PNAS

BIOPHYSICS AND COMPUTATIONAL BIOLOGY

Check for
updates

Genetic and structural basis of the human anti-a-galactosyl

antibody response

David B. Langley®®, Peter Schofield®“®, Damien Nevoltris®
Jacqueline M. Matthews<, Antony Basten®¢

, Jennifer Jackson?
, Christopher C. Goodnow®®"

, Katherine J. L. Jackson?, Tim J. Peters?, Melanie Burk®,
, Sheryl van Nunen®8, Joanne H. Reed®? 2

, and Daniel Christ*®"

Edited by lan Wilson, The Scripps Research Institute, La Jolla, CA; received January 18, 2022; accepted May 10, 2022

Humans lack the capacity to produce the Galar1-3Galp1-4GIcNAc (a-gal) glycan, and
produce anti-at-gal antibodies upon exposure to the carbohydrate on a diverse set of
immunogens, including commensal gut bacteria, malaria parasites, cetuximab, and tick
proteins. Here we use X-ray crystallographic analysis of antibodies from o-gal knockout
mice and humans in complex with the glycan to reveal a common binding motif, cen-
tered on a germline-encoded tryptophan residue at Kabat position 33 (W33) of the
complementarity-determining region of the variable heavy chain (CDRH1). Immuno-
globulin sequencing of anti-at-gal B cells in healthy humans and tick-induced mamma-
lian meat anaphylaxis patients revealed preferential use of heavy chain germline
IGHV3-7, encoding W33, among an otherwise highly polyclonal antibody response.
Antigen binding was critically dependent on the presence of the germline-encoded
W33 residue for all of the analyzed antibodies; moreover, introduction of the W33
motif into naive IGHV3-23 antibody phage libraries enabled the rapid selection of
o-gal binders. Our results outline structural and genetic factors that shape the human
anti-a-galactosyl antibody response, and provide a framework for future therapeutics
development.

alpha-galactose | antibody | germline restriction | mammalian meat allergy

Human serum immunoglobulin (Ig) naturally contains a high proportion (~1%) of
antibodies directed against a-gal, a terminal Gala1-3Galpf1-4GIcNAc moiety linked to
proteins or ceramide (1, 2). The carbohydrate is found in high titers on the surface of
cells of most mammals but is notably absent in old world monkeys, humans, and other
great apes (3). This difference is due to the gene responsible for addition of the termi-
nal galactose, a1,3 galactosyltransferase (a1,3GT, or GGTAI) having been inactivated
in hominids some ~20 million to 30 million years ago (4). This likely occurred as a
survival mechanism against the emergence of an a-gal-containing pathogen (5-8). Sus-
tained antibody responses to the antigen are likely driven by continued exposure to
commensal gut bacteria that also express a-gal on their exteriors (9).

Anti-o-gal antibodies in human sera were first observed in blood pathologies
[3-thalassemia (10) and sickle cell anemia (11), where distorted red cells were coated in
antibodies associated with senescent red cells which contain reduced amounts of sialic
acid at their exteriors, thus revealing cryptic a-gal epitopes (12). It was postulated that
these antibodies helped remove old, damaged, or misshapen cells via phagocytic macro-
phages, or destruction via complement. Inadvertent defucosylation of the penultimate
galactose moiety of the B-type blood antigen would similarly expose a terminal o-gal
moiety within the H-antigen scaffold (13), perhaps explaining lower baseline anti-a-gal
titers in B-positive individuals (14, 15).

In 2007, one of us (S.v.N.) described an unexpected link between the development of
mammalian meat allergy (MMA) and prior tick bites (16, 17), later shown by Commins
et al. (18) to be due to specific IgE to Galal-3Gal. More recently, it has become appar-
ent that sensitization to the a-gal epitope is of key importance to cetuximab-induced
anaphylaxis (an a-gal-containing monoclonal antibody produced in murine NSO cells)
(19), MMA (18), tick anaphylaxis (T'A) (20), and the rejection of xenotransplants (21).
Although the mechanism by which ticks might prime a response leading to MMA
remains unclear (22), the phenomenon, also known as o-gal syndrome, is believed to
relate to the presence of endogenous a-gal in tick saliva (23, 24). It has also recently
been demonstrated that tick saliva, in and of itself, enhances the a-gal B cell response by
acting as an effective adjuvant (25). Recently, anti-a-gal IgE has been reported as a possi-
ble risk factor for coronary artery disease (26). In contrast to the detrimental effects of
the response in allergy and inflammation, high serum levels of anti-a-gal IgM have been
shown to be protective against malaria, in both observational human studies and animal
challenge experiments; indeed, it has been suggested that protection against malaria may
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Fig. 1. Crystal structure of M86 Fab in complex with a-gal at 1.55-A resolution. (A) The antigen-binding face of the Fab arm of the M86 antibody (V4 and V.
domains colored orange and tan, respectively) is complexed with the o-gal disaccharide («1-3 galactobiose, blue and red sticks). The free hemiacetyl
hydroxyl, via which attachment to other sugars is facilitated, is indicated by the asterisk. (B) Composite omit map (contoured at 1.5 SDs above the mean) for
the a-gal moiety allows the disaccharide to be placed unambiguously in the electron density. (C) Close-up view of the antibody-ligand interface. Residues of
interest are marked with Kabat numbering. Hydrogen bonds directly linking protein to a-gal are shown as dashed lines and are detailed in S/ Appendix, Table S2.
Two perspectives are shown. For detailed stereo views, see S/ Appendlix, Fig. S1. (D) Carbon pi bonds between the centroids of the aromatic rings and the carbon
moieties within the a-gal sugar are shown by gray dashed lines [image produced using Arpeggio software (71)]. Approximate shortest distances between the
planes of the ring and nearest a-gal carbon are shown as gray text. The GAL and GLA components of the «1-3 galactobiose molecule are indicated.

have facilitated the loss of a1,3 galactosyltransferase activity dur-
ing human evolution (27).

