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ABSTRACT Capsular polysaccharides (CPSs) are major virulence factors that decorate
the surfaces of many human bacterial pathogens. In their pure form or as glycoconju-
gate vaccines, CPSs are extensively used in vaccines deployed in clinical practice world-
wide. However, our understanding of the structural requirements for interactions
between CPSs and antibodies is limited. A longstanding model based on comprehen-
sive observations of antibody repertoires binding to CPSs is that antibodies expressing
heavy chain variable gene family 3 (VH3) predominate in these binding interactions in
humans and VH3 homologs in mice. Toward understanding this highly conserved inter-
action, we generated a panel of mouse monoclonal antibodies (MAb) against
Streptococcus pneumoniae serotype 3 CPS, determined an X-ray crystal structure of a
protective MAb in complex with a hexasaccharide derived from enzymatic hydrolysis of
the polysaccharide, and elucidated the structural requirements for this binding interac-
tion. The crystal structure revealed a binding pocket containing aromatic side chains,
suggesting the importance of hydrophobicity in the interaction. Through mutational
analysis, we determined the amino acids that are critical in carbohydrate binding.
Through elucidating the structural and functional properties of a panel of murine
MAbs, we offer an explanation for the predominant use of the human VH3 gene family
in antibodies against CPSs with implications in knowledge-based vaccine design.

IMPORTANCE Infectious diseases caused by pathogenic bacteria are a major threat to
human health. Capsular polysaccharides (CPSs) of many pathogenic bacteria have been
used as the main components of glycoconjugate vaccines against bacterial diseases in
clinical practice worldwide, with various degrees of success. Immunization with a glyco-
conjugate vaccine elicits T cell help for B cells that produce IgG antibodies to the CPS.
Thus, it is important to develop an in-depth understanding of the interactions of carbo-
hydrate epitopes with the antibodies. Structural characterization of the ligand binding
of polysaccharide-specific antibodies laid out in this study may have fundamental bio-
logical implications for our comprehension of how the humoral immune system recog-
nizes polysaccharide antigens, and in future knowledge-based vaccine design.

KEYWORDS carbohydrate antigens, capsular polysaccharide, monoclonal antibody,
VH3 gene family, Streptococcus pneumoniae, conjugate vaccines, glycoconjugate
vaccine, monoclonal antibodies

taphylococcus aureus (1), Neisseria meningitidis (2), Salmonella enterica serovar
Typhi (3), and Streptococcus pneumoniae (4) are a few examples of major human
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pathogens that possess polysaccharide capsules (5). Such capsules play important roles
in the virulence of bacteria (6), as they protect them from complement-mediated kill-
ing, bind and keep cationic antimicrobial peptides (CAMPs) at a distance from bacterial
membranes (7, 8), prevent attachment and subsequent internalization by phagocytes,
and prevent phagosome-lysosome fusion (9). Capsules cover the bacteria and act as a
shield around them. Streptococcus pneumoniae, for example, is embedded in a thick
CPS layer that isolates and protects the bacterium from immune responses (4). Since
an immune response toward this protective barrier can render bacteria less virulent,
capsular polysaccharides are utilized as antigens in many vaccines, such that immune
responses are directed to these structures (10).

Raising antibodies against pathogenic organisms via vaccination has been a major
form of protection (11). For pure polysaccharide vaccines and glycoconjugate vaccines,
it is the capsular polysaccharide that is the desired target of antibody responses.
Therefore, understanding the structural and biochemical requirements for how carbo-
hydrate-specific antibodies bind to their ligands is of great importance for designing
vaccines against these antigens. Previous studies have demonstrated that, in human
antibodies, there is a biased usage of the VH3 gene family against carbohydrates, espe-
cially bacterial capsular polysaccharides, including capsular polysaccharides of
Streptococcus pneumoniae type 23F, 8, 6B, and 3, Haemophilus influenzae type b, and
Cryptococcus neoformans (12-21), but the preferred binding mechanism utilized by the
VH3 gene family is not known. Another previous report described the binding of
human VH3-encoded MAbs to pneumococcal type 3 polysaccharide Pn3P (22). Based
on the findings of this study, a relationship with antibody-antigen interaction and the
biological function of the antibody was proposed. We set up a study to investigate this
mechanism using Streptococcus pneumoniae capsular polysaccharide 3, since serotype
3 is one of the leading serotypes causing complicated pneumococcal pneumonia (CPP)
(23), otitis media in children (24), and invasive pneumococcal disease in adults and
older children (25). Pn3P is an important virulence factor required for the bacterium to
cause disease in human hosts (26). Enzymatic hydrolysis of the Pn3P on the bacterial
surface reduces its virulence dramatically by eliminating the protective capsular shield
and leaving bacteria defenseless against host immune clearance (27-29). Pn3P is a lin-
ear polysaccharide consisting of -3) 8-b-GlcpA(1- 4) B-p-Glcp(1- disaccharide repeating
units (30-32). Numerous studies have shown that current pneumococcal multivalent
conjugate vaccines are less effective against serotype 3 than against other vaccine-
included serotypes and incidence rates of serotype 3 continue to rise (33-39).

