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CD44 cross-linking promotes Plasmodium
falciparum invasion

Angel K. Kongsomboonvech1, Stephen W. Scally 2, Yann Le Guen 3,
Praveesh Valissery1, Nichole D. Salinas4, Alan F. Cowman 2, Niraj H. Tolia 4 &
Elizabeth S. Egan 1,5,6

The ability of Plasmodium falciparum to invade and replicate asexually within
human red blood cells (RBCs) is central to its pathogenicity. Invasion involves
several host-parasite interactions, yet the required host factors remain
underexplored, largely due to the intractability of mature RBCs. The trans-
membrane protein CD44 was identified as a host factor for P. falciparum
invasion through a novel forward genetic screen. Here, we identify an anti-
CD44 monoclonal antibody, BRIC 222, that significantly promotes P. falci-
parum invasion through CD44 cross-linking. CD44 cross-linking induced
changes in the phosphorylation of RBC cytoskeletal proteins, consistent with a
proposed role for CD44 as a co-receptor during invasion. CD44 cross-linking
also altered the RBC membrane, increasing the accessibility of several surface
proteins, including the essential invasion receptor Basigin. The parasite ligand
Erythrocyte Binding Antigen-175 (EBA-175), which interacts with CD44,
enhanced P. falciparum invasion and induced RBC membrane changes simi-
larly to BRIC 222. Moreover, both BRIC 222 and EBA-175 increased binding of
the PfRH5/PCRCR invasion complex to Basigin, an interaction known to be
essential for invasion.We propose that CD44 cross-linking, potentially by EBA-
175, serves to coordinate and enhance ligand-receptor interactions and pro-
mote signaling to the host cell cytoskeleton, making RBCs more permissive to
P. falciparum invasion.

Malaria remains a global threat with an estimated 249 million cases
and 608,000 deaths per year1. The disease is caused by Plasmodium
spp. parasites, with most cases of severe, multi-system disease
attributable to Plasmodium falciparum. Clinical manifestations
occur when P. falciparum invades and replicates asexually in red
blood cells (RBCs). Every 48 h, a single intracellular parasite can
generate up to 32 daughter merozoites, which then egress and re-
invade new RBCs, driving exponential infection2,3.

P. falciparum invasion is a rapid, multi-step process involving
several parasite ligands and host receptors. Parasite surface ligands
from the erythrocyte-binding like (EBL) and the P. falciparum
reticulocyte-binding-like protein homolog (PfRH) families localize at
the apical end of the invasive merozoite, where their interactions
with host receptors mediate adhesion, apical reorientation, and RBC
membrane deformation2–4. The only host-parasite interaction
shown to be uniquely essential for invasion involves the pentameric
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P. falciparum protein complex PCRCR, which binds to RBC Basigin
via the parasite ligand PfRH55–9. The binding of PCRCR to Basigin is
associated with a calcium spike and is thought to trigger rhoptry
organelle secretion and assembly of the moving junction, a critical
structure for subsequent parasite-powered internalization into the
host RBC10–12.

Recently, a forward genetic shRNA screen using cultured red
blood cells (cRBCs) derived ex vivo from primary human hemato-
poietic stem cells (HSPCs) identified the transmembrane protein
CD44 as a host factor for P. falciparum13. A role for CD44 in invasion
was confirmed through P. falciparum invasion assays, where both
CD44-depleted and CD44-null cRBCs—generated by CRISPR/Cas9—
underwent normal differentiation and enucleation but exhibited
reduced susceptibility to P. falciparum invasion as compared to
isogenic wildtype cRBCs13,14. Two established P. falciparum invasion
ligands from the EBL family, EBA-175 and EBA-140, which bind to the
receptors glycophorin A and glycophorin C, respectively15–17, were
also found to interact directly with CD4414. Recombinant EBA-175
clusters uninfected RBCs, enhancing parasite growth and protecting
against diverse neutralizing antibodies18. Several studies have
reported that the interaction of EBA-175 with RBCs alters host cell
deformability and modulates phosphorylation of RBC cytoskeletal
proteins, suggesting a role for signaling during invasion19,20. Phos-
phoprotein profiling indicated that CD44 likely acts as a co-receptor
with the glycophorins to transmit EBA-induced signals to the RBC
cytoskeleton, which may facilitate invasion14.

Here, we investigate CD44 as a potential target for invasion
inhibition using a panel of anti-CD44 monoclonal antibodies. We
show that none of the antibodies block invasion, yet one antibody—
BRIC 222—specifically promotes P. falciparum invasion through
CD44 cross-linking. Both CD44 cross-linking and EBA-175 alter the
accessibility of multiple RBC surface proteins, including the essential
receptor Basigin, and modulate the phosphorylation of RBC cytos-
keletal proteins. Together, these findings support a model in which
CD44 cross-linking coordinates two steps of invasion that have been
previously considered independent: merozoite apical reorientation
and discharge of the rhoptry organelles.

