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Identification of Residues in the Cu4 Domain of Polymeric
IgM Essential for Interaction with Plasmodium falciparum
Erythrocyte Membrane Protein 1 (PFEMP1)"

Ashfaq Ghumra,** Jean-Philippe Semblat,>" Richard S. McIntosh,* Ahmed Raza,’
Ingunn B. Rasmussen,® Ranveig Braathen,” Finn-Eirik Johansen,” Inger Sandlie,’
Patricia K. Mongini,7 J. Alexandra Rowe,>" and Richard J. Pleass™*

The binding of nonspecific human IgM to the surface of infected erythrocytes is important in rosetting, a major virulence factor
in the pathogenesis of severe malaria due to Plasmodium falciparum, and IgM binding has also been implicated in placental
malaria. Herein we have identified the IgM-binding parasite ligand from a virulent P. falciparum strain as PFEEMP1 (TM284varl
variant), and localized the region within this PFEMP1 variant that binds IgM (DBL43 domain). We have used this parasite
IgM-binding protein to investigate the interaction with human IgM. Interaction studies with domain-swapped Abs, IgM mutants,
and anti-IgM mAbs showed that PFEMP1 binds to the Fc portion of the human IgM H chain and requires the IgM Cu4
domain. Polymerization of IgM was shown to be crucial for the interaction because PFEMP1 binding did not occur with
mutant monomeric IgM molecules. These results with PFEMP1 protein have physiological relevance because infected eryth-
rocytes from strain TM284 and four other IgM-binding P. falciparum strains showed analogous results to those seen with the
DBLA4 domain. Detailed investigation of the PFEMP1 binding site on IgM showed that some of the critical amino acids in
the IgM Cpu4 domain are equivalent to those regions of IgG and IgA recognized by Fc-binding proteins from bacteria,
suggesting that this region of Ig molecules may be of major functional significance in host-microbe interactions. We have
therefore shown that PFEMP1 is an Fc-binding protein of malaria parasites specific for polymeric human IgM, and that it

shows functional similarities with Fc-binding proteins from pathogenic bacteria. The Journal of Immunology, 2008, 181:

1988-2000.

mmunoglobulin M, the first Ab to be secreted during an im-
mune response, is highly effective at neutralizing and agglu-
tinating pathogens, and it also activates the classical comple-
ment cascade with a 1000-fold increased avidity than IgG (1). This
increased avidity is largely due to the pentameric structure of IgM
(2). A receptor for IgM (and IgA), the Fca/uR that is closely
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related to the polymeric Ig receptor (pIgR)* in its ligand-binding
domain, has recently been identified and shown to be expressed by
a subset of B cells and macrophages, but not on granulocytes, T
cells, or NK cells in the mouse spleen (3). The Fca/uR mediates
endocytosis of IgM-coated bacteria and immune complexes and is
thought to play a role in Ag processing and presentation during the
primary stages of immunity (4, 5). Although parasite-specific IgM
has been shown to play an important role in limiting parasite rep-
lication in rodent models of malaria, its role in human malaria
remains largely undetermined (6, 7).

Natural IgM, produced by B-1 B cells of naive animals, has
been identified as a link between innate and adaptive immune re-
sponses because of its ability to control the dissemination of both
viruses and bacteria (8, 9). What role natural IgM plays in immu-
nity to human malaria is less clear, although nonimmune IgM is
known to bind to the surface of Plasmodium falciparum-infected
erythrocytes, and it has been shown to correlate with rosetting and
severe malaria in both laboratory strains and field isolates (10).
Rosetting, the ability of infected erythrocytes to bind uninfected
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ones, is associated with severe malaria in African children (11, 12),
and rosettes often contain nonspecific human IgM (13-16). In-
triguingly, infected erythrocytes implicated in placental adhesion
are also able to bind natural nonspecific IgM (17, 18). Although
pathogenic parasite isolates clearly bind IgM, it is unclear what
advantage the ability to bind IgM offers a parasite in an infected
erythrocyte, although in the case of rosetting phenotypes, it has
been suggested that IgM could act as a bridge between infected
and uninfected erythrocytes to stabilize rosettes (14, 15). However,
even in the absence of information concerning their exact biolog-
ical role, the IgM binding proteins are of considerable interest as
immunochemical tools and model systems. A similar situation pre-
vails for the bacterial IgG-binding proteins staphylococcal protein
A and streptococcal protein G, which have been extensively stud-
ied (19), but whose biological function is unknown.

The parasite ligands that mediate IgM binding have been shown
to be members of the variant erythrocyte surface Ag family P.
falciparum erythrocyte membrane protein 1 (PfEMP1), encoded
by the var genes (20, 21). Every parasite contains 50— 60 var genes
in its genome, but only one is expressed at the surface of the
infected erythrocyte (21). The var gene repertoires of different par-
asite isolates are largely nonoverlapping, resulting in extensive di-
versity in the PFEMP1 family (22). PEEMP1 molecules are com-
posed of Duffy binding-like (DBL) domains classified into six
types (a, B, v, 0, &, and X), and cysteine-rich interdomain region
domains (CIDR) classified into three types («, 3, and vy) (23, 24).
Individual var genes differ from each other by the number and type
of these domains. A number of different PFEMP1 domains from
specific PIEMP1 variants have been shown to bind nonimmune
IgM, including a CIDR from the FCR3S1.2varl variant (25), a
DBL from the TM284S2varl variant (26), two DBLe domains
from FCR3varlCSA and FCR3var2CSA variants (27), and one
DBL-X and two DBLe domains from 3D7var2CSA (18). The pre-
cise binding sites for IgM within these domains are unknown, and
there is no obvious motif shared by these domains that is missing
from equivalent domains lacking IgM-binding function. It is also
unknown which region of the IgM molecule is bound by PfEMP1,
and whether different IgM-binding PfEMP1 variants bind similar
or different regions of the IgM molecule.

Herein, we identify a new PfEMP1 variant as the IgM-binding
ligand from a virulent P. falciparum strain derived from a patient
with cerebral malaria, and we report experiments analyzing the
interaction between IgM and PfEMP1. Using domain-swapped
Abs, mutant IgM molecules, and specific mAbs to IgM, we show
that PFEMP1 binding requires the Cu4 domain of the IgM H chain,
and that IgM polymerization is essential for binding by PfEMP1.
Additionally, we found that one region of Cu4 involved in
PfEMP1 binding is homologous to the regions in IgG and IgA that
are bound by bacterial Fc-binding proteins. Furthermore, using
mAbs to the [gM Cu3 and Cu4 domains, we show that multiple P.
falciparum strains implicated in both severe childhood and preg-
nancy-associated malaria use the same binding site on IgM.

Materials and Methods

Parasite culture and selection

Parasites were cultured in group O erythrocytes in RPMI 1640 medium
supplemented with gentamicin, HEPES, glucose, and 10% pooled human
serum as described previously (28). The parasite lines used were rosetting
strains TM284 (29) and HB3R+, and the CSA-binding strains FCR3CSA,
202-CSA, and HB3-CSA (17). The TM284 strain used here is the parent of
a parasite clone TM284S2 used in a previous study of Ig binding (26), and
the PFEMP1 variant that we have identified (encoded by TM284varl) is
distinct from that described by Flick et al. (TM284S52varl). Rosetting par-
asites were selected by plasmagel flotation (the upper phase contains only
nonrosetting parasites and the lower phase contains rosetting parasites and
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uninfected erythrocytes) (30). After staining an aliquot of parasite suspen-
sion with 25 ug/ml ethidium bromide, rosette frequency (percentage of
mature infected erythrocytes binding two or more uninfected erythrocytes)
was assessed by fluorescence microscopy of a wet preparation.