By elucidating the interactions between a protective mouse Pn3P-specific monoclonal
antibody that is derived from a human VH3 homolog and its Pn3 hexasaccharide ligand,
we show the hydrophobic amino acids within and around the antigen-binding site of the
carbohydrate-specific antibodies can be critical for the binding. The structural data pre-
sented here may serve as a working hypothesis to explain the predominant use of the
human VH3 gene family in carbohydrate-specific antibodies at a structural level.
Structural and functional characterization of the antigenic determinants of capsular poly-
saccharides will enable the production of knowledge-based vaccine targets against path-
ogenic microorganisms, such as the highly virulent Streptococcus pneumoniae serotype 3.

RESULTS

V(D)J gene usage of Pn3P-specific monoclonal antibodies. To elucidate the
structural and functional properties of Pn3P-antibody interactions, we first generated
five Pn3P-specific monoclonal antibodies (MAbs) (Table 1). Nucleotide sequences
encoding each clone were obtained from cDNA, and V(D)J gene segments of each anti-
body were determined by using IgBLAST (Table 1) (40). Based on their shared V(D)J
gene segment compositions, antibodies were classified as two groups, with MAbs 75.3
and 90.1 forming one group and MADbs 5.6, 25.1, and 64.4 forming the other. As the nu-
cleotide sequences of the two groups are significantly different (Table 1), it is conceiva-
ble that these two groups were generated from multiple clones. However, the MAbs in
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TABLE 1 V(D)J gene segments of Pn3P-specific mouse MAbs

mAb V, D, J, HCDR3 v, J, LCDR3

753 V,9-3-1 D,2-12/D,2-2/Dy2-4 J,3 VRGNFTTGAWFTF  V,1-122 J,1 LQVTHVPWT
90.1 V,9-3-1 Dy2-12/D.2-2/Dy2-4 J,3 VRGNFTTGAWFTF  V,1-122 J,1  LQVTHVPWT
5.6 V,5-65 Dyl-1 J/4 TRRVWTKGGAMDY V,4-55 J4 QQWSTYPFT
25.1 V,5-65 D,2-12/D,2-2/D,2-7 J,4 TRRLVWTKGGAMDY V,4-55 J4 QQWSYYPFT
64.4 V565 D,2-12/D2-2/D,2-7 J4 ARRVWTRGGAMDY V,4-55 J4 QQWSSYPFT

each group may have originated from a single clone with the same germ line genes,
but underwent different somatic hypermutations due to their highly similar sequences
(Table 1). IgBLAST assigned a different D,; gene segment for MAb 5.6 compared to 25.1
and 64.4, possibly due to its single nucleotide mutation from the germ line (Fig. S1 in
the supplemental material). MAbs 75.3 and 90.1 share identical heavy chain comple-
mentarity-determining region 1 (HCDR1), HCDR3, light chain CDR 2 (LCDR2), and
LCDR3 sequences (Fig. S2). Among LCDRs, 75.3 and 90.1 have one and two amino acid
changes compared to germ line genes, respectively, while their LCDR3s were identical
with the germ line sequence (Fig. S2). MAbs 5.6, 25.1, and 64.4 use VH5 and share con-
served D and J gene usage, as well as light chain usage with differences in CDRs of
heavy and light chains due to somatic mutations (Fig. S2). All three MAbs have the
same insertions in HCDR3. Amino acid sequences in all LCDRs of MAb 64.4 match with
the germ line, while LCDRs of MAbs 5.6 and 25.1 have one and two amino acid
changes, respectively (Fig. S2).

