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Abstract

Plasmodium falciparum antigens expressed on the surface of infected erythrocytes are
important targets of naturally acquired immunity, but their high number and variability
provide the pathogen with a powerful means of escape from host antibodies. Although
broadly reactive antibodies against these antigens could be useful as therapeutics and in
vaccine design, their identification has proven elusive so far. Here, we report the isolation
of human monoclonal antibodies that recognize erythrocytes infected by different P.
falciparum isolates and opsonize these cells by binding to members of the RIFIN family.
These antibodies acquired broad reactivity through a novel mechanism of DNA insertion
between the V and DJ segments. The insert, which is necessary and sufficient for binding
to RIFINs, is the collagen-binding domain of LAIR-1, an Ig superfamily inhibitory
receptor encoded on chromosome 19. In each of the two donors studied, the antibodies
are encoded by a single expanded B cell clone and carry distinct mutations that abolish
binding to collagen and increase binding to infected erythrocytes. These findings
illustrate, with a biologically relevant example, a novel mechanism of antibody
diversification and demonstrate the existence of accessible and conserved epitopes that

may be suitable candidates for the development of a malaria vaccine.

Introduction

Plasmodium falciparum is the causative agent of the most deadly form of malaria and
accounts for 600,000 deaths yearly'. During the blood stage of its life cycle, P.
falciparum expresses and inserts proteins into the membranes of erythrocyte host cells,
modifying their cytoadhesive and immunological properties’. Many of these proteins
belong to large families collectively known as variant surface antigens (VSAs), of which
the best-characterized are P. falciparum erythrocyte membrane protein-1 (PfEMPI),
repetitive interspersed family (RIFIN) proteins and sub-telomeric variable open reading
frame (STEVOR) proteins’. VSAs are thought to play a role in malaria pathology by
promoting binding of infected erythrocytes (IE) to uninfected erythrocytes to form

rosettes, and by mediating adhesion of IE to endothelial cells, which leads to
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sequestration of IE in various organs™*. Following natural exposure, VSAs stimulate an
antibody response that develops progressively and contributes to naturally acquired
immunity®®. This immunity takes several years to develop because P. falciparum is able
to evade the host response through clonal antigenic variation”'’. Indeed, sera from adults
who have grown up in malaria endemic areas and are protected from clinical disease

12 The broad reactivity of the sera is thought to be

recognize many parasite isolates
predominantly due to a large repertoire of variant-specific antibodies'’, but a rigorous

search for broadly reactive antibodies against VSAs'"*'>!* has yet to be conducted.

Results

Isolation of monoclonal antibodies that broadly bind to infected erythrocytes

To identify individuals that may produce broadly reactive antibodies, we developed an
improved mixed agglutination assay'® (Fig. 1a). Plasma from adults (n = 557) living in a
malaria-endemic region in Kilifi, Kenya, were initially tested in pools of five (Fig. 1b)
and then individually for their capacity to agglutinate mixtures of erythrocytes infected
with three culture-adapted Kenyan parasite isolates, each stained with a different DNA
dye (a total of nine isolates tested). Most plasma samples formed single-colour
agglutinates, but three were able to form mixed-colour agglutinates with at least six
isolates (Fig. 1c¢). A single isolate (10668) was not detected in mixed agglutinates formed
by any of the plasma and was therefore excluded from the study.

From two selected donors (coded C and D) whose plasma formed mixed
agglutinates with at least eight isolates, we immortalized IgG" memory B cells using an
established protocol” and screened the culture supernatants for their capacity to stain
erythrocytes infected with the eight isolates. Surprisingly, most antibodies isolated from
these donors stained multiple isolates, with the best antibodies, such as MGC34, MGD21
and MGD39, recognizing all eight isolates tested (Fig. 1d). Conversely, a few antibodies,
such as MGD13, were specific for a single isolate. In all cases, only a fraction of IE was
stained (Fig. 1e) and this fraction varied with different antibodies, possibly reflecting

different affinities of the antibodies or different expression levels of the antigens. Overall,
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these findings show that broadly reactive antibodies against VSAs can be generated in

response to malaria infection.

Broadly reactive antibodies contain mutated LAIR-1 inserts

We investigated the molecular basis of the broad antibody reactivity by comparing the
sequences of the antibodies isolated from the two donors. While the antibodies with
narrow reactivity showed classical VDJ organization of the heavy (H) chain gene, all the
broadly reactive antibodies (14 from donor C, 13 from donor D) carried a large insert of
more than 100 amino acids between their V and DJ segments (Fig. 2a and Extended
Data Fig. 1-2). In both donors, the core of the inserts encoded an amino acid sequence
that was 92-98% homologous to the extracellular domain of LAIR-1, a collagen-binding
inhibitory receptor encoded in the leukocyte receptor locus on chromosome 19 (Chr19)'°.
However, in each donor, the broadly reactive antibodies used a distinct VH/JH
combination (VH3-7/JH6 in donor C and VH4-4/JH6 in donor D) and had junctions of
distinct length between the V, LAIR-1 and J segments. In addition, the broadly reactive
antibodies from donor D shared a single light (L) chain (VKI1-8/JKS5), while the
antibodies from donor C had one of three different L chains (VK1-5/JK2, VK4-1/JK2,
VL7-43/JL3) (Extended Data Fig. 3).