Immunofluorescence assays (IFAs) to detect normal human
serum IgM binding to live infected erythrocytes

IFAs were conducted on mature trophozoite or schizont stage parasites
grown in medium containing normal human serum as described previously
(10), using a mouse mADb to human IgM (Serotec) diluted 1/1000 followed
by incubation with Alexa Fluor 488-labeled goat anti-mouse IgG (Molec-
ular Probes) diluted 1/500 plus 1 ug/ml of 4,6-diamidino-2-phenylindole
(DAPI, to stain the parasite nucleic acid and allow identification of infected
erythrocytes). Controls were performed using secondary Ab/DAPI only.
Parasite cultures were smeared on a slide and viewed under a fluorescent
microscope.

Protein extraction and immunoprecipitation assay

At late trophozoite stage, infected erythrocytes were washed twice in in-
complete media (supplemented RPMI 1640 as described above, but lacking
10% serum) and half of the culture was treated with trypsin (100 pg/ml) for
10 min at 37°C followed by the addition of soybean trypsin inhibitor (100
ng/ml) for 10 min at 37°C. Proteins were extracted using a solution of 150
mM NaCl, 5 mM EDTA, 50 mM Tris-HCl (pH 8.0), and 1% Triton X-100
(NETT) containing one tablet of a cocktail of protease inhibitors (Roche)
per 10 ml NETT. After centrifugation (10 min at 13,000 rpm, 4°C) the
supernatant (Triton X-100 soluble fraction) was removed and used for
immunoprecipitation. Pull-down assays were performed using 300 ul of
Triton X-100 soluble fraction mixed with 100 ul of 10% slurry of protein
L or protein G beads in NETT for 1 h on a Spiramix mixer at 4°C. Beads
were washed twice in NETT/1% BSA, once in NETT/350 mM NaCl, twice
in NETT, and once in Tris-saline (150 mM NaCl, 50 mM Tris-HCI (pH
8.0)). Beads were heated at 70°C in loading buffer and pelleted by cen-
trifugation. The supernatant was analyzed on a NuPAGE Novex 3-8%
Tris-acetate acrylamide gel (Invitrogen), transferred to polyvinylidene di-
fluoride membranes, and blocked in PBS containing 5% skimmed milk.
Membranes were probed with a 1/1000 dilution of mAb 6H1 (specific for
the conserved intracellular portion of PEMP1 (ref 28), a kind gift from S.
Rogerson) followed by 1/1000 dilution of HRP-conjugated sheep anti-
mouse IgG (Chemicon International), and the signal was developed using
ECL Plus Western blotting detection reagents as described by the manu-
facturer (Amersham Biosciences).

RNA extraction and var gene RT-PCR

TM284 parasites were divided into isogenic rosetting and nonrosetting sub-
populations as described previously (30), and RNA was extracted from late
ring-stage parasites using TRIzol (31). RNA (2 ug) was used for cDNA
preparation using SuperScript III kit (Invitrogen) according to the manu-
facturer’s protocol. Briefly, after DNase I treatment for 30 min at room
temperature, cDNA was synthesized using random hexamers. Central
DBLa domain was amplified by PCR with degenerate primers using
AmpliTaq Gold polymerase as described (32). PCR products were
cloned into the PCRII vector (Invitrogen) and used to transform com-
petent cells, and miniprep DNA was prepared from white colonies and
sequenced as described previously (33).

Sequencing of the TM284varl gene

A var gene (TM284varl) was identified that comprised the majority of var
gene sequences derived from the TM284 rosetting parasites but was not
detected in the set of var gene sequences derived from the TM284 nonro-
setting parasites. The full-length sequence of TM284varl was obtained by
a PCR-walking strategy using vectorette libraries (30).

Northern blotting

RNA (1.5 pg) in formamide loading buffer was loaded on a 1.2% agarose/
1.1% formaldehyde gel, electrophoresed for 2 h at 150 V in 1X MOPS
running buffer, stained with 0.5 wg/ml ethidium bromide for visualization,
and transferred overnight onto a nitrocellulose membrane (Roche). Probe
fragments were amplified from genomic DNA using AmpliTaq DNA poly-
merase and cloned into pCRII vector (Invitrogen). Primer sequences were
as follows: DBL4f3 probe, forward 5’'-tctcgtcagctgaaggatgaatgggattgtaac-
3’, reverse 5'-acgagtgggcccatgtgaatcatcaatagg-3'; exon II probe: forward
5’-aaaaaaccaaagcatctgttggaaatttat-3’, reverse 5'-gtgttgtttcgactaggtagtac
cac-3'. Inserts were reamplified using Pfx DNA polymerase (Invitrogen),
M13 reverse primer, and the forward primer of the insert. RNA probes
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were synthesized from the PCR product using Sp6 RNA polymerase using
the DIG Northern starter kit (Roche) according to the manufacturer’s con-
ditions. Blots were prehybridized for 1 h in DIG Easy buffer and probed
overnight with 2 ul of probe in 7 ml of DIG easy buffer at 58°C for the
DBLA probe or 52°C for the exon II probe. Membranes were washed for
45 min with 0.5X SSC, 0.1% SDS followed by 45 min incubation in 0.25X
SSC, 0.1% SDS. Both incubations were performed at 62°C for the DBL4f
probe or 55°C for the exon II probe. Membranes were incubated with 1/100
dilution of anti-Dig Ab before chemiluminescent detection with CDP-Star
(Roche) as described by the supplier.

Expression of TM284varl domains in COS-7 cells

All PfEMP1 extracellular domains encoded by TM284varl were PCR am-
plified and cloned into the pRE4 expression vector using Pvull-Apal re-
striction sites as described previously (27, 34, 35). The amino acid bound-
aries of the constructs were as follows: DBL1« (82-422), CIDRB (455—
674), DBL2y (749-1100), DBL3e (1082-1499), DBL4B (1481-1952),
and DBL5e (1914-2285). The primers used were: DBL1«, 5'-tctcgtcaget
gggatatccacccgeaagg-3' and 5'-acgagtgggccctgttgctacaaattetg-3'; CIDRS,
5'-tetcgtcagetgteatgtectgtatttggtgt-3" and 5'-acgagtgggecccteattagttacttccaa
ttg-3"; DBL2Yy, 5'-tctcgtcagetggacaaaaacttgtttcaagtg-3" and 5'-acgagtgggc
cettettteggtggtgtatcg-3'; DBL3g, 5'-tctegtcagetgacagactatgatacaaatge-3'
and 5'-acgagtgggccctggatgatattgtgggtette-3'; DBL4B, 5'-tctegtcagetggaa
gagtcaaatactacag-3' and 5'-acgagtgggcccagtaacatccgeagtagg-3'; DBLSe,
5'tctegtcagetggagtgtaacgaacctaacactg-3’' and 5'-acgagtgggeccaatgagacaat
cacatttac-3'. PCR conditions were as follows: 3 min at 94°C followed by
3 cycles: 94°C for 30 s, 45°C for 30 s, and 60°C for 1.5 min; 3 cycles: 94°C
for 30 s, 48°C for 30 s, and 60°C for 1.5 min; and 24 cycles: 94°C for 30s,
50°C for 30 s, and 60°C for 1.5 min. The pRE4 vector contains the herpes
simplex glycoprotein D signal sequence fused to the DBL domain of in-
terest and a transmembrane signal sequence targeting the fusion protein to
the surface of transfected COS-7 cells. COS-7 cells were transiently trans-
fected with 1 pg of DNA using 3 ul of FuGENE 6 as described by the
manufacturer (Roche). Transfection efficiency and ability to bind IgM were
assessed by IFA with mAbs DL6 and anti-human IgM, respectively, as
described before (27).