Pn3P-specific monoclonal antibodies have higher affinities to hexasaccharide
than tetrasaccharide. The antibody binding properties of Pn3 hexasaccharide and tet-
rasaccharide were assessed by a competition enzyme-linked immunosorbent assay
(ELISA). Each monoclonal antibody was first incubated with Pn3 hexasaccharide, Pn3
tetrasaccharide, or Pn3P and then added to the ELISA plate coated with Pn3P-human
serum albumin (HSA). Compared to samples with no competitors, hexasaccharide and
tetrasaccharide significantly reduced Pn3P binding of all or four out of the five antibodies,
respectively (Fig. 1A). For all antibodies, hexasaccharide displayed a higher inhibition ac-
tivity than the tetrasaccharide. We then tested whether the Pn3 oligosaccharides could
compete out the antibody-bound polysaccharide by biolayer interferometry (BLI). We
tested one monoclonal antibody from each group shown in Table 1, MAbs 75.3 and 5.6,
due to their strong oligosaccharide binding in ELISA (Fig. 1A). In this experiment, biotinyl-
ated Pn3P loaded to streptavidin-coated sensors were first associated with MAbs 75.3
and 5.6. Sensors were then placed in BLI assay buffer containing Pn3 hexasaccharide or
tetrasaccharide. Tetrasaccharide was not able to release antibodies from the sensor, while
hexasaccharide could, indicating a stronger binding between hexasaccharide and the
antibodies (Fig. 1B and Q).

MADb 5.6 Fab binds to the trisaccharide region within the Pn3 hexasaccharide.
The human homolog of the MAb 5.6 heavy chain variable gene segment was deter-
mined to be a VH3 gene family member by IgBLAST (Fig. S3) (40). V,, gene segments of
MAbs 25.1 and 64.4 are also homologous to the human VH3 gene family, whereas V,,
gene segments of MAbs 75.3 and 90.1 are homologous to the human VH7 gene family.
To elucidate the interactions between MAb 5.6 and its ligand at the structural level, we
cocrystallized the antigen-binding fragment (Fab) region of MAb 5.6 with Pn3 hexasac-
charide and the structure of the resulting complex was solved at 2.3 A resolution
(Fig. 2). In this cocrystal structure, an electron density of the internal trisaccharide residue
Glc-GlcA-Glc was detected due to flexibility of unbound regions of the Pn3 hexasacchar-
ide (Fig. 2A and B). The trisaccharide observed on the Fab is located in a boat-like groove,
which contains arginine and serine residues at the bottom to form electrostatic and
hydrogen bonding interactions with the ligand, respectively. Interestingly, the sides of
the groove were predominantly populated with hydrophobic amino acids (Fig. 2C). There
are seven aromatic side chains in the pocket around the ligand, two of which (Y66 of the
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FIG 1 (A) Pn3P-specific monoclonal antibodies can bind to Pn3 hexasaccharide and tetrasaccharide.
ELISA plates were coated with Pn3P-HSA and MAbs were premixed with Pn3P, Pn3 hexasaccharide,
Pn3 tetrasaccharide, or PBS and then added to the wells. Both oligosaccharides inhibited antibody
binding to polysaccharide, with the inhibition by Pn3 hexasaccharide significantly stronger. The PBS
control group was considered to have 100% binding, against which the experimental groups were
normalized. Using a two-tailed Student’s t test, statistical significance was determined compared to
no- inhibitor wells; **, P<0.01; *, P<<0.05; ns, not significant. (B and C) Pn3 hexasaccharide can
dissociate Pn3P-bound antibodies, whereas tetrasaccharide cannot. In a BLI experiment, avidin
sensors loaded with biotinylated Pn3P were incubated with MAb 75.3 (B) or MAb 5.6 (C) for 3005 (I).
After incubation in BLI assay buffer with no competitor for 60s (Il), sensors were incubated in 50 ug/
ml of either tetrasaccharide or hexasaccharide to compete with the polysaccharide for 600 (lll).

heavy chain and Y110 of the light chain) potentially facilitate the ligand binding through
aromatic stackings (Fig. 2D) (41, 42). We also observed three water bridges between the
ligand and backbones of the 158, T109, and G113 residues and the side chain of the R107
residue in the groove (Fig. 2E).
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FIG 2 Crystal structure of Pn3 trisaccharide bound to MAb 5.6 Fab. (A) The crystal structure of MAb 5.6 Fab and the trisaccharide portion of Pn3
hexasaccharide was solved at 2.3 A resolution. The trisaccharide Glc-GIcA-Glc fits to the electron density observed at the antigen binding site of the MAb
5.6 Fab and is depicted with sticks. Heavy and light chains are colored as orange and gray, respectively. (B) Fab is depicted with surfaces and the
trisaccharide with sticks. Heavy and light chains are colored as orange and gray, respectively. (C) Antigen-binding site of the Fab is depicted with surfaces
and the trisaccharide with sticks. Hydrophobic residues on the binding groove are colored as cyan, asparagine and serine residues involved in electrostatic
and hydrogen binding interactions with the trisaccharide are colored as blue, and other residues as yellow. (D) There are seven aromatic residues around
the ligand. The GIcA residue of the trisaccharide forms an aromatic stacking with Y66 of the heavy chain and a probable aromatic stacking with Y110 of
the light chain. (E) The trisaccharide forms a hydrogen bond and electrostatic interactions with the side chains of S55 and R107. Three water bridges are
formed between the trisaccharide and backbone atoms of G113, T109, and I58. The side chain of R107 is also involved in the water bridge formed
between the trisaccharide and G113.