Investigation of a-gal reactivity has relied on monoclonal anti-
bodies derived from mice immunized with rabbit reticulocytes,
which are abundantly coated with this glycan (28). Antibodies with
superior specificity were identified by immunizing o-gal (1,3GT)
knockout mice (29). When four IgM clones were sequenced, all
derived from heavy-chain gene VH22.1 and light-chain gene
VKS5.1, suggesting that certain antibody gene families dominate rec-
ognition. One of these clones, M86, has been widely employed as
a prototypical anti-o-gal reagent (21). In humans, anti-a-gal anti-
bodies are found as IgG, IgM, and IgA isotypes (30), and, when
nine o-gal-binding clones were sequenced (31), eight had heavy
chains derived from the V33 gene family, and the other from the
Vyul family, suggesting that the repertoire from which binders are
derived might be restricted.

Here we investigate and structurally characterize the basis of
antibody heavy-chain gene restriction of the a-gal response. We
analyzed structural and genetic mechanisms of a-gal recognition

https://doi.org/10.1073/pnas.2123212119

by solving the crystal structure of the mouse M86-a-gal com-
plex, and characterize the affinity and structures of human anti-
a-gal antibodies isolated from a-gal-binding B cells of healthy
individuals and MMA patients.

Results

Structure of M86 in Complex with a-gal. To investigate the struc-
tural basis of a-gal recognition by the M86 monoclonal antibody,
the Fab arm was crystallized in the presence of the a-gal terminal
disaccharide (a1-3 galactobiose). The structure shows the o-gal
moiety sandwiched within the antigen-binding site (Fig. 1; see S/
Appendix, Table S1 for diffraction data and model refinement sta-
tistics). The o-gal binding pocket is lined predominanty by
CDRI1 and CDR3 of the Vi domain and CDR3 of the V.
domain (see SI Appendix, Fig. S1 for details). Collectively, Viy and
Vy residues bury ~300 A2 of the a-gal surface (SI Appendix,
Table S2). Two neighboring Fabs within the crystal make addi-
tional minor contributions, burying a further ~106 A* of o-gal
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(SI Appendix, Fig. S1 and Table S2). The largest contribution
from any single residue is Viy CDR1 tryptophan 33 [W33, Kabat
numbering used throughout (32, 33)], which buries 48 A?. The
centroids of its electronegative aromatic side chain project toward
one face (the a-face) of the carbohydrate, forming a carbon pi
interface (Fig. 1D and SI Appendix, Fig. S2). The aromatic side
chain of V| tyrosine 32 (Y32) forms a similar carbon pi interface
with the terminus of the ligand (Fig. 1D). The main chain of
W33 also contributes one of eight Fab ligand hydrogen bonds (57
Appendix, Table S2). Additional hydrogen bonds contact water
molecules that then contact the ligand (87 Appendix, Fig. S1). The
bulk of hydrogen bonds directly linking a-gal to the Fab udilize
donors/acceptors that are part of the main chain, rather than side-
chain residues; in particular, a very short Vi CDR3 loop (residues
95 to 97) forms the base of the binding pocket, contributing
hydrogen bonds with four hydroxyl groups along one edge of the
disaccharide. The pocket is additionally lined by another trypto-
phan, Vi W96, burying another 31 A* (Fig. 1Cand ST Appendix,
Fig. S1 and Table S2). Overall, binding is achieved by a combina-
tion of hydrogen bonds contacting the buried edge of the sugar,
and carbon pi interactions between the sides of the sugar and the
electronegative pi faces of adjacent hydrophobic residues.

a-gal Reactive B Cells in Controls and MMA Donors. Having
identified key features of a-gal recognition in M86, we next
sought to identify human anti-a-gal antibodies. Flow cytometry
was used to screen human blood for a-gal specific B cells (57
Appendix, Fig. S34). CD19" a-gal™ B cells were identified in
14 healthy donors evaluated (0.53 + 0.46% of total CD19" B
cells). Higher, but more variable, frequencies were observed in
four patients with MMA (2.1 + 2.2%) (SI Appendix, Fig. S3B).
Immunophenotyping was performed on a subset of seven con-
trols and three MMA patients (SI Appendix, Fig. S3C-E). In both
groups, a-gal* B cells were present in both naive and memory
compartments. There was a higher frequency of unswitched mem-
ory B cells among a-gal™ B cells compared to a-gal™ B cells, while
switched memory B cell proportions were comparable.

Germline Usage of a-gal Reactive B Cells. Germline and somatic
diversity of human anti-a-gal antibodies were analyzed by single-
cell sorting B cells binding fluorescently labeled a-gal and Sanger
sequencing paired Ig heavy- and light-chain genes in six controls
and four patients with MMA. Heavy-chain isotype usage in
a-gal™ B cells from both patients and controls revealed a response
dominated by IgM (Fig. 24). Immunophenotyping data con-
firmed that IgM was derived from both naive and unswitched
memory B cells. The a-gal” B cell sequences showed increased
usage of IgG isotypes and reduced IgA, relative to a-gal™ B cells
(Fig. 2A). No B cells with IgE isotype were identified in a-gal* or
a-gal” B cells for patients and controls. Evaluation of Ig heavy-
chain variable (IGHV) region usage in a-gal™ B cells from both
controls and MMA patients revealed a highly polyclonal response
comprising multiple IGHV gene families (Fig. 2G individual pro-
files in SI Appendix, Fig. S4). To identify IGHV regions signifi-
cantly enriched in a-gal™ B cells, we compared the frequency of
each V region (as a percentage of all a-gal™ or a-gal™ B cells
sequenced) for each individual (healthy donor and patient). Only
one IGHV region was statistically significantly increased in o-gal™
B cells compared to a-gal™ B cells: IGHV3-7 (P = 0.037). Nota-
bly, IGHV3-7 encodes amino acid W33 in CDRHI, a key
contributor in M86 recognition of a-gal (Fig. 1). Moreover, tryp-
tophan usage at position 33 was enriched in a-gal” B cells in
both controls (by 164%) and patients with MMA (by 157%),
where it was the third most common residue, while, in o-gal™
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Fig. 2. Ig heavy-chain isotyping and sequencing. (A) Ig heavy-chain isotype
of single-cell-sorted a-gal~ and a-gal* CD3~ CD19" lymphocytes from con-
trols and patients with MMA. The number of cells with sufficient constant
region coverage to reveal isotype are shown below each pie graph. (B) Fre-
quency of amino acids at position 33 of Ig CDRH1 in a-gal™ or a-gal* B cells.
The four most common amino acids are depicted: tyrosine (Y), alanine (A),
tryptophan (W), and glycine (G). Numbers below pie charts indicate the
total number of B cells with sufficient CDRH1 coverage to identify amino
acid position 33 from each group. (C) IGHV usage identified in B cells from
MMA patients (open blue circles) and controls (black dots). Each data point
represents the ratio of a-gal*/a-gal™ cells attributable to a particular germ-
line for each patient or control. The dashed line represents equivalent
numbers of a-gal* and a-gal™ B cells (ratio = 1). Data points above the line
indicate an IGHV bias for a-gal* B cells. The bars represent the mean
a-gal*/a-gal™ ratios for patients and controls combined. IGHVs containing
W33 in CDRH1 are shaded yellow. Only germlines for which both a-gal*
and o-gal™ B cells were detected are displayed. Patient-specific germline
counts from which these data were derived are shown in S/ Appendix, Fig. S4.