Results
CD44 cross-linking promotes Plasmodium falciparum invasion
We previously reported that CD44-null cultured red blood cells
(cRBCs) derived ex vivo from primary human hematopoietic stem/
progenitor cells (HSPCs) are less susceptible to P. falciparum inva-
sion as compared to isogenic wildtype (WT) RBCs13,14,21. Since CD44 is
a cell surface protein with a large extracellular domain, we sought to
determine whether blocking CD44 would impede P. falciparum
invasion. To test this, we selected four anti-CD44 monoclonal anti-
bodies (mAbs) targeting distinct epitopes within the extracellular
domain of CD44: BRIC 222, BRIC 235, KZ1, and IM7 (Fig. 1a), and
tested them in parasite invasion assays using P. falciparum strain
3D7. IM7 has been shown to block the interaction between CD44 and
hyaluronic acid in other cell types22,23. BRIC 170 binds to the cyto-
plasmic domain of the protein Band 3 and served as a non-targeting
control antibody. Late-stage P. falciparum schizonts were incubated
overnight with acceptor RBCs in the presence of increasing
concentrations of each antibody, and the invasion efficiency
was measured by flow cytometry after staining with a DNA dye
to identify parasitized cells, and confirmed with blood smears.
Unexpectedly, none of the antibodies impaired P. falciparum inva-
sion. Instead, we observed that the BRIC 222 mAb significantly
promoted invasion resulting in up to a ~ 80% increase in a dose-
dependent manner (Fig. 1b). IM7 produced a more modest
enhancement (up to ~20% increase) while the other anti-CD44mAbs,
BRIC 235 and KZ1, had no detectable effect on parasite inva-
sion (Fig. 1b).

Since IgG molecules can mediate cross-linking of their target anti-
gens, we hypothesized that the increased parasite invasion observed
with BRIC 222 was due to CD44 cross-linking. To test this, we compared
the parasite invasion efficiency in the presence of BRIC 222 versus its
antigen-binding fragment BRIC 222 F(ab) that can bind CD44 but not
cross-link it. We observed that BRIC 222F(ab) had no effect on parasite
invasion even at the highest concentrations tested (Fig. 1c). This indi-
cates that the enhanced parasite invasion observed with BRIC 222 is
dependent onCD44 cross-linking, rather than solely on epitope binding.

To determine if the increased invasion phenotype observed with
BRIC222was strain-specific, we tested three other P. falciparum strains
that originate from different geographic areas and employ distinct
invasion pathways: W2mef, D10, and 7G824–26. We found that incuba-
tion with BRIC 222, but not BRIC 222 F(ab), enhanced the invasion of
each of the tested P. falciparum strains, suggesting that CD44 cross-
linking promotes invasion in a strain-transcendent manner (Fig. 1d–f).
This is consistent with prior work using an erythroid cell line impli-
cating CD44 in a strain-transcendent role in P. falciparum invasion21.

EBA-175 enhances invasion similarly to BRIC 222
The P. falciparum invasion ligand EBA-175 has been shown to interact
with CD44 in vitro14 and recombinant EBA-175 (rEBA-175) has also been
demonstrated to promote parasite growth over several cycles18. Our
finding that BRIC 222 promotes P. falciparum invasion through cross-
linking CD44 raised the hypothesis that P. falciparum EBA-175may also
specifically promote invasion. To test whether EBA-175 can enhance
invasion, we performed P. falciparum invasion assays with recombi-
nant EBA-175 RII region (RII EBA-175), the region that interacts with
RBCs27 and is known to directly interact with CD4414. We found that
incubation with RII EBA-175 led to ~50% increase in P. falciparum
invasion relative to the control (Fig. 1g). These results collectively show
that both EBA-175 and BRIC 222 enhance P. falciparum invasion.

RBC agglutination induced by CD44 cross-linking is not directly
correlated with invasion
Prior work by Paing et al. demonstrated that rEBA-175 induces clus-
tering (agglutination) of uninfected RBCs18. This observation was
proposed as a mechanism for the underlying ability of rEBA-175 to
enhance parasite growth in vitro; by clustering RBCs together in close
proximity, rEBA-175 may facilitate merozoite reinvasion18. Notably,
BRIC 222 is reported to be a hemagglutinin28, raising the possibility
that it may enhance invasion via RBC agglutination. We used flow
cytometry to quantify RBC agglutination induced by RII EBA-175, BRIC
222, or the other anti-CD44 antibodies (Fig. 2a, b). We found that BRIC
222 induced RBC agglutination, or cluster events, in ~7% of the popu-
lation, similar to rEBA-175 (Fig. 2a–c). In contrast, IM7 induced amilder
agglutination phenotype ( ~ 2-3% of the population), whereas cells
incubated with BRIC 235 and KZ1 did not show detectable agglutina-
tion, resembling unstimulated cells (Fig. 2a–c). To determine if the
agglutination phenotype observed with BRIC 222 was due to CD44
cross-linking, we also tested BRIC 222 F(ab). The results showed that
BRIC 222 F(ab) does not induce agglutination, suggesting that the
phenotype is indeed due to CD44 cross-linking (Fig. 2d).

As the agglutination phenotypes associated with the different
monoclonal antibodies correlated with their respective invasion
phenotypes, we next sought to determine if the enhanced invasion
observed with BRIC 222 is attributable to RBC agglutination. We
performed P. falciparum invasion assays in the presence or absence
of BRIC 222 and measured the resulting parasitemia separately in
non-agglutinated singlet cells versus agglutinated clusters by flow
cytometry. We observed that the addition of BRIC 222 led to
enhanced P. falciparum invasion in both non-agglutinated singlet
cells and in the clusters (Fig. 2e and S1a). These findings illustrate that
even though BRIC 222 can induce RBC agglutination, this does not
fully explain the phenotype of increased parasite invasion because
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only a small proportion of cells were agglutinated, and P. falciparum
invasion was similarly enhanced in the non-agglutinated singlet cells
(Fig. 2e and S1a). Further supporting this conclusion, we found that
the established hemagglutinin BRIC 224, a monoclonal IgG1 antibody
targeting the Lutheran Blood Group antigens29, caused dose-
dependent RBC clustering but did not enhance P. falciparum inva-
sion (Figure S1b–d).