Bacterial expression of PFEMPI1 domains

Bacterial expression of PFEMP1 domains was conducted by modification
of the methods of Singh et al. (36). A PCR product containing a His-tagged
DBLA4B domain was subcloned as a Nhel-Xhol fragment into the bacterial
expression vector pET28a (Novagen) using the following sets of primers:
5'-ctagctagcgaagagtcaaatactacag-3’ and 5'-ccgctcgagagtaacatccgeagt
agg-3' and transformed into the Escherichia coli BL21 Rosetta strain. Pro-
tein expression was induced by isopropyl-B-p-1-thiogalactopyranoside
(IPTG) and bacterial pellets lysed in BugBuster (Novagen) containing pro-
tease inhibitors (Roche). Inclusion bodies were washed twice in 50 ml of
50 mM Tris-HCI (pH 7.4) containing 500 mM NaCl, 2 M urea, 1 mM
EDTA, and 0.1% Igepal CA-630 (Sigma-Aldrich) with a final wash in
double-distilled H,O. Bacterial pellets were then denatured in 50 ml 8 M
urea before the addition of 5 ml of Talon metal affinity resin (Clontech) and
rolled overnight at room temperature to allow binding. Bound protein was
washed and eluted with 300 mM imidazole according to the manufacturer’s
instruction and renatured into PBS using stepwise dialysis with reducing
concentrations of urea at 4°C. Protein concentrations were determined by
a bicinchoninic acid assay (Pierce) and purity assessed by SDS-PAGE on
12% bis-Tris polyacrylamide gels stained with SimplyBlue (Invitrogen) or
by immunoblotting with anti-His-HRP (Sigma-Aldrich).

Abs: domain swap, point mutants, and controls

1gM/IgG and IgM/IgA1 domain-swapped, point-mutant, and IgG1l or
IgA1 Abs specific for the hapten NIP (3-iodo-4-hydroxy-5-nitrophen-
acetyl) were purified from tissue culture supernatants as previously de-
scribed (37-41). Other Abs used for investigating binding to PFEMP1
were obtained from commercial sources as follows: human IgA2 and
IgM anti-NIP (Serotec), mouse IgMA (BD Pharmingen) and IgM Fabu
fragment (Rockland). Detecting Abs used in ELISAs and IFAs include
anti-polyhistidine-HRP mAb (HIS-1, Sigma-Aldrich); goat anti-mouse
A-RPE (Southern Biotechnology Associates); goat anti-mouse A-biotin
(Southern Biotechnology Associates); mouse mAb DL6 anti-HSV-1 gD
(Santa Cruz Biotechnology); goat anti-mouse IgG Fab-FITC (Sigma-
Aldrich); goat F(ab'), anti-human IgM Fcu-RPE (Caltag Laboratories);
mouse anti-human IgM k-chain specific (Sigma-Aldrich); and goat anti-
human IgM p-chain specific-HRP (Sigma-Aldrich). A panel of anti-
IgM p-chain-specific mAbs used in blocking studies (1F11, 4-3, 1G6,
5D7, 196.6b, HB57, 1X11) have been described previously (42, 43).

PfEMP1 IS AN Fc RECEPTOR FOR POLYMERIC HUMAN IgM

The anti-Cp4-specific mAb 2F11 was kindly provided by Professor Tor
Lea (Institute of Immunology, Rikshospitalet, Oslo, Norway).

Construction of I1gM mutants

The Cu4 domain IgM mutants NR445-446HL and PLSP394-397LLPQ
were constructed using site-directed mutagenesis (QuickChange II XL kit;
Stratagene) using the following forward and reverse primer sets (5'-catg
aggecctgececacetggtcaaccgagaggac-3’  and - 5'-gtecteteggtgaccaggtggg
gcagggcctcatg-3' for [gM NR445-446HL, and 5'-gcagagggggcagetcttgece
caggagaagtatgtga-3' and 5’'-tcacatacttctcctggggcaagagetgecccctetge-3' for
IgM PLSP394-397LLPQ, all from MWG Biotech) on the wild-type
pSV2gptVyp IgM plasmid using PCR (37). To verify incorporation of the
desired mutations and to check for PCR-induced errors, the entire u H
chain regions of all the expression vectors were sequenced. The mutant H
chain genes were transfected by electroporation into the murine myeloma
cell line J558L (European Collection of Cell Cultures), constitutively pro-
ducing a mouse Al L chain and a J chain, but no Ig H chains. The cells were
grown in RPMI 1640 medium supplemented with 10% FCS, 100 IU/ml
penicillin, and 100 ug/ml streptomycin (Invitrogen) at 37°C/5% CO,. Sta-
ble transfectants were selected in medium containing 250 wg/ml xanthine
and 1 pg/ml mycophenolic acid and IgM-positive colonies selected by
ELISAs on supernatants using NIP-BSA (Biosearch Technologies) coated
microtiter wells as previously described (41).

Analysis of domain-swapped Abs binding to PfEMP1 domains
by ELISA

Nunc MaxiSorp microtiter plates, coated overnight with 5 wg/ml purified
Ab in coating buffer (0.05 M sodium carbonate (pH 9.6)), were blocked
with PBS containing 5% milk powder and 0.1% (v/v) Tween 20. All Abs
used to coat wells were of equal concentration as determined by the bicin-
choninic acid assay and anti-NIP ELISAs with goat anti-mouse A-biotin
and streptavidin-HRP (Serotec). After three washes with PBS, 50 ul of
varying concentrations of DBL4 was added in PBS containing 1% milk
powder and Tween 20 as above (PBSMT) to duplicate wells and incubated
for 2 h at room temperature before washing as above. In blocking exper-
iments, wells coated with IgM were incubated with varying concentrations
of anti-IgM mAbs for 1 h before the addition of DBL4S3. Bound DBL4f3
was detected using anti-His-HRP (Sigma-Aldrich) at 1/1000 in PBSMT
and incubated for 1 h. After washing as above, reactions were developed by
incubating with substrate (Sigma-Aldrich 3,3',5,5'-tetramethylbenzidine
dihydrochloride tablets made up according to the manufacturer’s
instructions).

Analysis of domain-swapped Abs binding to PfEMPI1 domains
expressed in COS-7 cells by IFA

DBLA4B and DBLS5e domains from TM284varl transiently expressed on the
surface of COS-7 cells (as above) were grown on the surface of 12-mm
circular coverslips (Raymond A Lamb). Cells were washed in PBS and
fixed in ice cold 50/50 methanol acetone solution for 20 min. After washing
in PBS, cells were blocked in PBS/5% FCS for 1 h. After washing, 2 ng
mAb DL6 to detect the glycoprotein D tag as a marker of transfection
efficiency, and 10 ng of Ab in a final volume of 50 ul PBS/1% FCS, was
spotted onto parafilm and laid on top of each cover slip for 1 h in a humid
chamber. For blocking experiments, IgM was preincubated with varying
concentrations of anti-IgM mAb for 1 h before incubation with DBL trans-
fectants. Cells were washed three times in PBS/1% FCS before the addition
of a 1/100 dilution of goat anti-mouse IgG-FITC and goat anti-mouse
A-RPE for 1 h in the dark. Cells were washed as above with a final wash
in PBS and mounted with ProLong Gold antifade reagent containing DAPI
(Invitrogen) and viewed by fluorescence microscopy.

IFAs of live infected erythrocytes with domain-swapped Abs

To prevent the binding of native IgM from the culture medium, parasites
were grown in medium with 10% IgM-depleted human serum, obtained by
three sequential incubations of human serum with anti-human IgM linked
to agarose beads (Sigma-Aldrich). Western blotting with an anti-human
IgM Ab confirmed the complete removal of IgM from human serum fol-
lowing this procedure (data not shown). The binding of domain-swapped
Abs to infected erythrocytes (see Tables II and III) was as described pre-
viously with minor modifications (17). Briefly, 50-ul aliquots of parasite
cultures at 2% hematocrit were washed in PBS and resuspended in PBS
containing 1% Ig-free BSA (Sigma-Aldrich) (PBS-BSA). Abs (1.6 ng)
were added to each aliquot and cultures were incubated on ice for 1 h. Cells
were washed twice with PBS-BSA and resuspended in 1/200 dilution of
goat anti-mouse A-FITC (Caltag Laboratories) in PBS-BSA containing 50
ng DAPI. After a further incubation for 1 h and washes as above, cells were
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FIGURE 1. Characterization of TM284varl and ex-

pression of recombinant DBL domains. A, IFA on live
TM284-infected erythrocytes using mouse anti-human

