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Summary

Antibodies play a crucial role in host defense and are indispensable research tools, diagnostics,
and therapeutics. Antibody generation involves binding of genomically encoded germline
antibodies followed by somatic hypermutation and /n vivo selection to obtain antibodies with high
affinity and selectivity. Understanding this process is critical for developing monoclonal
antibodies, designing effective vaccines, and understanding autoantibody formation. Prior studies
have found that antibodies to haptens, peptides, and proteins evolve from polyspecific germline
antibodies. The immunological evolution of antibodies to mammalian glycans has not been
studied. Using glycan microarrays, protein microarrays, cell binding studies, and molecular
modeling, we demonstrate that therapeutic antibodies to the tumor-associated ganglioside GD2
evolved from highly specific germline precursors. The results have important implications for
developing vaccines and monoclonal antibodies that target carbohydrate antigens. In addition, they
demonstrate an alternative pathway for antibody evolution within the immune system that is
distinct from the polyspecific germline pathway.
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Introduction

Antibodies, immunoglobulins produced by B cells, play a crucial role in host defense and
homeostasis (Schroeder and Cavacini, 2010). Antibodies protect us from infections by
binding antigens on pathogens and neutralizing them, causing agglutination and/or tagging
them for destruction by the immune system. Improper control of antibody production can be
harmful. For example, generation of antibodies to certain self-antigens can cause
autoimmune diseases, such as Guillain-Barré syndrome. In addition to natural physiological
roles of antibodies, monoclonal antibodies are widely used for basic research, disease
diagnosis, and disease therapy (Chan and Carter, 2010; Oldham and Dillman, 2008; Weiner
etal., 2010).

A detailed comprehension of how the immune system generates antibodies is critical for
producing monoclonal antibodies, designing suitable antigens for vaccines, and for
understanding and controlling the development of autoantibodies (Mauri and Bosma, 2012).
Each B cell encodes a unique antibody sequence, which can be produced as a soluble
secreted protein or as a membrane bound B cell receptor. When the B cell receptor binds an
antigen and is activated, the cell begins to proliferate. As activation and proliferation
continues, mutations are introduced into the antibody gene via somatic hypermutation. B
cells with mutations that confer improved affinity will outcompete other B cells, leading to
selection and enrichment of improved antibodies. Since the entire process is only initiated if
a germline B cell receptor is activated, the binding properties of germline antibodies are of
fundamental importance for the development of all antibodies. Unfortunately, little is known
about the binding properties of most germline antibodies/B cell receptors.
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Prior studies have suggested that germline encoded antibodies are polyspecific; these studies
include antibodies to proteins/peptides (Manivel et al., 2000; Sethi et al., 2006), haptens
(Adhikary et al., 2015; James et al., 2003; Jimenez et al., 2004; Romesberg et al., 1998;
Wedemayer et al., 19973; Yin et al., 2003), bacterial polysaccharides (Evans et al., 2011;
Nguyen et al., 2003), and HIV (Finton et al., 2014; Hoot et al., 2013; Scharf et al., 2016;
Xiao et al., 2009). According to the polyspecificity hypothesis, B cells initially produce a
surface bound germline antibody with a very malleable antigen binding site that is capable
of recognizing numerous antigens with low affinity. By producing polyspecific germline
antibodies, the immune system has the potential to respond to a much larger variety of
foreign antigens while still focusing resources on the subset of antigens that are actually
encountered.

Once activated, the affinity maturation process leads to antibodies with much higher affinity
and selectivity. This improvement is hypothesized to be the result of a rigidification/pre-
organization of the antigen binding pocket biased towards the target antigen/immunogen.
Resultantly, the immune system is now primed to produce large amounts of antibody
specific to the target antigen without the potential hazards of polyspecific binding.

Although polyspecificity is a powerful and appealing concept, experimental evidence of
polyspecificity is only available for a relatively small number of germline antibodies. Rao et
al. evaluated three germline antibodies against two different cDNA libraries and found
extensive cross-reactivity with many proteins (Manivel et al., 2000). In contrast, affinity
matured antibodies derived from these germlines did not cross-react at all with any proteins
in either cDNA library. Schultz et a/. found that the germline antibody of 39-A11 bound 9
structurally distinct small molecules with affinities within about 10 fold of the actual hapten
(Romesberg et al., 1998). Evans et al. has examined binding of germline antibodies to a
small panel of bacterial oligosaccharides, showing polyspecificity for the germline antibody
(Brooks et al., 2008; Evans et al., 2011; Gerstenbruch et al., 2010). A number of other
studies have evaluated binding of germline antibodies to small panels of potential ligands
(Adhikary et al., 2015; Finton et al., 2014; Hoot et al., 2013). While not exhaustive, these
studies collectively support the concept of germline polyspecificity. From a mechanistic
point of view, there are a number of elegant structural studies demonstrating that CDR loops
of germline antibodies have a higher degree of conformational flexibility than affinity
matured antibodies derived from them (Jimenez et al., 2004; Nguyen et al., 2003; Patten et
al., 1996; Wedemayer et al., 1997a; Wedemayer et al., 1997b; Zimmermann et al., 2006).
For example, Schultz and colleagues generated crystal structures of antigen binding
fragments (Fab) of 48G7 and its germline precursor in both liganded and unliganded forms
(Wedemayer et al., 1997a). They found that the binding site of the germline antibody
underwent significant conformational changes upon binding the ligand, whereas the binding
site of the affinity matured antibody, 48G7, was pre-organized for binding, consistent with a
lock and key mechanism. These findings have been reproduced with molecular dynamics
simulations as well. For example, a study of four pairs of germline and mature antibodies
(7G12, AZ28, 28B4, and 48G7) showed clear decreases in flexibility in the affinity mature
structures, especially in CDR H3, and offered structural explanations for how individual
mutations are restricting loop mobility (Wong et al., 2011). Although these excellent studies
provide strong evidence for polyspecificity in some cases, the scope and generality of
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germline polyspecificity is not clear. For example, almost nothing is known about the
binding properties of germline antibodies to mammalian glycans.