B cells, it was the fourth most common (Fig. 2B). Additionally,
W33 was always germline encoded, not resultant from enrichment
by somatic hypermutation. To determine whether differences in
somatic hypermutation between a-gal™ and a-gal ™ B cells existed,
we compared the frequency of IGHV region mutation in these
populations. Healthy controls showed a slight increase in somatic
mutations across a-gal™ B cells (3.9 + 5.3%) compared to a-gal™
B cells (2.5 + 3.9%) (P < 0.001); in contrast, patients with MMA
showed equivalent frequencies of V-region mutation (4.0 + 5.0%
vs. 3.7 &+ 5.2%, respectively; P = 0.48).

Complementing W33, the peptide backbone of CDRH3
also interacts prominently with M86 (Fig. 1). Evaluation of
CDRH3 across our dataset again revealed a highly polyclonal
response, with only one example of clonality (in one MMA
patient, two a-gal* B cells shared IGHV, IGH], and CDRH3
sequences). There were no significant differences in CDRH3
length when comparing a-gal™ B cells to a-gal™ B cells in con-
trols (15.6 vs. 16.0 amino acids) or patients with MMA (16.1 vs.
15.8 amino acids).

Since a-gal™ B cells were shown to contain more unswitched
memory B cells compared to a-gal™ B cells (S Appendix, Fig.
S3D), data from four donors and three MMA patients were
normalized using indexed flow sorting, enabling equivalent
populations of a-gal* and a-gal™ B cells to be compared. We
noted the same bias for 3-7 a-gal* in switched memory B cells
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Fig. 3. HKB7 and JEC1 Fab structures. (A) HKB7 structure (V4 and V. chains colored green and yellow, respectively, and a-gal colored gray) superposed with
the M86 structure (orange/tan Vy/V,, and blue a-gal). A superposition about the a-gal moiety is shown in S/ Appendix, Fig. S7. (B) Composite omit electron
density (contoured at 1.0 SD above the mean) for the a-gal moiety. The free hemiacetyl hydroxyl, via which attachment to other sugars is facilitated, is indi-
cated by the asterisk. (C) Antibody-ligand interface. Hydrogen bonds directly linking protein to o-gal are shown as dashed lines (detailed in S/ Appendix,
Table S5). Two perspectives are shown. For detailed stereo views, see S/ Appendix, Fig. S8. (D) In this structure, all three significant pi interfaces involve
heavy-chain residues (W33, Y58, and F98). Carbon pi bonds between the centroids of the aromatic rings and the carbon moieties within the a-gal sugar are
shown by dashed gray lines. Oxygen donor pi bonds are shown by blue dashed lines. Approximate nearest-atom distances between «-gal and the aromatic
centroids are indicated. The GAL and GLA components of the a1-3 galactobiose molecule are indicated. (F) HKB7 structure (green/yellow cartoon and sticks)
superposed with JEC1 Fab structure (dark/light blue, sticks and surface). The a-gal molecule from the HKB7 structure (gray and red sticks) sits in the JEC1

cleft, defined predominantly by Vi residues 33, 58, and 98.

in both cohorts (57 Appendix, Fig. S5, and individual profiles in
SI Appendix, Fig. S6). Moreover, 3-7 usage increased as cells
differentiated from naive to memory cells, for both healthy
controls (11% naive, 14% unswitched, and 25% switched) and
MMA patients (2% naive, 13% unswitched, and 20% switched)
(SI Appendix, Fig. S5), while, in a-gal™ B cells, there was litde
change (controls: 6% naive, 1% unswitched, and 7% switched;
MMA patients: 4% naive, 3% unswitched, and 5% switched).

Structures of Human anti-a-gal Antibodies. To determine
whether human antibodies derived from a-gal™ B cells with 3-7
and W33 shared the same o-gal recognition as M86, structures
were solved for two human IGHV 3-7-derived o-gal binding
clones, HKB7 and JECI1. These antibodies were isolated from
two patients, one with MMA and one with both MMA and TA
(SI Appendix, Tables S3 and S4, Donor IDs 11 and 1). Both IgM
and IgG isotypes of HKB7 were identified and JEC1 was IgM.

In the HKB7 structure (Fig. 3), clear evidence of a-gal-
derived electron density was observed in the antibody binding

https://doi.org/10.1073/pnas.2123212119

clefc (Fig. 3B). When superposed with the M86 protein fold
(Fig. 34, and with the a-gal moiety in S/ Appendix, Fig. S7;
MS86, orange/tan; HKB7, green/yellow), the CDRH3 regions
occupy different conformational space, reflecting both different
lineage (murine vs. human) and the highly polyclonal CDRH3
responses observed. However, the overall CDRHI binding
mode of HKB7 is closely related to that of M86, with a binding
cleft lined by aromatic residues, dominated by Vi residues
W33, Y58, and F98 (see Fig. 3C and SI Appendix, Fig. S8 for
stereo depictions, and S/ Appendix, Table S5 for buried surface).
Hydrogen bonds are mostly evident at the interface between the
sugar and the base of the cleft. The buried surface area, ~340 AZ,
is similar to that for M86, with the bulk contributed by W33 and
F98 (both ~50 A% S/ Appendix, Table S5). As for M86, the cent-
roids of aromatic rings participate in carbon pi and oxygen donor
pi interactions (Fig. 3D). By contrast, in the JECI structure, resid-
ual electron density at the antibody binding cleft better fitted
2-methyl-2,4-pentanediol (MPD; a component of the crysta-
llographic screen present at extremely high concentration; see
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SI Appendix, Fig. S9). However, the cleft is, otherwise, highly sim-
ilar to that of HKB7, lined by the side chains of Vi aromatic resi-
dues 33, 58, and 98. Indeed, placement of a1-3 galactobiose as a
consequence of superposition with HKB7 provided an adequate
fit into the JEC1 cleft (Fig. 3£ HKB7 in green/yellow, JECI in
dark/light blue, a-gal sticks from HKB7).