All the broadly reactive antibodies carried a high load of somatic mutations
spanning the whole V-LAIR-1-DJ region. The mutations in the VH were used to
reconstruct genealogy trees showing a developmental pathway with progressive
acquisition of somatic mutations (Fig. 2b-¢). Notably, the trees were consistent with
those generated using only the LAIR-1 insert or the VL sequence (Extended Data Fig.
4).

Collectively, the above findings indicate that, within each individual, a single B
cell clone carrying a LAIR-1 insert was expanded following stimulation by malaria

antigens and progressively accrued mutations in LAIR-1, VH and VL regions.
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Genomic structure of the LAIR-1 insert

To address the mechanism that led to the generation of the LAIR-1-containing antibodies,
we compared cDNA and genomic DNA sequences obtained from the antibody-producing
B cell clones (Fig. 3). In both donors, the genomic DNA contained a LAIR-1 insert that
was larger than that found in the corresponding cDNA. In particular, in donor C, the
insert comprised not only the 291 bp exon encoding the extracellular LAIR-1 domain, but
also a 194 bp 5’ intronic region of the LAIR-1 gene that was partially spliced out in the
mRNA, and a shorter 23 bp 3’ intronic region that was maintained in the mRNA
(Extended Data Fig. 5). Donor D had a somewhat different genomic insertion, with
larger 5° (378 bp) and 3’ (60 bp) LAIR-1 intronic sequences, and, 5’ of the LAIR-1
insertion, an additional sequence of 138 bp corresponding to an intergenic sequence of
Chr13 (Extended Data Fig. 6). In this donor, the entire LAIR-1 5’ intronic sequence and
much of the 5° Chr13 sequence were spliced out in the mRNA.

To gain insight on the mechanism leading to the insertion of LAIR-1, we analysed
the sequences flanking the LAIR-1 and Chrl3 inserts. We identified cryptic
recombination signal sequences (RSSs) that followed the 12/23 rule but had poor RSS
prediction scores and were not positioned precisely at the ends of the inserts (Extended
Data Fig. 7). In addition, the inserts were located exactly between V and D/J segments
and were joined to these segments by N-nucleotides. These findings would be consistent
with single or multiple RAG-dependent DNA transposition events followed by selective

splicing leading to the expression of a functional protein.

The mutated LAIR-1 domain is necessary and sufficient for binding to IE

To determine the contribution of the mutated VH, VL and LAIR-1 domains to the
antibody specificity, we generated a panel of constructs and fusion proteins based on the
broadly reactive antibody MGD21 (Fig 4a). Substitution of the V, J or L chain of
MGD21 with that of an unrelated antibody did not affect binding to IE, suggesting that
these elements are dispensable for binding (Fig. 4b). In contrast, deletion of the LAIR-1

insert, or its reversion to the unmutated genomic sequence, led to a complete loss of
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binding. Furthermore, fusion proteins displaying only the mutated LAIR-1 exon with or
without flanking sequences showed specific binding to IE, although with lower affinity.

To understand the contribution of the somatic mutations of the LAIR-1 insert to
antigen binding, we created a set of LAIR-1-Fc fusion proteins carrying, in various
combinations, the mutations shared by MGD21 with other antibodies of the same clonal
family. We tested the mutants for binding to IE and to collagen, which is the natural
ligand of LAIR-1. Interestingly, two distinct kinds of mutations were identified: those
that reduced collagen binding and those that increased binding to IE (Fig. 4¢, d). In
particular, a single mutation (P107R) was sufficient to abrogate collagen binding, while
three mutations (T67L, N69S and A77T) synergized in promoting binding to IE.

Taken together, these findings indicate that the binding of the broadly reactive
antibodies to IE relies mainly on the mutated LAIR-1 domain, which evolves under

selective pressure to lose collagen binding and gain binding to IE.

LAIR-1-containing antibodies bind to distinct members of the RIFIN family

To facilitate the identification of the antigen(s) recognized by the LAIR-1-containing
antibodies, we used the fully sequenced P. falciparum 3D7 strain and isolated stable
parasite lines that were enriched (3D7-MGD21") or depleted (3D7-MGD21") of MGD21
reactivity (Fig. 5a). Western blot analysis showed two MGD21-reactive bands of 40-45
kDa in ghosts and in MGD21 immunoprecipitates (IP) prepared from 3D7-MGD21" IE
(Fig. 5b). These bands were absent in control samples prepared from 3D7-MGD21" IE
ghosts or from those immunoprecipitated with an irrelevant antibody.