CD44 cross-linking alters phosphorylation of RBC cytoskeletal
proteins
Incubation of RBCs with rEBA-175 has been shown to induce cellular
biophysical changes as well as altered phosphorylation of host cytos-
keletal proteins19,20, some of which appear to be dependent on CD4414.
To determine if CD44 cross-linking alters RBC cytoskeletal protein
phosphorylation, we performed phosphoproteome-profiling using
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two-dimensional difference gel electrophoresis (2D-DIGE) on RBCs
stimulated with BRIC 222 or BRIC 222 F(ab). Comparison of the
phosphorylation status of membrane ghost proteins from BRIC
222 F(ab)- versus BRIC 222-stimulated RBCs revealed differentially-
phosphorylated spots with ≥1.5 or ≤0.67 fold-change in phosphoryla-
tion (Fig. 3a and S2). We selected five spots that were highly differen-
tially phosphorylated between the BRIC 222 F(ab) and BRIC 222
conditions (ratio of 0.2 or lower) for identification by mass spectro-
metry. This analysis identified several proteins previously implicated in
the RBC cytoskeletal remodeling by Plasmodium invasion ligands,
including ankyrin-1, alpha and beta spectrin, alpha adducin, and Band
314,19,20,30 (Fig. 3b). Thesefindings indicate that CD44 cross-linking alters
the phosphorylation status of host RBC cytoskeletal proteins, similar
to EBA-175, suggesting that CD44may influence P. falciparum invasion
by acting as a sensor of the extracellular environment.

CD44 cross-linking alters the RBC plasma membrane
In other cells, CD44 cross-linking has been shown to induce amyriadof
changes, such as regulating immunomodulatory functions, modulat-
ing signaling pathways, and altering expression or localization of other
membrane and cytoskeletal proteins31–36. While enucleated RBCs can-
not synthesize new proteins, we hypothesized that CD44 cross-linking
maymodify the architecture of the plasmamembrane in amanner that
impacts receptor accessibility to invading parasites. To test this idea,
we stimulated RBCs with BRIC 222 or BRIC 222 F(ab) and then quan-
tified the relative abundance of specific RBC membrane proteins by
flow cytometry. We observed that CD44 cross-linking by BRIC 222
resulted in increased surface detection of all membrane proteins tes-
ted, including several known to be important for invasion, such as
Basigin (BSG), glycophorin A (GYPA), glycophorin C (GYPC), and oth-
ers with no known role in invasion, including CD47, SLC14A1 and
CD15113 (Fig. 4, and S3, S4). We also measured phosphatidylserine (PS)
exposure and found that BRIC 222 increased PS externalization while
BRIC 222 F(ab) had no effect (Figure S4c). Collectively, these results
indicate thatCD44 cross-linking by BRIC222 induces global changes to
the RBC membrane.

CD44 cross-linking enhances the accessibility of a Basigin epi-
tope critical for invasion
As BSG is known to be an essential receptor for P. falciparum5 and has
been shown to co-exist in a complex with CD44 in other cell types37,38,
we sought to further assess how CD44 cross-linking alters BSG acces-
sibility. In RBCs, the precise spatial organization of CD44 and BSG on
the cell surface is not well-defined, but they have been proposed to
interact based on genetic and biochemical evidence21,39. Using immu-
nofluorescence assays, we observed some co-localization of BSG and
CD44 (Fig. 5a), which is consistent with an interaction. To investigate
how the enhanced invasion induced by CD44 cross-linking may relate
to BSG accessibility, we stimulated RBCs with our panel of anti-CD44

antibodies and used flow cytometry to detect BSG at the surface with
either a polyclonal anti-BSG antibody or the anti-BSG monoclonal
antibody TRA-1-85, which has been shown to inhibit invasion5. We
observed that stimulation with either BRIC 222 or IM7 led to increased
binding by the polyclonal anti-BSG antibody (Fig. 5b), suggesting an
increased accessibility of Basigin to antibody. Moreover, binding by
the monoclonal anti-BSG antibody TRA-1-85 was also enhanced after
stimulation with BRIC 222, and to a lesser degree with IM7 (Fig. 5c).
Together, these results suggest that CD44 cross-linking enhances the
surface exposure of Basigin, specifically at an epitope important for
invasion, and correlate positively with the results of the invasion
assays (Fig. 1b).

Stimulation with BRIC 222 uniquely enhances P. falciparum inva-
sion relative to the other anti-CD44 antibodies, and TRA-1-85 is known
to bind to an epitope required for invasion. These data suggest that
CD44 cross-linking by BRIC 222 may promote invasion by exposing a
specific epitope of BSG that enhances the interaction of themerozoite
with the RBC. During invasion, themerozoite interacts with BSG via its
pentameric PCRCR complex, consisting of PfPTRAMP-CSS, PfRIPR,
PfCyRPA, and PfRH56,8. To directly test the impact of CD44 cross-
linking on PCRCR binding to the RBC, we employed a cellular assay
where RBCs were stimulated with BRIC 222 to cross-link CD44, incu-
bated with PCRCR complex, and then PCRCR binding was quantified
by flow cytometry. In unstimulated cells, PCRCR binding was detected
at a low level, consistentwithprevious reports6,8. After stimulationwith
BRIC222, therewasanaverage increaseof 2.5-fold in PCRCRbinding to
RBCs (range 1.53-fold to 4-fold), demonstrating that CD44 cross-
linking not only enhances the accessibility of BSG to antibody, but also
increases its interaction with PCRCR (Fig. 5d, e, S5). Together, these
findings strongly suggest that the enhanced invasion observed for
RBCs stimulatedwith BRIC 222 is due to increased interaction between
PCRCR and its receptor BSG on the RBC, at least in part.

