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Repurposing of Plasmodium falciparum var genes
beyond the blood stage
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A commonly observed survival strategy in protozoan parasites
is the sequential expression of clonally variant-surface antigens
to avoid elimination by the host’s immune response. In malaria-
causing P. falciparum, the immunovariant erythrocyte-
membrane protein-1 (PfEMP1) adhesin family, encoded by var
genes, is responsible for both antigenic variation and
cytoadherence of infected erythrocytes to the
microvasculature. Until recently, the biological function of these
variant genes was believed to be restricted to intraerythrocytic
developmental stages. With the advent of new technologies, var
gene expression has been confirmed in transmission and pre-
erythrocytic stages. Here, we discuss how repurposing of var
gene expression beyond chronic blood-stage infection may be
critical for successful transmission.

Address
Institut Pasteur, Université Paris Cité, Inserm U1201, CNRS EMR9195,
Unité de Biologie des Interactions Hôte-Parasite, 25 Rue du Dr Roux,
F-75015 Paris, France

Corresponding authors: Artur Scherf (artur.scherf@pasteur.fr),
Liliana Mancio-Silva (liliana.mancio@pasteur.fr)
* Cofirst authors.

Current Opinion in Microbiology 2022, 70:102207

This review comes from a themed issue on Host-Microbe
Interactions: Parasites

Edited by Christian Doerig and Debopam Chakrabarti

For complete overview of the section, please refer to the article
collection, “Host-Microbe Interactions: Parasites”

Available online 29th September 2022

https://doi.org/10.1016/j.mib.2022.102207

1369-5274/© 2022 The Author(s). Published by Elsevier Ltd. This is
an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/)

Introduction
Pathogens have evolved diverse immune-evasion stra-
tegies to establish prolonged or chronic infection in their
hosts, thus ensuring enhanced transmission of the pa-
thogen. A common strategy in protozoan parasites such
as African trypanosomes, Giardia lamblia, or P. falciparum
is the sequential expression of variant-surface antigens,
so-called antigenic variation, to avoid clearance by the

host’s adaptive immune response [1]. Mutually exclusive
expression within large gene families is not a unique
feature of pathogens, but a process conserved
throughout the evolution of the eukaryotic lineage. In
the case of mammalian olfactory genes, singular gene
expression involves complex changes of nuclear archi-
tecture mediated by enhancer elements [2]. In P. falci-
parum, antigenic variation is mediated either by the
expression of a single member of the var gene family
(monoallelic expression) or a small subset of large gene
families that encode small variant antigens, such as
RIFIN and STEVOR (Table 1).

It has long been assumed that antigenic variation is a
process uniquely evolved to evade the immune response
of the vertebrate host. In African trypanosomes for in-
stance, the expression of variant-surface glycoproteins is
switched off upon parasite transmission from the mam-
malian host to the insect vector [3]. The recent discovery
that a subset of var genes are expressed in life-cycle
stages that develop in Anopheles mosquitoes (Figure 1)
challenges this view [4•,5••]. Here, we review the
known roles of Plasmodium variant multigene families
with a focus on var genes and discuss how the functional
repurposing of var gene products beyond the infected
erythrocyte might mediate host–parasite interactions
essential for the establishment of infection in the
human host.

Plasmodium clonally variant gene families
Plasmodium genomes encode highly polymorphic mul-
tiprotein families that underpin the extraordinary ability
of the parasite to escape immune detection and con-
tinually adapt to changes in its environment. While the
var gene family represents the best-studied example,
other Plasmodium multigene families, many of which
encode surface proteins that mediate adhesion to host-
encoded receptors, also show variant expression and
have been similarly linked to immune evasion and ma-
laria pathogenesis (Table 1). Whole-genome sequencing
has enabled us to explore their repertoire, genomic
context, and evolutionary history. A key feature of many
of these variant multigene families is that they are found
on the highly recombinogenic subtelomeric regions of
chromosomes, which is thought to contribute to the
continual generation of new gene variants [6]. In P. fal-
ciparum, the var, rif, and stevor families are organized in
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clusters, with the var gene occupying the telomere-
proximal position followed by multiple copies of rif and
stevor family members [7]. Some var genes can also be
found outside subtelomeres, in the internal regions of
chromosomes. Both the chromosomal location and tran-
scription orientation (whether a var gene is transcribed
toward or away from the telomere) correspond to a
specific promoter type upstream of the coding sequence
(upsA, upsB, and upsC). The major variant gene families
of Plasmodium knowlesi, SICAvar and kir, present an
atypical chromosomal arrangement, as they are found
exclusively outside subtelomeres [8].