Analysis of the IP using liquid chromatography-coupled mass spectrometry (LC-
MS) revealed that a member of the A-type RIFIN family (PF3D7 1400600) was
significantly enriched in IP obtained with MGD21 as compared to IP obtained with a
control antibody (Log, fold change >2; P < 0.01) (Fig. 5¢). PF3D7 1400600, as well as a
second A-type RIFIN (PF3D7 1040300), was also identified by LC-MS in 3D7-
MGD21" but not in 3D7-MGD21" ghosts in the absence of immunoprecipitation (Fig.
5d). The MW of these two RIFINs (41 and 42 kDa) and their degree of enrichment were
consistent with the two bands observed in the Western blot. Notably, four other RIFINSs,
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including one recently characterized for its capacity to induce rosetting
(PF3D7_0100400)°, were detected in similar amounts by LC-MS in both 3D7-MGD21"
and 3D7-MGD21" ghosts.

We found that enrichment for 3D7-MGD21" IE greatly increased recognition by
all the other broadly reactive antibodies from donor D tested and, notably, by two broadly
reactive antibodies from donor C, suggesting that these antibodies recognize the same
antigens (Extended Data Fig. 8). The binding of the LAIR-1-containing antibodies to
specific RIFINs was confirmed by the finding that MGD21 stained CHO cells transfected
with the candidate antigens (PF3D7 1400600 and PF3D7_1040300), but not with
irrelevant RIFINs that were similarly expressed (PF3D7 0100400 and PF3D7_0100200)
or not detected (PF3D7_1100500) in 3D7-MGD21" and 3D7-MGD21" ghosts (Fig. 5e
and Extended Data Fig. 8). PF3D7 1400600- or PF3D7 1040300-transfected CHO
cells were also stained by most of the antibodies that stained 3D7-MGD21" IE, but not by
those that failed to stain the parasite line.

To investigate whether the LAIR-1-containing antibodies also recognize RIFINs
expressed by the Kenyan isolates (e.g. 9605), we repeated the immunoprecipitation assay
with 9605-MGD21" and 9605-MGD21" IE. Western blot analysis revealed two MGD21-
reactive bands in 9605-MGD21" samples with the expected molecular weight (Extended
Data Fig. 9a). Furthermore, enrichment for 9605-MGD21" IE greatly increased binding
by all the MGC and MGD antibodies tested (Extended Data Fig. 9b), suggesting that
these antibodies (including those that do not bind to 3D7 RIFINs) recognize RIFINs
expressed by isolate 9605. Collectively, these results indicate that the LAIR-1-containing
antibodies recognize specific members of the RIFIN family in different P. falciparum
isolates.

Addition of MGD21 to 3D7 culture did not interfere with parasite growth and did
not result in decreased expression of the antigen(s) (Extended Data Fig. 10a-b). In
addition, when tested in a rosette inhibition assay with O or A" erythrocytes, MGD21
did not show a consistent inhibitory effect (P = ns for both blood groups) (Extended
Data Fig. 10c). In contrast, MGD21 showed a strong capacity to opsonize 3D7 IE for
phagocytosis by human monocytes (Fig. 5f). Opsonization was dependent on an intact
Fc, as a mutant lacking Fc receptor binding (MGD21 LALA) did not induce

phagocytosis. Similar results were obtained with other broadly reactive antibodies
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isolated from both donors and with a different parasite isolate (11019) (Extended Data
Fig. 10d), suggesting that these broadly reactive antibodies could be effective in

promoting phagocytosis and destruction of IE in vivo.

Discussion

Our study reveals a new mechanism of diversification that leads to the generation of
potent and broadly reactive antibodies that bind to RIFINs on erythrocytes infected with
different P. falciparum isolates. These findings open several questions as to the potential
use of RIFINs as targets for passive and active vaccination and as to the general
relevance of the mechanism of DNA transposition that generated these broadly reactive

antibodies.

Broad recognition of RIFINs by LAIR-1-containing antibodies

RIFINs represent the largest family of VSAs, with as many as 150 polymorphic genes,
some of which have been recently implicated in severe P. falciparum malaria’. RIFINs

17,1
718 and have been shown to

are expressed at multiple stages in the parasite life cycle
generate an antibody response following natural infection'’. The LAIR-1-containing
antibodies bind to RIFINs on intact IE and have potent opsonizing activity, which would
be consistent with their role in decreasing the burden of IE in vivo by enhancing parasite
clearance in the spleen. The staining of only a fraction of IE by the LAIR-1-containing
antibodies is consistent with the clonal expression of RIFINs® and suggests that these
antibodies may not be sufficient to take full control of the infection. Nevertheless, given
the fact that in vitro cultured parasites downregulate and sometimes lose VSA expression
due to the lack of selection pressure®, it is difficult to extrapolate these in vitro results to
the in vivo setting. In particular, it will be important to determine whether the parasites
that escape from antibody recognition maintain virulence in vivo. It will also be
interesting to determine whether the LAIR-1-containing antibodies recognize the RIFINs
that are expressed at other stages of the parasite life cycle, such as sporozoites,

. 17,1
merozoites and gametocytes' '®.
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In the context of vaccine development, it is encouraging to find conserved
epitopes present on a large fraction of IE from multiple and possibly all parasite isolates.
It remains to be established whether the conserved RIFIN epitopes identified by the
LAIR-1-containing antibodies could also be recognized by conventional antibodies and
whether this antibody response would have sufficient breadth to control disease and
possibly transmission. Immunoepidemiological studies and controlled human
experimental infections®' may help to assess the potential of the RIFIN-based approach

for serotherapy and vaccine design.

