficial for the antibody-specific responses, 

particularly for the efficacy of monoclonal cocktails [280]. Thus, polyclonality allows larger immune 

complexes that may be able to reach more Fc receptors and engage a diversity of Fc receptors and induce 

more potent signaling [173]. Novel therapeutics may need to consider designing for polyclonality of both 

the Fab and the Fc regions to harness the full potential of antibody therapeutics and vaccines.  

 

Harnessing polyclonality for effective immunity 

 Understanding all the factors that influence the polyclonal response and designing for them in 

immunotherapeutics and vaccines is urgent to elicit effective non-neutralizing functionality. Currently, the 

method of production for monoclonal antibodies can potently change the type of glycosylation produced, 

based on sugar nucleotide availability and the genetics of individual cell lines [409]. Furthermore, with the 

Figure 7.1. The importance of immune complexes: Understanding the antibody-mediated response as a response mediated 

by diverse immune complexes that engage multiple Fc receptors on the cell surface is crucial. 
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advent of AAV-vaccines, different glycosylation can be programmed by production in muscle cells [420]. 

Fab glycosylation also changes antigen binding as well as determining the valency of the antibody itself 

and will be specified by the same factors [25, 421]. Moreover, the stoichiometry of the individual 

antibodies will affect the relative ratios of different Fc receptors bound by the immune complex. And, 

overall geometry and size of the resultant immune complex will sterically determine which antibodies can 

contact Fc receptors, and the overall quantity of immune cells that it recruits [253]. While data presented 

here gets at the difference between responding with one antibody versus two or three, as seen in the 

case of SIV infection, a true polyclonal response to infection is composed of many thousands of antibodies 

and harnessing this power may require studying far larger sets of antibody interactions.  

The context of an immune complex within the immune system must also be considered. The 

functions mediated by immune complexes may vary across different tissues and compartments [153, 

422]. Non-neutralizing functionality mediated by immune complexes will be dependent on the availability 

of innate immune cells, and the Fc receptor distribution on these cells. Furthermore, there is increasing 

evidence that innate cells differ across different compartments of the body, both in distribution and in 

functional capacity, as well as with autoimmune and other disease [153, 422], which will affect the ability 

of immune complexes to drive responses. Particularly thinking about areas such as mucosal immunity, 

important for designing vaccines against HIV, or therapeutics that target pregnancy and post-partum, will 

require considering the differences between antibody functionality in the serum versus mucosal tracts 

[423]. Dissecting these layers of complexity and studying the immune response in a way that is true to its 

polyclonal nature will require more highly-integrated systems-level research.  

 

Antibody Fc-functionality is associated with viral control 

The accumulating data for antigen-specific Fc-mediated responses, and protection mediated by 

Fc-functionality in the macaque model of SIV infection, raise important questions about the impact of 
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non-neutralizing functionality in infection. The field of cancer immunotherapeutics have shown that Fc-

functionality may be effectively optimized for monoclonal therapies to drive anti-tumor responses [170, 

424, 425]. This research has demonstrated that Fc-functionality can be harnessed to direct innate-immune 

killing of target cells and that this functionality could impact disease progression. Since then, this work 

has been extended across many disease states, including in HIV infection, where non-neutralizing 

functionality has been connected to disease progression and protection [45, 46, 55, 59, 62, 114, 118-121, 

261-263, 269-271]. However, a full study of how these antibody types and the functions that they elicit 

arise and evolve during natural infection has not been carried out.  

In order to define the longitudinal evolution of the humoral response, the antibodies reactive to 

gp120, gp41 and p24 was profiled in 10 women acutely infected with HIV across the first year of infection. 

We found that the functional response during the first year of infection increased dramatically along with 

changes in antibody subclass/isotype ratios and in antibody Fc-glycosylation. Furthermore, we showed 

that there are significant antigen-specific differences in all of these across the first year of infection. 