IgM (1/1000) and Alexa Fluor 488-conjugated goat anti-

mouse secondary Abs (1/500). An IgM-positive roset-

ting infected erythrocyte shows punctuate surface fluo-

rescence, while a nonrosetting infected erythrocyte is

negative. Parasite nuclei stained with DAPI. B, Protein

extracts from TM284 or IT/R29 parasites, in the pres-

ence or absence of trypsin, were incubated with either

protein L (to pull out IgM) or protein G (to pull out IgG)

beads. Immunoprecipitated products were run on 3—8%

acrylamide Tris-acetate gels and transferred to polyvi-

nylidene difluoride membranes for blotting with the anti-

PfEMP mAb 6H1. The product at >250 kDa represents

PfEMPI1. C, Domain structure of the PfEMP1 variant C
encoded by the TM284varl gene. D, Northern blot of
ring-stage rosetting (R+) and nonrosetting (R—)
TM284 parasites probed with a DBL4f3 probe specific
for TM284varl (left panel) or an exon II probe recog-
nizing all var genes (right panel). Ethidium bromide-
stained gel is shown as an indication of loading (lower
panel). Bars indicate the position of the 9-kb and 6-kb
bands of the RNA Millennium markers (Ambion). E,
IFA on COS-7 cells transfected with TM284
varlCIDRB (upper panel) and TM284 varlDBLA4S
(lower panel). COS-7 cells were incubated with mAbs E
1D3 or DL6 to determine transfection efficiency (left
column), with secondary Ab alone as negative control
(middle column) or with mouse mAb to human IgM
(right column). F, Western blot analysis of purified DBL
domains of TM284varl expressed in E. coli. Polyvinyli-
dene difluoride membranes were incubated with perox-
idase conjugated anti-His as described in Materials and
Methods. An equivalent SimplyBlue-stained SDS-
PAGE 4-15% gradient gel is shown on the left; 2 ug of
protein was loaded per lane.

TM284
var! CIDRy

TM284
varl DBL4p

resuspended in a 1/1000 dilution of chicken anti-goat Ig-Alexa Fluor 488
(Invitrogen). After another set of incubations and washes, cells were re-
suspended at 30% hematocrit in PBS-BSA and smeared on slides for im-
munofluorescence microscopy.

IFAs of live infected erythrocytes with 1gM-specific blocking
mAbs

Parasites were grown in IgM-depleted human serum as described above.
Five micrograms of anti-NIP human IgM (Serotec) was incubated for 12 h
at 4°C with 12 ug of the IgM-specific mAbs IX11 (Cul specific), 4-3 (Cu3
specific), and IF11 (Cu4 specific). The IgM/blocking mAb mixture was
then incubated with live parasites and IFA conducted as described above
for the domain-swapped Abs.

“Pseudo”-rosetting assays

Human erythrocytes were derivatized with NIP and sensitized with varying
concentrations of IgM, IgAl, or the a/Cu4 domain-swapped Ab (41).
Coating levels for each Ab were found to be equivalent by reactivity with
anti-A L chain-FITC as assessed by flow cytometry (data not shown).
COS-7 transfectants were washed twice in PBS and resuspended at 1 X 10°
cells/ml. Rosetting of sensitized erythrocytes to DBL4B-transfected COS-7
cells was performed as previously described (41). To investigate the effects
of complement at disrupting rosette formation, IgM-coated (20 ug/ml)
erythrocytes were incubated with Clq (100 wg/ml, Sigma-Aldrich) or a
1/200 dilution of serum/plasma in barbitone complement fixation test di-
luent supplemented with 0.1% gelatin and 0.5% BSA (Veronal buffer; Ox-
oid). Binding of Clq to IgM-opsonized erythrocytes was confirmed by IFA
with anti-C1q conjugated to FITC (Serotec). After 1 h incubation of eryth-
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rocytes in serum, a 1/10 dilution of the anti-Cu4 mAb 4-3 was added for
an additional 1 h before incubation with the DBL4 transfectants. A pseu-
do-rosette was defined as a transfected COS-7 cell surrounded by five or
more opsonized erythrocytes.

Results
Identification of PfEMPI as the IgM-binding ligand from the
TM284 strain

TM284 is a P. falciparum rosetting strain that shows strong bind-
ing to human IgM when grown in culture medium containing
pooled naive human serum (10, 14) (Fig. 1A). To identify whether

Table I. M284varl domains and their ability to bind human IgM

Domain Transfection Efficiency (%)“" IgM Binding (%)”¢
DBLl« 5-10 0

CIDRS 20-25 0
DBL2y 15-20 0

DBL3e 5-10 0

DBL4B 10-15 8-12
DBL5e 15-20 0

“ Transfection efficiency was calculated by IFA using mAb DL6.
” Data from at least three experiments for each domain are shown.
“IgM binding was determined by IFA using a mouse anti-human IgM mAb.
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FIGURE 2. Overview of Ab H chain constructs. Constant H chain do-
mains/sequences are shown as blue (w), yellow (), or red (7y) ovals. TP in-
dicates secretory tailpiece. L309C marks a single amino acid replacement of
the leucine from IgG to the cysteine from the homologous position in IgM, to
create a domain-swapped Ab with greater ability to polymerize (38).

PfEMP1 was the parasite ligand responsible for IgM binding, we
conducted immunoprecipitation experiments using protein
L-sepharose beads on Triton X-100-soluble protein extracts from

PfEMP1 IS AN Fc RECEPTOR FOR POLYMERIC HUMAN IgM

the TM284 strain (Fig. 1B). A high-molecular mass (>250 kDa),
trypsin-sensitive protein was immunoprecipitated that could be
blotted with mAb 6H1 recognizing the well-conserved intracellu-
lar domain of PfEMP1 (44). Control immunoprecipitations with
protein G (that binds IgG but not IgM) failed to precipitate a sim-
ilar-sized molecule, and no product was detectable with the other
controls, including the non-IgM-binding IT/R29 parasite strain
(10) or uninfected erythrocytes. Taken together, these results in-
dicate that a PFEMP1 variant expressed by TM284 binds human
IgM but not IgG.

Characterization of the TM284varl gene

To allow detailed investigation of the molecular interactions be-
tween PfEMP1 and human IgM, we cloned and sequenced the var
gene encoding the predominant PfEMP1 variant expressed by
TM284 rosetting parasites. TM284 was selected to high rosette
frequency (>70% of infected erythrocytes in rosettes) and then
separated into rosetting and nonrosetting subpopulations (30).
RNA was extracted from each subpopulation and RT-PCR per-
formed using degenerate primers to the var gene DBLa domain
(32). The resulting PCR products were cloned and sequenced, and
the predominantly transcribed gene from the rosetting parasites,
which was absent from the nonrosetting parasites, was identified as
TM284varl. The full-length TM284varl gene was cloned and se-
quenced by PCR walking using vectorette libraries (30). Analysis
of the full sequence indicated that TM284varl encodes a PFEMP1
variant containing six extracellular domains (Fig. 1C), plus a trans-
membrane domain and the intracellular acidic terminal sequence.
The upstream sequence of TM284varl is of the UpsA type (23),
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E ——a/Cu2,3 FITC  pg DBL3e
3 08 ~—alCy2,3,4 i i
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]
£ 0.4+
2 o2 ) )
FIGURE 3. Binding of IgA/IgM and IgG/IgM do-
main swaps to DBL domains. ELISA analysis of recom- o,:"m 10 1 01 B B
binant DBL4S from the TM284varl variant binding to DBL4 (ug/mi)
IgA/IgM (A) or IgG/IgM (B) domain-swapped Abs im- ht a
mobilized in microtiter wells (left panels). No binding
was seen with control DBL3e (R29varl variant) (30) or 4 -
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surface of unfixed COS-7 cells (C). No binding of Abs
was seen to control COS-7 cells expressing either
DBL3e or DBL5e.
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Table II. Binding of recombinant domain-swapped Abs to infected
erythrocytes®
Parasite Strain
Antibody TM284 FCR3CSA

Human IgM +++ +++
Human IgG1 - =
Human IgA1l - -
Mouse IgM” - -
Human IgM Fab - -
y/Cu3.4 ++ ++
Y/L309C-Cpé +/— ++
y/Cu3 - -
y/Cu TP — -
IgM C575S (monomeric IgM) - =
Y/L309C-uTP (polymeric IgG) - -
a/Cu2,3 - -
al/Cu2,3.4 ++ +4
a/Cud ++/— ++

¢ Data representing results from two or more experiments are summarized for
simplicity. Positive cells showed punctate green fluorescence over the surface of
infected erythrocytes as shown in Fig 1A. +++, =50% of infected erythrocytes
positive; ++, 20-40% of infected erythrocytes positive; +, 10-20% of infected
erythrocytes positive; —, no infected erythrocytes positive.