In this study, we used a combination of glycan and protein microarray technologies, cell
based assays, and molecular dynamics to study the immunological evolution of two clinical
relevant antibodies, ch14.18 (Unituxin) and 3F8. Both antibodies target GD2, a ganglioside
that is highly overexpressed on a variety of cancers, including neuroblastoma and
melanoma. Antibodies ch14.18 and 3F8 have demonstrated exceptional clinical results for
the treatment of neuroblastoma, and ch14.18 (Unituxin) has received FDA approval (Cheung
etal., 1998; Cheung et al., 2014; Yu et al., 2010). We compared the binding properties of
ch14.18 and 3F8 with their corresponding germline antibodies. Surprisingly, we found that
the germline antibodies are highly selective for GD2, demonstrating no observable
polyspecificity. These results allude to the native development of germline antibodies
specific for a single antigen.

Design of the system

A key consideration of antibody evaluation is the antibody format. Prior studies on affinity
maturation have primarily used fragment antigen binding (Fab) structures, which contain a
single binding site. This monovalent format is often sufficient for the study of interactions
with proteins, peptides, or small molecule haptens, as these monovalent binding events
frequently have low nanomolar or better affinities. However, monovalent interactions with
carbohydrate antigens are typically weak, with dissociation constants greater than 10 pM. To
achieve physiologically relevant affinity, carbohydrate-binding antibodies typically rely on
the formation of multivalent complexes. In addition to affinity, the selectivity of a
multivalent binding event can be quite different than a comparable monovalent binding
event. For example, Kiessling et al. demonstrated that the specificity observed in a
monovalent binding event can be amplified in a multivalent binding event (Gordon et al.,
1998). Additionally, Kahne ef al. showed that the preferred ligands in a multivalent binding
event can be different from those observed in a monovalent event (Liang et al., 1997). Given
the importance of multivalent binding for carbohydrate recognition and that a whole 1gG is
similar in structure to the B cell receptor, we selected a divalent, whole 1gG format for our
studies. The use of a whole 1gG would also allow us to directly compare binding properties
of ch14.18 and 3F8 measured in our assay with previously published data.

A second consideration was the approach for evaluating selectivity. The approach must
assess binding in a multivalent context and have sufficient throughput to allow evaluation of
many variations of structure and presentation. To evaluate potential binding to a large and
diverse panel of carbohydrates, we evaluated each recombinantly designed antibody on our
glyco-antigen microarray. The array contains over 500 components, including a diverse set
of glycopeptides, A- and O linked glycans, Lewis and blood group antigens, glycolipids and
glycosphingolipids, and glycopeptides. Many of these array components are printed at both
“high” and “low” density to provide variations in glycan spacing/presentation (Figure S1).
Of particular relevance to this study, many of the array components contain glycan
sequences that are closely related to GD2 such as GD1a, GD1bh, GD3, GM1a, GM1b, GM2,
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GM3, GTla, GT2, GT3, GQ2, and GA2 (Figure 1). We (Gildersleeve et al., 2008;
Gildersleeve and Wright, 2016; Oyelaran et al., 2009; Shoreibah et al., 2011; Zhang et al.,
2010) and others (Chang et al., 2010; Dupin et al., 2015; Godula and Bertozzi, 2012; Goudot
etal., 2013; Hung et al., 2013; Jaipuri et al., 2008; Karamanska et al., 2008; Ligeour et al.,
2015; Park and Shin, 2007; Shivatare et al., 2013; Song et al., 2008; Wang et al., 2008) have
used glycan microarrays to evaluate apparent Kp values for carbohydrate-protein
interactions and have found good agreement with previously published values measured by
surface plasmon resonance.

Comparison of antibody sequences with putative germlines

To facilitate comparisons of our work with previous work on immunological evolution of
antibodies, we used the same methodology as prior studies to assign the putative germline
genes. A brief description is below, and a more detailed description can be found in the
Supporting Information. Using NCBI-BLAST and IMGT/V-Quest alignment algorithms in
tandem, nucleotides sequences of 3F8 and ch14.18 that had been previously published in
patents and literature were aligned with putative germline sequences. The amino acid
sequences of the affinity mature and putative germline sequences were aligned and
mutations from the putative germline genes were determined (Figure 2). We found that for
all of the aligned anti-GD2 sequences, nucleotide alignment was greater than 92% similarity
in all cases, with most of the cases being greater than 96% similarity. This degree of
homology is high and on par with other studies on immunological evolution of antibodies.

Ch14.18 had 97% nucleotide similarity for the light chain and 92% similarity for the heavy
chain nucleotide sequences. These alignments resulted in 2 mutations of the light chain
variable region and 19 within the heavy chain. Interestingly, the majority of these heavy
chain mutations (12 mutations) fall within the framework regions (FRs) of the variable gene,
as opposed to CDRs.