Moreover, we showed that the increase in polyfunctionality over this first year of infection was positively 

correlated to the percentage of CD4+T cells at 12 months of infection. Specifically, the development of 

gp120-specific polyfunctionality was highly correlated to CD4+ T count, suggesting that antibody 

polyfunctionality, particularly in response to gp120, may have a role in driving infection and determining 

overall clinical course.  

The data presented here matches earlier data showing the potential for antibody 

polyfunctionality to affect clinical course in HIV infection [4, 117]. However, these data also have 

Figure 7.2. HIV structure: gp120 and gp41 are both located on the outside of the viral 

envelope while p24 is a component of the viral capsid and is enclosed and less accessible 

to antibody binding.  
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implications for understanding antigen-specific responses during infection. Though there are earlier 

antibodies induced to gp41 and p24 [264], it is the gp120-reactive antibodies that drive the polyfunctional 

Fc-response and potentially impact clinical course. The presentation of the viral trimer on cell surfaces 

may explain why gp120-specific responses are the most important in this study, as p24 is not generally 

thought to be accessible to the antibody-mediated immune responses (Figure 7.2). However, it does not 

explain why previous studies have linked p24-specific responses to viral control [265, 267, 268]. The gp41-

specific response was also not identified as a correlate of control in this cohort. gp41-specific antibodies 

arise early in infection [293], can kill HIV-infected cells [426], and are important for development of 

broadly neutralizing antibodies [294, 295, 306]. However, despite this, they may be unable to fully restrict 

the virus. The gp41-specific response is thought to arise from cross-reactivity with microbial pathogens 

[294] and some data show that these antibodies impede effective vaccine-induced immunity [306]. 

Because of pre-existing microbial antigens that are cross-reactive with gp41, these antibodies may be 

unable to effectively restrict the virus, even though they are extant at early time points, which could 

explain why gp41-specific antibodies were not identified as correlates of control.  

Beyond the induction of individual Fc-functions, there is increasing evidence that the generation 

of multiple Fc-dependent functions simultaneously is critical for some immune responses [4]. The 

polyfunctional nature of the immune response may be critical to the progression of immunity and may 

have an additive effect within the response. However, it is unclear exactly why polyfunctionality, and not 

any individual function, is more effective, or how this type of coordinated B cell response is induced. While 

in some cases a strong immune responses polarized towards one function or neutralization, may be the 

most effective, it would seem that the ability to attack infection via multiple angles would be beneficial, 

particularly in multiple compartments that may differ in their constituent innate immune cells. Data 

showing that non-neutralizing functions are important for restricting cell-associated viruses in HIV  imply 

that different functions are important in different immune circumstances [256].  
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Inducing polyclonality and polyfunctionality, beyond individual functions, may be important for 

therapeutic design. While much of immunotherapy for cancer and other conditions has focused on using 

one monoclonal antibody as treatment, it is possible that designing therapeutics to harness 

polyfunctionality, through treatment with a cocktail of antibodies, or optimization of the individual Fc 

regions of antibodies to be multifunctional, may show higher efficacy in clearance of tumors or infection 

[425]. However, while killing can be harnessed, much more research is needed to show that this 

association is more than a correlate and to demonstrate that antibody polyfunctionality is actually driving 

an effective  antiviral response.  

 

Pregnancy alters the Fc characteristics of the vaccine response 

 Given the dramatic changes that we showed in antigen-specific antibody glycosylation and the 

striking evolution of these patterns in HIV infected women, we next turned to determining whether the 

vaccine-mediated induction of antigen-specific antibodies is altered by pregnancy [126, 322]. Pregnancy 

is a time of substantial immune modulation, affecting both the adaptive and innate systems, and provides 

a setting to investigate immune development under stress. Furthermore, previous research showed that 

pregnancy alters the Fc and the Fab glycosylation of antibodies, indicating that substantial modifications 

to humoral immunity took place [161, 162, 325-327]. However, there has yet to be a full characterization 

of how these glycosylation changes affect immunity or the functional potential of antigen-specific 

antibodies during pregnancy.  