As EBA-175 is known to interact with CD44 in addition to its
canonical receptor GYPA and can promote P. falciparum invasion
similarly to BRIC 222, we hypothesized that EBA-175 may cross-link
CD44 during parasite infection. To investigate this possibility, we sti-
mulated RBCs with RII EBA-175 and then measured the surface acces-
sibility of the previously mentioned membrane proteins—BSG, GYPA,
GYPC, CD47, SLC14A1, and CD151—as well as PS externalization. In
addition to the increase in PS externalization, all proteins became
more accessible following RII EBA-175 stimulation (Fig. 6a–d; and Fig-
ure S6). This suggests that P. falciparum RII EBA-175 induces global
changes to the RBC membrane, including more exposure of the
invasion-specific epitope on BSG, similar to BRIC 222.

Wenextquantifiedbinding of PCRCR to EBA-175-stimulated RBCs.
PCRCR binding increased by an average of 35-fold after stimulation
with EBA-175 (range 2.7-fold to 112-fold) (Fig. 6e, f, and S7). Moreover,
RBCs stimulated with EBA-175 also displayed enhanced binding of
PfRH5 alone, in absence of the PCRCR complex, with an average

Fig. 1 | Cross-linking of RBC CD44 promotes Plasmodium falciparum invasion.
a Approximate target epitope sites for each anti-CD44 antibody (BRIC 222, BRIC
235, KZ1, IM7), highlighted and color coded. b Invasion efficiency of Plasmodium
falciparum strain 3D7 in presence of anti-CD44 monoclonal antibodies relative to
an isotype control (BRIC 170). The parasitemia was measured ~21 h post-infection,
and normalized to isotype control. Each dot represents one biological replicate
(N= 3 biological replicates (individual donors) for all conditions except for IM7
dilutions where N = 4; n = 3 technical replicates for each condition). Error bars
indicate SEM. Statistical analysis: Kruskal-Wallis with FDR correction; * p ≤0.05, **
p ≤0.01, *** p ≤0.001. c Invasion efficiency of P. falciparum strain 3D7 in the pre-
sence of the indicated antibodies. The parasitemia was measured ~21 h post-
infection, and normalized to an infection with no antibody (No Ab). Each dot
represents one biological replicate (N= 3 biological replicates; n = 3 technical
replicates). Error bars indicate SEM. Statistical analysis: One-way ANOVA with FDR

correction; ** p ≤0.01, *** p ≤0.001, **** p ≤0.0001. d–f Invasion efficiency of P.
falciparum strains W2mef (d), D10 (e), and 7G8 (f) in the presence of the indicated
antibodies, relative to no antibody (No Ab). Antibody concentration at 100 is 25 µg/
ml for all except the BRIC 222 F(ab) used in W2mef assay (34 µg/ml). The para-
sitemia was measured ~21 h post-infection. Each dot represents one biological
replicate (N= 2 biological replicates; n = 3 technical replicates). Error bars indicate
SEM. Statistical analysis: One-way ANOVA with FDR correction; * p =0.0108 (e),
0.0219 (f), ** p =0.0067. g Invasion efficiency of P. falciparum strain 3D7 in pre-
sence of 0.75 µM RII EBA-175, 25 µg/ml BRIC 222, or vehicle control, relative to no
additive. Each dot represents one biological replicate (N= 4 biological replicates;
n = 3 technical replicates). Error bars represent SEM. Statistical analysis: One-way
ANOVAwith FDR correction; * p =0.0126, *** p =0.0003, ns: non-significant. Source
data are provided as a source data file.
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increase in binding of 3.7-fold (range 0.5-fold to 8.8-fold) (Fig. 6g, h).
Altogether, our data show that bothBRIC 222 andEBA-175 lead tomore
exposure of the invasion-specific epitope of BSG, resulting in
enhanced PCRCR/PfRH5 binding to RBCs. Thus,wepropose amodel in
which P. falciparum EBA-175 (or perhaps an as-of-yet unidentified
ligand) cross-links RBC CD44 upon RBC binding, leading to enhanced
interaction between PCRCR and BSG, as well as changes to the RBC
cytoskeleton, thereby promoting P. falciparum invasion.

Discussion
During red blood cell (RBC) invasion, P. falciparum merozoites pro-
gress through a complex series of steps beginning with initial contact
and apical reorientation, and culminating in internalization and for-
mation of the parasitophorous vacuole. Facilitated by distinct protein-
protein interactions, the steps of invasion have been characterized as
independent yet coordinated, but the mechanisms underlying this
precise control are unclear. In this study, we investigated the
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Fig. 2 | RBC agglutination is not directly correlated with enhanced P. falci-
parum invasion. a Gating strategy for flow cytometry analysis of RBC clusters
events from a representative experiment. RBC agglutination/clustering of three
cells or more is denoted as “Clusters” in orange. b RBCs were treated with 25 µg/ml
anti-CD44 monoclonal antibodies or 2 µM RII EBA-175 and assessed for agglutina-
tion/clustering byflowcytometry,measuredby forward scatter (size). Frequencyof
cluster events from three donors with average ± SD is shown. Statistical analysis:
Kruskal-Wallis with FDR correction; * p =0.0468, ** p ≤0.01. c Representative
images of RBCs treated with 25 µg/ml anti-CD44monoclonal antibodies (BRIC 222,
IM7, BRIC 235, KZ1) or 2 µM RII EBA-175, taken with 20X objective. d RBCs were