A new mechanism of antibody diversification

The unusual architecture of the LAIR-1-containing antibodies illustrates a novel
mechanism of inter-chromosomal DNA transposition that can contribute to antibody
diversification. The presence of cryptic 12/23 RSSs and N-nucleotides at the ends of the
LAIR-1 and Chrl3 inserts suggests that V(D)J recombinase was involved in the excision
of the DNA fragments. Indeed, RAG1/2 preferentially binds to transcriptionally active
sites™ and LAIR-1 is transcribed in developing B cells®. We postulate that these
fragments, which are comparable to signal joints, are rejoined into the resolving coding
ends of a V-DIJ locus®**. V(D)J recombinase is primarily active in developing B cells,
but can also be reactivated in germinal center B cells*® and has been implicated in inter-

chromosomal genomic rearrangements at cryptic RSSs outside the Ig and TCR loci*™**,

and in the formation of chromosomal translocations found in human lymphomas®*~’.
Nevertheless, we cannot exclude that the production of LAIR-1-containing antibodies
might be the consequence of AID-dependent genomic instability caused by chronic
Plasmodium infection, as recently demonstrated in a mouse model®'.

The transposition of LAIR-1 (and Chrl13) sequences into rearranging V-DJ genes
is the first example of an insertion that gives rise to a functional antibody where the insert
represents the fundamental binding element. We propose that in the two donors studied, a
rare somatic event generated a single B cell clone that expanded under selective pressure

to lose collagen reactivity and to increase binding to the RIFINs present in the parasite

population. The large expansion of the clones and the extraordinary degree of intraclonal
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diversification could be the consequence of continuous stimulation by variable parasites
encountered over a period of several years. It is tempting to speculate that, due to the
strong reactivity of LAIR-1 for collagen, the pre-B cell would be forced to edit the
BCR™¥, which may explain the presence of three different light chains in clones from
donor C. However, given that in this case the self reactivity is uniquely encoded by the
LAIR-1 insert, the only way to escape would be through somatic mutation of this
domain™, and we have indeed identified mutations that reduce collagen binding.

It remains to be established how often this novel mechanism may give rise to
functional antibodies and whether sequences other than LAIR-1 are transposed into
rearranging Ig genes. The mechanism of DNA transposition between V and DJ leading to
its expression in the CDR3 loop offers the possibility to accommodate different protein
domains in the antibody structure with minimal disruption, while splicing offers the
further advantage of maintaining the boundaries of a protein domain.

In the specific case of the two donors studied, the large expansion of LAIR-1
positive clones can be attributed to the fact that these donors were chronically exposed to
malaria and that LAIR-1 is a good substrate to generate a RIFIN-binding domain through
just a few mutations, as we have shown. The finding that the unmutated LAIR-1 domain
does not bind to RIFINs is intriguing and is reminiscent of what is found in broadly
neutralizing anti-HIV antibodies of the VRCO1 class, which do not bind when reverted to
their unmutated forms®*. We anticipate that other cases of LAIR-1-containing antibodies
will be found in malaria-endemic regions, but similar clones are unlikely to emerge in
malaria-free countries, although we speculate that such clones may be recruited in an

anti-collagen response that is characteristic of certain rheumatic diseases™ .
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Figure legends

Figure 1. Identification of broadly reactive monoclonal antibodies against IE.
a, Fluorescence microscopy images of single agglutinates (top) and a triple agglutinate
(bottom). b-¢, Plasma (pooled in groups of five) from immune adults were screened
against six parasite isolates using the triple mixed agglutination assay (b). Pools that
formed mixed agglutinates with at least five isolates (in red) were further investigated for
individual reactivity against an extended panel of 8 isolates (c). d, Heat map showing the
percentage of IE of eight parasite isolates stained by monoclonal antibodies isolated from
two donors. Closely related antibodies are grouped in alternating colors. n = 1 e, Example

of staining of IE by the broadly reactive antibody MGDS5S5.

Figure 2. Broadly reactive antibodies contain a mutated LAIR-1 insert and are
produced by expanded clones. a, Protein sequence alignment of MGC1 and MGD21
with germline-encoded sequences of the corresponding VH (green or purple), DH (cyan),
JH (blue) and LAIR-1 (exon in red and intronic sequences in light red). Chr13 sequences
are shown in orange while junctions are shown in grey. b-¢, Genealogy trees drawn from
the VH nucleotide sequences of antibodies from donors C (b) and D (c¢). In the donor C
genealogy tree, antibodies that use different light chains are highlighted in different
colours. Shown are the nucleotide and amino acid substitutions, with the latter in

parentheses.