Affinity Measurements and Site-Directed Mutagenesis. Next,
we investigated in vitro binding affinities of the structurally
characterized antibodies as well as another human a-gal binding
clone carrying W33, HKD8 (germline IGHV3-15, IgA isotype,
sequence comparison in S/ Appendix, Sequences), both in mono-
valent (1:1) and multivalent binding formats using biolayer
interferometry (BLI) (Fig. 4). Both formats required a longer
(14 carbon vs. 3 carbon) linker tethering the a-gal component
and the bovine serum albumin (BSA) substrate. When monova-
lent soluble Fabs were interrogated, the antibodies all bound to
a-galactobiose-conjugated BSA (a-galactobiose-BSA) immobi-
lized on the sensor with equilibrium binding constants in the
micromolar range (M86 < HKD8 < HKB7 « JECI; Fig. 4,
Lefd). This affinity range was confirmed by isothermal calorime-
try performed with the M86 Fab and uncoupled a-galacto-
biose, which reported an affinity of ~100 pM (87 Appendix, Fig.
$10). Such a low monovalent affinity range is commonly observed
for antibody carbohydrate interactions. In marked contrast, when
soluble multivalent a-galactobiose-BSA (~25 a-galactobiose per
BSA) was interrogated by immobilized biotinylated Fab fragments
on the surface of the biosensor, as a collective, the antibodies
bound more potently (Fig. 4, Center Lefy). To further investigate
the role of W33, alanine substitutions were introduced at posi-
tion V33 (W33A); these substitutions abolished binding, even
under multivalent conditions (Fig. 4, Center Righ?). Similar
results indicating the importance of W33 were obtained when
a-galactobiose-BSA was substituted with a-gal coupled to human
serum albumin (a-gal-HSA; ST Appendix, Fig. S11). Further, when
the o-galactobiose-BSA analyte was substituted with N-acetyl-
lactosamine-BSA (o-gal missing the terminal galactose moiety),
binding was also abolished (Fig. 4, Right).

Phage Display Selections. Given the apparent importance of
W33, we further investigated whether introduction of the residue
would endow a-gal binding capacity onto an otherwise different
antibody germline. For this purpose, we utlized a previously
reported antibody phage library based on IGHV3-23 (34), a com-
monly used germline in human antibody therapeutics. More spe-
cifically, we utilized Kunkel mutagenesis to modify position 33 in
the library, restricting diversity to tryptophan or, alternatively, ala-
nine only (87 Appendix, Table S6). The libraries were then selected
against o-gal, using different carrier proteins for round 1 and
round 2 of the selections (chemically modified BSA and mouse
laminin, which is naturally rich in a-gal, respectively). This experi-
ment indicated the enrichment of a-gal (cross-specific) signal after
two rounds of selection for the W33 library only (gain of function)
(Fig. 5A). Three of the selected clones were further characterized
by sequencing (S Appendix, Sequences), which revealed that, while
the clones displayed diverse CDRH3 sequences, they shared a
common “WXG” motif within CDRH1 (positions 33/35). As
had been observed for the human- and mouse-derived antibodies,
site-directed mutagenesis of the W33 position into A33 abolished
binding to a-gal antigen (>100-fold signal reduction) (Fig. 5B).

Discussion

A structural appreciation of antibody—carbohydrate interactions is
crucial to understanding how the immune system interacts with
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antigens containing carbohydrate entities. Early attempts to
understand antibody—carbohydrate interfaces suggested that three
or four carbohydrate units were required to interact with antigen-
binding sites (35). Initial characterization of the a-gal epitope
determined a requirement for three carbohydrate units, thereby
defining the canonical a-gal entity (Galal-3Galp1-4GlcNAc)
(29). The murine and human antibody-a-gal structures outlined
here suggest that only the terminal two al-3-linked galactosyl
sugars are absolutely required, with the free-hemiacetyl hydroxyl
(through which attachment to further sugars is mediated) posi-
tioned at the exterior of the binding groove (Figs. 1 and 3).
Indeed, removal of the terminal galactose moiety abolished
binding (Fig. 4, Righ). In both mouse and human structures,
aromatic residues line a shallow elongated cleft into which the
terminal disaccharide slots, with hydrogen bonds connecting the
spine of the sugar to the bottom of the cleft (Figs. 1 and 3).

The galactose moieties at the terminus of the a-gal epitope
are not stereochemically equivalent. Examinations of monosac-
charides bound by protein crystal structures (36-38) show that
the a-face of p-D-galactose (Protein Data Bank [PDB] identi-
fier GAL; the penultimate sugar of the a-gal epitope, indicated
by an asterisk in Figs. 1 and 3 and SI Appendix, Fig. S2) out-
wardly projects a greater concentration of unencumbered elec-
tropositive CH atoms than its p-face, or by either the a- or
fB-faces of a-D-galactose (PBD identifier GLA, the terminal
galactose of the a-gal moiety). Further, the more electropositive
faces of monosaccharides are more likely to stack against the
electronegative pi planes of aromatic residues especially trypto-
phan and to a lesser extent tyrosine and phenylalanine. Consis-
tent with this thesis, in the mouse-derived M86 structure, it is
the a-face of the penultimate GAL moiety that is positioned
with its pyranose ring plane stacked against that of the side
chain of W33, forming multiple carbon pi contacts (Fig. 1D
and SI Appendix, Fig. S2). The p-face of this GAL moiety is rel-
atively free of contact with the antbody. In contrast, despite
lacking an overtly electropositive a- or p-face, the terminal GLA
moiety still contributes carbon pi hydrogen bonds to the side
chain of the neighboring tyrosine residue (Y32), but via a smaller
end-on pose utilizing the triangular terminus (CH atoms at the
C3, C4, and C5 positions) of the 4C, chair conformation of the
pyranose ring (Fig. 1.D and SI Appendix, Fig. S2). In the human-
derived HKB7 structure, a similar binding theme is adopted. The
penultimate GAL is positioned with its more electropositive
a-face against the ring plane of W33 (Fig. 3D). In contrast to
M86, the B-face of the sugar makes additional carbon pi, as well
as oxygen pi, contacts with the side chain of F98. The terminal
GLA moiety also contributes a mix of carbon and oxygen pi
bonds, in this case with Y58, but, like M86, using a more end-
on pose (Fig. 3D).