treated with 25 µg/ml of the indicated monoclonal antibodies or their respective
F(ab)s. Average frequency of cluster events from 5 donors (No Ab, BRIC 222 F(ab))
or 6 donors (BRIC 222, KZ1, KZ1 F(ab)) ± SD is shown. Statistical analysis: Kruskal-
Wallis with FDR correction; *** p =0.0006. e The relative invasion efficiency within
populations of “Clusters” or “Single cells” was measured by flow cytometry and
normalized to the mean of the no antibody (No Ab) condition. Each dot represents
an individual biological replicate (N = 4 biological replicates; n = 3 technical repli-
cates). Error bars represent SEM. Statistical analysis: paired t-test, one-tailed; **
p =0.0069, * p =0.0112.
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hypothesis that the RBC surface protein CD44 acts as a co-receptor
during invasion, by linking the early steps of apical reorientation and
RBC deformation (mediated by the interaction of EBA-175 with GYPA)
with the subsequent release of the rhoptry contents. Our findings
support a model where CD44 cross-linking, potentially by the P. fal-
ciparum ligand EBA-175, primes the RBC membrane to enhance the
essential interaction between host BSG and P. falciparum PCRCR and

promotes signaling to the RBC cytoskeleton, ensuring co-regulation of
the sequential steps of invasion.

Here, we initially set out to identify anti-CD44 antibodies cap-
able of blocking P. falciparum invasion; however, none of those
tested exhibited an inhibitory effect. Instead, one antibody, BRIC
222, strongly enhanced invasion in a strain-transcendent manner.
This was unexpected, as to our knowledge all antibodies to RBC
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receptors that have been previously reported to impact invasion are
inhibitory (e.g., anti-BSG, anti-CR1, anti-CD55, anti-GYPA, anti-
GYPC)5,17,40–42. The phenotype of enhanced invasion suggested that
BRIC 222 was engaging and stimulating the ectodomain of CD44,
rather than blocking it. BRIC 222 F(ab) had no impact on invasion,
indicating that the phenotype observed with BRIC 222 is due to
CD44 cross-linking. Together with prior research showing that CD44
is required for efficient invasion of all strains tested13,14,21, these data
demonstrate that CD44 cross-linking plays a critical and specific role
during invasion.

Work by Paing et al. suggested that shed EBA-175 promotes P.
falciparum growth by clustering nearby uninfected RBCs, making
them more accessible to invading merozoites18. As BRIC 222 is con-
sidered a hemagglutinin, we initially investigated whether antibody-
induced agglutination could explain the enhanced invasion phenotype
observed.We confirmed thatBRIC 222 can agglutinate RBCs, but at the
antibody concentrations associated with enhanced invasion, most
cells in the population remained non-agglutinated. When we directly
measured parasitemia in agglutinated cells versus the individual, non-
agglutinated cells, we found that they both had similarly elevated rates
of invasion relative to unstimulated RBCs. Moreover, we showed that
another hemagglutinin, BRIC 224, had no measurable impact on P.
falciparum invasion. These findings indicate that the enhanced P.

falciparum invasion observed with BRIC 222 cannot be fully explained
by RBC agglutination, prompting us to investigate alternative
hypotheses.

Prior observations of altered phosphorylation of RBC cytoske-
letal proteins and/or increased membrane deformability upon sti-
mulation with P. falciparum invasion ligands imply the existence of
RBC signaling pathways that may be exploited by the parasite to
establish infection12,14,19,20,30. Indeed, phosphorylation of membrane
and cytoskeletal proteins is considered a mechanism to regulate
properties of the RBC membrane in response to environmental
triggers43. Previously, we found that EBA-induced phosphorylation of
RBC cytoskeletal proteins differed betweenWT and CD44-null cRBCs,
suggesting that CD44 may facilitate signaling during invasion14. Our
results here provide further support for this idea, as CD44 cross-
linking by BRIC 222 alters the phosphorylation of several RBC
cytoskeletal proteins, such as ankyrin-1, alpha and beta spectrin, alpha
adducin, and Band 3. Recent work from Yong et al. further illuminates
this finding, as they found that signaling induced by adhesin binding
involves activation of the Beta-adrenergic receptor (β2AR), which
they demonstrated to be in complex with BSG and CD4439. Together,
these results suggest that that CD44 cross-linking may enhance
invasion by facilitating signaling to the RBC cytoskeleton in a manner
that involves interactions with neighboring proteins, such as BSG.
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Additional work will be needed to more fully elucidate the signaling
pathways stimulated during P. falciparum invasion, and how theymay
relate to those induced by CD44-crosslinking, specific engagement of
other receptors, and normal RBC physiology.

Indeed, the essential receptor BSG does not reside in the RBC
membrane in isolation. Instead, it localizes to at least two discrete
multi-protein complexes, interacting with the monocarboxylate
transporter (MCT1) or with PMCA4, the major calcium transporter of
human RBCs. Recent work showed that the binding affinity between

PfRH5 and BSG was strengthened when BSG was present within one of
these complexes rather than by itself, suggesting that its context
within themembranemay have functional consequences for invasion7.
Another recent study used genetically modified reticulocytes derived
from an erythroid cell line, BEL-A, to investigate the co-dependence of
BSG and MCT144. The surface expression of BSG was found to be
dependent onMCT1 and vice versa. Intriguingly, ectopic expression of
the BSG extracellular domain fused to a GPI anchor could complement
the invasion phenotype of BSG-null cells, suggesting that neither the
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transmembrane nor cytoplasmic domains of BSG are required for its
essential function44.