Antibody 3F8 demonstrated a greater degree of similarity between germline and affinity
mature sequences. Nucleotide alignments were 97% similar for both the light and heavy
chain nucleotide sequences. These alignments indicated the presence of 5 germline
mutations of the light chain variable region, as well as 6 mutations of the heavy chain
germline region. Interestingly, only one of these mutations (HC: S561) was hypothesized, by
molecular modeling, to be a residue implicated in antigen binding (Ahmed et al., 2013).

Evaluation of ch14.18 affinity mature and germline antibodies

Ch14.18 was the first of the anti-GD2 constructs to be studied on the glycan microarray.
Ch14.18 is a standout in the field of anti-carbohydrate immunotherapy, with incredible
success in a Phase 111 clinical trial and recent FDA approval. Following the recombinant
expression and purification of ch14.18, the antibody was profiled on the glycan microarray
and found to have an apparent Kp gp, of approximately 60 nM (Figure 3 & S3A; Tables 1
& S2). This value is in good agreement with the previously reported value of 77 nM.
Additionally, the ch14.18 construct demonstrated remarkably high selectivity for GD2 on
the glycan microarray. Only GT2
[NeuSAca2-8NeubAca2-8NeusSAca2-3(GalNAcp1-4)Galpl-4Glc-] and GQ2
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[NeuSAca2-8NeuS5Aca.2-8NeuSAca2-8NeuSAca2-3(GalNAcB1-4)Galpl-4Glc-], GD2-
like structures with elongated sialic acid side chains, had measurable levels of interaction
with the expressed ch14.18 antibody. Although the binding to these glycans was too weak to
accurately measure an apparent Kp, we could estimate at least 1000-fold higher affinity for
GD2 than any other glycan (Table 1). Interestingly, the structurally similar gangliosides
GD1b [Neu5Aca2-8Neu5Aca2-3(Galpl-3GalNAcB1-4)Galpl-4Glc-], GD3
[NeuS5Aca2-8NeubAca2-3Galpl-4Glc-], and GM2
[NeuS5Aca2-3(GalNAcp1-4)Galp1l-4Glc-] demonstrated no identifiable levels of interaction
with ch14.18, even at the highest antibody concentration tested, suggesting a high preference
for branched structures with a minimum of di-sialylation and GaINAcB1-4 termination.

Next, the germline antibody of ch14.18 was evaluated. No previously published literature
exists discussing the expression of germline antibodies to gangliosides. Our expectations
were that these antibodies would follow the polyspecificity hypothesis; a significant
decrease (>1000-fold) in affinity and wide-spread binding events. Following expression,
purification, and dose-response glycan microarray analysis, we found that this germline had
modest affinity but remarkable selectivity. The apparent Kp gp, of the germline 14.18
structure was ~1.6 uM (Figure 3 & S3B; Tables 1 & S2). Though a ~30-fold decrease in
affinity is significant, this change is small compared to the >1000-fold changes in affinity
during maturation commonly seen with antibodies to haptens, proteins, and peptides. Like
ch14.18, the germline antibody only bound GD2, with at least 250-fold selectivity over the
next best glycan on the array (Table 1).

Screening chimeric and germline 3F8

3F8 was the next anti-GD2 antibody to be expressed and profiled. 3F8 is noteworthy for its
low nanomolar affinity (Kp gp2 = 5-15 nM) and demonstrated success in Phase | and Phase
Il clinical trials. In addition to the affinity mature and germline antibodies, we opted to
additionally express the previously described humanized construct as an additional
validation structure.

Consistent with prior publications, the chimeric 3F8 (ch3F8) and humanized 3F8 (hu3F8)
constructs demonstrated high avidity and selectivity on our array. Ch3F8 demonstrated an
apparent Kp gp2 value of approximately 8.5 nM (Figures 3, S3C; Tables 1, S2), very similar
to the previously reported value of 13 nM (Cheung et al., 2012). Similarly to ch14.18, the
ch3F8 structure was highly specific for GD2. GT2 and GQ2 were nominal binders of ch3F8,
with >250-fold reduced affinity as compared to GD2. No other binding events were
observed with ch3F8. Hu3F8 was found to have an apparent Kp gp of 7.7 nM (Figure S31-
J; Tables 1, S2), which is comparable with the literature reported value of 11nM (Cheung et
al., 2012). In agreement with ch3F8, gangliosides GT2 and GQ2 were the only other glycan
structures with observable levels of interaction with the humanized construct, at >250-fold
reduced affinity for GQ2 and >4000-fold reduced affinity for GT2 (Table 1). No other
glycans demonstrated significant binding levels at tested antibody concentrations.

Next, 3F8 germline antibodies were expressed and assayed. The apparent Kp gpy of the 3F8
germline antibody was approximately 146 nM (Figures 3, S3D; Tables 1, S2), only a 18-fold
decrease versus that of the affinity mature structure and nearly as good as the FDA approved
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antibody ch14.18. Remarkably, the specificity profile of the 3F8 germline antibody was
nearly identical to that of the affinity mature structure, with high selectivity for GD2 over all
other array components.