® Mouse IgM also failed to bind to HB3R+ (rosetting) and HB3CSA, 202CSA
(CSA-binding) parasite isolates.

indicating that TM284varl is a group A var gene, a subgroup that
is associated with rosetting and is implicated in the pathogenesis
of the most life-threatening forms of malaria (33, 45, 46). To con-
firm that TM284varl is the predominantly transcribed var gene
from TM284 rosetting parasites, a Northern blot of RNA extracts
from TM284 rosetting and nonrosetting subpopulations was
probed with an anti-DBL4J probe specific for TM284varl. A
strong signal was obtained only in the TM284 rosetting population
(Fig. 1D). A probe to the var gene exon 2, encoding the conserved
acidic terminal sequence region, that detects many/all var genes
was also used and showed that the nonrosetting parasites transcribe
other var genes (Fig. 1D).

Additional evidence that TM284varl encodes the predominant
IgM-binding, rosette-mediating PFEMP1 variant comes from a se-
lection experiment in which IgM-binding TM284-infected eryth-
rocytes were FACS sorted to enrich for IgM-positive cells, and
then returned to culture. The starting culture was low rosetting and
low IgM binding (20%). After FACS sorting for I[gM-positive cells
and culturing for 2 wk (necessary to produce enough material for
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£
=
§ 1.04
8
FIGURE 4. The polymerization status of IgM is cru- E 0.5
cial for binding to DBL domains. Anti-NIP recombinant =
human IgM and various point mutants deficient in po- 0.0

lymerization (IgM C414S and IgM C575S) were exam- 100
ined for binding to DBL4 by ELISA (left panel) and by

IFAs (right panel) as described for Fig. 3. A reduced

binding was seen for IgM C414S, and no binding was

seen with IgM C575S. IgM Fabs or polymeric IgG (IgG
L309C-uTP) showed no binding when used at equiva-

lent molar concentrations to IgM in both assays.
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experiments), the culture was 88% rosetting and IgM binding, and
a repeat of the RT-PCR confirmed that the predominantly tran-
scribed var gene was TM284varl (data not shown). Therefore,
selection for IgM binding increases rosetting and selects for par-
asites transcribing the TM284varl gene.

Identification of DBLA as the IgM-binding domain of the
TM284varl PfEMPI variant

To identify the IgM-binding domain of TM284varl, each DBL and
CIDR domain was cloned into the pRE4 expression vector and
expressed at the surface of COS-7 cells (34). Transfection effi-
ciency for each construct was determined by IFA with mAb DL6
specific for the HSV-glycoprotein D epitope expressed C-termi-
nally to each PPEMP1 domain as part of the pRE4 vector (35). IgM
binding was detected by IFA using a mouse mAb to human IgM
after incubation of the transfected COS cells in human serum. The
level of expression for all domains ranged from 5 to 25% (Table I).
DBLA4 was identified as the domain from TM284varli that binds
human IgM (Fig. 1E and Table I). The DBL43 domain is com-
posed of 291 amino acids including 12 cysteine residues. Phylo-
genetic comparison with other DBLB domains showed that
TM284varl DBLA4S clusters with domains called “B2” that differ
from other DBLB domains at the nucleotide level and are also
characterized by the absence of a PFEMP1 C2 domain, which oc-
curs after B1-type domains and plays an important role in their
function (24).

Bacterial expression of a soluble DBLA domain

Since the DBL4B domain of TM284varl uniquely bound human
IgM (Table I), we expressed this domain as a His-tagged protein in
E. coli to allow further characterization of IgM-PfEMP1 interac-
tions. The recombinant 7M284var]l DBL4 domain expressed in
E. coli accumulated in inclusion bodies as seen for other DBL
domains (36). The protein was extracted and refolded using 8§ M
urea and methods similar to those described previously (36). The
final yield of refolded and purified protein from shaken flask cul-
tures was ~1 mg/L. The purified DBL4 protein runs as a mono-
mer at ~55 kDa on both reducing and nonreducing SDS-PAGE
gradient gels, in line with the expected molecular mass of
55.734 kDa determined by ProtParam (http://www.expasy.ch/
tools/protparam.html) and confirmed by immunoblotting with
anti-His-HRP (Fig. 1F). We also expressed in an identical man-
ner two non-IgM-binding DBL domains to act as controls in

—o—IgM

—e— |gM C4145

—o— IgM C5755 DLB anti-ALC
—o—IgM Fab ITC

—o— IgG L309C-uTP

IgM C414S

el IgM C575S

1gG L309C-uTP

PE




1994

Human IgM
Mouse IgM
Bovine IgM

Fo )

Q
Q
Q

DAPI

FIGURE 5. Localization of the
DBLA4S binding site in the Cu4 do-
main of IgM. A, Amino acid align-
ment of human, mouse, and bovine
IgM with human IgAl and IgGl at
two exposed interdomain loop re-
gions within the Cu4 domain (see
Fig. 8B). The IgA1 or IgM sequences
are numbered according to the com-
monly adopted schemes used for
IgA1 Bur (59) or IgM (60), whereas
Eu numbering is used for IgG (61).
Residues set in boldface type are con-
served between species. Human IgG1
and IgA1 residues involved in contact
with protein A and FcaR (CD89), re-
spectively, are underlined (41, 49). B,
Binding of anti-NIP human IgM and
the Cu4 mutants NR445-446HL and
PLSP394-397LLPQ were examined
for binding to DBL4S by IFA as de-
scribed for Fig. 3. Neither mutant was
seen to bind DBL4S. C, Binding and
detection of IgM point mutants to
NIP-BSA immobilized onto microti-
ter plates. Abs were detected with
peroxidase-conjugated anti-A of anti-
w as described in Materials and
Methods. D, Epitope mapping of
mAb binding to the IgM point mu-
tants NR445-446HL and PLSP394—
397LLPQ by immunoblotting. E,
Size-exclusion chromatograms of re-
combinant human IgM, +/L309C-
Cu4, and IgM NR445-446HL Abs
run on a Superdex GL200 column.
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functional experiments: DBL3e from the [7/R29varl variant
and DBL5e (from TM284varl) (Ref. 27 and data not shown).

The TM284varl DBLAB domain of PfEMPI binds to the
Fc of IgM

To determine which part of the IgM molecule the TM284varl
DBLA4 domain binds, we used two panels of domain-swapped
Abs (depicted in Fig. 2), in which homologous domains were ex-
changed between IgA/IgM (Fig. 2, upper panel) and IgG/IgM (Fig.
2, lower panel). These domain-swapped Abs consist of mouse L
chain- and H chain-variable regions (specific for the hapten NIP)
linked to human H chain-constant regions. The chimeric domain-
swapped Abs were designated following these examples: a/Cu4
(constant domain structure CalCa2Cu4) and y/Cu3.4 (constant
domain structure CylCu3Cu4). Such Abs were composed of mix-
tures of both monomers and polymeric forms. Abs with the L309C
mutation exist predominantly in higher polymeric forms, including
pentamers and hexamers (see Fig. SE and Refs. 37-39).