Our data for CD44 are not inconsistent with a model where
BSG’s function during invasion is exerted solely by its ectodomain.
CD44 cross-linking resulted in increased surface detection of the BSG
ectodomain, increased PCRCR/PfRH5 binding, and enhanced inva-
sion; since RBCs cannot synthesize new proteins, this suggests that
cross-linking CD44 alters BSG at a structural level. Indeed, our data
suggest that CD44 cross-linking promotes invasion by changing the
BSG ectodomain in a way that enhances its interaction with PfRH5
and the PCRCR complex. A recent study by Day et al. employed
surface plasmon resonance to examine the determinants of PfCyRPA
binding to membrane ghosts from an erythroid cell line, as PfCyRPA
is part of the PCRCR complex. They found that CD44 and BSG con-
tributed to the binding of PfCyRPA to the RBC to a similar degree,
likely through specific sialyated residues45. Moreover, BSG-null reti-
culocytes derived from the BEL-A cell line have been shown to have
higher levels of surface CD44 as compared to isogenic WT cells,
further supporting the idea that BSG and CD44 are both functionally
and structurally related44.

A pivotal study by Weiss et al. defined the sequential steps of P.
falciparum invasion using reagents to block specific ligand-receptor
interactions11. Blocking the interaction between BSG and PfRH5 using
antibodies inhibited echinocytosis andCa2+ influx into theRBC, bothof
which are considered measures of rhoptry release and perforation of
the erythrocyte membrane. In light of subsequent work establishing
PfRH5 as part of the PCRCR complex together with PfCyRPA, PfRipr,
PfPTRAMP and PfCSS7,8,46, these findings established that binding of
PCRCR to BSG is a prerequisite for discharge of the rhoptry organelles
and perforation of the host cellmembrane during invasion. Our results
showing that CD44 cross-linking specifically alters the RBCmembrane
and increases the accessibility of BSG to PCRCR and PfRH5 suggest
that CD44 plays a key, upstream role in modulating the interaction
between PCRCR and BSG. However, additional studies are needed to
fully characterize the kinetics of CD44 cross-linking, cytoskeletal
changes, and PCRCR binding, which may be highly dynamic and
interrelated events, rather than strictly sequential.

The studies here utilized BRIC 222 antibody to cross-link CD44.
What ligand(s) could perform this activity during an actual infection?
EBA-175 is themost likely candidate, basedon several lines of evidence.
First, EBA-175 can directly bind to CD44 in addition to its canonical
receptor GYPA, as demonstrated by pull-downs from parasite lysate
and confirmedby cellular binding assays using recombinant proteins14,
and functions as a dimer47. Second, EBA-175 can enhance P. falciparum
invasion, mimicking the phenotype observed for BRIC 222-induced
cross-linkingofCD44. Third, incubationofRBCswithboth EBA-175 and
BRIC 222 leads to altered phosphorylation of RBC cytoskeletal pro-
teins. Fourth, both EBA-175 and BRIC 222 change the RBC membrane,
increasing the accessibility of BSG and the subsequent PCRCR/PfRH5
binding toRBCs, a crucial step for successful invasion.While thesedata
are not inconsistent with the idea that EBA-175 serves to cross-link
CD44 during invasion, ultimately structural studies will be needed to

fully characterize the interactions between EBA-175, CD44, the glyco-
phorins, and BSG. Given that CD44 appears to be required in a strain-
transcendent manner, future studies using a diverse set of strains will
also be needed to comprehensively define P. falciparum binding
partners for CD44, which may extend to other members of the EBA/
PfRH families or other yet-to-be- identified ligands.

EBA-175 and the other alternative ligands have well-defined roles
during the initial phase of invasion, when they mediate merozoite
apical reorientation and RBC membrane deformation through inter-
actions with the glycophorins and CR1. The discovery that CD44 helps
to facilitate EBA-175-induced signaling to the RBC cytoskeleton has
broadened our understanding of the molecular events occurring
during invasion. Our findings here show that CD44 cross-linking
enhances invasion, likely through signaling to the cytoskeleton and
altering the accessibility of BSG and other receptors. Together, these
insights support a model in which initial engagement of CD44-
potentially by EBA proteins localized at the apical end of the invading
merozoite- serves to alter the RBC in a manner that enhances the
interaction between the PCRCR complex and BSG and primes the cell
for parasite internalization.

Methods
P. falciparum culture
P. falciparum strains 3D7, W2mef, D10, and 7G8 were cultured in de-
identified humanRBCs (Stanford BloodCenter) at 2% hematocrit (hct),
in complete RPMI media (RPMI-1640 with 25mM HEPES, 50mg/L
hypoxanthine, 2.42mM sodium bicarbonate, and 0.5% Albumax) at
37 °C in 5% CO2 and 1% O2 gas mixture.

P. falciparum invasion assays
RBCs fromde-identified donors (Stanford Blood Center) were infected
with magnet-purified schizont-stage parasites at starting parasitemia
~1% and final 0.5% hematocrit. Antibodies used included: BRIC 170,
BRIC 222, BRIC 222 F(ab), BRIC 235, KZ1, KZ1 F(ab), BRIC 224 (all from
IBGRL) and IM7 (BioLegend). All antibodies were first dialyzed into
incomplete RPMI before use in cellular assays. RII EBA-175 was gener-
ated as previously described27. Assays were performed in three tech-
nical replicates at a volume of 100 µl per well of complete RPMI and
incubated at 37 °C in 5%CO2 and 1%O2. After overnight incubation, the
ring-stage parasitemia was measured by flow cytometry after staining
with SYBR green I nucleic acid at 1:2000 dilution (Invitrogen). Data
analysis was performed with FlowJo v.10.8.1.