Mutational Intermediates of 3F8

To test the significance of individual mutations in affinity maturation, we constructed a set of
antibodies wherein mutations in the CDR loops of 3F8 were reverted back to the germline
sequence. Six mutant structures were generated corresponding to the six mutations to CDR
amino acids (LC: T34A and S50Y, HC: V29L, N31S, 156S, and L106M). None of these
structures deviated significantly in specificity from that of affinity mature 3F8 (Figures
S4A-G). One of these structures, ch3F8_mut (HC:156S), was selected for a full dose-
response characterization. We chose this structure due to it being both a mutation within a
CDR and a mutation into a hypothesized antigen binding amino acid, as per literature
(Ahmed et al., 2013). The apparent Kp gpy of this structure was approximately 128 nM
(Figures S4H-K; Tables 1, S2), suggesting that a majority of the improvement in affinity
from germline to mature structures is dependent on this particular mutation. This ch3F8
mutant demonstrated small levels of interaction with GQ2 (Table 1), but non-identifiable
interactions with other glycan antigens.

Screening 3F8 structures against protein microarrays

Given the unexpectedly high selectivity for the germline antibodies, we considered the
possibility that the germline antibodies could bind non-glycan structures. Others have
demonstrated evidence that anti-carbohydrate antibodies may bind peptide and protein
targets by molecular mimicry. As such, we sought to evaluate the binding events of the
affinity mature and germline 3F8 antibodies on a platform separate from our glycan
microarray.

The HuProt v2.0 human proteome slides are a microarray platform with greater than 19,000
human proteins with high diversity of functional families. As a positive control, we
manually spotted a GD2 neoglycoprotein on the array surface.

Germline and affinity mature ch3F8 were assayed on the HuProt v2.0 human proteome
microarray. Both antibodies were assayed at concentrations 2-times greater than the
calculated Kp gp2 in an effort to promote as many binding events as possible. The ch3F8
antibodies successfully bound the GD2-positve control spots, but no specific antibody-
protein interactions were detected (Figure S5). These results further support the remarkable
selectivity of affinity mature and germline 3F8 antibodies for GD2.

Cell-based Assays — Live Cell Imaging and Direct Cytotoxicity

The glyco-antigen microarray provides a rapid tool to assess potential binding to a large
number of glycan structures, but it does not encompass the full mammalian glycome. As
additional evidence of selectivity, we assayed binding of the affinity mature and germline
ch3F8 antibodies in cell binding assays. The melanoma cell line M14 was selected as the
GD2-positive cell line. The colorectal cancer cell line SW620 was included as a GD2-
negative cell line.

Cell Rep. Author manuscript; available in PMC 2018 August 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sterner et al.

Page 8

Ch3F8 antibodies were first tested for their binding capacity in a live cell environment. M14
and SW620, plated and incubated overnight, were treated with affinity mature and germline
antibodies at concentrations 2-times greater than the calculated Kp gp. Antibody binding
was detected by addition of fluorescently-label secondary reagent. Corresponding
secondary-only control experiments were also considered. Consistent with our previously
observed data, the germline and affinity mature 3F8 structures were both capable of binding
the GD2-positive M14 cell line, but were incapable of binding the GD2-negative SW620 cell
line. No secondary-reagent binding was observed in the negative control experiments
(Figure S6). These results were consistent with cells studied under fixed, suspension
conditions (Figures S6, Table S3).

Ch3F8 antibodies were subsequently considered for their direct cytotoxicity. The GD2-
postive melanoma cell line M14 and GD2-negative colorectal cancer cell lines SW620 were
treated with increasing concentrations of antibody for 72 hours. Upon assay, the affinity
mature and germline ch3F8 antibodies had similar potencies towards M14 cells (Figure 4;
ECg for ch3F8 = 8.6 + 1.7 ug/mL; gl_3F8 = 14.1 + 3.1 pg/mL). These potencies were also
similar to that of affinity mature 3F8 for the GD2-positive neuroblastoma cell line LAN-1
(Cheung et al., 2012). Neither antibody was capable of directing cell death/slowing growth
of the SW620 cell line.

Molecular Dynamics

As discussed earlier, polyspecific binding properties of germline antibodies are thought to
derive from highly flexible and adaptable binding pockets. In contrast, the affinity
maturation process produces binding pockets that are rigidified and either stabilized into a
binding conformation for a single antigen (lock and key model) or energetically favored to
adopt that binding conformation a higher percentage of the time (conformational selection
model). Given that our experimental results had shown an unexpectedly high degree of
selectivity for GD2 already in its germline antibody, and a relatively modest gain in binding
affinity upon maturation, we decided to investigate whether the differences in structural
flexibility observed in other antibodies between germline and mature structures are present
and visible in anti-GD2 antibodies using molecular dynamics simulations.

We began with the high-resolution crystal structure for the Fab fragment of 3F8 (PDB ID:
3VFG, resolution 1.6A), published previously by Ahmed et al., and generated a homology
model for its putative germline precursor. There are only 11 residue differences, so the
starting structures for germline and affinity mature 3F8 were very similar. While it is
possible to use a variety of enhanced sampling simulation methods to drive exploration of
conformational space, we wanted rather to evaluate the intrinsic flexibility of each structure
as accurately and realistically as possible and therefore performed molecular dynamics at
constant pressure and temperature in a periodic box of explicit water. This method of
molecular modeling is consistent with previously published methods of protein/antibody
molecular modeling simulations. Sampling was increased by running four independent
simulations for each structure, for a total of 100 ns.

