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Abstract

The repeat region of the Plasmodium fal ciparum circumsporozoite protein (CSP) isa
major vaccine antigen because it can be targeted by parasite neutralizing antibodies;
however, little is known about this interaction. We used isothermal calorimetry and
X-ray crystallography to analyze the binding of the Plasmodium-neutralizing 2A10
antibody to CSP. Strikingly, we found that the repeat region of CSP is bound by
multiple antibodies and that this multivalent interaction drives the affinity of this
antibody. Because the CSP protein can cross-link multiple B cell receptors (BCRs) we
hypothesized that the B cell response might be T-independent. However, by
sequencing the BCRs of CSP-repeat specific cells we found that these cells underwent
somatic hypermutation and affinity maturation indicative of a T-dependent response.
Interestingly, the BCR repertoire of responding B cells was limited suggesting that the

structural simplicity of the repeat may limit the breadth of the immune response.
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Author Summary

Vaccines aim to protect by inducing the immune system to make molecules called
antibodies that can recognize molecules on the surface of invading pathogens. In the
case of malaria, our most advanced vaccine candidates aim to make antibodies that
recognize the circumsporozoite protein molecule on the surface of the invasive
parasite stage called the sporozoite. In this report we use X-ray crystallography to
determine the structure of CSP-binding antibodies at the atomic level. We use other
techniques such as isothermal titration calorimetry to examine how this antibody
interacts with the CSP molecule. Strikingly, we found that each CSP molecule could
bind 6 antibodies. This finding has implications for the immune response and may
explain why high titers of antibody are needed for protection. Moreover because the
structure of the CSP repeat is quite simple we determined that the number of different
kinds of antibodies that could bind this molecule are quite small. However those
antibodies can become quite high affinity as a result of a process called affinity
maturation that allows the body to learn how to make improved antibodies specific for
pathogen molecules. These data show that while it is challenging for the immune
system to recognize and neutralize CSP, it should be possible to generate viable

vaccines targeting this molecule.
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62 Introduction

63

64 Malaria caused by Plasmodium fal cipar um causes the deaths of around

65 430,000 people each year [1]. The most advanced vaccine candidate is currently the
66 RTS,S/ASO1 vaccine which consists of a truncated version of the sporozoite-surface
67  circumsporozoite protein (CSP), packaged in a Hepatitis C core virus-like particle

68  deliveredin ASOL - aproprietary liposome based vaccine [2]. Phase Il and Phase 111
69 clinical trials have repeatedly demonstrated that the vaccineis capable of giving

70  around 50% protection against clinical malariain field settings for the first year

71  following vaccination [3]. The bulk of protection is attributed to antibodies targeting
72  the CSPrepeat epitope included within the vaccine, with some contribution from

73  CD4+ T cdls[4]. It isstill unclear why the antibody response to CSPis only partialy
74  protective. We lack structural information about how neutralizing antibodies bind to
75  CSP and knowledge on the breadth and nature of the B cell response elicited.

76

77 Antibodiesto CSP were first identified as potential mediators of protection

78  following seminal studies that showed that immunization with irradiated sporozoites
79  could induce sterile protection against live parasite challenge [5,6]. In the early 1980s,
80  monoclonal antibodies (mAbs) isolated from mice immunized with sporozoites were
81 found to be capable of inducing the neutralization of sporozoites (known asthe

82  circumsporozoite reaction) and were used to clone CSP, one of thefirst malaria

83  antigensidentified [7,8]. In all Plasmodium species CSP contains 3 domains: an N-
84  termina domain and a C-terminal domain, separated by a repeat region, which was
85 thetarget of al the original mAbs identified [7,9,10]. In the 3D7 reference strain of P.

86  falciparumthe CSP repeat has 38 NANP-repeats interspersed with 4 NV DP repeats
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87  especidly towards the N-terminus [11] though different numbers of repeats have been
88  observed [12]. One of the most effective P. fal ciparum sporozoite neutralizing
89  antibodiesidentified in these early studies was 2A10 which can neutralize sporozoite
90 infectivity invitro [13] and in in vivo mouse models utilizing rodent P. berghei
91 parasites expressing the P. falciparum CSP repest region [14,15].
92
93 While CSP binding antibodies have been shown to be able to neutralize
94  sporozoites and block infection, it has also been proposed that CSP is an
95 immunological “decoy” that induces a suboptimal T-independent immune response
96  perhaps because of the CSP repeat cross-linking multiple B cell receptors (BCRS)
97  [16]. Nonetheless this hypothesis has not been tested and it remains unknown if the
98  repetitive regions of CSP can cross-link multiple BCRs as they are not as large as
99 typical type-ll T-independent antigens [17]. Furthermore, the very little published
100 data on the sequences of CSP binding antibodies does not convincingly support
101  activation of abroad B cell repertoire: asmall study of five P. falciparum CSP mouse
102  monoclonal antibodies (mAbs) identified some shared sequences [18]. In humans, a
103  study that generated mAbs from three individuals who received RTS,S found that the
104  three antibodies studied had distinct sequences though these all used similar heavy
105 chains[19].
106
107 Given these gaps in our understanding of the antibody response to CSP we
108  undertook a comprehensive biophysical characterization of the 2A10 sporozoite-
109 neutralizing antibody that binds to the CSP repeat. Using rigorous biophysical
110  methodology we found that this antibody binds with a higher affinity than expected,