To answer these questions, we looked at antibody responses in pregnant and non-pregnant 

women vaccinated against influenza. By profiling the changes in antibody titer, Fc and Fab glycosylation, 

and Fc-functionality we showed that the vaccine responses are altered by pregnancy in a highly antigen-

specific manner. Specifically, responses to H1 hemagglutinin showed lower titer and reduced Fc-

functionality, perhaps explaining some of the higher incidence of severe H1N1 infection during pregnancy 
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[308]. Conversely, the H3 response was not altered by pregnancy, demonstrating that immune adaptation 

during pregnancy is not an overarching phenotype of the antibody Fc response. Pregnancy also drove 

dramatic changes in antibody Fc and Fab glycosylation that may be linked to the overall anti-inflammatory 

changes in pregnancy but did not necessarily affect function. These data underscore the importance of 

considering the Fc-functional response and particularly suggest further research into how Fc-glycosylation 

drives immunomodulation as well as Fc-functionality. Moreover, these data have potential implications 

for the design of vaccines administered during pregnancy, to improve health in gestational parents and in 

their children by maximizing the transfer of highly functional antibodies.  

 

Antibody glycosylation determines trans-placental antibody transfer 

 Given the data on how vaccine-specific responses change during pregnancy, we sought to 

understand how immunity was transferred across the placenta during pregnancy, and which types of 

antibodies effectively crossed to the fetus. Studying the Fc-characteristics of antibodies found in matched 

pairs of maternal and cord blood, we showed that while there was efficient transfer of antibodies capable 

of eliciting phagocytosis, there was a strong enrichment for antibodies that drove NK-mediated 

degranulation, as well as a selection for antibodies with digalactosylated Fc-glycans. Furthermore, using 

monoclonals engineered to have distinct glycosylation states, we demonstrated that FcRn, the receptor 

that transits antibodies across the placenta, binds with a higher potency to digalactosylated antibodies, 

which are the antibodies that mediate NK degranulation. Moreover, we showed that in the context of 

cord blood, NK cells are one of the more mature innate immune cell subsets, indicating that the enhanced 

transfer of NK-activating antibodies may be an evolutionary adaptation to transfer antibodies with the 

greatest utility in the fetal immune system. Collectively, these data demonstrate that there is a selective 

transfer of antibodies across the placenta. This may be able to be harnessed with novel prenatal 
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vaccination strategies that seek to enhance production of digalactosylated antibodies and the transfer of 

these highly effective antibodies to the fetus.  

 

Vaccine-mediated immunity for pregnancy and early life 

 This dissertation showed important changes in antigen-specific antibody non-neutralizing 

functions and biophysical makeup that occur during pregnancy and may be directed towards enhancing 

transfer to the fetus. Clearly, pregnancy is a time of selective immunomodulation, with antibody 

alterations aimed at protecting the fetus during pregnancy and boosting its early life immunity. While 

innate immune cells are known to be critical in maintaining the decidua, this research is unique in showing 

another aspect of innate immunity in pregnancy; functional adaptations in the antibody-mediated 

antigen-specific response [427]. Beyond the changes in the antibody Fc demonstrated here [126, 318, 

321, 323, 324], pregnancy is thought to be a time of immune tolerance, in an effort to reduce the 

inflammatory response and protect the growing fetus [318, 321, 323]. However, these changes are not 

actually consistent across stages of pregnancy. Implantation, early pregnancy and parturition are defined 

by a pro-inflammation state (Figure 7.3) [427-429]. Likewise, infection is known to influence pregnancy, 

Figure 7.3. Inflammation and pregnancy: The inflammatory nature of pregnancy changes over time, with the first trimester 

and parturition times of high inflammation, but the rest marked by anti-inflammatory signaling intended to protect the fetus. 