RBC agglutination (clustering) assays
2 × 106 RBCs from de-identified donors were incubated with either
25μg/ml of indicated dialyzed antibodies or 2μM RII EBA-175 in 50μl
final volume while on rotation for one h or 30minutes respectively, in
RPMI media supplemented with 10% heat-inactivated fetal bovine
serum (HI-FBS) and 100mM NaCl. For the agglutination assays using
BRIC 224, RBCs from three de-identified donors were incubated
overnight with 10-fold dilutions of antibody (ranging from 250 µg/ml
to 0.025 µg/ml) at 0.2% hct in 50μl of complete RPMI media in a 96-

Fig. 5 | CD44 cross-linking promotes P. falciparum PCRCR binding. a Left:
Representative images from immunofluorescence assay for Basigin (BSG) and
CD44 on RBCs from an individual donor. Pearson correlation coefficient for co-
localization (r) is indicated. Right: Pearson correlation coefficients for co-
localization of BSG and CD44 on individual cells from three distinct donors are
plotted; each dot represents a single RBC; error bars indicate SEM. b RBCs were
stimulatedwith the indicated anti-CD44 antibodies (25 µg/ml) and then surface BSG
was detected by flow cytometry with anti-BSG polyclonal antibody. Each dot
represents an individual donor, and frequency of BSGhigh (left) and MFI (right) are
plotted. The average BSGhigh or MFI ± SD for five donors is indicated. Statistical
analysis: Friedman test with FDR correction; * p ≤0.05. cRBCswere stimulatedwith
the indicated anti-CD44 antibodies (250 µg/ml) and then detected through surface

staining of anti-BSG monoclonal antibody TRA-1-85. Frequency of BSGhigh popula-
tion (left) andMFI (right) are plotted. Each dot represents one donor. N = 6 donors
for all conditions except for BRIC 235 (N= 4). Mean± SD is indicated. Statistical
analysis: Kruskal-Wallis with FDR correction; * p ≤0.05, *** p ≤0.001. d PCRCR
binding to RBCswas assessed following stimulationwith 25 µg/ml BRIC 222. PCRCR
binding was detected using anti-PfRH5 (R5.011). Flow cytometry gating strategy for
a representative donor is shown. Percentage of PCRCR binding is boxed and indi-
cated as A488+ . e PCRCR binding results from six donors, comparing the unsti-
mulated andBRIC 222-stimulatedconditions, areplotted. Eachcolor dot represents
an individual donor. Statistical analysis: Wilcoxon matched-pairs signed rank test,
one-tailed; * p =0.0156.
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Fig. 6 | CD44 cross-linking by P. falciparum EBA-175 increases PCRCR binding
to RBCs. a–d RBCs were stimulated with 2 µM RII EBA-175. (a) Basigin (BSG) was
detected with the anti-BSG monoclonal antibody TRA-1-85. Frequency of BSGhigh

population (left) andMFI (right) of five donors are shown. Frequencies of GYPAhigh (b),
GYPChigh (c), CD47high (d) and the respective MFI of five donors are plotted. Each color
dot represents an individual donor. Statistical analysis:Wilcoxonmatched-pairs signed
rank test, one-tailed; * p≤0.05. e PCRCR binding of RBCs was assessed following
1.5 µM RII EBA-175 stimulation. Representative gating for one donor is shown. Per-
centage of PCRCR binding is boxed and indicated as A488+ . f PCRCR binding of five

donors, comparing unstimulated and EBA-175-stimulated conditions, is plotted. Each
color dot represents an individual donor. Wilcoxon matched-pairs signed rank test,
one-tailed; * p=0.0312. g PfRH5 binding on RBCs was assessed following stimulation
with 2 µM RII EBA-175. PfRH5 was detected using an anti-PfRH5 antibody conjugated
with A488 fluorophore (5A9-488). Representative gating for one donor is shown, with
percentage of PfRH5 binding boxed and indicated as A488+ . h Percentage of PfRH5
binding compared to unstimulated condition, across six donors, is plotted. Each color
dot represents an individual donor. Statistical analysis:Wilcoxonmatched-pairs signed
rank test, one-tailed; * p=0.0312.
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well plate. After washing, agglutination was quantified using an LSR II
flow cytometer (Becton Dickinson) by gating for size (FSC) and gran-
ularity (SSC). Analysis of the flow cytometry data was performed using
FlowJo v.10.8.1. Measurements of RBC cluster events was confirmed by
live cell imaging using a Keyence BZ-X fluorescence microscope.

Flow cytometry-based RBC membrane profiling
RBCs from de-identified donors were incubated with 25μg/ml of dia-
lyzed BRIC 222 or BRIC 222 F(ab) for one h or with 2μMRII EBA-175 for
30minutes, in RPMI supplemented with 10% HI-FBS and 100mMNaCl
at 0.4% hct. After washing, RBCs were incubated with primary anti-
bodies for one h at room temperature. Antibodies usedwere: anti-BSG-
APCmouse monoclonal (clone TRA-1-85, R&D Systems), 1:10; anti-BSG
rabbit polyclonal (Proteintech, #11989-1-AP), 1:100; CD235a-FITC
(clone 2B7, STEMCELL Technologies), 1:50; BRIC 10-FITC (Santa Cruz
Biotechnology, #sc-59183), 1:20,000; CD47-PE (clone CC2C6, BioLe-
gend), 1:20; SLC14A1-APC (clone888418, R&DSystems), 1:8, andCD151-
APC (clone 50-6, Invitrogen), 1:10. Where indicated, samples were
incubated for one hourwith secondary antibody goat anti-rabbit Alexa
Fluor 647 after washing (Invitrogen, #A21244), 1:1000. Phosphati-
dylserine (PS) externalization was measured using Annexin V-APC
(Invitrogen, #R37176), following the manufacturer’s protocol. Flow
cytometry was performed with a MACSQuant (Miltenyi Biotec) and
analyzed with FlowJo v.10.8.1.