The ability of the recombinant TM284varl DBL4S domain to bind
the domain-swapped Abs was analyzed by ELISA (Fig. 3, A and B,

PfEMP1 IS AN Fc RECEPTOR FOR POLYMERIC HUMAN IgM
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left panels). We observed that only those domain-swapped Abs con-
taining the u4 constant domain were able to interact with soluble
TM284varl DBLA with an apparent affinity generally comparable to
IgM (Fig. 3). In contrast, no binding was observed with human IgA,
human IgG, mouse IgM, or domain swaps lacking the constant u4
domain. As all these domain-swapped Abs share similar Fab regions
and light chains and are epitope-matched for NIP, we can also deduce
that the Fc region mediates all of the binding, a result confirmed by
the observation that human IgM Fabs failed to bind (see Fig. 4 and
below). No binding of any Ab was seen in ELISAs with recombinant
IT/R29varl DBL3e or TM284var] DBL5e domains also expressed in
E. coli (data not shown).

To confirm the results from recombinant protein expressed in E.
coli, we also transiently expressed TM284varl DBL4[ and
DBL5e (negative control) domains in the pRE4 vector in mam-
malian COS-7 cells. Only cells expressing DBL43 bound IgM or
domain swaps containing the Cu4 domain, and they failed to bind
control IgG or IgA, in a manner that recapitulated our findings with
ELISA (Fig. 3, A and B, right panels). Confocal microscopy
clearly showed that IgM binding co-localizes with the expressed
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PRE4 tag and DBL43 domain, as witnessed by discrete punctate
orange staining on the surface of the COS-7 cell (Fig. 3C), resem-
bling the staining pattern seen with live parasites (Fig. 14). No
binding was seen with the control DBL5e domain from
TM284varl despite equal transfection efficiencies as determined
by the binding of mAb DL6 recognizing the pRE4 tag.

The requirement of the Cu4 domain for IgM binding was re-
peated in IFA experiments on live parasites with the rosetting
TM284 strain. The parasites were grown in IgM-depleted human
serum to prevent the binding of native IgM, and then incubated
with the various domain-swapped Abs. As seen with the
TM284varl DBL43 domain expressed in either E. coli or COS-7
cells (Fig. 3), TM284 live infected erythrocytes only bound those
domain swaps containing the Cu4 domain (Table II). Furthermore,
binding to a second IgM-binding parasite strain (FCR3CSA) ex-
pressing the FCR3var2csa variant (27), known to be implicated in
pregnancy malaria (47), was also dependent on the Cu4 domain of
IgM (Table II). In contrast with the FCR3var2csa variant, the
TM284 strain appeared to require contributions made by the Cu3
domain, since those Abs uniquely containing the Cu4 domain did
not bind in two of the four experiments undertaken. Therefore, we
show that two distinct P. falciparum strains have the ability to bind
to the Fc of human IgM via the Cu4 domain, and in the TM284
isolate this binding is mediated by PFEMP1.

Binding of PfEMP1 is dependent on the polymeric nature of
IgM

We investigated whether the binding of TM284varl DBLAS is de-
pendent on the ability of IgM to polymerize. We examined the bind-
ing of IgM point mutants with disrupted capability to polymerize and
that are secreted from J558L cells principally as monomers (37—-40).
Two point mutants of IgM, one predominantly monomeric (IgM
C575S) and one existing as 70% multimers/30% monomers (IgM
C414S), were significantly reduced in their capacity to bind DBL4S
(Fig. 4), in particular the IgM C575S mutant whose tailpiece cysteine
(Cys®”) is known to make a major contribution to polymerization, as
mutation of this residue to serine or alanine leads to secretion of large
amounts of monomers (47, 48). The monomeric form of IgM (C575S)
also failed to bind to live infected erythrocytes by IFA (Table II),
confirming that properties of whole infected erythrocytes are highly
similar to those of the individual IgM-binding domain from the
TM284varl PfEMP1 variant.

Polymerization was not, however, the only dictator of whether
an Ab binds to PfEMP1, since yL309C-uTP, an IgG molecule in
which the tailpiece of IgM had been attached to the C terminus,
and thereby allowing the production of pentameric and hexameric
forms of IgG, did not bind to either live parasites or recombinantly
expressed TM284varl DBL4 (Fig. 4 and Table II). Furthermore,
commercial polymeric murine IgM from two separate suppliers
failed to bind in any experiment. Similarly, polymeric versions of
IgA1 did not bind DBLA (Fig. 3). Therefore, the above data show
that the interaction of PfEMP1 with human IgM is dependent on
both the primary amino acid sequence in the Cu4 domain and the
polymeric nature of IgM.

Identification of Cu4 domain residues involved in DBLA4[3
binding by IgM

Since we have shown a clear requirement for the Cu4 domain of
IgM in PfEMPI binding, we chose to determine whether exposed
residues in the Cu4 domain might be directly involved in the in-
teraction with TM284varl DBL4S. We generated two IgM Abs,
each with amino acid substitutions in either of two exposed loops,
comprising Pro***-Pro**’ and Pro***-Val**’ in the Cu4 domain.
Molecular modeling suggests that one of these loops essentially
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FIGURE 6. Epitope mapping of anti-human IgM mAbs and their effect
on IgM binding to DBL4S. A, Domain-swapped and point-mutated Abs
were serially diluted from left to right onto nitrocellulose membranes and
blotted against a panel of anti-human IgM mAbs from a previous study (42,
43). mAbs 4-3, 5D7, and 196.6b bound to the Cu3 domain, whereas mAbs
1F11 and 1G6 bound to the Cu4 domain containing Abs. Binding of Abs
was as for Western blots described in Materials and Methods. B, ELISA
showing blocking of DBL4 binding to IgM by mAbs 4-3, 1G6, 1F11,
2F11, and 196.6. IgM was coated onto microtiter plates at 5 wg/ml before
incubation with varying concentrations of mAb. After washing, a fixed
concentration of DBL4S3 (25 ug/ml) was added and binding detected as
described in Materials and Methods. C, Blocking of IgM binding to
DBL4B COS-7 cell transfectants by mAb 2F11, in contrast with mAb
1X11, which was unable to block binding at equivalent concentrations (200
ng/ml), as seen in ELISAs. IgM binding was detected by anti-A (fop panel)
or anti-human Fcp (bottom panel) PE-labeled Abs.
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Table III.
by IgM Fc-specific mAbs®

PfEMP1 IS AN Fc RECEPTOR FOR POLYMERIC HUMAN IgM

Binding of human IgM to infected erythrocytes of various P. falciparum isolates can be blocked

Parasite Isolate

mAb TM284 FCR3CSA HB3R+ 202CSA HB3CSA
No mAb 23, 43, 25 35, 20 15, 48 34, 28 48
1X11 (Cul) 28, 36, 27 41, 21 16, 43 41, 39 49
4-3 (Cu3) 2,0,0 0,1 0,0 0,0 0
1F11 (Cpd) ND, 12, 4 11,7 7,16 12, 15 18
NHS ND, ND, ND ND, 22 ND, 51 32, 36 45

“ Data represent percentage of parasitized erythrocytes binding human IgM by IFA in the presence or absence of each mAb.
NHS indicates normal human serum control. Data typical of numerous experiments are shown.

occupies the analogous position to the Staphylococcus aureus pro-
tein A binding site on human IgG, and for the streptococcal IgA-
binding proteins (Sir22 and Arp4) on human IgA (49). Since
mouse IgM (this study) and bovine IgM do not bind the PfEMP1
variants and parasite strains investigated herein (27), we also made
amino acid alignments of Cu4 from different species and discov-
ered that both mouse and bovine IgM differed from human IgM at
two locations in the loops of interest (Fig. 5A). Therefore, we
generated two human IgM mutants, termed PLSP394-397LLPQ
and NR445-446HL, which, through replacement of Pro-Pro and
Asn-Arg at positions 394-397 and 445-446, mimicked mouse
IgM in these two exposed loops. Both mutations resulted in a
complete loss of binding to DBL4 in ELISAs or IFAs (Fig. 5B)
when used at equivalent concentrations to human IgM as deter-
mined by NIP-BSA-specific ELISAs (Fig. 5C). Intriguingly, these
regions were also vital for the recognition of the Cu4-specific
mAb 2F11 (Fig. 5D) that also blocked binding of IgM to DBL4J3
(Fig. 6, B and C) and to parasitized RBC (data not shown). Size-
exclusion chromatography revealed that both mutants ran predom-
inantly as monomers when compared with either human IgM or
the y/L309C-Cu4 mutant (Fig. 5E). Since it could be argued that
the lack of binding by the two Cu4 domain mutants arose because
they existed principally as monomers, we enriched for pentamers
by concentrating numerous fast protein liquid chromatography
fractions containing the pentameric peak. Again, no binding of
PLSP394-397LLPQ and NR445-446HL to DBL4f3 was observed
in [FAs with transfected COS-7 cells.