Figure 3. Genomic and cDNA structure of the LAIR-1 inserts. Scheme showing
genomic DNA and cDNA of LAIR-1-containing antibodies from donors C and D. Shown
are the lengths of the fragments (bp in parentheses), cryptic 12/23 RSS sites (triangles)

and splicing positions (dashed lines).

Figure 4. The mutated LAIR-1 insert is necessary and sufficient for binding to IE. a,
Design of modified MGD21 antibody constructs with selected regions replaced with
counterparts from an unrelated antibody (FI499) [C1-C2, C9], deleted [C3-C6], or
reverted to germline (GL) [C7-C8]. Fc fusion proteins that incorporated the LAIR-1

insert, junction and downstream sequences [F1], as well as the LAIR-1 exon alone [F2],
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were also designed. b, Binding of MGD21 constructs and Fc fusion proteins to IE. One
representative of n = 2 independent experiments. ¢-d, Selected amino acid substitutions
found in MGD21 were added individually or in different combinations to the germline
LAIR-1-Fc fusion protein. These mutants were tested for binding to collagen and to IE.
Shown are the effect of the mutations on binding to IE or collagen (one representative of
n = 2 independent experiments) (¢) and their location on the LAIR-1 structure®® (pdb,
3kgr) (d). Gain of IE binding is shown in green (background mean fluorescence intensity
(MFI) values subtracted). Loss of collagen binding (EC50 ELISA values) is shown in
red.

Figure 5. LAIR-1-containing antibodies bind to distinct RIFINs and opsonize IE.
a, MGD21 staining of 3D7 IE that were enriched or depleted of MGD21 reactivity. n = 3
independent experiments. b, Western blot showing MGD21 binding to erythrocyte ghosts
and MGD21 IP prepared from 3D7-MGD21" and 3D7-MGD21" IE. Controls include
uninfected erythrocytes (uE) and IP with an irrelevant antibody (BKC3). Specific bands
are marked with stars. Anti-human IgG was used as secondary antibody, resulting in
detection of antibodies used for IP alongside antigens of interest. n = 2 independent
experiments. ¢, Volcano plot from LC-MS analysis of MGD21 versus BKC3 IP prepared
from 3D7-MGD21" IE. n = 4 independent experiments. d, Heat map from LC-MS

analysis showing RIFIN expression levels (calculated as iBAQ scores’*

) in erythrocyte
ghosts prepared from 3D7-MGD21" and 3D7-MGD21" IE. Grey boxes indicate that
expression levels are below the detection limit. e, MGD21 and BKC3 staining of CHO
cells transfected with a specific (PF3D7 1400600) or an irrelevant (PF3D7_0100200)
RIFIN. n = 5 independent experiments. f, Opsonic phagocytosis of 3D7-MGD21" IE by
monocytes. The IE were stained with DAPI, which was quantified in monocytes as a

measure of phagocytosis. n =2 for MGD21, MGD21 LALA, BKC3, n=1 for others.
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Extended Data Figure 1. Nucleotide sequence alignments of VH regions of
antibodies isolated from donors C (a) and D (b). Dots indicate positions where the

nucleotide of a mature antibody is identical to that of the UCA.

Extended Data Figure 2. Protein sequence alignments of VH regions of antibodies
isolated from donors C (a) and D (b). Putative complementarity-determining regions
(CDRs) are highlighted in red. Dots indicate positions where the amino acid of a mature

antibody is identical to that of the UCA.

Extended Data Figure 3. Nucleotide sequence alignments of VL regions of
antibodies isolated from donors C (a-c) and D (d). Complementarity-determining
regions (CDRs) are highlighted in red. Dots indicate positions where the nucleotide of a

mature antibody is identical to that of the UCA.

Extended Data Figure 4. Genealogy trees generated from VL and LAIR-1 exon
sequences. The trees were drawn based on the somatic mutations in light chain variable
regions (a, b) or LAIR-1 exons (¢, d) of the antibodies isolated from donors C and D. In
the donor C VL trees, VL(1), VL(2) and VL(3) refer to VL7-43/JL3, VKI1-5/JK2 and
VK4-1/JK2, respectively. Shown are the nucleotide and amino acid substitutions, with

the latter in parentheses.

Extended Data Figure 5. The LAIR-1 intron is partially spliced out in mature
antibody mRNA. The sequence alignment of genomic DNA (gDNA) and ¢cDNA of
antibody MGC28 reveals a 507 bp LAIR-1 insert in Chrl14 and the removal of a 160 bp
fragment 5’ of the LAIR-1 exon by RNA splicing. Splice donor and acceptor sites are
highlighted in yellow.

Extended Data Figure 6. Genomic DNA analysis reveals a Chr13 insertion in LAIR-

1-containing antibodies of donor D. Shown is an alignment of a region of antibody-

encoding DNA (Chrl14) with the corresponding region of Chrl3 from gDNA isolated
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from B cells of clone MGD19. The sequence maintained in the mature antibody mRNA
is boxed and the splice donor site is highlighted in yellow.