Hydrophobic amino acids contribute to carbohydrate binding. To understand
why the VH3 gene family is predominantly used in polysaccharide-specific antibodies,
amino acid sequences of all human heavy chain variable domains were compared with
the hydrophobic amino acids observed around the ligand in the crystal structure
(Fig. 3A). M39, V53, G62, and Y66 were determined to be present exclusively in VH3
gene family. These amino acids and the two amino acids that are involved in hydrogen
bonding and electrostatic interactions with the ligand, S55 and R107, were mutated to
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FIG 3 Hydrophobic amino acids of the VH3 gene family contribute to carbohydrate binding. (A) Hydrophobic amino acids of MAb 5.6 heavy
chain variable gene segment located around the trisaccharide are indicated by arrows. Sequence logos for seven human VH gene families
were generated to show conserved amino acids within the families. Amino acids indicated with stars were mutated to assess their potential
roles in ligand binding. (B) In an ELISA, ligand binding of wild type and MAb 5.6 single site mutants M39W, V53I, G62S, Y66N, W52G, S55A,
and R107A were evaluated; “>" indicates no signal was observed below 2,222 ng/ml. (C) Mutations on V53 (cyan) and G62 (orange) did not
alter the ligand binding. (D) Mutations on M39 (green), Y66 (purple), W52 (red), R107 (light blue), and S55 (blue) reduced the ligand binding
of 5.6 MAb. (E) R107 (light blue) in HCDR3 is essential for ligand binding. (F) M39 (green), Y66 (purple), W52 (red), and S55 (blue) are in
framework regions and essential for ligand binding.

elucidate their contributions to the ligand binding. W52, a common residue among all
human VH subgroups (Fig. 3A), was also selected for the mutation analysis, since it
could be a major contributor to the hydrophobicity of the groove. M39, W52, V53, and
S55 are located in the framework region 2 (FR2); G62 in the CDR2; Y66 in the FR3; and
R107 in the CDR3 of the heavy chain. Antibodies with the following mutations were
expressed in HEK293 cells and their binding to Pn3P were determined in ELISA: M39W,
V53l, G62S, Y66N, W52G, S55A, and R107A. While mutations on G62 and V53 did not
affect binding significantly, mutations on S55, R107, M39, W52, and Y66 dramatically
reduced binding (Fig. 3B to D). Among the five amino acids that are essential for ligand
binding, only one of them, R107, is within a CDR, others belong to framework regions
(Fig. 3E and F, Fig. S2).
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FIG 4 Pn3P-specific MAbs are protective. (A) MAbs were tested in a standard OPKA using differentiated HL-60 cells. The Spn3 WU2 strain was
opsonophagocytosed with antibodies and HL-60 cells and plated onto blood agar plates to count CFU. Data are averages of duplicate samples. Statistical
significance was determined with the two-tailed Student’s t test; **, P<<0.01. (B and C) The Spn3 B2 strain was incubated with increasing concentrations of
various MAbs and nonspecific mouse IgG1 (control) and analyzed by flow cytometry. (B) Representative fluorescence-activated cell sorting (FACS) dot plots
show the percentage of agglutination for all MAbs and isotype control (IgG1) at various concentrations. (C) Graph shows the percentage of agglutination
for all samples with increasing concentrations of MAbs (1 to 20ug/ml). Results represent 2 independent experiments. Statistical significance was
determined with the two-tailed Student’s t test; ***, P<<0.001; ****, P<0.0001. (D) Following i.p. injection of MAb 5.6 or its isotype control, two groups of
mice were challenged with lethal dose of Spn3 WU2 strain. Graph shows the percentage of surviving mice in each group in a 10-day period. Statistical

significance was determined with the logrank (Mantel-Cox) test; ***, P<0.001.