The repertoires of Plasmodium variant multigene fa-
milies across the 5 human-infective species
show striking examples of large species-specific gene
expansions (Table 1). The P. falciparum Maurer's cleft
two-transmembrane protein (pfmc-2tm) family, which

encodes several exported paralogous proteins of un-
known function, is only found on the Laverania sub-
genus and has undergone expansion in P. falciparum.
The surfin-related subtelomeric protein 1 (STP1) is
highly expanded in Plasmodium ovale and Plasmodium
malariae, whereas fam-l and fam-m are uniquely present
in P. malariae (Table 1). The largest expansion, how-
ever, is observed in the Plasmodium interspersed repeat
(pir) gene repertoire of Plasmodium vivax and P. ovale
[9,10], which could be an indication of functional di-
versification within the pir superfamily of these hypno-
zoite-forming species.

Cytoadherence, invasion, and other functions
Several products of the variant multigene families have
adhesive properties consistent with roles in erythrocyte
invasion, rosette formation, and endothelial cytoadher-
ence (Table 1). The RIFIN and STEVOR proteins of P.

Figure 1

Current Opinion in Microbiology

Model depicting known and putative roles of var genes across the P. falciparum life cycle. PfEMP1 proteins are expressed in knob-like structures on
the surface of infected erythrocytes during the blood stages of infection, where they mediate cytoadherence and immune evasion. During sexual
development or gametocytogenesis, var gene expression drops significantly. Mature gametocytes are taken up in the mosquito blood meal and
undergo fertilization in the mosquito midgut. A series of developmental transformations then lead to the formation of the ookinete, which further
develops into the oocyst upon crossing the midgut epithelium. Sporozoites initially develop within the oocyst, before being released to complete their
maturation in the salivary glands. Expression of a single var gene has been reported in the oocyst stage and precedes surface PfEMP1 expression in
salivary-gland sporozoites. Upon transmission to the human host, PfEMP1 expression might contribute to sporozoite homing to the liver and
hepatocyte invasion. A second resetting of var gene expression during the liver stage likely produces a diverse repertoire at the onset of blood-stage
infection, enabling the parasite to adapt to the immune status of the host.

PfEMP1 surface expression in sporozoites Real et al. 3
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falciparum have been implicated in rosetting through
binding to group-A antigen and glycophorin C in ery-
throcytes, respectively [11,12]. SURFIN4.2, which is
closely related to the STP1 protein of P. vivax, has been
shown to bind to erythrocytes through a cysteine-rich
domain and may play a role in invasion through a pu-
tative interaction with rhoptry neck protein 4 at the
parasite–host-cell-moving junction [13]. Other variant
gene families with known roles in invasion include the
reticulocyte-binding protein (RBP) and reticulocyte-
binding homolog (RH). Interestingly, the predicted 3D
structures of P. malariae fam-l and fam-m proteins were
shown to overlap with that of RH5, the P. falciparum
ligand for the basigin receptor expressed on the surface
of erythrocytes [9,14]. It seems therefore plausible that
fam-l and fam-m proteins may also have a role in invasion
through their binding to host-cell receptors.

In addition to antigenic variation, variant multigene fa-
milies encode other adaptive strategies that help the
parasite to survive different types of environmental
pressures. For instance, some RIFIN proteins bind to
inhibitory immune receptors on myeloid and lymphoid
cells to suppress immune signaling and evade the host
immune system [15].