The equilibration and overall stability of each simulation was evaluated by calculating the
RMS deviation of the backbone atoms in each domain from the starting conformation over
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time. All simulations reached a stable conformation within 0.8 — 1.2 A after approximately 5
ns of simulation time (Figure S7TA-D). RMS fluctuations away from the average for each
residue were also calculated and plotted. These were compared to the crystallographic B-
factors from the affinity mature 3F8 structure (Ahemd et al., 2013) as a check on whether
the simulations are reproducing experimentally observed flexibilities. B-factors include
many other sources of disorder in the crystal along with thermal vibrations, so they are
larger in scale than the calculated atomic RMS fluctuations, but regions of increased and
decreased flexibility are qualitatively reproduced (Figure STE-H).

We found that backbone fluctuations of the mature Fab were slightly but significantly
greater than those of the germline antibody, particularly within CDRs H1 and H3 (Figures
S7G-H; Table S4). This observation suggests that rather than becoming more rigid, the
affinity mature structure of 3F8 shows an increase in flexibility relative to the germline
structure. This feature is illustrated in Figure 5 via a worm plot comparison of the two
structures. Here the RMSF average for the backbone atoms of each residue is mapped to the
radius of the backbone trace, so that rigid regions of the structure are narrow, and more
flexible regions appear fatter. The largest increases in flexibility are seen in CDR loops H1
and H3 (Figure 5F, 5H), and to a lesser extent portions of L1 and L3 (Figure 5C, 5E).

We further analyzed the conformational space explored by the CDRs by calculating the
RMS distance from the starting structure that is reached by the residues in each loop over
time. These distances were binned and normalized and the resulting histograms are shown in
Figures 5C-H. Strikingly, the CDRs in the germline structure tend to explore a relatively
limited region of conformational space (narrow peaks in the histogram), at or less than 2 A
away from their starting conformation. In contrast, apart from L2, the affinity mature CDRs
cover a much wider range of spatial distances.

We extracted a set of 20 diverse frames from the simulations of both the germline and
mature structures to visualize and analyze how changes in sequence upon maturation might
be driving the observed increases in flexibility. In the case of CDR H1, the L29V mutation
appears to destabilize this loop by a decrease in van der Waals packing interactions with
surrounding hydrophabic residues HC V34, HC V78 and the acyl chain of HC K71 (Figure
6A-B). The Y50S mutation located in CDR L2 does not affect the L2 loop itself, which
remains rigid, however Tyr at this position hydrogen bonds to the backbone carbonyl of HC
H98 on CDR loop H3, and forms a well-organized multiple ring-stacking interaction with
LC Y49, LC Y55, and HC Y99 (Figure 6C-D). These interactions are diminished upon
mutation to Ser, and this appears at least partially responsible for the increase in flexibility
of the H3 loop.

Interestingly, HC S561, which produces the majority of the gain in GD2 binding affinity
based on our individual mutation studies, is located in CDR H2 and does not appear to cause
any changes in conformation or flexibility in that loop or in the binding site as a whole.
Conversely, neither HC L29V nor LC Y50S affects GD2 binding affinity. This suggests that
flexibility and affinity are not directly linked in the 3F8 antibody. Other mechanisms
proposed for increased antigen affinity include changes in electrostatic surface potential
(Zhao et al., 2015) or increased buried hydrophobic surface area with antigen binding. We
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calculated the molecular hydrophobic potential based on the surface projection of atomic
logP values (Ghose et al., 1998; Steinkellner et al., 2009), along with the surface
electrostatic potential and saw no large charges in 3F8 between the germline and affinity
mature structures (Figure 6E-H).

The crystal structure of the related mouse 14G2a antibody (Horwacik et al., 2015) showed
that GD2 binding in 14G2a/ch14.18 does not result in a large conformational change but
rather an overall closing of the binding site loops, and that binding is mediated by an
extensive network of water molecules. Although the glycan binding site in 14G2a is shaped
quite differently from that in 3F8, this structural information allows us to speculate that in
GD2-specific antibodies, the increase in binding affinity with maturation might be
enthalpically driven via increased direct and water-mediated hydrogen-bonding in the
binding site, rather than entropically driven via a decrease in flexibility (Klebe, 2015). The
flexibility increase with maturation, as observed in the molecular dynamics simulations,
might allow better accommodation and reorganization of the water network in the antigen
binding pocket upon GD2 binding.

Discussion

An in depth understanding of the binding properties of germline antibodies and the effects of
affinity maturation are critical for a wide range of basic research and clinical applications.
For example, information about germline specificity can help with the design of vaccine
antigens. Studies from the HIV field exemplify this concept. Certain broadly HIV
neutralizing monoclonal antibodies recognize the HIV envelope with high affinity.
Interestingly, the corresponding germline antibodies do not bind the HIV envelope at all
(Doores et al., 2010; Xiao et al., 2009). Thus, HIV envelope would not be a suitable
immunogen to activate the B cells that give rise to those same broadly neutralizing
antibodies. Information about germline specificity can also be instructive for generating high
quality monoclonal antibodies or for understanding the origins and development of
autoantibodies.

The binding properties of germline antibodies are not easily predicted. Prior studies on small
molecule haptens, peptides, proteins, and bacterial oligosaccharides have shown that many
germline antibodies have flexible binding sites and are capable of recognizing multiple
antigens. Thus, the exact structures recognized by a germline antibody can be quite difficult
to anticipate. For example, the germline precursor to the Diels-Alderase antibody 39-A11
was shown to bind a highly diverse set of molecules, including a bicyclo[2.2.2]octene
hapten, a nucleoside analog, a steroid, and a peptide.(Romersberg et al., 1998) The binding
properties of germline antibodies can also be distinct from the corresponding affinity
matured antibody, as the HIV examples discussed above illustrate. For these reasons,
germline antibody specificity and affinity must be determined experimentally.