111  inthe nano-molar range. Previous studies using competition ELISAs with peptides
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predicted a micro-molar affinity [20,21]. Strikingly, isothermal titration calorimetry
and structural analyses revealed that the CSP repeat can be bound by around six
antibodies suggesting that it may require large amounts of antibody for neutralization,
and that the repeat may potentially crosslink multiple BCRs on the surface of aB cell.
However, analysis of CSP-specific B cells revealed that CSP-specific B cells can
enter germinal centers and undergo affinity maturation contradicting the notion that
the response to CSP is largely T-independent. Moreover, we found that the BCR
repertoire of CSP-binding B cellsis quite limited which may restrict the size and

effectiveness of the immune response.
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Results

Characterization of the thermodynamics of 2A10-antigen binding

We began our analysis by performing isothermal titration calorimetry (ITC) to
understand the interaction between 2A10 and CSP. For ease of expression we used a
recombinant CSP (rCSP) construct described previously which was slightly truncated
with 27 repeats [22]. ITC experiments were run on the purified 2A10 antibody and the
purified 2A 10 antigen-binding fragment (Fag) fragment to test the thermodynamic
basis of the affinity of 2A10 Fag towards CSP. Experiments were also performed on
the 2A 10 Fag fragment with the synthetic peptide antigen (NANP)g, which is a short
segment of the antigenic NANP-repeat region of CSP (Table 1; Fig. 1). The binding
free energies (AG) and dissociation constants (Kp) were found to be -49.0 k¥mol and
2.7 nM for the full 2A10 antibody with CSP, -40 kJ/mol and 94 nM for the 2A10 Fag

with CSP, and -36.4 kJ/mol and 420 nM for the 2A10 Fag with the (NANP) peptide.

Surprisingly, we did not observe atypical 1:1 antibody/Fag domain:antigen
binding stoichiometry (Table 1). We found that each (NANP)s peptide was bound to
by ~2 Fag fragments (2.8 repests per Fag domain). With the rCSP protein we
observed that 10.8 £+ 0.7 Fag fragments were able to bind to each rCSP molecule, (2.5
repeats per Fag domain. Finally, when the single-domain Fag fragment is replaced by
the full 2A10 antibody (which has two Fag domains), we observe binding of 5.8
antibodies per rCSP molecule (4.7 repeats per antibody), i.e. all complexes exhibit
approximately the same binding stoichiometry of two Fag fragments/domains per ~5
repeat units. These results suggest that the antigenic region of CSP constitutes a

multivalent antigen and that repeating, essentially identical, epitopes must be
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146  available for the binding of multiple Fag domains.

147 It isnot possible to separate affinity from avidity in this system, although itis
148  apparent that there is a substantial benefit to the overall strength of binding between
149 the antibody and antigen through the binding of multiple Fag domains. The Fag:rCSP
150 complex and the 2A10:rCSP complex had similar enthalpy and entropy of binding
151 (Tablel), but the lower enthalpy of binding for the Fag fragment:(NANP)g peptide
152  complex suggests that there are additional stabilizing interactions when larger

153  numbers of Fag domains can bind to the rCSP protein. The observation that this

154  antibody-antigen (Ab-Ag) interaction is primarily enthalpically driven is consistent
155  with the general mechanism of Ab-Ag interactions[23]. Altogether, these data

156  suggest that the binding of multiple antibodies to the repeat region of CSP stabilizes
157  theinteraction and the multivalent nature of thisinteraction increases the affinity of
158  hinding.

159

160 Table 1. Thermodynamic parameters for interactions between 2A10 Fag, 2A10

161 and antigens.

(NANP)s:Fag rCSP:Fag rCSP:2A10

Ka(M™) (2.37+£0.91) x 10° | (1.07 £0.39) x 10" | (3.6+2.7) x 10°
Kq (NM) 420 + 160 94+34 27+21
AH (kJ/mol -113+5 -1245+ 112 -1175+ 44
complex)
TAS (kJmol -76.6+4.9 -1205+ 112 -1126 + 44
complex)
AG (kJ/mol -36.4+10 -40.0+09 —49.0+19
complex)
n (Fas/2A10: Ag) 2.16 £ 0.06 108+ 0.7 58+0.1

162 Parameters were determined by ITC at 25 °C. Errorsfor n (Ag : Fag), Ka and

163  AH (complex) are 95% confidence intervals estimated from a single titration; errors
164  for other parameters were propagated.
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165

166  Structural analysis of the (NANP)-repeat region and the 2A10 Fag

167

168 To better understand the molecular basis of the multivalent interaction

169  between 2A10 and rCSP, we performed structural analysis of the components.

170  Previous work hasindicated that the NANP-repest region of CSP adopts aflexible
171  rod-like structure with aregular repeating helical motif that provides significant

172 separation between the N-terminal and the C-terminal domains [24]. Here, we

173  performed far-UV circular dichroism (CD) spectroscopy to investigate the structure of
174  the (NANP)s peptide. These results were inconsistent with a disordered random coil
175  structure (S1 Fig.). Rather, the absorption maximum around 185 nm, minimum

176  around 202 nm and shoulder between 215 and 240 nm, is characteristic of intrinsically
177  disordered proteins that can adopt a spectrum of states [25].

178

179 The lowest energy structures of the (NANP)s repeat were predicted using the
180  PEP-FOLD de novo peptide structure prediction algorithm [26]. The only extended
181  state among the lowest energy structures that was consistent with the reported spacing
182  of the N-and C-terminal domains of CSP [24], and which presented multiple

183  structurally similar epitopes was alinear, quasi-helical structure, which formed a

184  regularly repeating arrangement of proline turns (Fig. 2A). The theoretical CD

185  spectrum of this conformation was calculated (S1 Fig.), qualitatively matching the
186  experimental spectra: the maximum was at 188 nm, the minimum at 203 nm and there
187  was abroad shoulder between 215 and 240 nm. To investigate the stability of this
188  conformation, we performed a molecular dynamics (MD) simulation on this peptide,

189  which showed that this helical structure could unfold, and refold, on timescal es of
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190 tens of nanoseconds, supporting the ideathat it is alow-energy, frequently sampled,
191  configuration in solution (S1 Mov., S2 Fig.). We also observed the same

192 characteristic hydrogen bonds between a carbonyl following the proline and the amide
193  nitrogen of the alanine, and the carbonyl group of an asparagine and a backbone

194  amide of asparagine three residues earlier, that are observed in the crystal structure of
195  the NPNA fragment [27]. Thus, this configuration, which is consistent with

196  previously published experimental data, is aregular, repeating, extended

197  conformation that would allow binding of multiple Fag domains to several

198  structurally similar epitopes.