The PDB currently houses ~120 structures of antibodies
bound to carbohydrate ligands [SAbDab structural antibody data-
base (39)]. A nonredundant set of ~10, including our o-gal
structures, employ a tryptophan residue at V33 (S/ Appendix,
Table S7). The indole face of W33 is positioned adjacent to a
variety of sugars, where it contributes its electronegative pi face
toward an electropositive face or end of the adjacent sugar, often
in combination with additional CDR-derived aromatic residues.
In several cases, galactose units are part of the ligand but not sig-
nificantly contacted by the antibody. In only one case does W33
bind a galactose moiety [part of the Lewis™ antigen, PDB entry
luz8 (40)], with the a-face of the single GAL unit juxtaposed
similarly as in our a-gal structures (S Appendix, Table S7). Tryp-
tophan aside, ~15 structures contain a tyrosine residue at posi-
tion V33, although in only one case does Y33 instigate carbon
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Fig. 4. Anti-a-gal affinity as determined by bilayer interferometry. Fab formats assayed comprised M86 (mouse hybridoma), HKD8 and HKB7 (human MMA
patient), and JECT (human MMA and TA patient). At the top are cartoon depictions of experimental formats used to measure stoichiometric (1:1) and avidity-
mediated binding. The 1:1 binding utilized biotinylated BSA-galactobiose conjugate attached to the biosensor (Left). Fab concentrations of 24, 12, 6, and 3 pM
were incubated with the sensor. Avidity was gauged by flipping the format; biotinylated Fab was loaded onto streptavidin biosensors (heavy and light chains;
orange and light orange) and used to capture multivalent BSA-galactobiose (GLA-GAL; green spheres) (Center Left) or BSA-N-acetyl-lactosamine (GAL-GIcNAc
(PBD identifier NAG [N-Acetylglucosamine]); green sphere + blue square) conjugates (Right). For all four antibody Fabs, the W33A heavy-chain point mutant
abolished binding (Center Right), and none were capable of binding N-acetyl-lactosamine, equivalent to the a-gal epitope missing the terminal galactose moiety.

pi contacts with the galactose unit [Lewis® antigen, PDB entry
Icly (41)].

Antibody interactions aside, the PDB houses another ~1,000
protein—carbohydrate structures. This ensemble contains lectins,
galectins, agglutinins, adhesins, and carbohydrate modification
enzymes, and informs how non-Ig designs bind carbohydrate.
Dozens bind a disaccharide whereby a GAL moiety is paired
with a-D-glucopyranose (i.e., lactose), 2-acetamido-2-deoxy-B-D-
galactose (T-antigen or galacto-N-biose), 2-acetamido-2-deoxy-
a-D-galactose (TF-antigen), or 2-acetamido-2-deoxy-f-D-glucose
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(N-acetyllactoseamine; essentially a-gal missing the terminal GLA).
In contrast to our antibody structures (shallow groove accommo-
dating two carbohydrate units), the binding mode for most of these
is a dimple predominantly accommodating just one carbohydrate
residue, in most cases, GAL and involving an aromatic residue
(mostly tryptophan) and a carbon pi interface with the a-face of
the sugar [e.g., PDB entries 5cbl (42) and 4owl (43)]. Many
structures contain galactose units as part of the trisaccharide or
tetrasaccharide human blood group antigens A, B, and H, or var-
iants such as Lewis®, Lewis®, Lewis™, or Lewis'. These ligands

pnas.org



Library selection on-phage.

A mm BSA
Round 1 against a-gal-BSA == BSA a-gal
Round 2 against mouse laminin = Mouse laminin
15 A33 w33 A33 w33
CDRH1 fixed CDRH1 fixed CDRH1 CDRH1
randomized randomized
E 1.0
(=]
un
<
o
O o5 ]
o 1 2 0o 1 2 0o 1 2 0o 1 2
Rounds of selection
B
15 7 -
B9-W33 F2-wW33 D11-w33
F2-A33 , o D11-A33
E 1.0 -
c
(=]
(]
<
8 0.5 . o
0.0 | [

108 107 10°

Phages/mL

10° 10" 10" 102 10° 4107 10® 10° 10' 10™ 410%2 106 107 10® 10° 10" 10" 10"

Fig. 5. Vy W33-primed phage libraries and anti-a-gal affinity. (A) Polyclonal phage ELISA response of scFv libraries containing Vi position 33 fixed to alanine
or tryptophan through two rounds of selection. (B) The binding capacity of three Vi; W33 containing anti-a-gal binding clones (B9, F2, and D11), could be
abolished by a heavy-chain W33A mutation. OD450 nm, optical density at 450 nm.

are typically nonlinear, and the carbohydrate binding pocket is
often small, with the interface dominated by a more deeply bur-
ied sugar, often fucose (FUC), with GAL or GLA components
often contributing little contact [e.g., PDB entry 2obt (44)]. In
other cases, especially B-group blood antigen binders (where the
ligand includes GLA-GAL, as with a-gal), a larger binding
pocket employs an aromatic residue (usually tryptophan) stacked
against the a-face of the GAL unit [e.g., PDB entry 2ygm (45)].
Contrasting modes of binding (antibody vs. nonantibody) are
evident in Lewis™ structures; nonantibody Lewis™ binders inter-
face ligand primarily via the FUC component of the sugar, while,
in the antibody binder, GAL is stacked against W33 employing
carbon pi interactions. Outside of B-group blood antigen bind-
ers, PDB entries with consecutive galactose residues are infre-
quent and don’t always employ the same a1-3 linkage as found
in a-gal, although most involve a tryptophan-GAL interface (57
Appendix, Table S8); however, unlike the antibody structures,
most employ a small binding pocket accommodating just the
terminal (proximal) sugar unit (usually GAL, but sometimes
GLA). In the cases of some glycosyl hydrolases, two or three
consecutive GAL residues of poly-GAL substrates are captured in
the substrate entry channels, each similarly interfaced with its
own tryptophan residue [PDB entries 6q3r (46) and 2ccr (47),
respectively].