Using a combination of glycan microarrays, proteins microarrays, cell binding, and
molecular dynamics simulations, we studied the immunological evolution of two clinically
useful antibodies, 3F8 and ch14.18 (Unituxin). Both antibodies target the ganglioside GD2,
a tumor associated carbohydrate antigen highly overexpressed on a variety of cancers.
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Potential recognition of many different structurally-defined antigen families was
investigated, including 19,000 proteins, and hundreds of A-linked glycans, O-linked glycans,
glycolipids, non-human glycans, and glycopeptides. In addition, binding to GD2 positive
and negative cell lines was tested. Surprisingly, the putative germline antibodies
demonstrated remarkable selectivity for GD2, with only very weak binding (~250-1000 fold
worse; Table 1) to GQ2 and GT2 observed among the thousands of potential antigens tested.
Based on molecular dynamics simulations, the binding pockets of the germline antibodies
appear to be relatively rigid and pre-organized for recognition of GD2. In fact, 3F8 was
found to be more flexible than its germline precursor.

The high degree of selectivity displayed by the GD2 antibodies and their germline
precursors is impressive and surprising. Many monoclonal antibodies to mammalian glycans
have modest selectivity, even after the affinity maturation process. For example, in a prior
study of commercially-available antibodies, about half were found to bind glycans other than
the listed target glycan (Manimala et al., 2007). Thus, high selectivity is uncommon, even
among monoclonal antibodies chosen for commercial production. Given that most germline
antibodies to other antigen families are polyspecific and that many affinity matured
antibodies to glycans have modest selectivity, the nearly exclusive binding of the germline
antibodies to GD2 is especially noteworthy.

Our results have a number of important implications. First, high quality antibodies to
glycans are often difficult to obtain (Sterner et al., 2016). Some glycan targets yield good
antibodies across multiple experiments whereas other seemingly similar glycan antigens
consistently yield antibodies with poor selectivity. The factors that determine whether one
will obtain a high quality monoclonal antibody are not well understood. Self vs non-self and
experimental parameters (e.g. adjuvant, number of boosts, antigen source) certainly
influence the outcome, but these elements do not fully explain the variable results. Our
results suggest that mammals already possess B cell receptors with modest to good affinity
and high selectivity for certain glycans. Thus, mammals are predisposed to produce high
quality antibodies to those glycans. In addition to helping explain the variable outcomes, our
results also suggest that the germline repertoire may be a better source of carbohydrate-
binding antibodies than previously thought, at least for some targets.

Second, our results have implications for vaccine design, especially in the areas of cancer
and HIV. There are considerable efforts to develop cancer vaccines that induce antibodies to
GD2 and other tumor-associated carbohydrates, such as GM2, GD3, and fucosyl-GM1
(Dube and Bertozzi, 2005). A number of strategies utilize either partial structures or
unnaturally modified structures to break tolerance (Astronomo and Burton, 2010; Huang et
al., 2013). Our results indicate that germline B cells that give rise to antibodies like 3F8 and
ch14.18 are only activated by a very narrow set of glycan structures. Therefore, design of a
suitable vaccine antigen may be especially critical for these vaccines. Evaluation of binding
with relevant germline antibodies might facilitate selection of appropriate vaccine antigens.
Induction of antibodies to glycans is also a prominent strategy in the development of HIV
vaccines (Scanlan et al., 2007). Many broadly neutralizing antibodies target high mannose
and other N-linked glycans on gp120. Like the cancer vaccines, the HIV vaccines must
overcome self-tolerance. One general mechanism for overcoming tolerance involves
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engaging a polyspecific B cell receptor with weak affinity for the self-antigen and then
evolving enhanced affinity. This approach may be most relevant for B cells expressing a
polysepcific germline receptor such as those recognizing proteins, peptides, and small
molecule haptens. When targeting mammalian self-glycans, overcoming tolerance may
involve activating a B cell with selectivity for a related but distinct glycan and then evolving
altered selectivity for the self-glycan.

Our results also raise several important questions. First, why would a mammal possess
germline encoded antibodies to GD2? Second, why would germline antibodies to GD2 have
high selectivity, while germline antibodies to other antigens are polyspecific? Third, are
there other germline antibodies with very high selectivity? While these questions are
difficult to answer, some insight can be gained from considering the advantages and
disadvantages of selectivity.

The immune system has a limited set of resources to defend the host. Polyspecificity
provides a mechanism to maximize reactivity with a finite number of B cells. The main
disadvantage is that polyspecificity increases the chances of generating autoantibodies.
Therefore, the immune system may encode polyspecific antibodies to families of antigens
that are typically not found on cells, such as bacterial polysaccharides and small molecule
haptens. For antigen families where there is a high potential for generating self-reactivity,
the immune system may encode germline antibodies with high selectivity, such that it can
bind important antigens while minimizing risks of autoimmunity.