199

200 To better understand the interaction between the 2A10 and the (NANP)-repeat
201  region, we solved the crystal structure of the 2A10 Fag fragment in two conditions (S1
202  Table), yielding structures that diffracted to 2.5 A and 3.0 A. All of the polypeptide
203  chains were modeled in good quality electron density maps (Fig. 2B), except for

204  residues 134-137 of thelight chain. Thisloop is located at the opposite end of the Fag
205  fragment to the variable region and not directly relevant to antigen binding. The 2.5 A
206  structure contained a single polypeptide in the asymmetric unit, whereas the 3.0 A
207  structure contained three essentially identical chains. Superimposition of the four

208  unique Fap fragments from the two structures revealed that the variable antigen

209  binding region is structurally homogeneous, suggesting that this region might be

210 relatively pre-organized in the 2A10 Fag. Thisis consistent with the observation that
211  antibodies typically undergo relatively limited conformational change upon epitope
212 binding [23]. Indeed, a recent survey of 49 antibody:antigen complexes revealed that
213 within the binding site, CDR-H3 was the only element that showed significant

214  conformational change upon antigen binding and even this was only observed in one

10
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third of the antibodies [28].

Attempts to obtain a crystal structure of a complex between 2A10 Fag and the
(NANP)s peptide were unsuccessful; unlike binary Ab-Ag interactions, in which the
Ab will bind to asingle epitope on an antigen and produce a population of structurally
homogeneous complexes that can be crystallized, in this interaction we are dealing
with an intrinsically-disordered peptide, the presence of multiple binding sites
(epitopes) on the peptide and the possibility that more than one 2A10 Fag domain can
bind the peptide, i.e. it is difficult to obtain a homogeneous population of complexes,
which is a prerequisite for crystallization. Attempts to soak the (NANP)s peptide into
the high-solvent form of 2A10 Fag, in which there were no crystal packing
interactions with the binding-loops, caused the crystals to dissolve, again suggesting
that the heterogeneity of the peptide and the presence of multiple epitopes produces

disorder that isincompatible with crystal formation.

Modeling theinteraction of the 2A10 Fag with the NANP-repeat region and

testing the modd through site-directed mutagenesis

Although it was not possible to obtain a crystal structure of the 2A10-
(NANP)s peptide complex, the accurate structures of the 2A10 Fag fragment, the
(NANP)s peptide, and the knowledge that antibodies seldom undergo significant
conformational changes upon antigen binding [28], alowed us to model the
interaction, which we tested using site directed mutagenesis. Computational modeling
of Ab-Ag interactions has advanced considerably in recent years and several

examples of complexes with close to atomic accuracy have been reported in the

11
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literature [29]. Using the SnugDock protein-protein docking algorithm [29], we
obtained an initial model for binding of the peptide to the CDR region of the 2A10
Fas fragment (Fig. 2C). We then performed, in triplicate, three 50 ns molecular
dynamics simulations on this complex to investigate whether the interaction was
stable over such atime period (S2 Mov., S3 Fig.). These simulations confirmed that
the binding mode that was modeled is stable, suggesting that it is a reasonable
approximation of the interaction between these molecules. To experimentally verify
whether our model of the 2A10 Fag:(NANP)s peptide interaction was plausible, we
performed site directed mutagenesis of residues predicted to be important for binding.
Our model predicted that the interaction with (NANP)s would be mainly between
CDR2 and CDRS of the light chain and CDR2 and CDRS3 of the heavy chain (Fig.

2C).

In thelight chain (Fig. 3A,B), Y38 is predicted to be one of the most
important residues in the interaction; it contributes to the formation of a hydrophobic
pocket that buries a proline residue and is within hydrogen bonding distance, via its
hydroxy! group, to anumber of backbone and side-chain groups of the peptide. Loss
of this side-chain abolished binding. Y 56 aso forms part of the same proline-binding
pocket as Y 38, and loss of this side-chain also resulted in an almost complete loss of
binding. R109 forms a hydrogen bond to an asparagine residue on the side of the
helix; mutation of this residue to alanine resultsin apartial loss of binding. Y116 is
located at the center of the second proline-binding pocket; since loss of the entire
side-chain through an alanine mutation would lead to general structural disruption of
the Fag fragment, we mutated this to a phenylalanine (removing the hydroxyl group),

which led to asignificant reduction in binding. Finally, S36A was selected as a

12
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control: the model indicated that it was outside the binding site, and the ELISA data

indicated that had no effect on (NANP), binding.

Within the heavy chain (Fig. 3C,D), mutation of N57 to alanine led to
complete loss of binding, which is consistent with it forming a hydrogen bond to a
side-chain asparagine but also being part of arelatively well packed region of the
binding site that is mostly buried upon binding. T66 is located on the edge of the
binding site and appears to provide hydrophobic contacts through its methyl group
with the methyl side-chain of an alanine of the peptide; mutation of this residue
resulted in a partial loss of binding. Interestingly, mutation of E64, which is location
in an appropriate position to form some hydrogen bonds to the peptide resulted in a
slight increase in binding, although charged residues on the edge of protein:protein
interfaces are known to contribute primarily to specificity rather than affinity [30].
Specifically, the cost of desolvating charged residues such as glutamate is not
compensated for by the hydrogen bonds that may be formed with the binding partner.
Y 37 islocated outside the direct binding site in the apo-crystal structure; the loss of
affinity could arise from long-range effects, such as destabilization of the position of
nearby loops. In general, the effects of the mutations are consistent with the model of

the interaction.