Six structures contain trisaccharides either identical or very
similar to oa-gal itself (SI Appendix, Table S8, bottom rows).
Two of these employ no carbon pi interfaces, and two employ
carbon pi interfaces but bind primarily through the terminal
GLA residue, while two unrelated fungal lectins bind in a man-
ner similar to our antibody structures (superposed with M86
about the central GAL in Fig. 6). One of these binds via a

shallow depression where significant contact is limited to the
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central GAL [Fig. 64; PDB entry lule (48)], while the other
employs a shallow elongated cleft that accommodates the termi-
nal GLA-GAL residues [Fig. 6B; PDB entry 2iho (49)]. As
with M86, in both cases, the GIcNAc (PBD identifier NAG)
component at the reducing end of the sugar projects away from
the surface and makes little contribution to binding. Both lec-
tins employ a similarly positioned tryptophan (W72 or W35),
which partakes in carbon pi interactions with the a-face and
edge of the penultimate sugar, similar to the mode observed in
the case of W33 presented by both the murine and human
a-gal binding antibodies. Hence, the mode of binding dis-
played by our antibody-derived a-gal binders is similar to at
least some of the non-Ig modes of a-gal binding noted to date.
The monovalent equilibrium dissociation constants (Kp)
determined for M86, HKD8, HKB7, and JECI binding to
a-gal are in the micromolar range (Fig. 4), below those com-
monly observed for antibody—protein interactions but typical
for many antibody—carbohydrate interactions (50). In part, this
reflects the small surface areas buried at the interfaces (~300 A?
to 350 A%). It may also reflect thermodynamics, wherein mod-
est enthalpic gains due to binding are offset by high entropy
costs associated with constraining the torsional flexibility of gly-
cosidic bonds, and the rearrangement of water molecules associ-
ated with the solvated ligand and the binding cleft. Antigen
accessibility is also known to be important (51), and a linker
(14 atoms as compared to 3) between the galactobiose and the
carrier protein (BSA) was absolutely required to enable binding.
More potent binding was observed when assaying the antibod-
ies for multivalent binding (Fig. 4), in agreement with the obser-
vation that the bulk of the a-gal response in mice (29) and
humans is of the (pentameric, or hexameric in the absence of
the ] chain) IgM isotype (Fig. 2A4). Lectins, similatly, are often
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Fig. 6. Antibody and lectin a-gal binding modes. The M86 structure (orange Ig domains and blue galactobiose) superposed about the central GAL moiety
with (A) galectin CGL2 from Coprinopsis cinerea (teal cartoon and ligand, PDB entry 1ule), and (B) lectin MOA from Marasmius Oreades (pink cartoon and
ligand, PDB entry 2iho). Both employ a shallow elongated cleft and employ a tryptophan (W72 and W35, respectively) analogous to W33 in the M86 struc-
ture, adjacent to the o-face of the penultimate GAL unit. Perspectives from above (Top) and the side (Bottom) are shown.

presented as surface-associated clusters, underlying the impor-
tance of avidity to protein—carbohydrate interactions (52).

Flow cytometry revealed a-gal* B cells in healthy controls at a
frequency consistent with levels reported previously (~1%) (2),
although individual MMA patients with 3 to 4% were also
observed (S Appendix, Fig. S3B). A higher proportion of a-gal*
B cells were unswitched memory (relative to o-gal™ B cells),
which have an increased propensity to differentiate into antibody-
secreting plasmablasts compared to IgG-switched counterparts
(53), indicating that a-gal™ unswitched memory B cells may be
important in the early response against o-gal-cloaked pathogens
such as malaria. Sequencing of a-gal* B cells from controls and
MMA patients revealed a polyclonal heavy-chain gene response.
However, it is possible that a portion of the polyclonal response
observed may result from nonspecific receptors recognizing a
range of carbohydrate moieties, thus contributing to a low affinity
a-gal response. Nevertheless, IGHV germline 3-7 antibodies were
increased, relative to other IGHV, particularly in the memory
compartment (Fig. 2 and 87 Appendix, Fig. S5). Here, 3-7 was
used by 11 to 25% of a-gal”™ memory B cells (Fig. 2), in contrast
to a prior study using massively parallel B cell Ig sequencing in
which 3-7 was used by less than 2% of mature naive or switched
memory B cells and ~5% of IgM memory B cells (54).

Comparison of total a-gal™ and a-gal™ B cells from controls
and patients confirmed a significant increase in the usage of
3-7, which contains Vi W33. These data support prior reports
of human anti-a-gal clones using 3-7 (31), and of immunized
a-gal knockout mice preferencing a heavy chain encoding W33
(30) (VH22.1, including M86 characterized here; germline
alignments shown in SI Appendix, Sequences), suggesting that,
as for humans, distinct antibody germlines preferably yield
more a-gal binders (21).

https://doi.org/10.1073/pnas.2123212119

However, W33 is not the sole determinant predisposing
a-gal binding. Indeed, five other IGHV germlines encode W33
(3-15, 3-74, 4-4, 4-28, and 5-51, colored yellow in Fig. 2C and
SI Appendix, Fig. S5), yet are often only moderately enriched,
and lack the detectable bias for a-gal binding noted for 3-7. This
might reflect sample size, or differences in other positions critical
to binding, such as Vi position 50. HKB7 and JECI contain
aspartic acid and asparagine at Vi 50. In HKB7, the projected
side chain of Vi D50 contributes a hydrogen bond to a-gal
(Fig. 3C). Other W33-encoding IGHV germlines contain differ-
ent residues at position 50, such as arginine (3-15, 3-74), gluta-
mate (4-4), or tyrosine (4-28), whose larger side chains might
sterically occlude the surface pocket characterized in our structures,
and thus impede binding. Indeed, the diversity of a-gal binders
observed, combined with insights from other protein—glycan struc-
tures (S Appendix, Tables S7 and S8), suggests that different com-
binations of residues might achieve low-affinity binding to a variety
of carbohydrate ligands.