Binding of PfEMPI to IgM can be blocked with mAbs to the
Cu4 domain

To confirm the importance of the Cu4 domain to PPEMP1 binding,
we epitope mapped a panel of anti-IgM mAbs (Fig. 6A), previ-
ously used to investigate B cell receptor activation (42, 43). All the
mAbs recognized human IgM but did not bind IgG or IgA (Fig.
6A). Epitope mapping of a panel of domain-swapped Abs revealed
that mAbs 5D7, 4-3, and 196.6b bound to the Cu3 domain,
whereas mAbs 1F11, 1G6, and 2F11 (data not shown) bound to the
Cu4 domain. mAbs 1X11 and HB57 bind in the Cul and Cu2
domains, respectively (Fig. 6A), as observed previously and
thereby they serve as useful negative controls (42, 43). Our finding
that 5D7, 4-3, and 196.6b bind the Cu3 domain rather than pos-
sessing Cud specificity, as previously designated (42, 43), sug-
gests that these mAbs may bind epitopes near the C terminus of the
Cu3 domain, potentially lost during tryptic digestion of IgM in the
former analysis.

Preliminary incubation of IgM with the anti-Cu4 mAbs (mAbs
1F11, 2F11, 1G6) could inhibit IgM binding to DBL43 when used
at concentrations as low as 20 ng/ml (Figs. 6, B and C). Intrigu-
ingly, two anti-Cu3 mAbs (196.6b and 4-3) could also block bind-
ing of human IgM, although higher concentrations of 196.6b were

required to achieve this effect than for 4-3, which consistently was
the most inhibiting mAb (Figs. 6B and 7C). Both the Cu3-specific
mADb 4-3 and the Cu4-specific mAb 1F11 significantly blocked
binding of IgM to infected erythrocytes from various IgM-binding
parasite isolates, whereas the Cu1-specific mAb 1X11 did not (Ta-
ble III). That mAb 1F11 was unable to completely inhibit IgM
binding to infected erythrocytes when used at similar concentra-
tions to mAb 4-3 fits with the known low affinity for IgM of this
particular mAb (42, 43). These results indicate underlying simi-
larity in the mechanism of IgM binding by multiple P. falciparum
strains.
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FIGURE 7. Development and disruption of pseudo-rosettes by Cud-
specific mAbs. A, Binding of IgM, IgAl, or a/Cué4 Abs opsonized onto
NIP-coated erythrocytes to DBL4S-transfected COS-7 cells assessed by
pseudo-rosette formation. The results are normalized by expressing specific
rosette formation as a percentage of that seen with erythrocytes coated with
anti-NIP human IgM (Serotec) at 100 wg/ml. B, The binding of Ab-coated
erythrocytes to DBL4 transfectants (stained with acridine orange) to form
rosettes (arrowed) were visualized by white light/fluorescence microscopy
and a rosette defined as a DBL4B-transfected COS-7 cell surrounded by
five or more erythrocytes. C, IgM-coated erythrocytes incubated in the
presence of serum or plasma to allow opsonization and activation of com-
ponents of the classical complement pathway still formed rosettes with
DBLA4S transfectants. Incubation of erythrocytes opsonized with IgM and
complement components to mAb 4-3 totally blocked rosette formation.
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Functional analysis of the Cu4 domain interaction with
DBIAB and the role of complement

The ability of the a/Cu4 domain-swapped Ab to interact with
DBLA4B-transfected COS-7 cells was also assessed by pseudo-
rosetting assays (Fig. 7). As expected, IgM or the a/Cu4 do-
main swap, when opsonized onto NIP-coated erythrocytes
could rosette to DBL4S-expressing COS-7 cells with an affinity
comparable to that of known Fc-FcR interactions (Figs. 7, A and
B, arrows). A control dimeric IgA1 was unable to form rosettes
with DBL4B-expressing COS-7 cells as expected. Intriguingly,
IgM-opsonized erythrocytes that were incubated in serum or
plasma as a source of complement or purified Clq (data not
shown) were still capable of forming rosettes with DBL4[-
transfected COS-7 cells (Fig. 7C), allowing us to conclude that
the presence of members of the classical pathway, deposited on
and around IgM, do not occlude the binding site for DBL4f in
the Cu4 domain. As predicted from our IFA data, the Cu3-
specific blocking mAb 4-3 completely inhibited rosette forma-
tion between IgM-coated erythrocytes and the DBL4-express-
ing COS-7 cells, even in the presence of deposited complement
components (Fig. 7C).

Discussion

PfEMP1 is a multiligand receptor expressed on the surface of
infected erythrocytes that is responsible for parasite virulence
phenotypes in African children, such as rosetting, and seques-
tration to the placenta in women (30, 50). PFEMP1 is composed
of cysteine-rich domains known as DBL domains that play a
key role in malaria pathogenesis by mediating adhesion to hu-
man cells (51). Herein we have identified the PFEMP1 variant
transcribed by rosetting parasites from the strain TM284 (en-
coded by the TM284varl gene) and show that a specific domain
from this PFEMP1 variant (DBL43) binds to human IgM. We
then used this P. falciparum IgM-binding protein as a tool to
investigate the detailed mechanism of interaction between
PfEMP1 and human IgM.

To analyze regions on IgM critical for the interaction with
DBLA4S, we employed domain-swapped Abs and point mutants
(Fig. 2). As discussed previously (37, 38), these mutant proteins
are unlikely to have undergone any gross structural aberrations,
allowing conclusions to be drawn on the relative contributions
of different domains and mutated residues of IgM to the binding
of PFEMP1. Our results indicate that DBL4S3, whether ex-
pressed in E. coli or when presented on the surface of mam-
malian cell lines, binds to the Fc portion of the IgM H chain,
and requires the Cu4 domain (Figs. 3-5). The binding of
PfEMP1 to IgM was crucially dependent on the polymeric na-
ture of IgM, since both Fabs and monomeric versions of IgM
failed to bind (Fig. 4). This finding is in agreement with pre-
vious work showing that IgM monomers do not increase the
size of rosettes when added back to IgM-depleted serum (15).
Although the affinity of an individual DBL domain for IgM may
be low, the pentameric nature of IgM allows for an increased
avidity, allowing significant cell-to-cell interactions as ob-
served in our functional pseudo-rosetting assays using Ig-
coated erythrocytes and DBL4S expressed in COS-7 cells
(Fig. 7).

Importantly, the above results with a single PFEMP1 domain
were also mirrored in experiments using the domain-swapped
Abs in IFAs with live infected erythrocytes of strains TM284
(rosetting) and FCR3CSA (CSA binding) (Table II). Further-
more, experiments using mAbs specific for different regions of
the IgM H chain (Fig. 6) showed a similar pattern of inhibition
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of IgM-binding in five distinct parasite strains (two rosetting
and three CSA binding) (Table III). This suggests that diverse
parasite isolates expressing distinct PFEMP1 variants (this study
and Ref. 27) all bind to the same (or similar) sites on the human
IgM molecule. Given the diversity in different PPEMP1 domains
implicated in IgM binding (outlined in detail in the Introduc-
tion), this homogeneity among strains in binding to a particular
site on IgM is unexpected, and may indicate that this site plays
an important role in the host-parasite interaction. It will also be
important to determine whether the affinity for I[gM seen by
DBL domains from rosetting (non-CSA-binding) parasites is
similar to that for DBL domains from nonrosetting (and CSA-
binding) isolates. Future work should also address if there is a
common IgM interaction site on these diverse P. falciparum
DBL domains. Recent findings suggest that diverse DBLB-C2
domains from numerous isolates use an equivalent glycan-bind-
ing region when binding ICAM-1, implying a general model for
how DBL domains evolve under dual selection for host receptor
binding and immune evasion (52).