In the case of GD2, GD2-like structures are found on certain pathogens, such a C. jgjuni. In
addition, antibodies to GD2 have anti-cancer activity. Therefore, it is possible that these
antibodies impart survival advantages to the host. At the same time, there are many closely
related glycans that are found normally on mammalian cells. Polyspecificity within the
ganglioside family of antigens could increase susceptibility to autoimmune diseases. In fact,
antibodies to a several structurally-related gangliosides are implicated in autoimmune
diseases, such as antibodies to GM2 in Guillain-Barre syndrome and antibodies to GQ1b in
Miller-Fisher syndrome. While additional experiments would be needed to more fully
evaluate this model, it provides one potential explanation for the variations in germline
specificity.

The study of germline antibody maturation is critical to our understanding of immune
response. As the available toolkit of microarray technologies has expanded rapidly, so too
has our capacity to probe germline antibody binding. While previous studies have
demonstrated germline polyspecificity with a small library of antigens, our studies
demonstrate a unique case in which the germline immune system has a pre-set capacity to
specifically target GD2. These microarray results, accompanied with molecular dynamics
simulations and cell binding/cytotoxicity assays, demonstrate an alternative pathway for
antibody evolution within the immune system that is distinct from the polyspecific germline
pathway.
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Experimental Procedures

Anti-glycan antibody expression, purification, and array profiling

Details for the preparation of the plasmids (pFuse vector), transfection, and expression can
be found in the Supporting information and Table S1. Secreted antibody was isolated from
the supernatant by protein L affinity chromatography. Antibody purity was validated by
polyacrylamide gel electrophoresis and size exclusion chromatography (Figures S1 and S2).
Antibody concentration was calculated by NanoDrop and Easy-Titer Human IgG Assay Kit
(Thermo Scientific, Rockford, IL).

Glycan microarray slides were prepared and assayed in laboratory as previously described
(Campbell et al., 2010). Detailed information about the array quality assessment and full
experimental details can be found in the Supplemental Information. Briefly, the microarrays
used in this experiment had 503 components. Serial dilutions of recombinantly expressed
anti-GD2 antibodies in 3% w/v bovine serum albumin (BSA)(Sigma; St. Louis, MO) and
1% wi/v human serum albumin (HSA)(Sigma; St. Louis, MO) PBST buffer were assayed on
slide at 37°C with gentle shaking (100 RPM) for 4 hours. Following incubation, the slides
were washed with PBST and appropriate, fluorescently-labeled secondaries, diluted 1:500 in
1% BSA + 3% HSA in PBS solution, were incubated on slide at 37°C with gentle shaking
(100 RPM) for 2 hours in the dark. Finally, slides were washed in PBST, dried by
centrifugation at 200 rcf for 5 minutes, and then immediately scanned. Example pre-scan
and data images can be found in Figure S1.

Slide Scanning and Data Analysis

Glycan-antibody binding on the microarray was quantified using an InnoScan 1100 AL
fluorescence scanner (Innopsys; Chicago, IL). Images were analyzed using GenePix Pro 7.0.
Fluorescent intensity values calculated in GenePix Pro 7.0 were plotted using GraphPad
Prism 6.0. Each neoglycoprotein was printed in duplicate in each well, and each antibody
was assayed in a minimum of 2 independent array experiments for each concentration tested.
The final intensity values for each antibody-neoglycoprotein interaction (Figures 3, S3 and
S4) were calculated from the average of corresponding spots in each of the two (or more)
wells (duplicate spots in each of two or more wells; total of 4 or more spots). Apparent Kp
values were calculated using a non-linear regression, one site binding (hyperbola) fitting
model following the method of MacBeath (Gordus and MacBeath, 2006). The list of array
components and full microarray data will be publicly available in the National Center for
Biotechnology Information’s (NCBI) Gene Expression Omnibus (GEQO) (Edgar et al., 2002)
via GEO Series accession humber (GSE100438).

3F8 Interactions with the Human Proteome

HuProtv2.0 human proteome microarray slides were purchased from CDI-Labs (Baltimore,
MD). The HuProt v2.0 array contains 19,000 proteins, each printed in duplicate on an
epoxide-coated glass slide. Prior to experimentation, GD2 variants from our array were
manually spotted to the proteome array to serve as an experimental positive control. GD2
neoglycoproteins will adhere to the epoxide surface. Briefly, a microarray pin was dipped
into a Img/mL solution of GD2-BSA and manually spotted on the slide 4 times in an
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unprinted region near the top of the slide. HuProt v2.0 microarray slides were assayed using
the same protocol as the glycan microarray slides. The final intensity value for each
antibody-protein interaction was calculated as the average of duplicate spots on 2
independent HuProt2.0 array slides (4 spots total).

Direct Cytotoxicity

The melanoma cell line M14 and the colon cancer cell line SW620 were obtained from the
National Cancer Institute Developmental Therapeutics Program (NCI DTP, Frederick, MD)
tumor cell line repository. These cell lines were maintained in RPMI-1640 supplemented
with 10% fetal bovine serum and 2 mM L-glutamine and passaged at regular intervals.

M14 and SW620 cells were plated into flat bottom 96-well plates at a density of 2.0 x 10%
cell per well. After 24 hour incubation at 37°C and 5% CO», increasing concentrations of
germline or mature 3F8 antibodies were added to each well. The control wells received
RPMI1640 media alone. Four replicates were performed for each concentration. Plates were
incubated at 37°C and 5% CO, for 72 hours. 10 uL of Cell Counting Kit-8 (CCK-8; Sigma
Aldrich) reagent was added to each well and the plate was incubated an additional 4 hours.
Cell number was measured by OD readings at 450 nm using a BioTek Synergy2
spectrophotomer.