The inflammatory nature is also influenced by multiple exogenous influences. 
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leading to both preterm labor and birth defects, and playing  role in how antibodies are transferred across 

the placenta [149, 163, 353, 427], and may lead to lifelong effects. Pregnancy thus is not a singular 

immune phenotype throughout, and it is unclear whether antigen-specific response change temporally, 

or if temporal changes influence the quality of antibody transferred to the fetus at different times.  

These data provide some insights into how prenatal vaccines are affecting the parental immune 

system and the fetus. The uptake of extant prenatal vaccines, and the development of new ones could 

dramatically influence global health [309-311]. However, while prenatal vaccination has been successful 

in improving neonatal morbidity and mortality, as well as reducing the rate of birth defects, this 

intervention has great potential to be expanded with more research. Moreover, current 

recommendations by the World Health Organizations, and other bodies, are based on evidence of 

enhanced antibody titer, but prenatal vaccination has not been consistently studied for the quality of 

immune responses it induces. While many studies have shown the efficacy of these interventions for the 

health of gestational parents and their children [129-133], it is unclear the specifics of how prenatal 

vaccination works and how timepoint affects these interventions. 

Studying how the changing pregnant immune system is differentially programming the B cell 

response will also be essential for deciding when to deliver prenatal vaccines. The ability of the immune 

system to program an antibody response may vary across pregnancy, concurrent with variations in the 

mechanism of trans-placental antibody transfer, making timing an important consideration. Moreover, 

the placenta itself is also growing and developing throughout pregnancy, perhaps changing the types of 

antibodies that it transfers at each time. Additionally, it is possible that pregnancy may set long-term 

immunologic change after gestation in the parent that could change how the immune system responds 

to foreign pathogens and affect timing of future prenatal vaccines. However, studies to investigate these 

questions are limited by sample availability during pregnancy and the unfeasibility of studying the fetal 

immune system prior to birth. Understanding temporality in pregnancy, for the  will require collecting 
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longitudinal samples, ideally from before, during, and after pregnancy(s). Additionally, new techniques 

that can access these compartments non-invasively would be needed. While pregnancy is an understudied 

area of immunology, it is also a time of high potential for interventions that improve the health of the 

parent and the fetus. 

 Considering how neonates and children incorporate parental antibody and respond to childhood 

vaccines is critical as well. There is some indication that increasing the level of antibody transferred across 

the placenta can result in blunting the immunogenicity of childhood vaccines if these vaccine are 

administered prior to sufficient decay of antibody titers [430-432]. Similar to the research on gestational 

immunity, research on the early development of childhood immunity is also lacking [433]. Many childhood 

vaccines are currently given at one year of age, a time when both the adaptive and the innate immune 

system are still undergoing important physiological development, and when some antibodies from the 

parent may still be extant. B-cells in early life have reduced costimulatory molecules and limited class-

switching ability. Likewise, the T cell repertoire is highly restricted, skewed towards a Th2 phenotype, and 

contains many γδ T cells, restricting the ability of classical Th1-type responses [433]. Similarly, the innate 

system is also immature, with immature macrophages and monocytes, and restricted responsivity and 

extravasation across the innate compartment, further restricting the ability of these cells to harness 

antibodies. A broader push for prenatal vaccination and the development of new prenatal vaccines will 

require not only coordination of regimens to prevent blunting by pre-existing antibodies, but increased 

research into how to induce more potent responses in the context of the early life immune system. 

Ultimately, there are many factors that must be considered—antibodies that benefit the fetus, which 

antibodies the parental immune system can produce, timing, effect on immune priming, etc.—that have 

not yet been studied thoroughly in pregnant and neonatal populations.  
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Programming antibody responses to enhance lifelong immunity 

The immune system changes across people’s lifetimes, and these age-related changes are 

important to understanding vaccine responses at different stages and designing effective therapeutics. In 

the realm of newborn therapeutics, many vaccines are known to be ineffective due to neonate’s 

underdeveloped immune systems [141, 144, 359]. However, the full picture of how the immune system 

evolves and whether vaccines could be designed to induce effective lifelong immunity when administered 

during the first year of life is unknown. It is clear that the neonate’s immune system differs substantially 

from the adult immune system, and that the innate immune system may be particularly impaired [433]. 