We were able to localize some of the amino acid residues
within the IgM Cu4 domain that are of particular importance in
PfEMPI1 binding (Fig. 5), including the PNRV (residues 444 —
447) and PLSP (residues 394-397) loops, predicted to lie on the
surface of the Cu4 domain (Fig. 8). Intriguingly, the PNRV
loop is homologous to regions on both IgG and IgA responsible
for binding to bacterial Fc-binding proteins (49). Since natural
selection has shaped the interaction of the Fc region of Abs with
bacterial decoy proteins, the possibility exists that this area on
IgM has also been selected for by parasitism (53). Given the
overlapping nature of the binding sites in IgA-Fc for FcaRI
(CD89) and bacterial IgA-binding proteins (41, 49, 54), it could
be postulated that this region is important for IgM function, and
that it is in some way beneficial for the infected erythrocyte to
block it. Ongoing work in our laboratories has shown that those
mAbs that inhibited binding to DBL4f3 also prevented binding
of IgM to the Fca/uR, suggesting that the binding site for the
two ligands lie close to each other. However, the interaction
with Fca/uR does require additional and unique contacts, since
the y/L309C-Cu4 domain swap shown to bind to DBL4f in this
study did not bind Fca/uR; and mouse IgM, shown not to bind
DBLA4fB, was capable of binding Fca/uR (A. Ghumra, R. S.
Mclntosh, I. Sandlie, F.-E. Johansen, P. K. Mongini, and R. J.
Pleass, unpublished data). Furthermore, the extracellular por-
tion of the pIgR (free secretory component) previously shown
to bind the Fc of IgM failed to prevent IgM binding to DBL4S.
However, free secretory component did compete out binding of
IgM to Fca/uR, supporting our notion that unique contacts are
involved for binding of IgM to either Fca/uR or the pIgR (Ref.
40 and A. Ghumra, R. S. Mclntosh, I. Sandlie, F.-E. Johansen,
P. K. Mongini, and R. J. Pleass, unpublished data). Future ex-
periments will address the ability of IgM bound to PfEMP1 to
interact with functionally important host receptors for IgM,
such as Fca/uR and the pIgR (3, 40).

Further work will also be needed to investigate the effect of [gM
binding by PfEMP1 on the ability of IgM to activate complement.
The possible involvement of complement in IgM binding and ro-
sette formation is particularly intriguing given the evidence that
complement receptor 1 (CR1) is a rosette formation receptor on
uninfected erythrocytes (30), and CR1 interacts with P. falcipa-
rum-infected cells via its C3b binding sites (55). Existing data
suggest that complement activation is not required for rosette for-
mation because rosettes form normally in C3- and C4-deficient
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FIGURE 8. Molecular models of human IgM highlighting residues in-
teracting with Fc-binding proteins. A, Model of human IgM (kindly pro-
vided by Professor Stephen Perkins, University College, University of
London) annotating sites in the Cu4 domain involved in DBL4 (magenta)
binding and sites in the Cu3 domain important for interaction with Clq
(turquoise) (2). B, Molecular model (generated by PyMOL) showing the
two sides of IgM-Fc based on the known crystal structure of the analogous
IgE-Fc (100V.pdb) (62). Exposed highlighted residues Pro***-Pro*” (or-
ange) and Pro***-Val**’ (red) in the Cu4 domain have been shown to be
involved in the interaction with DBL4S. The C-terminal tailpieces are
omitted for clarity.

human sera (55). However, a role for other complement compo-
nents in rosetting has not been excluded. Clq is a possible candi-
date for involvement in rosetting because it is known to bind to the
Cu3 domain of IgM-Fc with high affinity (2), and it is also known
to interact with CR1 (Fig. 8 and Ref. 56). We therefore investi-
gated whether Clq influenced the interaction between IgM and
PfEMP1 using pseudo-rosetting assays in which Ig-coated eryth-
rocytes were incubated with COS-7 cells expressing the IgM-bind-
ing PfEMP1 domain DBL4f (Fig. 7). In these pseudo-rosetting
assays, IgM would be bound to the erythrocyte in its “crab-like”
formation, thus exposing the C1q binding sites in the Cu3 domain.
Despite the presence of saturating levels of complement, it was
clear that IgM could still interact with DBL4 (Fig. 7). However,
the epitope on the Fc of IgM seen by the blocking mAbs (and
presumably DBL4p) is still exposed since these could completely
block rosette formation even in the presence of saturating levels of
complement. These findings allow us to postulate a number of
structural explanations for how complement inactivation might be
achieved by the infected erythrocyte for parasite-specific IgM. Re-
cent structural models of the C1 complex have shown that both
Clr and Cls, required for activation of the classical pathway, bind
in the middle of the cone defined by the Clq stems, where they
occupy a large area sitting over the Cu4 domains of IgM (57). It
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is therefore possible that DBL43 bound to the Cu4 domain of IgM
may interfere with complement activation. An alternative and sim-
pler explanation for the known complement resistance of infected
erythrocytes is that parasite-specific IgM bound to the surface of
the parasitized red cell undergoes a conformational change on
binding pertinent DBL domains, which re-closes the C1q binding
site in the Cu3 domain, thereby blocking access to Clq. We are
currently developing recombinant human IgM molecules with
specificity for different DBL domains, including DBL4S, to inves-
tigate these possibilities. The tools described herein will be critical
to such analyses.

Rosetting and placental parasite isolates may also bind nonspe-
cific IgM to allow masking of critical PFEMP1 domains from the
destructive action of specific Abs. However, we were unable to
substantiate this hypothesis since DBL4-specific IgG responses
were not detectable in a cohort of immune Gambian plasma avail-
able to us (58). However, the DBL43 domain described in this
work was derived from TM284, a Thai isolate potentially express-
ing antigenically distinct PFEMP1 epitopes compared with Gam-
bian parasites. It will be interesting to assess the effect of DBL4S
specific antisera derived in immunization studies on IgM binding.
The work herein focuses on IgM binding by PfEMP1; however,
the experiments do also shed further light on a recent controversy
over whether infected erythrocytes can also bind nonimmune IgG.
Some previous reports suggest that IgM-binding P. falciparum
strains can also bind IgG from normal human serum (14, 18, 26).
However, we have consistently been unable to detect nonimmune
IgG binding by any P. falciparum rosetting or CSA-binding strain
using multiple different detection reagents (10, 17). Although only
experiments using identical parasite lines used by others will com-
pletely rule out nonspecific IgG binding, the results herein indicate
that IgM binding is determined both by specific amino acids within
IgM and by the polymeric nature of normal IgM molecules. IgG
did not bind to infected erythrocytes, even when an artificial poly-
meric form of IgG was tested (Table II and Fig. 4). The experi-
ments that we conducted here with IgG/IgM domain-swapped Abs
would not have been possible if P. falciparum did bind nonim-
mune IgG. One other controversy in the literature concerns the
ability of IgM-binding strains to bind mouse IgM. We reported
previously that mouse IgM does bind to the surface of infected
erythrocytes (17); however, these experiments relied on the use of
chloroquine to elute human IgM (derived from the parasite culture
medium) from the surface of infected erythrocytes before incuba-
tion with mouse IgM. In the present study we used infected eryth-
rocytes grown in human IgM-depleted serum and found that
mouse IgM did not bind. It may be that the high concentrations of
chloroquine used in our previous study had adverse effects on
membrane function and gave misleading results.

In summary, we have demonstrated that PFEMP1 binds to the
Cu4 domain of human IgM and that this mechanism is shared by
diverse P. falciparum strains. These findings have allowed us to
propose a possible mechanism by which PFEMP1 molecules may
bind IgM and simultaneously interact with other serum proteins.
Since PFEMP1 from both rosetting and placental isolates binds in
the same region of IgM, specific inhibitors of the interaction may
prove useful in diverse clinical settings.
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