Pn3P-specific monoclonal antibodies are protective. We functionally character-
ized the Pn3P-specific monoclonal antibodies in an in vitro opsonophagocytosis killing
assay (OPKA), since antibody-mediated opsonophagocytosis is critical for the clearance of
Spn3 (43). All five MAbs induced phagocytosis of Spn3 (Fig. 4A). Pn3P-specific monoclonal
antibodies were then evaluated for their ability to induce agglutination, since agglutina-
tion induced by antibodies is a protective mechanism through which colonization of bac-
teria is prevented (44). All MAbs, except 25.1, induced agglutination in vitro (Fig. 4B and
C). We also tested MAb 5.6 in an in vivo infection experiment. Two groups of mice were
injected intraperitoneally with MAb 5.6 or IgG1 isotype control and were then challenged
with the Spn3 WU2 strain. Passive immunization with MAb 5.6 protected 100% of mice
from lethal challenge, while none of the control group survived. (Fig. 4D). These results
indicate protective abilities of MAbs both in vitro and in vivo.
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DISCUSSION

The human VH3 gene family is utilized preferentially in antibodies that bind to poly-
saccharide antigens (12-20, 45). Toward understanding this conserved interaction, we
studied the carbohydrate-binding properties of the mouse MAb 5.6, the heavy chain
variable gene segment of which belongs to the murine VH5 family that is homologous
to the human VH3 gene family (Fig. S3). Observing a hydrophobic groove in the crystal
structure of its ligand-binding site (Fig. 2), we hypothesized that this hydrophobic
groove is important for carbohydrate binding as a common feature of the VH3 gene
family, rendering human VH3 the main gene family utilized in polysaccharide-specific
antibodies. Based on the crystal structure of the MAb 5.6 and the comparison of its
sequence with human heavy chain variable gene segments, we determined the amino
acids that may have roles in carbohydrate binding and exchanged them with amino
acids that are prevalent in those positions of other human VH gene families. For this
purpose, we chose M39W, V53, G62S, Y66N, W52G, S55A, and R107A mutations to
evaluate the ligand binding of MAb 5.6. Among M39, V53, and G62, which are spatially
distant from the ligand, only the M39W mutation decreased the binding of MAb 5.6 to
its ligand. Tryptophan occupies this position in the VH4 gene family. Since the side
chain of M39 is embedded in the protein, replacing it with an aromatic group may
have resulted in a structural change in the variable domain to impact the ligand bind-
ing. V53 and G62 are not in the hydrophobic groove of MAb 5.6 (Fig. 3C), however,
these residues are exclusively present in the VH3 gene family (Fig. 3A). V53l and G62S
mutations did not alter the affinity of MAb 5.6 to its ligand; however, they may contrib-
ute to ligand binding of other CPS-specific VH3 gene family antibodies. The W52G
mutation dramatically reduced binding, indicating the importance of not only hydro-
phobicity but also the aromatic side chains, since glycine could not compensate for
the tryptophan. Aromatic side chains can interact with carbohydrates through CH/
interactions in a stacking geometry, where the aromatic and sugar units can be parallel
or nonparallel (41, 42). Previous studies revealed the importance of carbohydrate/aro-
matic stacking in carbohydrate recognition of various proteins such as transporters
(46), enzymes (47), and lectins (48). In our cocrystal structure, Y66 forms a parallel
stacking with GIcA, which may be critical for keeping the ligand in that position in the
groove (Fig. 2D). In addition, Y110 on the light chain may be forming another aromatic
stacking with the ligand, as rings that are not parallel to each other can also form aro-
matic stacking, such as T shaped stacking (Fig. 2D) (41, 42, 49). Residues 107W, 111P,
and 112F on the light chain also contact with the ligand, and all of these remain the
same as in the germ line sequence (Fig. 2D, Fig. S2). Among the five amino acids essen-
tial for ligand binding, four of them belong to framework regions (Fig. 3F), with only
one amino acid, R107, in the HCDR3 region (Fig. 3E). R107 of HCDR3 forms the essential
electrostatic interaction with the Pn3 oligosaccharide (Fig. 2E) that is required for the
binding (Fig. 3B). Mutation on HCDR2 residue G62 residue, which is conserved in the
VH3 gene family, did not impact ligand binding significantly (Fig. 3B).

In addition to the water bridges between the ligand and four amino acid residues
in the groove (Fig. 2E), we postulate that water as the solvent has an important role in
stabilizing the Ab-ligand complex. Through hydrophobic effect, entropy of structured
water increases as it is released from the apposed hydrophobic surface by the ligand,
which favors the formation of the complex thermodynamically (50). The role of hydro-
phobicity in ligand binding of carbohydrate-specific antibodies was proposed previ-
ously (51). MAb BR96, for example, binds to LeY tetrasaccharide through a hydrophobic
pocket composed mainly of aromatic residues, which were suggested to mediate the
binding (52). S-20-4, a Vibrio cholerae lipopolysaccharide-specific MAb, is another
example of a carbohydrate-specific antibody with a hydrophobic pocket (53).