Yet, the mechanisms of how the immune system evolves and what signals are beneficial for inducing 

protective antibodies at specific ages is incompletely known. While there is some emerging research on 

the development of early life immunity [377, 434], this research is severely limited by sample availability. 

Though this thesis fills in some of the gaps on how different antibody features may benefit the 

development of protective immunity, it does not address the immune signals that will be required to 

program these antibodies, nor does it deeply interrogate the immune:vaccine interface. Further research 

will be needed to more fully answer these questions.  

While huge advances in immune development occur in early life, especially within the first three 

months, the end of life also represents a unique stage of immune development. While the data presented 

here show the implications of Fc functionality in the very young—where immature neonates can harness 

cytotoxicity prior to phagocytosis—the effects are likely to be seen also in elderly populations. Because of 

the profound susceptibility to infectious disease in this population, understanding how to design vaccines 

that elicit effective immunity in the elderly is imperative [435]. Antibody glycosylation is known to change 

with age [391], and aging is associated with profound changes in the functionality of the innate immune 

system, including markers of immune exhaustion and dysregulation of the adaptive compartment [436]. 

In elderly populations, neutrophils show reduced phagocytic capacity, many innate cells show senescent 
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profiles, and the system trends towards autoimmunity, impairing the ability to respond with innate 

functionality [433]. Therefore, inducing protection via Fc-functionality in this population may require 

different antibody types than in adults, pregnancy and neonates. Additionally, inflammatory conditions 

that affect antibody glycosylation and functionality, such as rheumatoid arthritis, are particularly acute in 

elderly populations, adding another level of complexity to studying the antibody-mediated response. 

These diseases perturb the immune response, particularly with regards to antibody glycosylation,  

potentially changing the vaccine-mediated response [392]. With the increasing development of 

monoclonal therapeutics targeted towards cancer and inflammatory disease geared toward elderly 

populations, understanding how age affects the antibody-mediated immune response and the cellular 

capacity to harness non-neutralizing antibodies, will be important.  

The apparent gaps in knowledge concerning immunity in newborns and the elderly demonstrate 

the need for more study in these areas. Specifically, because some studies have hinted that antibody-

Figure 7.4. An OMICS view of humoral immunity: Systems serology methods must be expanded to profile inflammation and 

B cell programming to understand a complete picture of the capacity of the humoral immune system.  
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mediated functions play major roles during these two stages of development, it is clear that our 

understanding of antibody-mediated immunity needs to be broadened to understand the antibody 

response in concert with the individualized state of the immune system at each point in a person’s 

lifetime. To really understand how immunity works and how it can be trained, we need a broader OMICS 

view of the immune system (Figure 7.4). Profiling immune responses requires a wider experimental lens 

that captures more detail about the different interacting pieces of the immune system. System serology 

provides one framework for expanding the way that we think about the diversity of antibody-mediated 

responses, but it is only one part of broadening the study of the antibody-ome. Even more complexity will 

need to be integrated into the study of immunity to truly build a systemic understanding of the immune 

system and how it is perturbed in infection and with vaccination. This must include studying the adaptive 

and innate immune systems at every stage of life, how inflammation and disease changes the potential of 

innate cell subsets, polyclonal views of the immune response, and measures of immune complex 

interactions. Hopefully, this research will begin to provide a framework for the rational design of vaccines 

and therapeutics that are highly individualized to infection and age that can combat infection worldwide 

and make tangible impacts in global health.  