The multivalency of the CSP repeat region

As shown in Fig. 3A and 3C the binding mode of the Fag fragment to the

(NANP)s peptideis centered on two proline residues from two non-adjacent NANP-

repeats. These cyclic side-chains are hydrophobic in character and are buried deeply

13
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in the core of the Fag antigen binding site, into hydrophobic pockets formed by Tyr38
and Tyr56 of the light chain and the interface between the two chains. In contrast, the
polar asparagine residues on the sides of the helix are involved in hydrogen binding
interactions with a number of polar residues on the edge of the binding site, such as
N57 of the heavy chain. Due to the twisting of the (NANP)e repest, the binding
epitope of the peptide is 2.5-3 aternate NANP repeats, with a symmetrical epitope
available for binding on the opposite face (Fig. 4A). Thus, this binding mode is
consistent with the stoichiometry of the binding observed in the ITC measurements,
where we observed a stoichiometry of two 2A10 Fag fragments per (NANP)s peptide.
To investigate whether this binding mode was also compatible with the indication
from ITC that ~10.7 2A10 Fag fragments, or six antibodies (containing 12 Fag
domains) could bind the CSP protein (Table 1), we extended the peptide to its full
length. It is notable that the slight twist in the NANP helix results in the epitope being
offset along the length of the repeat region, thereby allowing binding of ten 2A10 Fag
fragments (Fig. 4B). Six 2A10 antibodies can bind if two antibodies interact by a
single Fag domain and the other four interact with both Fag domains. The observation
that the Fag fragments bind sufficiently close to each other to form hydrogen bonds
also explains the observation from the ITC that the complexes with rCSP, which
allow adjacent Fag fragment binding, have more favorable binding enthalpy, i.e. the
additional bonds formed between adjacent Fag fragments further stabilize the
complex and lead to greater affinity (Table 1). Thus, theinitially surprising
stoichiometry that we observe through ITC appears to be quite feasible based in the
structure of the NANP-repeat region of the rCSP protein and the nature of the rCSP-
2A10 complex. It is also clear that the effect of antibody binding to this region would

be to prevent the linker flexing between the N- and C-terminal domains and

14
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maintaining normal physiological function, explaining the neutralizing effect of the

antibodies.

I dentification of endogenous (NANP), specific B cellsto determinethe BCR

repertoire

We next set out to determine the implications of our structure for the B cell
response to CSP. In particular we wanted to know if the repeat structure drove a
diverse T-independent response resulting in abroad antibody response or if B cells
specific for CSP were able to enter the germinal center and undergo affinity
maturation. To test this hypothesis we used (NANP),-based tetramers to identify
antigen specific B cellsin BALB/C mice immunized with P. berghel sporozoites
expressing the repeat region of the P. falciparum CSP (P. berghei CS™) [15]. We then
used high throughput BCR sequencing to identify the BCR sequences of the (NANP),
specific cells. The tetramers are formed by the binding of 4 biotinylated (NANP)g
repeats with streptavidin conjugated phycoerythrin (PE) or allophycocyanin (APC).
We used BALB/C mice as this was the strain originally used to generate 2A10. To
validate our tetramer approach, mice were immunized with either P. berghei CS™ or
another line of P. berghei with a mutant CSP (P. berghei CS™) that contains the
endogenous (P. berghei) repeat region, which has adistinct repeat sequence
(PPPPNPND),. (NANP),-specific cells were identified with two tetramer probes
bound to different conjugates to exclude B cells that are specific for the PE or APC
components of the tetramers which are numerousin mice [31]. We found that mice
immunized with P. berghei CS™ sporozoites developed large tetramer double positive

populations, which had class switched (Fig. 5A and B). In contrast, the number of
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tetramer double positive cells in mice receiving control parasites was the same asin
unimmunized mice; moreover these cells were not class switched and appeared to be
naive precursors indicating that our tetramers are identifying bona-fide (NANP),-
specific cells (Fig. 5B and C). Further analysis of the different populations of B cells
showed that most B cells present at this time-point were GL7" CD38" indicating that
they are germinal center B cells (Fig. 5B and D). Given that T cells are required to
sustain germinal center formation beyond ~3 days these data indicate that a T-

dependent response can develop to CSP following sporozoite immunization [32].

A restricted repertoire of BCRs can bind to the (NANP), r epeat

We next set out to determine the diversity of the B cell response to CSP.
While the repeat structure of CSP is hypothesized to induce a broad polyclonal
response [33], an alternative hypothesis is that the antigenically simple structure of
the repeat epitope might only be recognized by a small number of naive B cells. To
examine the BCR usage of (NANP).-specific B cells we sorted (NANP)-specific
cells 35 days post immuni zation with sporozoites. We then prepared cDNA from the
cells and amplified the heavy and kappa chain sequences using degenerate primers as
described previously [34,35]. Heavy and light chain libraries were prepared from 4
immunized mice as well as from 3 naive mice from which we bulk sorted B cells as
controls. We obtained usable sequences from 3 of the 4 mice for both the heavy chain
and kappa chain. Analysis of the heavy chain revealed that in each mouse 3 or 4 V
regions dominated the immune response (Fig. 6A). The V regionsidentified (IGHV 1-
20; IGHV 1-26; IGHV 1-34 and IGHV5-9) were generally shared among the mice. As

aformal measure of the diversity of our V region usage in the (NANP),, specific cells
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365  andthebulk B cells from naive mice we calculated the Shannon entropy for these
366 populations. Thisanaysis formally demonstrated that the diversity of the antigen