Carbohydrate-binding antibodies are often found in their germ line forms (54-56).
The potential role of the hydrophobic groove in the germ line antibodies may explain
their carbohydrate binding without the need for somatic hypermutations. Antigen
binding sites of germ line antibodies are more flexible than antibodies that underwent
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somatic hypermutations (57). When a hydrophilic carbohydrate antigen enters the
groove and expels structured water molecules, the hydrogen bonds that will be estab-
lished between the water molecules expelled and the water molecules that are outside
the groove will stabilize antibody-carbohydrate binding.

Here, we also identified the antigenic determinants of Pn3P and the minimum
length of saccharide for antibody binding through a series of ELISA and BLI experi-
ments, as well as a cocrystal structure. In both ELISA and BLI experiments, Pn3 hexasac-
charide had stronger interactions with the Pn3 monoclonal antibodies compared to
the Pn3 tetrasaccharide. In light of our cocrystal structure of MAb 5.6 and the Pn3 hex-
asaccharide, hexasaccharides (with a Glc or GIcA reducing end) may contain two trisac-
charide-binding motifs, whereas tetrasaccharides have only one. Compared to oligo-
saccharides, polysaccharide has the highest binding, as it has multiple binding motifs
in its chain structure. In addition, avidity contributes to the polysaccharide binding of
the antibodies. We were unable to generate a cocrystal of MAb 5.6 Fab and Pn3 tetra-
saccharide, likely due to its weaker binding interaction with MAb 5.6 (Fig. 1). The
solved structure indicates that MAb 5.6 can bind to Pn3 oligosaccharides as small as a
trisaccharide. An explanation for why we see only the trisaccharide portion of the hexa-
saccharide is that the parts of the hexasaccharide that are not bound to the Fab do not
occupy the same space in all crystallized molecules. Therefore, a useful electron density
was not obtained for those unbound regions of the hexasaccharide. The structure of
trisaccharide which has GIcA in the middle fitted the electron density best. While glyco-
conjugate vaccines have provided great health benefits in controlling bacterial dis-
eases, their chemical conjugations have often been empirical, with weakly controlled
conjugation chemistries resulting in poorly characterized, heterogeneous and variably
immunogenic glycoconjugate vaccines (58). For example, S. pneumoniae remains
among the deadliest infectious agents despite the global vaccination programs (59).
Specifically, the serotype 3 is among the most virulent strains and, despite current vac-
cination programs, morbidity of the type 3 strain remains high, raising questions
regarding the efficacy of this vaccine (60). Thus, deciphering the antigenic determi-
nants for binding of antibodies that mediate robust protection is important for design-
ing knowledge-based glycoconjugate vaccines that are optimized for their B and T cell
activation to induce long-lasting and protective immunity.

MATERIALS AND METHODS

Mice. Eight-week-old female BALB/c mice were purchased from Taconic Biosciences (Hudson, NY,
USA) and used in monoclonal antibody generation and bacterial challenge experiments. Mice were kept
in microisolator cages and handled under a laminar flow hood. All mouse experiments were in compli-
ance with the University of Georgia Institutional Animal Care and Use Committee under an approved
animal use protocol.

Conjugation of Pn3P with proteins. Purified Pn3P powder was purchased from ATCC. Pn3P was
first depolymerized to an average molecular weight of 100 kDa and conjugated with keyhole limpet he-
mocyanin (KLH) (Calbiochem) or human serum albumin (HSA) through periodate oxidation followed by
reductive amination according to our published protocols (61-63).

Monoclonal antibody generation. A female BALB/c mouse was immunized on days 0, 21, and 42
with 10 ug of Pn3P-KLH emulsified in Freund’s adjuvant (Thermo Scientific) by subcutaneous injection.
The spleen was harvested 3 days after the final booster immunization. A total of 10® splenocytes were
fused with 2 x 107 Sp2/0 myeloma cells. Hybridomas were selected in complete medium (20% fetal bo-
vine serum [FBS]) supplemented with sodium hypoxanthine (5mM), aminopterin (20 ©M), and thymi-
dine (0.8 mM), (HAT, Thermo Fisher). Once colonies started to emerge, the presence of Pn3P-specific
antibodies in the medium was tested in ELISAs with Pn3P-HSA-coated plates to exclude KLH-specific
antibody responses. Colonies with positive results underwent limited dilutions to obtain single colonies
in complete medium with 10% FBS and 1x HT supplement (Thermo Fisher). After confirming the pres-
ence of anti-Pn3P antibodies in their media, monoclonal cells were grown in regular complete medium
with 10% FBS. Before purifying antibodies from media, cells were transferred to serum-free hybridoma
medium (Thermo Fisher). Secreted antibodies in the medium were purified by protein G beads.