 

Limitations of the Data 

In vitro systems 

These data present some hints as to how antibody glycosylation is critical for determining the 

immune response, transplacental transfer and clues as to how antibody glycosylation can be harnessed 

and tuned for increased vaccine efficacy. However, there are some limitations to the experiments 

presented. The field of human immunology relies on studying human samples to infer how the systemic 

immune system is behaving. While this is important research that shows what is truly happening in 
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humans, without having to extrapolate from animal models, it is limited because the perturbations that 

can be carried out in humans are very limited. Thus, much of this research relied on testing antibodies 

from human plasma in the context of in vitro systems. Different assays relied on different mechanisms, a 

monocyte cell line for ADCP, healthy donor neutrophils for ADNP, donor natural killer cells for NK 

degranulation and guinea pig complement for ADCD. The ADCP and ADCD assay rely on components that 

aren’t fully human, in the case of ADCP it is a human cell line, but not identical to human monocytes. 

Likewise, the ADCD assay relies on guinea pig complement, and while this assay has been extensively 

qualified, and is the standard reagent used for complement fixation for many decades, it still is not fully a 

human reagent [437].  Moreover, while these assays were designed to mimic in vivo immune responses, 

but clearly lack the overall milieu of the immune response that would be present in vivo. These assays also 

do  not take into account the differences in immune cell phenotype across different compartments, an 

important factor for different disease etiologies. Furthermore, the donor immune cells were not 

autologous, which allowed us to compare directly the plasma components, but also did not allow the 

integrated analysis of differential capabilities of the immune system along with the plasma.  

  

Studying neonatal immunology 

 In addition to relying on in vitro assays that may not fully replicate in vivo immune responses, this 

research looked at immune responses in neonates, a difficult population to study. The distinct immune 

state of neonates presents yet another hurdle to extending in vitro data to understand the in vivo system 

because the innate immune subset is different in neonates, the capacity of these cells to mediate effector 

functions is likely different [140]. Furthermore, some of these experiments attempted to interrogate the 

capacity of antibodies transferred to the neonate to elicit effector functions in the context of the neonatal 

immune system. While these assays did use cord blood leukocytes to simulate neonatal immune cells, the 

cord blood compartment is known to be distinct, and may show different effector functions, but 
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moreover, that this subset is highly variable and converges only after birth [140, 377]. Though these assays 

get at a component of early life immunity, as cord blood cells will make up a subset of circulating immune 

cells, they do not accurately reflect the true neonatal immune system. However, given the difficulty of 

obtaining samples of neonatal blood, these are perhaps the closest that these types of assays can come 

to studying the neonatal compartment until assays that require even lower volumes can be developed.  

 

Future Directions 

Probing the impacts of differential antibody glycosylation 

 These data demonstrate the importance of antibody glycosylation in infection, 

immunomodulation and pregnancy, but there is more work needed to disentangle the different 

contributions of individual glycans to the immune response. While one important avenue for future 

research is expanding extant research towards a wider lens that can consider all the diverse contributions 

to immunity, another important direction is focusing more closely on biophysical interactions between 

individual glycosylated antibodies and the immune system. While we understand some overarching ways 

that changes to Fc-glycosylation dictate each antibody’s ability to bind Fc receptors [241], the impact of 

each individual glycans has yet to be unraveled. Connecting each of the 36 possible N-linked Fc-glycans to 

specific functional outcomes is imperative for truly understanding the link between antibody glycosylation 

and function. Furthermore, this work must be extended to Fab glycosylation to profile all the ways that 

individual Fab glycans affect binding and function. While much of the focus has historically been directed 

towards antibodies, Fc receptors are also selectively glycosylated, influencing their ability to bind the 

antibody Fc region and induce functionality, but this level of glycosylation must also be studied further 

[438]. Furthermore, there is some evidence that glycosylation is subclass-specific, so the interplay 

between subclass and glycan must be considered and profiled individually [393, 410, 411]. While the 
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functional assays captured here assess the way that the entire plasma component mediates non-

neutralizing functions, the study of glycosylation is limited to IgG, so the investigation of how N-

glycosylation affects Fc receptor binding must be extended to the other isotypes that are mediating 

functional responses. Additionally, moving beyond a monoclonal view of antibody:FcR interactions, the 

immune response is predicated on the interaction between a full immune complex and the entirety of the 

immune system, which likely also includes other pattern recognition receptors, all of which are 

interactions that require more intensive study to understand.  