367  specific B cells was significantly lower than the diversity of the repertoirein naive
368 mice(Fig. 6B). We further found that each V region was typically associated with the
369 same D and J sequences even in different mice. For example, IGHV 1-20 was

370 typically associated with J4, IGHV5-9 with J4 whilein different mice IGHV 1-34 was
371 variously paired with J1 or J4 (Fig. 6C). Similar results were obtained for the kappa
372  chain with the response dominated by IGKV 1-135; IGKV5-43/45; IGKV 1-110;

373 IGKV1-117 and IGKV14-111 (Fig. 6D and E). The V regions were typically paired
374  with the same Jregions even in different mice (Fig. 6F), for example IGKV5.43/45
375 wastypically paired with IGKJ5 or IGKJ2 and IGKV 1-110 was typically paired with
376  IGKJ5, athough IGKV 1-135 was typically more promiscuous. One limitation of our
377  high throughput sequencing approach is that the degenerate primers only amplified
378  ~70% of the known IGHV and IGKV sequencesin naive mice, suggesting that we
379  may not capture the full diversity of the response. However, comparison with the 5
380  published antibody sequences (S2 and S3 Table) that include IGHV-1-20, IGKV5-45
381 and IGKV1-110 reveals that we are likely capturing the bulk of the antibody diversity.
382  Together these data suggest that the number of B cell clones responding to CSP may
383  belimited, potentially reducing the ability of the immune system to generate effective
384 neutralizing antibodies.

385

386 CSP-binding antibodies undergo somatic hyper mutation to improve affinity

387

388 Whileit is clear that CSP is the target of neutralizing antibodies it has been

389  suggested that CSP might induce large T-independent responses at the expense of
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potentially more useful T-dependent germinal center responses that can result in
robust B cell memory [33]. We therefore examined our deep sequencing data to
determine if CSP-specific antibodies had undergone somatic hypermutation (SHM)
that would be indicative of B cells specific for CSP entering the germinal center.
Taking advantage of the fact that our kappa chain primers capture the entire V-J
sequences of the antibodies we sequenced we asked: 1) if the kappa chains shared
between immune animals differed from the germline (providing evidence of SHM)
and 2) if the mutations were conserved between different mice indicative of directed
selection. Analysis of the reads from the kappa chains of the three immune mice
showed that these had a much higher degree of mutation than bulk B cells from naive
mice, demonstrating SHM in the CSP-specific antibodies (Fig. 7A). We further
examined each specific common kappa chain in turn (IGVK1-110; IGKV 1-135;
IGVK5-53/54) comparing the sequences obtained from naive B cells and (NANP),
specific cellsin immune mice. This analysis showed that while, as expected,
seguences from naive mice contained few mutations, the sequences from immune
mice had much higher levels of SHM. Importantly mutations were found to be
concentrated in the CDR loops, and were frequently shared by immunized mice
providing strong circumstantial evidence for affinity maturation (Fig. 7B; data for

IGVK1-110 only shown).

To directly test if CSP-binding antibodies undergo affinity maturation we
expressed the predicted germline precursor to the 2A10 antibody (2A10 gAb) in
HEK?293T cells. We identified the predicted germline precursors of the 2A10 heavy
and light chains using the program V-quest (Figs. $4 and S5). This analysisidentified

the heavy chain as IGHV9-3; IGHD1-3; IGHM and the light chain as IGKV 10-
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94,;1GK J2, with the monoclonal antibody carrying 6 mutations in the heavy chain and
7 in the light chain. The 2A10 gAb had considerably lower binding in ELISA assays
compared to the 2A10 mAb itself (Fig. 7C) indicative that affinity maturation has
taken place in this antibody. To determine the relative contribution of mutationsin the
heavy and light chain to enhancing binding we also made hybrid antibodies consisting
of the mAb heavy chain and the gAb light chain and vice versa. Interestingly
mutations in the light chain were almost entirely sufficient to explain the enhanced

binding by the mAb compared to the gAb (Fig. 7C).

To identify the specific mutations that were important we introduced the
mutations individually into the gAb light chain construct. We prioritized mutations
that were shared with the 27E antibody which has previously been found to be
clonally related to 2A 10 having been isolated from the same mouse and which shares
the same germline heavy and light chains as the 2A10 mAb [18]. We found that two
mutations (L114F and T117V) in the CDRS3 of the light chain appeared to account for
most of the gain in binding (Fig. 7C). The effect of these antibodies appeared to be
additive rather than synergistic as revealed by experiments in which we introduced
these mutations simultaneously (Fig. 7D). A further mutation close to the light chain
CDR2 (H68Y) also caused amodest increase in binding. As expected mutations in the
heavy chains appeared generally less important for increasing binding though M39I,
N59I and T67F all gave modest increases in binding (Fig. 7E). Collectively our data
suggest that CSP repeat antibodies can undergo somatic hypermutation in germinal
centers resulting in affinity maturation, however the antibody response may be limited

by the number of naive B cells that can recognize and respond to this antigen.
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Discussion

Here we provide an analysis of the structure of a Plasmodium fal ciparum
sporozoite-neutralizing antibody (2A10). We further model the binding of this
antibody with its antigen target, the repeat region of CSP, and provide a
thermodynamic characterization of thisinteraction. Finally, we used novel tetramer
probes to identify and sort antigen specific B cells responding to sporozoite
immunization in order to measure the diversity and maturation of the antibody
response. We found that the avidity of 2A10 for the rCSP molecule wasin the
nanomolar range, which was much higher than the affinity previously predicted from
competition ELISAs with small peptides [20,21]. This affinity is a consequence of the
multivalent nature of the interaction, with up to 6 antibodies being able to bind to each
rCSP molecule. To spatially accommodate this binding the antibodies must surround
the CSPin an off-set manner, which is possible due to the slight twist in the helical
structure that the CSP can adopt. It is notable that the twisted, repeating arrangement
of the CSP linker is the only structure that would allow binding in the stoi chiometry
observed through the ITC. We further found that the diversity of the antibody
repertoire to the CSP repeat was limited, perhaps due to the relative simplicity of the
target epitope. However, these antibodies have undergone affinity maturation to

improve affinity, potentially allowing protective immune responses to develop.