Nucleic acid sequence analysis of variable regions and germ line gene assignments. To deter-
mine the V(D)J gene segments of the five monoclonal antibodies, total RNA was isolated from hybrid-
oma cells using the E.Z.N.A. MicroElute total RNA kit (Omega). From purified RNA, first strand cDNA syn-
thesis was performed using iScript cDNA synthesis kit (Bio-Rad) according to the manufacturer's
instructions. To amplify the genes of heavy and light chains, primer sets described previously (64) were
used and amplified gene fragments were sequenced by Eurofins Genomics, USA. Mouse monoclonal
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antibody germ line genes and their human homologs were determined using the sequence analysis tool
IgBLAST (40).

Oligosaccharide generation by enzymatic hydrolysis. Pn3P powder (20 mg) was incubated with
0.5 mg of Pn3Pase (31) at 37°C for 48 h. The reaction was stopped by heating at 100°C for 5 min and
loaded onto a 120 ml Superdex 30 column (GE). Products were separated in phosphate-buffered saline
(PBS) with a flow rate of 1ml/min and monitored by refractive index and absorbance at 205 nm.
Fractions (0.5 ml) were collected, and oligosaccharide peaks were combined and desalted into water on
a 30-ml packed fine P2 column (Bio-Rad). Desalted oligosaccharides were lyophilized, and hexasacchar-
ide and tetrasaccharide identities were confirmed by matrix-assisted laser desorption ionization-time of
flight mass spectrometry (MALDI-TOF MS) (31).

Enzyme-linked immunosorbent assay. Plates were coated with 1ug Pn3P-HSA/ml in carbonate
buffer at 4°C overnight. Unoccupied sites were blocked with 1% bovine serum albumin in PBS. Serial
dilutions of wild-type or mutated antibodies were applied to the wells and incubated for 2h at room
temperature (RT). For the competition ELISA, before being added to the ELISA plate, antibodies were
incubated with 50 ng/ml Pn3P, hexasaccharide, or tetrasaccharide for 2 h at RT. Goat anti-mouse IgG-
HRP (horseradish peroxidase) (BioLegend) was used as a secondary antibody. Colorimetric measure-
ments were taken after adding 3,3',5,5'-tetramethylbenzidine (TMB, BioLegend) to develop color and 2
N sulfuric acid to cease the reaction.

Biotinylation of Pn3P. To generate biotinylated Pn3P, 2 mg of Pn3P was first dissolved in 0.5 ml of
0.1 M sodium borate buffer (pH 5.4). Then, 12 mg of hydrazide biotin was dissolved in 0.1 ml dimethyl
sulfoxide (DMSO) and added to the polysaccharide containing solution, after which 1.5 mg of 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide (EDC) was added and the solution was mixed at 25°C for 3 h. The
product was purified using a Superdex 200 size exclusion column.

Biolayer interferometry. Whether hexasaccharides or tetrasaccharides can dissociate antibodies
that are already bound to polysaccharides was determined by biolayer interferometry (BLI) using an
OCTETRED384 system (ForteBio). The BLI assay buffer consisted of 1% bovine serum albumin (BSA) in
0.05% Tween 20 in PBS (PBST). After binding of 20 g/ml biotinylated Pn3P to streptavidin biosensors
for 1505, 10 wg/ml IgG variants were associated (300 's) with the polysaccharide. In the dissociation step,
after biosensors were incubated in BLI assay buffer that did not have any competitor (605s), they were
incubated in BLI assay buffers containing 50 wg/ml tetrasaccharides or hexasaccharides to compete with
the polysaccharide.