Regulation of clonally variant gene expression
Variant gene expression is orchestrated by multiple
layers of transcriptional and post-transcriptional me-
chanisms that are regulated by diverse epigenetic and
epitranscriptomic factors. Heterochromatin-dependent
gene silencing is central to clonally variant gene ex-
pression during blood infection in humans [16••,17] and
infected mosquitoes [4•,5••]. Chromatin-im-
munoprecipitation studies demonstrated differential and
reversible enrichment of post-translational histone
modifications in transcriptionally active and silent gene
members. The silenced state is characterized by the
presence of histone H3 lysine 9 trimethylation
(H3K9me3) and heterochromatin protein 1 (HP1),
whereas the active state is associated with acetylation of
H3K9 (H3K9ac). Additional factors contributing to the
monoallelic expression of var genes include differential
nuclear positioning of the transcriptionally active gene
[18] and long noncoding RNAs (lncRNA) [19,20] (Box 1;
Figure 2). The pathways involved in the upstream reg-
ulation of each multigene family are not fully understood
but are likely to be responsive to environmental factors.
The cytoadherence-linked asexual protein (clag) para-
logs clag3.1 and clag3.2, which are components of an
aqueous pore on the erythrocyte membrane involved in
nutrient uptake [21], provide such an example. Ex-
pression of the two CLAG3 paralogs is mutually ex-
clusive and dependent on H3K9m3 loss [22]. Switching
between the two paralogs, enables the parasite to adapt
to changes in nutrient availability.

Box 1 Calling var gene expression in transcriptomics studies.

var genes have a two-exon structure with the conserved intron
directing the transcription of two lncRNA, one antisense and a
second sense lncRNA (Figure 2) [20,35]. The existence of these
lncRNAs can complicate the interpretation of transcriptomics data,
especially as more data sets are being generated through scRNA-
seq technologies that fail to simultaneously profile full-length
transcripts and discriminate between sense and antisense
transcripts. Without this information, assessing whether a var gene
transcript might be coding or noncoding requires some caution. As
pointed out by Reid et al. [25], only transcripts that span over the var
intron and include the two exons constitute bona fide mRNA.
Transcripts mapping to only one exon could represent lncRNAs
transcribed from the var intron and as such should not be used to call
var gene expression. scRNA-seq protocols enabling strand-specific
full-length transcript profiling have been described [36] and might be
considered as suitable alternatives to the commonly used
SMARTseq2 and 10x protocols for surveying var transcript
expression in single cells.

Variant gene families across the malaria life cycle
Beyond their roles in the blood stage, there is mounting
evidence that Plasmodium variant multigene families
could play additional roles across the life cycle (Table 1).
In the rodent parasite Plasmodium berghei, multiple pro-
teins encoded by the pir, fam-a, and fam-b families are
exported to the parasitophorous vacuole membrane
(PVM) of hepatic schizonts, where at least Fam-a pro-
teins have been implicated in the transfer of host lipids
across the vacuole [23]. Expression of pfmc-2tm tran-
scripts, which was thought to be restricted to infected
erythrocytes, is highly abundant in P. falciparum ooki-
netes [24•], raising intriguing questions about a possible
role for this poorly understood multigene family in
mediating immune evasion in the mosquito midgut. It is
equally likely that it could be a response to other en-
vironmental pressures. The picture emerging from these
and the example of the var gene family that will be
discussed below is that variant families constitute ver-
satile multistage actors of host–parasite interactions.

Repurposing and resetting of var genes
Although it is commonly admitted that expression of var
genes and of the PfEMP1 proteins they encode is re-
stricted to asexual blood stages of infection, there is
evidence that single members of the var gene family can
be transcribed in gametocytes, ookinetes, oocysts, and
sporozoites [4•,5••,24•,25] (Figure 1). The implications
of this functional repurposing of a variant-surface ad-
hesin with respect to transmission and the establishment
of infection in the human host are starting to emerge.

In gametocytes, single-cell RNA sequencing (scRNA-
seq) profiling of gene usage revealed that var gene ex-
pression is mutually exclusive in both male and female

4 Host-Microbe Interactions: Parasites

www.sciencedirect.comCurrent Opinion in Microbiology 70( 2023) 102207



sexual stages. Interestingly, the detected var transcripts
are of the UpsB and UpsC types [24•,25]. While pro-
teomics data further confirm the presence of several
PfEMP1 proteins in gametocytes [26], their postulated
role in cytoadherence and spleen and bone marrow se-
questration during gametocytogenesis remains con-
tentious. The lack of knobs in sexual stages suggests
that the PfEMP1 variants on the surface of stage-I ga-
metocytes might be insufficient to mediate cytoadher-
ence on endothelial cells [27–29].