Using ITC we determined the affinity of 2A 10 for rCSP to be 2.7 nM, which
is not unusual for amouse mAb. However it isamuch higher affinity than that
predicted from competition ELISAS that predicted a micro-molar affinity [20,21].

However, these competition ELISAs were performed with short peptides rather than
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rCSP. Indeed, when we performed ITC with ashort peptide and Fag fragments we too
obtained an affinity in the micro-molar range (0.42 uM). The difference in avidity
between the Fag binding to the peptide or full-length CSP and that of the antibody
appears to be driven by a more favorable enthalpy of binding. It is likely that
additional stabilizing interactions between adjacent Fag domains, which is consistent
with the structural model, contribute to this. One caveat of these datais that we used a
slightly truncated repesat, however it is likely that longer repeats will have further
stabilization of the interaction that could result in even higher affinity interaction

between CSP and binding antibodies.

Our data provide important insights into the requirements for sporozoite-
neutralization by CSP binding antibodies. The finding that each rCSP molecule can be
bound by ~ 6 antibody molecules is consistent with the finding that relatively large
amounts of antibody are required for protection against sporozoites [14,19,36].
Indeed, this may be an underestimate and it may be that full-length CSP can
accommodate additional antibody binding. If on the one hand, the surface of the
sporozoite provides multiple binding sites for CSP binding antibodies this may allow
the parasites to be relatively easily opsonized and phagocytized. On the other hand,
this may not be an important mechanism of action as anti-CSP Fag fragments have
previously been shown to be sufficient for blocking sporozoite infectivity in vivo
[36]. Moreover CSP is readily shed from the surface of the sporozoite as the
sporozoites undergo migration, which may act as a means of sloughing off bound
antibody to evade this response [37]. It has also been suggested that the CSP repeat
might act as a hinge allowing the N-terminal domain to mask the C-terminal domain

that is believed to be important for binding to and invading hepatocytes [9]. Antibody
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binding as observed here may disrupt this hinge perhaps resulting in the premature

exposure of the C-terminal domain and the loss of sporozoite infectivity.

Our results uncovering how neutralizing antibodies bind to CSP has several
implications for understanding the development of the immune response to CSP.
Notably the finding that the CSP molecule can be bound by multiple antibodies/B cell
receptors raises the possibility that this molecule can indeed crosslink multiple BCRs
and potentially act asatype-Il T independent antigen [17]. Such antigens typically
induce large but relatively short-lived immune responses [17]. Interestingly, the
RTS,S/AS01 vaccine based on that contains 18 CSP repeats and does appear to induce
high, but relatively short-lived, titers of anti-CSP antibodies [4,38], which would be
consistent with it inducing atype-11 T-independent response. Nonetheless, we also
detected extensive somatic hypermutation and affinity maturation, not only from
established monoclonal antibodies but also from CSP-specific B cells following a
single sporozoite immunization. Thus, there is a T-dependent germinal center
component to the antibody response too. The relative contributions of short-lived
antibody production and long-term B cell memory to protection is an areafor future

investigation.

The finding of alimited repertoire in the BCR sequences specific for the
(NANP), repeat contradicts previous suggestions that the response to CSP might be
broad and polyclonal [33]. One explanation for this limited antibody diversity is that
the antigenic simplicity of the CSP repeat region limits the range of antibodies that are
capable of responding. A prior example of thisis the antibodies to the Rhesus (Rh) D

antigen. The RhD antigen differs from RhC by only 35-36 amino acids, resulting in
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the creation of aminimal B cell epitope [39]. The repertoire of antibodies that can
bind this epitope are accordingly limited and mainly based on the VH3-33 gene
family [40]. Another potential explanation for alimited antibody repertoire could be
that the (NANP), repeat shares structural similarity with aself-antigen asis
speculated to happen with meningococcus type B antigens [41], however it is not
clear what this self-antigen might be. One potential outcome of this finding is that if
each B cell clone has afinite burst size this may limit the magnitude of the overall B

cell response.

One area for future investigation is to determine the binding modes and
sporozoite neutralizing capacities of other antibodies in the response. It is clear that
not all CSP-repeat binding antibodies have the same capacity for sporozoite
neutralization [13]. As such the finding of alimited repertoire of responding B cells
may lead to the possibility that some people have holes in their antibody repertoires
limiting their ability to make neutralizing antibodies. This may explain why, while
thereis a broad correlation between ELI1SA tires of antibodies to the CSP repeat and

protection following RTS,S vaccination, thereis no clear threshold for protection [4].

While our work has been performed with mouse antibodies, there are mgjor
similarities between mouse and human antibody loop structure [42]. The main
difference between the two speciesis the considerably more diverse heavy chain
CDR3 regions that are found in human antibodies [43]. In terms of our sequence data,
it may be that humans may have a more diverse antibody repertoire, not least because
as larger individuals they may have a greater diversity of naive B cells specific CSP.