The a-gal antibody response was remarkably similar in healthy
individuals and MMA patients, reporting similar IGHV germ-
lines, rates of somatic hypermutation, CDRH3 lengths, and B cell
phenotype. Moreover, ant-o-gal IgE, associated with MMA, were
also absent in patients and healthy donors. These data may be
explained by the overall low frequency of IgE-expressing B cells in
blood, the possibility that pathogenic IgE B cells preferentially
localize in tissue, and the timing of sampling (e.g., time since
exposure to mammalian meat and anaphylactic episode). A better
appreciation of factors that prompt class switching to IgE will be
required to more fully understand the pathogenicity of anti-a-gal
antibodies.

The findings outlined here provide evidence that germline
restriction, and, in particular, the presence of an IGHV3-7
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germline-encoded tryptophan residue (W33), characterizes the
human anti-a-gal antibody response. We observed not only
that this residue was essential for binding for all of the analyzed
antibodies (as indicated by mutation) but also that the intro-
duction of a W33 residue into an otherwise unrelated germline
(IGHV3-23) endowed a-gal binding onto an existing naive
antibody phage display library. The ability to produce antibod-
ies with a-gal reactivity in a defined fashion may enable devel-
opment of therapeutic anti-a-gal antibodies, for instance, for
protection against malaria or for inhibition of pathogenic anti-
a-gal antibodies in meat anaphylaxis and xenotransplant rejection.
With IGHV3-23 representing by far the most commonly used
germline in human antibody therapeutics (including Herceptin,
Humira, Avastin, and others) (55), our findings may open up
strategies toward antibody therapeutics development for a-gal
targeted human applications including in MMA, malaria, and
xenotransplantation.

Materials and Methods

Fab Expression and Purification. The Fab heavy- and light-chain sequences
of mouse monoclonal M86 (29) were cloned into separate pCEP4 expression
vectors (Thermo Fisher Scientific) via Konl and BamH1 restriction sites. Fab arms
of HKB7 and JECT were cloned accordingly. Heavy chains were C-terminally hex-
ahistidine tagged. Transient expression involved transfecting Expi293 cells using
a 2:1 ratio of heavy- to light-chain vectors (Thermo Fisher Scientific). Fabs were
purified from cell culture supernatant using HisTrap FF Crude columns (GE
Healthcare), then purified via gel filtration using an S200 26/60 column
plumbed with 25 mM Tris (pH 8.0), 100 mM NaCl, as the running buffer. Fab
fractions were pooled and concentrated to ~1.5 mg/mL with spin filters (Amicon
Ultracel TOKMWCO, Merck).

Cohorts. Noncoagulated blood was obtained from the Australian Red Cross
Blood Service (n = 12), from additional controls unexposed to tick bites (n = 2),
and from patients with MMA (n = 3) or MMA and TA (n = 1) (SI Appendix,
Tables S3 and S4). MMA was diagnosed only after recurrent episodes of anaphy-
laxis delayed by 3 h to 6 h following the ingestion of mammalian meat, asso-
ciated history of tick bite, and demonstration of a-gal-specific IgE at titers of
<0.35 kUA/L. Diagnosis was not based on the presence of serum anti-o-gal IgE
alone (56). Peripheral blood mononuclear cells (PBMCs) were prepared with
Ficoll Histopaque and cryopreserved in Roswell Park Memorial Institute Medium
(RPMI) 1640, 50% heat-inactivated human serum, and 10% dimethyl sulfoxide.
The study was approved by the human research ethics committees of St Vincent's
Hospital and Royal North Shore Hospital; written informed consent was obtained
from all participants.

Fluorescence-Activated Cell Sorting. Alexa Fluor 647 BSA-a-gal conjugate
was prepared from Alexa Fluor 647 NHS ester (Thermo Fisher Scientific) and
a-galactobiose-BSA (Dextra) as per the manufacturer's instructions. Conjugate
(0.25 pM to 0.5 pM) was premixed with fluorescently conjugated antibodies
(CD19, CD20, IgD, CD27, CD38, viability dye, CD3, CD14) and added to thawed
PBMCs for 30 min at 4°C. CD19* a-gal* or CD19* a-gal ™ cells were single-
cell sorted using a fluorescence-activated cell sorting Aria Il (BD Biosciences)
into 96-well plates containing 5 pL of 10 mM Tris, pH 8.0, and 1 unit/uL RNasin.
Plates were stored at —80 °C for 1 wk to 4 wk prior to processing.

Immunoglobulin Sequencing. Paired heavy- and light-chain immunoglobin
genes were amplified from single sorted B cells using forward primers specific
for heavy- and light-chain variable region leader sequences and reverse primers
targeting a, v, p, €, k, and A constant regions as described (57). PCR products
were Sanger sequenced using 3’ nested PCR primers (57) and analyzed using
MiXCR software (58). Selected paired heavy- and light-chain sequences were
expressed as Fabs as outlined above. Raw sequencing reads of heavy-chain V
regions are available in S/ Appendiix.

Fab-a-gal Complexes. The o1-3 galactobiose (Dextra) was dissolved in water
and spiked into Fab samples such that the molar ratio of a-gal:Fab was ~30:1,
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after which samples were concentrated (10KMWCO spin filters) to ~6 mg/mL to
8 mg/mlL for crystallization.

Crystallography. Crystallization experiments used a Mosquito robot (TTP Lab-
tech) to combine equal volumes (400 nL) of protein and well solution in a
96-well sitting-drop format. M86 crystals grew in SaltRx condition E10 (Hampton
Research). Crystals were optimized in a 24-well hanging-drop format combining
equal volumes (2 pL) of protein and well solution (1.5 M NaH,P04.H,0.K,HPQ,,
pH 8.0). JEC1 crystals grew in JCSG+ condition D5 (Molecular Dimensions) and
were optimized using 100 mM Hepes (pH 7.4), 65% (vol/vol) MPD. HKB7 crys-
tals grew in JCSG+ condition C2 (1M LiCl,, 100 mM citrate [pH 4.0] 20%
[wtivol] PEG6000). Crystals were plunge frozen into liquid nitrogen.