Crystallization and structure determination. MAb 5.6 Fab purified from ficin digestion was con-
centrated to 15 mg/ml, mixed with Pn3 hexasaccharide in 1:5 molar ratio, and concentrated to 13 mg/
ml. Crystallization trials were prepared on a TTP LabTech Mosquito Robot in sitting-drop MRC-2 plates
(Hampton Research) using several commercially available crystallization screens. Crystals were obtained
in the Crystal Screen HT (Hampton Research) in condition H10 (0.1 M sodium chloride, 0.1 M BICINE [pH
9.0], 20% vol/vol polyethylene glycol monomethyl ether 550). Crystals were harvested and cryopro-
tected with 30% glycerol in the mother liquor before being flash frozen in liquid nitrogen. X-ray diffrac-
tion data were collected at the Advanced Photon Source SER-CAT beamline 21-ID-D. Data were indexed
and scaled using XDS. A molecular replacement solution was obtained in Phaser based on the mouse
Fab structure (PDB 5XJM). The crystal structure was completed by manually building in COOT followed
by subsequent rounds of manual rebuilding and refinement in Phenix. The data collection and refine-
ment statistics are shown in Table S1 in the supplemental material.

Recombinant antibody expression. Genes encoding heavy and light chains of MAb 5.6 were
inserted into a mammalian expression vector separately. For ease of purification, a histidine tag was
added to the C terminus of the heavy chain. Mutated heavy chain genes were generated through site-
directed mutagenesis. Human embryonic kidney cells (HEK 293F) were cultured in FreeStyle 293 expres-
sion medium (Thermo Fisher Scientific). Cells were transiently transfected with 1 ug of each plasmid/ml
and 9 ug polyethylenimine/ml (PEl, Polysciences). On day 6, culture medium was harvested, and anti-
bodies were purified using a Ni-NTA affinity column.

Bacterial strains and growth conditions. S. pneumoniae serotype 3 (Spn3) strain WU2 (generous
gift from Moon Nahm at the University of Alabama at Birmingham) was cultured aerobically at 37°C on
tryptic soy agar with 5% sheep blood, or in Todd-Hewitt broth supplemented with 0.5% yeast extract
(BD Biosciences) without shaking. Spn3 isolate B2, a strain isolated in the Montefiore Medical Center clin-
ical microbiology laboratory (Albert Einstein College of Medicine IRB protocol 2014-4035) was grown in
the same conditions as strain WU2.

Opsonophagocytic killing assay. An opsonophagocytic killing assay (OPKA) was performed as
described previously (43), as adapted from an earlier protocol with modifications (65). WU2 stocks were
incubated in duplicate wells in a 96-well round-bottom plate for 1h at 37°C with the indicated antibod-
ies (10 1g/100 wl/well) in opsonization buffer B (OBB; sterile 1x PBS with Ca**/Mg?*, 0.1% gelatin, and
5% heat-inactivated FetalClone), with an IgG1 antibody serving as a control. Cells of the human promy-
elocytic leukemia cell line HL-60 (ATCC) were cultured in RPMI with 10% heat-inactivated FetalClone and
1% L-glutamine. HL-60 cells were differentiated using 0.6% N,N-dimethylformamide (DMF) for 3 days
before performing the OPKA assay, harvested, and resuspended in OBB. Baby rabbit complement (Pel-
Freez) was added to HL-60 cells at a 1:5 final volume. The HL-60-complement mixture was added to the
bacteria at 5 x 10° cells/well. The final reaction mixtures were incubated at 37°C for 1 h with shaking.
The reactions were stopped by incubating the samples on ice for approximately 20 min. Then, 10 ul of
each reaction mixture in duplicate was diluted to a final volume of 50 ul and plated onto blood agar
plates. Plates were incubated overnight at 30°C and CFU counted the next day.
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In vitro agglutination assay. Antibodies were tested for their ability to agglutinate Spn3 by flow
cytometry as described (66, 67). Spn3, B2 strain (1 x 10° CFU), was incubated in duplicate (total volume
50 ul) with increasing concentrations of various MAbs and a negative-control mouse 1gG1 (Southern
Biotech) diluted in PBS for 1h at 37°C in a 96-well round-bottom plate. Cells were then fixed with 1%
paraformaldehyde and analyzed by flow cytometry. Bacteria were gated based on forward scatter (FSC)
and sideward scatter (SSC) (referring to cell size and granularity) to determine percentage agglutination.
Murine sepsis challenge. Groups of 7 unanesthetized mice were injected intraperitoneally (i.p.)
with 20 ug of antibodies or a mouse IgG1 isotype control (BioLegend). An hour later, mice were injected
i.p. with 1 x 10* CFU of mid-log-phase WU?2 strain bacteria. Animals were monitored every 12 h and the
ones displaying morbidity criteria according to our IACUC-approved animal protocol were euthanized at
a humane endpoint.
Data availability. Crystal structure data for the complex of the Fab region of MAb 5.6 and Pn3 hexa-
saccharide is available at https://www.rcsb.org/structure/7JVD.
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