However, it is notable that all 4 human monoclonal antibodies described to date from
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different volunteers share the use of the IGHV 3-30 gene family [19,20], suggesting

that in humans as well as mice there is a constrained repertoire of responding B cells.

Overall our data provide important insights into how the antibody response to
CSP develops. Our results aso help explain why relatively large amounts of
antibodies are required for sporozoite neutralization and suggest that the ability to
generate an effective B cell response may be limited by the very simplicity of the
repeat epitope. These data support previous suggestions that CSP may be a
suboptimal target for vaccination. However, we also find that CSP binding antibodies
can undergo somatic hypermutation and reach high affinities. This suggests if we can
develop vaccination strategies to diversify the repertoire of responding B cells and
favor the germinal center response it may be possible to generate long-term protective

immunity targeting this major vaccine candidate antigen.
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M ethods

Ethics statement

All animal procedures were approved by the Animal Experimentation Ethics
Committee of the Australian National University (Protocol numbers: A2013/12;
A2014/62 and A2015/76). All research involving animals was conducted in
accordance with the National Health and Medical Research Council's (NHMRC)
Australian Code for the Care and Use of Animals for Scientific Purposes and the

Australian Capital Territory Animal Welfare Act 1992.

Mice and I mmunizations

BALB/C mice (bred in house at the Australian National University) were immunized
IV with 5 x 10" P. berghei CS™ sporozoites expressing mCherry [44] or 5 x 10 P.
berghei CS™ sporozoites dissected by hand from the salivary glands of Anopheles
stephensi mosquitoes. Mice were then treated with 0.6mg choloroquine IP daily for 10

days to prevent the development of blood stage infection.

Flow Cytometry and sorting

Single cell preparations of lymphocytes were isolated from the spleen of immunized
mice and were stained for flow cytometry or sorting by standard procedures. Cells
were stained with lineage markers (anti-CD3, clone 17A2; anti-GR1, clone RB6-8C5
and anti-NKp46, clone 29A 1.4) antibodies to B220 (clone RA3-6B2), IgM (clone
11/41), 1gD (11-26¢2a) and (NANP)g tetramers conjugated to PE or APC. Antibodies
were purchased from Biolegend while tetramers were prepared in house by mixing

biotinylated (NANP)g peptide with streptavidin conjugated PE or APC (Invitrogen) in
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the a4:1 molar ratio. How-cytometric data was collected on aBD Fortessa flow
cytometer (Becton Dickinson) and analyzed using FlowJo software (FlowJo). Where

necessary cells were sorted on aBD FACs Arial or 11 machine.

Sequencing of (NANP), specific cellsand BCR analysis

Single cell suspensions from the spleens of immunized mice were stained with
(NANP)n tetramers and antibodies to B cell markers as described in the supplemental
experimental procedures. Antigen specific cells were sorted on aFACS ARIA | or |1
instrument prior to RNA extraction with the Arturus Picopure RNA isolation kit
(Invitrogen) and cDNA preparation using the i Script cDNA synthesis kit (BioRad).
BCR sequences were amplified using previously described heavy and kappa chain
primers including adaptor sequences alowing subsequent indexing using the Nextera
indexing kit (Illumina). Analysis was performed in house using R-scripts and the

program MiXCR as described in supplemental experimental procedures.

Binding of antibody variants

Variants of the 2A10 antibody were expressed in HEK293 T cells (akind gift of
Carola Vinuesa, Australian National University) as described in the supplemental
experimental procedures. Binding to the CSP repeat was tested by ELISA and ITC

using standard techniques as described in the supplemental experimental procedures.

Data Deposition

Sequence data generated in this paper is deposited at the NCBI BioProject database

accession number PRINA352758. Atomic coordinates and related experimental data
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604  for structural analyses are deposited in the Protein Data Bank (PDB) with PDB codes

605 5ZSFand 5TOY.
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Supporting Information L egends

S1 Fig. Theoretical (A) and experimental (B) CD spectra of the (NANP)gs peptide.
The computational prediction of the spectra (A) was performed using DichroCalc [9],
the experimental spectrawas measured at 222 nm at 25 °C. A peak at 185 nm,
minimum at 205 nm and shoulder between 215 and 240 nm are consistent with an

intrinsically disordered, but not random coil, structure.

S2 Fig. Cluster analysisfor M D simulations of (NANP)e peptide. Conformations
were clustered by concatenating the trajectory and performing a Jarvis-Patrick
analysis. The clusters are sorted by their RMSD from the first cluster (starting
geometry). As shown, Run 2 is stable in the starting geometry for several ns, while
Run 3 diverged, then reconverged to the starting geometry, where it was stable for
several ns. These data suggest the quasi-helical structure observed from the ab initio

calculations is stable, and can be spontaneously sampled, on a timescale of several ns.

S3 Fig. Cluster analysisfor M D simulations of (NANP)e peptide. Molecular
dynamics simulation of the (NANP)s:Fag complex. Root mean square deviation
(RMSD) of the (NANP)s:Fag complex as afunction of time, independent simulations

are shown in green, black and red.

A Fig: Alignment of 2A10 heavy chain and the predicted ger mline sequence
Residues that are mutated away from the predicted germline sequence in more one or
more other antibody heavy chain (2E7 or 3D6) are highlighted in red, mutations that

are predicted to beinvolved in binding to CSP are highlighted in blue.
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S5 Fig: Alignment of 2A10 heavy chain and the predicted ger mline sequence
Residues that are mutated away from the predicted germline sequencein both 2A10
and the related 2E7 antibody are highlighted in red, mutations that are predicted to be

involved in binding to CSP are highlighted in blue.

Movie S1: Molecular Dynamics simulation of the solution structure of the
(NANP)g peptide

Excerpt from (NANP)s run 3. Trajectory was fitted to minimize alpha-carbon RMSD
and then passed through a low-pass filter with filter length 8 frames to reduce

temporal aliasing.