Extended Data Figure 7. LAIR-1 and Chr13 inserts in antibodies are flanked by
12/23 cryptic RSS sites. The regions on Chr19 and Chrl3 of donor-derived genomic
DNA corresponding to the ends of the inserts were sequenced and RSS sites were
identified using the RSSsite web server. The sequences shown begin from the ends of the
inserts. Cryptic RSS sites are highlighted in grey, with complementary ends underlined

and prediction scores shown in parentheses.

Extended Data Figure 8. Reactivity of representative MGC and MGD antibodies to
3D7 IE and 3D7 RIFIN-transfected CHO cells. Shown is the percentage of IE (one
representative of n = 2 independent experiments) or of transfected CHO cells (n = 1)
stained by the antibodies. RIFINs that were enriched in 3D7-MGD21" ghosts are
highlighted blue, while RIFINs that were similarly expressed or not detected in 3D7-
MGD21" and 3D7-MGD21" ghosts are shown in red. BKC3 is a negative control
antibody.

Extended Data Figure 9. Reactivity of MGC and MGD antibodies to the Kenyan
parasite isolate 9605. a, Western blot showing MGD21 binding to IP prepared from
9605-MGD21" and 9605-MGD21" IE. Specific bands are marked with a star. Anti-human
IgG was used as secondary antibody, resulting in detection of antibodies used for IP
alongside antigens of interest. n = 2 independent experiments. b, Percentage of 9605-
MGD21" and 9605-MGD21" IE recognized by representative MGC and MGD antibodies.
BKC3 is a negative control antibody. One representative of n = 2 independent

experiments.

Extended Data Figure 10. Functional assays of LAIR-1-containing antibodies. a,
Parasitemia of 3D7-MGD21" in vitro culture after 2 d of incubation with various
concentrations of MGD21 or an irrelevant antibody (BKC3). n = 1. b, Percentage of 3D7-
MGD21" IE recognized by MGD21 after 2 d of incubation with various concentrations of
MGD21 or BKC3. The antibodies were removed after 2 d (during the ring stage of the
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life cycle) and the parasites were allowed to grow for 24 h to the late trophozoite/schizont
stage prior to detection with MGD21. n = 1. ¢, Rosetting of 9605-MGD21" IE with blood
group O" or A" uninfected erythrocytes (uE) after incubation with MGD21 or BKC3.
Mean * SD of n = 4 independent experiments. d, Opsonic phagocytosis of 11019-
MGD21" IE by monocytes. The IE were stained with DAPI, which was quantified in

monocytes as a measure of phagocytosis. n = 1.
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Methods

Parasite culture and selection. The Plasmodium falciparum clone 3D7 and nine
laboratory-adapted parasite isolates from severe and non-severe malaria patients in Kilifi,
Kenya (sampled between 2009 and 2010), were cultured in vitro according to standard
procedures® and cryopreserved at the late trophozoite stage for use in subsequent assays.
To select for MGD2 1-reactive infected erythrocytes (IE), cultured IE were incubated with
MGD21 for 20 min at room temperature, washed, and rotated with Protein G-coated
magnetic beads (Life Technologies) for 30 min at room temperature. Following magnetic
sorting, enriched (MGD21") and depleted (MGD21") fractions were returned to in vitro

culture.

Triple mixed agglutination assay. Following informed consent, plasma samples were
taken from 2007 to 2014 from 557 adults living in a malaria-endemic region within Kilifi
County on the coast of Kenya. The study was approved by the Kenya Medical Research
Institute Ethics Review Committee and the Oxford Tropical Research Ethics Committee.
IE from three parasite isolates were separately stained with 10 pg/mL DAPI, 200 pg/mL
ethidium bromide or 6.7 SYBR Green I for one hour at room temperature. The stained
parasites were washed five times, mixed in equal proportions, and diluted to a 5%
haematocrit in incomplete RPMI medium. Ten pL of the parasite mixture was rotated
with 2.5 pL of adult plasma for 1.5 h at room temperature, and agglutinates formed were
examined by fluorescence microscopy. In the primary screen, pools of five adult plasma
were tested against six Kenyan isolates (in two separate reactions). Pools that formed
mixed-colour agglutinates were identified and individual plasma within these pools were
tested against nine isolates using the same assay. Two adults with plasma that formed
mixed agglutinates with eight parasite isolates were selected for monoclonal antibody
isolation and, following further informed consent, an additional blood sample was taken

from each individual in February 2014.

B cell immortalization and isolation of monoclonal antibodies. IgG" memory B cells
were isolated from cryopreserved PBMCs by magnetic cell sorting with mouse anti-

CDI19-PECy7 antibodies (BD Pharmingen, order number 341113) and mouse anti-PE
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microbeads (Miltenyi Biotec, order number 130-048-081), followed by flow cytometry
sorting for IgG" IgM™ IgD" cells. The B cells were immortalized with Epstein—Barr virus
(EBV) in the presence CpG-DNA (2.5 pg/mL) and irradiated feeder cells as described
previously'®. Two weeks post-immortalization, culture supernatants were tested for the
ability to stain IE from eight parasite isolates by flow cytometry. Cryopreserved IE were
thawed, stained with 10x SYBR Green I, and incubated with the B cell supernatants for 1
h at 4°C. Antibody binding was detected using 2.5 ug/mL of goat Alexa Fluor 647-
conjugated anti-human IgG (Jackson ImmunoResearch, order number 109-056-098).
Reactivity was calculated based on the percentage of late-stage parasites (high SYBR
Green) recognized by each antibody.