Diffraction data were recorded at Australian Synchrotron beamlines MX1
(JECT) and MX2 (M86, HKB7) using ADSC Quantum 315r (MX1) or Dectris Eiger
X16M detectors (MX2); 360° sweeps of data were recorded in 1° oscillations
(MX1), or deconvoluted into 3,600*0.1° images (MX2). Reflections were
indexed and integrated using iMOSFLM (M86 and JECT) (59) or X-ray detector
software (HKB7) (60). Space groups were determined with Pointless (61). and
scaling and merging were performed with AIMLESS (62), both components of
CCP4 (63). Structures were determined by molecular replacement using Phaser
(64), where a single Fab arm (PDB 1n8z) was first split into variable and constant
pairings (VH+VL and CH1+CL1). Rigid body and restrained B-factor refinement
were performed with a combination of REFMAC5 (65) and Phenix Refine (66),
interspersed with manual inspection and modification using Coot (67). Waters
were modeled if satisfying hydrogen bond networks. Electron density consistent
with a o-gal moiety was immediately evident in the M86 and HKB7 structures.
The «1-3 linked galactobiose was modeled into this feature late in refinement.
In the case of JECT, residual density existed; however, being smaller in volume,
it more likely represented multiple conformations of MPD, which comprised
65% (volivol) of the crystallization condition (not included in the final model).
The HKB7 structure could be solved in two related space groups, C2221 and C2
(b angle measuring 90.00° or 90.91°), with one and two Fabs present in the
asymmetric unit. Although models refined similarly, sufficient differences
between Fab molecules for the lower symmetry (C2) space group (with relaxed
noncrystallographic symmetry restraints) prompted PDB submission of the C2
model.

Affinity Measurements. Kinetic association and dissociation constants of the
interactions between M86, JEC1, HKD8, and HKB7 antibodies and conjugated
a-gal variants were measured using BLI using streptavidin biosensors on a BLltz
system (ForteBio). When testing 1:1 binding affinity, biotinylated o-galactobiose-
BSA (14-atom linker, Dextra) was loaded onto biosensors, and binding with differ-
ent concentrations of Fab was measured. Kinetics were determined by global
fitting using BLItzPro1.2. When testing binding in an avidity context, biotinylated
Fab was loaded onto biosensors, and binding was measured with different
concentrations of «-galactobiose-BSA, N-acetyl-lactosamine-BSA (14 atom linker,
Dextra), or a-gal-HSA (14 atom linker, Carbosynth). In all cases, sensor tips were
prewashed in unconjugated BSA.

Isothermal Titration Calorimetry. Protein was dialyzed overnight at 4 °C
into phosphate-buffered saline (PBS) and filtered (0.22 pM) prior to use. The
a1-3 galactobiose (Dextra) was dissolved in the same buffer. Isothermal titration
calorimetry was performed at 25°C using an i200 MicroCal microcalorimeter
(ATA Scientific). Ligand was used at a concentration of 1 mM, and M86 Fab was
used at a concentration of 52 pM. Baseline data were measured by titration of
ligand into buffer and subtracted from experimental data. Data were analyzed
using Origin 7.0 isothermal titration calorimetry Data analysis software (MicroCal).

Phage Library Construction. The Garvan2 scFv library (based on human heavy-
chain DP47 [IGHV3-23] and light-chain DPK9 germlines) (75), was used to construct
further libraries by Kunkel mutagenesis (68). For each library, modifications were
restricted to CDRH1. Position 33 was either Tryptophane (W) or Alanine (A), with
CDR diversity at other positions as in the parental library (SI Appendlix, Table S6).

Phage Selections. Two rounds of phage display selections were carried out
essentially as previously described (69), alternating the antigen between o-gal-
conjugated BSA (o-gal-BSA, 14 atom linker, Dextra) and mouse laminin (Sigma-
Aldrich), a glycoprotein rich in a-gal. In round 1, 10" phages from each library
were deselected against 3% (wt/vol) unconjugated BSA, then selected against
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96-well MaxiSorp (Nunc) ELISA plate wells coated with 250 nM «-gal-BSA and
blocked with PBS supplemented with 0.1% Tween-20 and 4% skim milk powder
(MPBST). Bound phages were eluted with trypsin, then used to infect TG1 bacte-
ria from which phages were harvested for the next round. Phage outputs for
W33 and A33 libraries were 5 x 108 and 2 x 10%, respectively. For round 2,
10" phage recovered from round 1 were similarly blocked, then selected
against wells coated with 100 nM mouse laminin. Outputs for W33 and A33
libraries were 4 x 107 and 4 x 108, respectively.

Phage ELISA. For phage ELISA, plate wells were coated with 150 nM BSA or
a-gal-BSA overnight at 4 °C, then blocked for 2 h with MPBS; 1 x 107 purified
phages were blocked in MPBST and incubated in wells for 1 h. Plates were
washed in PBST, incubated with horseradish peroxidase-conjugated anti-M13
antibody (GE Healthcare) for 1 h, and washed 3 times with PBST. Plates were
then incubated with 3,3’,5,5'-Tetramethylbenzidine substrate (Perkin-Elmer), the
reactions quenched with HCl, and then detected at 450 nM (ClarioStar-
BMG Labtech).

Statistical Analyses. Cohort level differences in V-region usage between
a-galt and a-gal™ B cells were tested in patients and controls separately, and
then between patients and controls (interaction test) by transforming counts and
testing for differential usage using limma voom (70). In this case, individual
V-region counts were treated as genes from an RNA sequencing experiment. Rel-
ative V-region enrichment of a-gal* B cells relative to a-gal™ B cells within the
same donor was calculated using a ¢ test. In all cases, false discovery correction
(Benjamini-Hochberg) was performed on per-region P values, and false discov-
ery rate values of <0.05 were considered significant.
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