Movie S2: Molecular Dynamics simulation of the inter action of the (NANP)n
repeat with the 2A10 FAB

Excerpt from 2A10:(NANP)s run 3. Trajectory was fitted to minimize alpha-carbon
RM SD and then passed through a low-pass filter with filter length 8 frames to reduce

temporal aliasing.
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Figure Legends

Fig. 1. ITC data for interactions between 2A10 Fag and antigens. (A) Titration of
2A10 Fag with (NANP)s. (B) Titration of 2A10 Fag with rCSP. (C) Titration of 2A10
with rCSP. The upper panels represent baseline-corrected power traces. By
convention, negative power corresponds to exothermic binding. The lower panels

represent the integrated heat data fitted to the independent binding sites model.

Fig 2. Structures of the (NANP)s peptide (A), the 2A10 Fag fragment (B) and the
model of the Fag fragment-(NANP)s complex (C). (A) The calculated structure of
the (NANP)g peptide is ahelical structure containing the same hydrogen bonds
between a carbonyl following the proline and the amide nitrogen of the alanine, and
the carbonyl group of an asparagine and a backbone amide of asparagine 3 residues
earlier (highlighted in red) that are observed in [27]. (B) Electron density (blue mesh;
2mF,-dF at 1 o) of the 2A10 Fag fragment viewed from above the antigen-binding
site. Light chain is shown as yellow sticks, heavy chain as cyan. (C) A calculated
model of the (NANP)s:2A 10 Fag fragment complex. The CDR2 regions of each chain

are shown in red, the CDRS3 regions of each chain are shown in blue.

Fig 3. Detailed view of the (NANP)s:2A10 Fag interface and site dir ected
mutagenesis. (A) A model of the light chain:(NANP)ginterface. (B) ELISA results
showing the effect of mutating light chain interface residues; error bars are based on
technical replicates from one of two independent experiments. (C) A model of the
heavy chain:(NANP)s interface. (D) ELISA results showing the effect of mutating

heavy chain interface residues; error bars are based on technical replicates from one
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815  of two independent experiments.

816 Fig4. Themultivalency of the NANP repeat region of the CSP protein. (A) An
817  (NANP)s peptide results in the presentation of two symmetrical epitopes, formed by
818  alternating repeats (cyan and magenta), allowing binding by two Fag domains, in
819  keeping with the stoichiometry observed by ITC. (B) The full 27-mer repeat region
820 resultsin the presentation of at least 10 separate epitopes and the twist of the helix
821 resultsin displacement along the length of the repeat region, which allows binding of
822  upto 10 separate Fag fragments, consistent with 4 antibodies bound by both Fag

823  domains, and two bound by a single Fag domain.

824

825 Fig5. CSP-specific B cellsenter the germinal center following spor ozoite

826  immunization. BALB/C Mice were immunized with either 5 x 10* P. berghei CS™
827  (expressing the endogenous P. berghei CSP repeat) or 5 x 10* P. berghei CS™

828  (expressing the circumsporozoite protein from P. falciparum). 12 days later the B cell
829  response was analyzed by flow cytometry and putative (NANP)-specific cells were
830 identified using PE and APC conjugated tetramers. (A) Representative flow

831  cytometry plots showing the identification of (NANP),-specific (Tetramer+) cells. (B)
832  Representative flow cytometry plots showing the proportion of Tetramer+ cells that
833  have class switched and entered agerminal center. (C) Quantification of the number
834  of classswitched Tetramer+ cells under different immunization conditions. (D)

835  Quantification of the number of germinal center Tetramer+ cells under different

836  immunization conditions.

837

838 Fig6. Limited diversity of (NANP), specific antibodies. BCR sequences were

839 amplified from Tetramer+ cells sorted from BALB/C mice 35 days after
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immunization with P. berghei CS™ as well as bulk B cells from naive BALB/C mice
(A) IGHV gene usage from among B cells from a representative naive mouse (grey
bars) and Tetramer+ cells from immune mice (red, blue and yellow bars). (B)
Shannon's diversity calculated for the diversity of IGHV region usage among bulk B
cells and Tetramer+ cells. (C) Circos plots showing the IGHV-IGHJ pairingsin a
representative naive mice and 3 immune mice. (D) IGKV gene usage from among B
cells from a representative naive mouse (grey bars) and Tetramer+ cells from immune
mice (red, blue and green bars). (E) Shannon's diversity calculated for the diversity of
IGKYV region usage among bulk B cells and Tetramer+ cells. (F) Circos plots showing

the IGKV-IGKJ pairings in a representative naive mouse and 3 immune mice.

Fig 7. CSP-binding antibodies under go somatic hypermutation and affinity
maturation (A) Violin plots showing the number of mutations per read from bulk B
cells from 3 individual naive mice and sorted (NANP), specific B cells from
sporozoite immunized mice (B) Skyscraper plots showing the location of mutations
away from germline in the IGKV1-110 gene in anaive mouse and in sorted (NANP),,
specific cellsin three sporozoite immunized mice. (C) ELISA binding to the (NANP)g
peptide of recombinant antibodies corresponding to the 2A10 mAD, the predicted
germline precursor, and hybrid antibodies containing the 2A10 heavy chain (mHC)
paired with the germline light chain (gLC) and the 2010 light chain (mLC) paired
with germline heavy chain (gHC). (D) Predicted mutations in the gLC were
introduced to the germline precursor and their effect on binding to (NANP)g measured
by ELISA (E) Predicted mutations in the gHC were introduced to hybrid antibodies
consisting of the mLC and the gHC heavy chain and their effect on binding to

(NANP)g measured by ELISA.
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