Sequence analysis of antibody ¢cDNA and genomic DNA. cDNA was synthesized from
selected B cell cultures and both heavy chain and light chain variable regions (VH and
VL) were sequenced as previously described®. The usage of VH and VL genes and the
number of somatic mutations were determined by analyzing the homology of VH and VL
sequences of mAbs to known human V, D and J genes in the IMGT database®*'. Genomic
DNA was isolated from the B cell lines with a commercial kit (QIAGEN), and antibody-
encoding sequences were amplified and sequenced with primers specific for the V and J
regions of the given antibody. Sequences were aligned with ClustalW2*. Potential

cryptic RSS sites were identified using the RSSsite web server™.

Immunoglobulin lineage and genealogy analysis. Unmutated common ancestor (UCA)
sequences of the VL were inferred with Antigen Receptor Probabilistic Parser (ARPP)
UA Inference software, as previously described*. UCA sequences of the VH were
constructed using IMGT/V-QUEST*' and the genomic insert sequences. Nucleotide
sequences of the mutated antibodies and the UCA were aligned using ClustalW2*, and
phylogenetic trees were generated with the DNA Maximum Likelihood program (Dnaml)
of the PHYLIP package, version 3.69*.

Production of recombinant antibodies, antibody variants and fusion proteins.
Antibody heavy and light chains were cloned into human IgG1, Igk and IgA expression
vectors™ and expressed by transient transfection of Expi293F Cells (ThermoFisher

Scientific) using polyethylenimine (PEI). Cell lines were routinely tested for mycoplasma
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contamination. The antibodies were affinity purified by protein A chromatography (GE
Healthcare). Variants of the MGD21 antibody were produced by i) exchanging Vy, Dy,
Ju elements or the light chain with the corresponding sequences of an irrelevant antibody
(F1499, reactive to influenza virus*®), ii) deleting selected segments, or iii) reverting
somatic mutations to the germline configuration with reference to the IMGT database and
the original LAIR-1 genomic sequence (NCBI Reference Sequence: NC 018930.2). In
addition, LAIR-1-Fc fusion proteins were produced recombinantly by cloning the
mutated or unmutated LAIR-1 fragment into a plasmid designed for expression of human
IgG1 fusion proteins (pINFUSE-hIgG1-Fc2, Invivogen). Based on an alignment of the
most potent LAIR-1-containing antibodies with the unmutated LAIR-1 sequence, five
key residues that could contribute to gain of binding to IE and loss of binding to collagen
were identified and added alone or in various combinations to the unmutated LAIR-1-Fc
fusion protein. The MGD21 constructs and LAIR-1 exon mutants were tested for staining
of 3D7 IE that were enriched for MGD21 recognition (3D7-MGD21"). For the LAIR-1
exon mutants, MFI values at 1 pg/mL antibody concentration were calculated by

interpolation of binding curves fitted to a linear regression model (Graphpad Prism 6).

ELISA. Total IgGs were quantified using ELISA plates coated with goat anti-human IgG
(SouthernBiotech, order number 2040-01) using Certified Reference Material 470
(ERMs-DA470, Sigma-Aldrich) as a standard. Binding to human collagen type I was
tested by ELISA using 96-well MaxiSorp plates (Nunc). Briefly, ELISA plates were
coated with 5 ug/mL of type I recombinant human collagen (Millipore, order number
CC050), blocked with 1% BSA and incubated with titrated antibodies, followed by AP-
conjugated goat anti-human IgG, Fcy fragment specific (Jackson Immuno Research,
order number 109-056-098). Plates were then washed, substrate (p-NPP, Sigma) was

added and plates were read at 405 nm.

Immunoprecipitation and LC-MS. Erythrocyte ghosts were prepared by hypotonic
lysis with 1x PBS diluted 15-fold in water, and ghost membranes were dissolved in a
reducing lysis buffer containing 2% SDS, 10 mM DTT, 10 mM HEPES pH 8, sonicated
and boiled. Solubilized proteins were alkylated with iodoacetamide (final concentration
55 uM) for 30 min at room temperature and precipitated with 80% acetone overnight at

4°C. The precipitates were resuspended in urea and digested with trypsin. For
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immunoprecipitation experiments, I[E were sonicated and dissolved in 7.2 M urea in
RIPA buffer (1% Triton X-100, 0.1% SDS, 0.5% sodium deoxycholate in HBS pH 7.4).
The samples were centrifuged and supernatants were diluted 6.7-fold with RIPA buffer
containing a protease inhibitor cocktail (Sigma-Aldrich) and incubated with 10 pg of
MGD21 or BKC3 overnight at 4°C. Next, Protein G-Sepharose beads (GE Healthcare)
were added and samples were incubated for 1 h at 4°C. The beads were washed four
times and immunoprecipitates were digested directly on the beads with trypsin. After
trypsin digestion, peptides were analyzed on a Q-Exactive instrument at the Functional
Genomics Center in Ziirich. Raw files were analyzed using the MaxQuant software’’ and
MS/MS spectra were searched against the human and P. falciparum 3D7 UniProt FASTA
databases. Peptide identifications were matched across several replicates. Subsequent
data analysis was performed in the R statistical computing environment. Missing values
were imputed with a normal distribution around an LFQ value of 21. Statistical

significance was evaluated by Welch tests.