Molecular Dynamics

A full description of the molecular dynamics simulation systems and parameters is available
in the Supplemental Information. Briefly, a germline homology model of the 3F8 Fab was
generated based on the previously published affinity mature 3F8 structure (Ahmed et al.,
2013). Multi-copy simulations were run using Amber 15 in the NPT ensemble with explicit
water, for a total simulation time of 100 ns for each Fab.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Study of immunological evolution of antibodies to a mammalian carbohydrate
Germline antibodies to ganglioside GD2 have unexpectedly high selectivity

Germline cross-reactivity not observed on glycan or human proteome
microarrays

Mature and germline GD2 antibodies demonstrate similar levels of rigidity
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Significance

Sterner et al. demonstrate that germlines antibodies to the mammalian glycan GD2 have
unexpectedly high selectivity. No cross reactivity was observed on a glycan microarray
with 500 components or a human proteome array with 19,000 proteins. Molecular
dynamics reveal pre-organized and relatively rigid binding pockets for the germline
antibodies.
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Figure 1.
Biosynthetic pathway for the synthesis of gangliosides. Structural diversity is generated

through the addition of sialic acid to form a3 branching with galactose and the addition of
glucosamine to form B4 branching. The target antigen, GD2, is boxed in red. Other
gangliosides present on the glycan array are contained within blue boxes.
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Figure 2.
Alignment of anti-GD2 antibodies with their putative germline sequences. Top rows

representative of germline amino acid structure. Bottom rows represent mutations from the
germline antibody (dashed = no mutation). Amino acids relevant in antigen binding, as
proposed by Ahmed et al. (2013), are highlighted in yellow. Complementary determining
regions (CDRs) are labeled as designated by IMGT analyses.
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Figure 3.

High specificity of anti-GD2 antibodies for antigen GD2. (A) Affinity mature 14.18 and (B)
germline 14.18 antibody react with high specificity towards antigen GD2. (C) The non-target
antigen with the highest observable binding was GQ2, at greater than 500-fold reduced
levels. (D) Affinity mature 3F8 and (E) germline 3F8 were also extremely specific for GD2.
(F) GQ2 binding was observed in 3F8 at levels greater than 250-fold reduced versus that of
GD2. Linear formats of these same data are demonstrated in Figure S3 to fully illustrate
antibody dose saturation. Data are represented as mean + standard deviation (minimum of 2
independent array experiments, duplicate spots per array). See also Figures S1-S5 and Table
S2.
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Figure 4.
3F8 antibody direct cytotoxicity. The 3F8 antibodies (mature and germline) were capable of

promoting direct cytotoxicity against the GD2-presenting M14 melanoma cell lines. These
antibodies were incapable of inducing direct cytotoxicity against the colorectal cancer cell

line SW620. Data are represented as mean + standard deviation of quadruplicate wells. See
also Figure S6 and Table S3.
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Figure 5.
Molecular dynamics analyses of unliganded 3F8. Worm plots of (A) germline 3F8 and (B)

affinity mature 3F8 illustrate a relatively rigid germline structure that loosens slightly during
affinity maturation. CDR loops are labeled and residue mutations between germline and
affinity mature are shown in stick representation. Histograms of RMSD distribution from the
starting conformation for CDR loops during the simulations. Light chain CDRs 1-3 (Figures
C-E respectively) and heavy chain CDRs 1-3 (Figures F-H respectively) illustrate the
propensity of mature CDRs to explore conformational space more liberally. See also Figure
S7 and Table S4.
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Figure 6.
(A-D) Snapshots of residues identified as contributing to antibody flexibility. (A) In the

germline structure, L29 of the heavy chain (shown in CPK representation with green
carbons) is involved in van der Waals packing with heavy chain residues V34, V78, and
K71. (B) In the mature structure, L29 is mutated to VV29. The result is a destabilization of the
HC loop by a decrease in van der Waals packing. (C) In the germline light chain, Y50
hydrogen bonds to the backbone carbonyl of HC H98, and forms a multiple ring-stacking
interaction with LC Y49, LC Y55, and HC Y99. (D) The mutation in the mature structure to
LC S50 weakens these interactions. (E-H) Top-down view of the antigen binding site
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surface of 3F8. Electrostatic surface of (E) germline and (F) affinity mature 3F8 structures.
Surface hydrophobicity of (G) germline and (H) affinity mature 3F8 structures. Surfaces
were calculated using VASCo and DelPhi and rendered in PyMOL.

Cell Rep. Author manuscript; available in PMC 2018 August 15.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Sterner et al. Page 28

Table 1

Apparent Kp values of recombinant anti-GD2 antibodies. Apparent Kp values were calculated using glycan
microarray analysis.

Antibody Kp.App mM)T  Literature? Ky ("M)  Fold Preferencet  Fold Preferencet
GD2vs. GT2 GD2 vs. GQ2

3F8 85 13+3 4000 250
Germline 3F8 146 -- > 5000 1000
Humanized 3F8 1.7 11+1 1500 200
3F8_mut (HC:1565) 128 - 5000 500
Dinutuximab (ch14.18) 60 778 > 5000 1000
Germline 14.18 1600 -- > 5000 250

”AII tested antibodies were of human IgG1 isotype.

fLiterature values, for comparative purposes, from Cheung et al. (2012)

’tFoId preferences indicate relative binding of GD2 over GT2 or GQ2 as estimated from the array data.
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