Regarding the mosquito stages, several transcriptomics
and epigenetic studies reported the presence of var
transcripts in the ookinete and oocysts [4•,5••,24•,30],
although at low levels and mostly expressed as sense
lncRNAs (Figure 2). The exception is the var gene en-
coding the PfEMP1 expressed in the sporozoite stage,
named varsporo [5••]. Independent validation that spor-
ozoites express a specific PfEMP1 on their surface was
obtained using antibodies recognizing the extracellular
domain of the protein [5••]. Exposure of sporozoites to
anti-varsporo-specific antibodies prevented infection of
primary human hepatocytes. The effect, however, was
shown to be strain-dependent, suggesting that other
PfEMP1 proteins not recognized by these specific

antibodies may be expressed in sporozoites. Likewise, it
remains unclear whether PfEMP1 expression in spor-
ozoites is associated with a specific subset of var genes
and what their distinguishing features might be. It also
remains to be determined whether PfEMP1 proteins
expressed at this stage could play additional roles along
the sporozoite journey to the liver. Based on the known
adhesive functions of this protein family, the possibility
that PfEMP1 could mediate the homing of sporozoites to
the liver is an appealing idea. Indeed, previously identi-
fied PfEMP1 host receptors are also expressed in the
liver, namely on the surface of hepatocytes. Expression of
this highly polymorphic protein on the sporozoite surface
could also play a role in immune avoidance, thereby
protecting the PfEMP1 for an essential role in receptor
engagement during hepatocyte invasion. This may be
particularly relevant in endemic areas where the host may
harbor anti-PfEMP1 antibodies from previous malaria
episodes. In this context, it is tempting to speculate that
parasites with var repertoires not previously seen by the
host have better chance to invade hepatocytes and es-
tablish new infections.

The lack of genome-wide transcriptomic data for P.
falciparum intrahepatic stages precludes a thorough

Figure 2

Current Opinion in Microbiology

Basic architecture of var genes and their encoded proteins. All var genes are composed of two exons. In addition to the 5′ upstream promoter, a
second bidirectional promoter is located in the var intron, leading to transcription of sense and antisense lncRNAs. Although there is experimental
evidence linking antisense lncRNA with var gene expression [20], deletion of the var intron does not affect var gene activation or silencing [37]. The
intron is spliced out during mRNA maturation and leads to a high-molecular-weight protein composed of highly variable extracellular (DBL/CIDR)
domains, a transmembrane (TM) domain, and an acidic terminal sequence (ATS) that is conserved among PfEMP1 proteins. Different types of CIDR
domains mediate PfEMP1 binding to major host receptors, namely the scavenger receptor CD36 and the endothelial protein C receptor (EPCR).
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analysis of the var gene repertoire in the liver. However,
the analysis of the first generations of blood-stage para-
sites from malaria-naive human volunteers infected with
P. falciparum sporozoites have demonstrated transcrip-
tion of a consistent broad repertoire of var genes and
other variant multigene families [31,32••]. Similar re-
sults were observed in the rodent Plasmodium chabaudi
for the cir multigenic family after mosquito passage [33],
pointing to a conserved epigenetic resetting occurring
during transmission. Despite the absence of transcrip-
tional data, PfEMP1 expression has been confirmed in P.
falciparum liver schizonts using an antibody recognizing
the intracellular conserved domain (G Zanghì, PhD
thesis, Sorbonne University, Paris, 2016). Taken to-
gether, these observations suggest that the liver stage
may promote a general resetting of var gene expression,
so that the parasites released into circulation are
equipped with a diverse repertoire (Figure 1) and may
enhance blood-stage infection, regardless of pre-existing
host immunity against PfEMP1 proteins. The resetting
model, which could be viewed as an adaptive strategy,
raises fundamental questions about the regulation of
variant gene expression in these underexplored steps of
the Plasmodium life cycle.

Conclusion
It is becoming increasingly apparent that Plasmodium
variant multigene families are not exclusively associated
with blood-stage infection and may play additional roles
across the life cycle. Cell atlasing initiatives have un-
veiled previously unsuspected gene-expression patterns
for members of these gene families (reviewed in Ref.
[34]), but due to the prevalence of post-transcriptional
repression mechanisms in Plasmodium, it remains unclear
whether this transcriptional activity translates into pro-
tein expression and a gain in function. Future work
should address whether the recently characterized
varsporo [5••] confers additional adhesive properties to
the sporozoite transmissive form, potentially altering the
way sporozoites interact with their environment during
the journey to the liver. Identification of varsporo host-
interacting factors as well as a potential role in antigenic
variation and hepatocyte invasion should be further in-
vestigated. It will also be important to validate the re-
setting model by profiling the var gene repertoire at
single-cell resolution during liver stages.
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