 To truly begin to profile the antibody:immune interactions more deeply will require the 

development of technologies that can profile plasma at both low volumes and in a high throughput 

manner. Though this work relied primarily on capillary electrophoresis to quantify N-glycosylation, chosen 

for its ability to quickly profile hundreds of samples, other techniques such as Mass Spectrometry may be 

able to provide high resolution of low-volume samples. High-throughput techniques are also needed to 

capture the glycans on different IgG subclasses and antibody isotypes as well. To get to a finer level on 

glycan:function relationships, improving the ability to selectively glycosylate monoclonal antibodies is 

imperative, so that these can be tested individually for the effect on function. While some individual 

glycan states can currently be enriched via lectins, cell feeding substrates or enzymatic digestion, a full 

study will require making all 36 glycan selectively on each of the four IgG subclasses and profiling the 

functions that these induce. Ideally, this technology could also integrate profiling the effect of N-glycans 

on Fc receptors and Fab glycans to truly get to a granular level of understanding antibody:Fc receptor 

relationships.  

  

New directions in early life immunity 

 This research describes some aspects of pregnancy and early life immunity. However, with recent 

research showing that early life immunity can program certain aspects of lifelong health [377, 439, 440], 
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understanding how immunity develops is increasingly critical. However, there remains many unanswered 

questions about how early influences, particularly those transferred across the placenta, form the 

backbone of early life immunity and influence lifelong health. Preliminary data from a cohort of matched 

maternal, cord and infant plasma indicate that, though levels in cord blood are disparate, infants rapidly 

return to parent level at 18 months of age, suggesting that parental antibody levels may program Fc-

functional responses in the infant (Figure 7.5). In this matched cohort of maternal, cord and infant blood 
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Figure 7.5. Functional potential of maternal, cord and infant samples: We compared matched maternal (n=28), cord (n=31) 

and 18 month samples (n=13) in an HIV-exposed, uninfected cohort. Functions were measured against pertussis toxin (PTX), 

pertactin toxin (PTN) and inactivated measles virus. A. ADCP scores. B. ADNP scores. C. percent of CD107a positive NK cells. 

D. Percent of MIP-1b positive NK cells. Statistics are evaluated using Wilcoxon tests. *P<0.05, **p<0.01, ***p<0.001 and 

****p<0.0001. 
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demonstrate that infant and maternal antibody levels are very similar, even though cord values are 

different, suggesting some level of immune priming in utero or in early life that determines antibody 

reactivity. However, much work remains to be done in order to understand how the early immune 

signaling is priming the overall development of the neonatal immune system.  

 While vaccination and trans-placental transfer are components of the signals that the early 

immune system receives, neonates also receive antibody through breast milk and encounter antigens in 

many contexts in their environment. A more complete analysis of how early life impacts lifelong immunity 

will require designing new cohorts that follow the early life of children, leveraging new technologies to 

profile ever smaller sample volumes, tracking immunity during pregnancy, and correlating plasma-level 

changes with samples of breast milk and measures of overall health. As prenatal interventions represent 

an easy measure to improve global health, further study of early life immunity may provide important 

data to designing new therapeutics and vaccines that can benefit our most vulnerable populations.  

 

Conclusion 

 In the context of antibody-mediated immunity, the importance of Fc-functionality and the Fc-

characteristics of antibodies in response to infection and during immunomodulatory periods has 

historically been understudied when compared to the study of antibody binding. This work seeks to 

underpin the importance of these functions and show how they can be modulated in infection and 

pregnancy. While there is much work to be done to fully explore the impacts of all the different 

modifications relevant to the innate immune response to infection, these data provide a starting point to 

studying the antibody-ome across infection and disease and provide a path towards the design of both 

more effective therapeutics for HIV and novel vaccines that target improved immunity in pregnancy and 

early life.   
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