Western blots. Ghosts and immunoprecipitates were dissolved in 2x SDS sample buffer
(Bio-Rad) and run on a 12% polyacrylamide gel under non-reducing conditions. The
proteins on the gel were transferred onto a PVDF membrane, which was blocked with 5%
milk in TBS with 0.1% Tween (TBST) for 1 h at room temperature. The membrane was
incubated with 5 pg/mL MGD21 overnight at 4°C, washed with TBST, and developed
with HRP-conjugated sheep anti-human IgG (GE Healthcare, order number NA933) used

in combination with a chemiluminescent substrate.

Expression of RIFINs. Genes encoding the A-RIFINs PF3D7 1400600,
PF3D7 1040300, PF3D7 0100400, PF3D7 0100200, and PF3D7 1100500 were
produced by gene synthesis (Genscript) and cloned into the pDisplay vector (Invitrogen),
which contains an HA tag, as previously described’. The pDisplay constructs were
transiently transfected into CHOK1-SV cells (GS-System, Lonza) using PEI. Cell lines
were routinely tested for mycoplasma contamination. Briefly, one day before
transfection, CHOK1-SV cells were seeded at 0.5x10° cells/mL in 30 mL CD-CHO
medium (Invitrogen) supplemented with 2 mM L-glutamine in 125 mL Erlenmeyer flasks
(Corning). On the day of transfection, 20 pg DNA was diluted in OPTI-PRO SFM
Medium (Invitrogen) and mixed with 200 pg PEI for 20 min at room temperature. The
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DNA-PEI complexes were added to the cells, which were cultured in a CO, shaker
incubator at 37°C, 135 rpm. After 72 hours, the expression of RIFINs and their
recognition by the LAIR-1-containing antibodies were tested by flow cytometry. Briefly,
5 pg/mL of rabbit anti-HA tag and 2 pg/mL of MGC or MGD antibodies were added to
the RIFIN-transfected cells. Antibody binding was detected by 5 pg/mL of Alexa Fluor
488-conjugated goat anti-rabbit IgG (Life Technologies, order number A11034) and 2.5
pug/mL of Alexa Fluor 647-conjugated goat anti-human IgG (Jackson ImmunoResearch,
order number 109-606-170). Dead cells were excluded by staining with 7-AAD (BD

Biosciences).

Inhibition of parasite growth. 3D7-MGD21" (5% parasitemia, ring stage) was cultured
with various concentrations of MGD21 or BKC3 for 2 d. After 2 d, 10x SYBR Green |
was added to aliquots of each culture and parasitemia was quantified by flow cytometry.
The remaining parasites in each culture were washed to remove the antibodies and
incubated for 1 d to allow the parasites to reach the late trophozoite/schizont stage.
MGD21 recognition of these cultures was detected using 2.5 pg/mL of Alexa Fluor 647-

conjugated goat anti-human IgG (Jackson ImmunoResearch, order number 109-606-107).

Inhibition of rosetting. 9605-MGD21" IE at the late trophozoite/schizont stage were
purified from uninfected erythrocytes and ring-stage parasites using a magnetic column
(Miltenyi Biotec) and resuspended in culture medium with 10% human serum. The
purified IE were incubated with 10 pg/mL of MGD21 or BKC3 for 1 h at 4°C, mixed
with O" erythrocytes or A" erythrocytes in a 1:20 ratio, and incubated for 30 min at room
temperature to allow rosetting to occur. The IE were stained with 10x SYBR Green I, and
the number of rosettes formed by at least 200 IE was counted by fluorescence microscopy

to calculate the rosetting rate.

Opsonic phagocytosis by monocytes. IE were stained with 10 pg/mL DAPI for 30 min
at room temperature, washed four times and run on a magnetic column (Miltenyi Biotec)
to purify late stage parasites. The purified parasites were opsonized with serially diluted
antibodies for 1 h at 4°C. Monocytes were isolated from fresh PBMCs of healthy donors
using mouse anti-CD14 microbeads (Miltenyi, order number 130-050-201) and mixed

with the opsonized parasites in a 1:2 ratio for 1 h at 37°C. The cells were stained with
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mouse anti-CD14-PE-Cy5 (Beckman Coulter, order number A07765) and analyzed by
flow cytometry. The mean fluorescence intensity (MFI) of DAPI in CD14" cells was used

as a measure of phagocytosis of IE by monocytes.

Statistics. The Wilcoxon signed-rank test was used for statistical comparisons of pairs of

data groups in rosetting experiments.
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