PCRCR binding assay
The PCRCR binding assay was performed essentially as previously
described8. The PCRCR complex was assembled with equimolar
400nM of PfPTRAMP-CSS, PfRIPR, PfCyRPA, and PfRH5 proteins by
incubating all proteins together in 1% BSA/PBS at room temperature
for an hour. 1 × 107 RBCs from de-identified donors were stimulated
with 25μg/ml BRIC 222 in 1% BSA/PBS at 1% hct in 100μl for one h or
with 1.5μM RII EBA-175 in RPMI media with 10% HI-FBS and 100mM
NaCl at 1% hct in 100μl for 30minutes, both at room temperature.
After washing, the cells were then incubated with 400 nM pre-
assembled PCRCR complex, for one h at room temperature. To
detect binding, the samples were incubated with anti-PfRH5 human
antibody clone R5.01148 (generated at WEHI from published sequence)
at 10μg/ml for one h at room temperature, followed by goat anti-
Human IgG (H + L) Superclonal™ Secondary Antibody, Alexa Fluor™
Plus 488 (Invitrogen, #A56021) at 1:1000 dilution for one h at room
temperature in the dark. PCRCR binding was quantified by flow cyto-
metry. Data analysis was performed with FlowJo v.10.8.

PfRH5 binding assay
1 × 107 RBCs from de-identified donors were stimulated with 2μM RII
EBA-175 in RPMI media with 10% HI-FBS and 100mM NaCl in 100μl
volume at 1% hct for 30minutes at room temperature. After washing,
the cells were incubated with 400nM PfRH5 for 1 h at room tem-
perature. To detect binding, cells were incubated with anti-PfRH5
antibody (5A9-48849), 0.2mg/ml, for one h at room temperature, and
analyzed by flow cytometry. Data analysis was performed with
FlowJo v.10.8.1.

Immunofluorescence assays
Immunofluorescence assays were performed as previously described,
with somemodifications50. RBCswere fixedwith 4%paraformaldehyde
and0.0075% glutaraldehyde in PBS for 20minutes, blocked in 3% BSA/
PBS, and then incubated overnight at 4 °C with 1:1000 anti-CD44
antibody (BRIC 235, IBGRL) in 3% BSA/PBS. After washing, cells were
incubated in 1:2000 Goat anti-Mouse IgG (H + L) Cross-Adsorbed
Secondary Antibody, Alexa FluorTM 488 (Invitrogen) for one h at room
temperature. After washing, the cells were stained with 1:10 anti-BSG-
APC (clone TRA-1-85, R&D systems) in 3% BSA/PBS. Images were

acquired using a 60X objective on an abberior confocal microscope.
Image processing was performed using FiJi with custom scripts, and
colocalization was quantified using the Just Another Colocalization
Plugin (JaCoP) in Fiji (ImageJ)51. For each image pair, theAlexa Fluor 555
and Alexa Fluor 647 channels were converted to 8-bit grayscale ima-
ges. Pearson’s correlation coefficient (PCC) was calculated using
Costes’ automatic thresholding to minimize user bias. The analysis
generated cytofluorograms, Costes’ threshold masks, and performed
1000 randomization iterations to test the statistical significance of the
observed PCCvalues, as implemented in JaCoP. The Fiji command for a
representative analysis was: run(“JACoP”, “imga = [Overview 1 - 1 -
12_26_20 - Alexa 555.tiff] imgb = [Overview 1 - 1 - 12_26_20 - Alexa
647.tiff] pearson overlap mm costesthr cytofluo costesrand=2-1-1000-
0.001-0-false-true-true”); All image processing and colocalization
analyses were performed using a custom Fiji macro that automated
image loading and bit-depth conversion to ensure consistency across
samples.

Phosphoproteome-profiling with 2D-DIGE
1 × 109 RBCs from de-identified donors were pre-treated with phos-
phatase inhibitors (Sigma Phosphatase Inhibitor Cocktail 2 & 3) at 50%
hct, 200μl final volume in Krebs-Ringer buffer, at 37 °C for 30minutes.
Samples were then stimulated with 250μg/ml BRIC 222 or BRIC
222 F(ab) in Krebs-Ringer buffer at 37 °C for one h. Ghost RBCs were
generated from these samples by lysis in ice-cold Complete Lysis
Buffer (5mM sodium phosphate buffer at pH 7.5, 1mM EDTA, Halt
protease/phosphatase inhibitor) at 1:35 sample-to-buffer volumes for
10minutes followed by extensive washing. The ghost samples were
processed at Applied Biomics, Inc (Hayward, CA) for two-dimensional
difference gel electrophoresis (2D-DIGE) and DeCyder analysis
(DeCyder 2D software version 6.5 from GE Healthcare). Spots with
highest difference in phosphorylation between BRIC 222 and BRIC
222 F(ab) stimulation were picked and the associated proteins were
identified through mass spectrometry by Applied Biomics, Inc.

Statistical analysis
All statistical analyses were performed with GraphPad Prism version
10. Statistical tests included one-way ANOVA, Friedman test, Kruskal-
Wallis, Wilcoxon matched-pairs signed rank test and paired t-test, and
are indicated for each experiment presented. The two-stage two-step
method of Benjamini, Kreiger, and Yekutieli was used for false dis-
covery rate (FDR) correction.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data generated or analysed during this study are included in this
published article and its supplementary information. Source data are
provided with this paper. The mass spec data generated in this study
have been deposited in Zenodo and can be found at the following link:
https://doi.org/10.5281/zenodo.17595148. Source data are provided
with this paper.

Code availability
The custom code for image loading and processing for colocalization
has been deposited in Zenodo and can be found at the following link:
(https://doi.org/10.5281/zenodo.17595183).
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