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ABSTRACT

This review focuses on the role of trans-kingdom movement of small RNA (sRNA) molecules between
parasites, particularly Plasmodium falciparum, and their respective host cells. While the intercellular
transfer of sSRNAs within organisms is well recognized, recent studies illustrate many examples of trans-
kingdom sRNA exchange within the context of host-parasite interactions. These interactions are
predominantly found in the transfer of host SRNAs between erythrocytes and the invading P. falciparum,
as well as other host cell types. In addition, parasite-encoded sRNAs can also be transferred to host cells to
evade the immune system. The transport of these parasite SRNAs in the body fluids of the host may also
offer means to detect and monitor the parasite infection. These isolated examples may only represent the
tip of the iceberg in which the transfer of SRNA between host and parasites is a critical aspect of host-
pathogen interactions. In addition, the levels of these sRNAs and their speed of transfer may vary
dramatically under different contexts to push the biologic equilibrium toward the benefit of hosts vs.
parasites. Therefore, these sRNA transfers may offer potential strategies to detect, prevent or treat parasite
infections. Here, we review a brief history of the discovery of host erythrocyte sRNAs, their transfers and
interactions in the context of P. falciparum infection. We also provide examples and discuss the functional
significance of the reciprocal transfer of parasite-encoded sRNAs into hosts. These understandings of SRNA
exchanges are put in the context of their implications for parasite pathogenesis, host defenses and the
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evolution of host polymorphisms driven by host interactions with these parasites.

Intraerythrocytic developmental cycle of the human
malaria parasite Plasmodium falciparum

Malaria continues to be a global health burden worldwide, with
an estimated 429,000 deaths and 212 million new cases in 2015
alone.! The vast majority of these deaths are caused by Plasmo-
dium falciparum, considered to be the most virulent of the
malaria-causing species. The P. falciparum life cycle is character-
ized by multiple developmental stages in the human host and the
female Anopheles mosquito vector, including the invasion of
human hepatocytes followed by asexual replication in human red
blood cells (RBCs), also known as erythrocytes. In human eryth-
rocytes, P. falciparum parasites undergo a 48-hour intraerythro-
cytic developmental cycle (IDC) that corresponds to the 2-day
fever periodicity characteristic of the most prominent symptoms
of malaria. During the 48-hour IDC, merozoites invade erythro-
cytes, where they grow and undergo cell division (schizogony)
(Fig. 1). This cell division results in 16-32 new merozoites that
burst out of host erythrocytes and invade new ones. Most of these
merozoites propagate asexually and maintain infection in the
host erythrocytes, but approximately 5 percent commit to a sex-
ual fate.” These sexual parasites, also called gametocytes, are non-
dividing male and female cells. Once mature, these gametocytes
are the only form of the parasite transmissible from the human
to the mosquito, where sexual reproduction takes place.

While the signal for gametocyte induction is unknown, the
cue for such development occurs in the previous schizogony
cycle, as all merozoites from a single schizont are committed to
either a sexual fate or an asexual fate.” Environmental stress,
such as high parasitemia or the addition of certain drugs* or
spent medium to the culture,” can lead to an increase in game-
tocytogenesis. Interestingly, it has been noted that gametocyto-
genesis is significantly increased in P. falciparum grown in
erythrocytes from patients of sickle cell disease and other ane-
mia disorders.® This suggests that these parasites can sense their
environment and alter their IDC accordingly. However, the
underlying environmental factors and involved molecular
mechanisms are still poorly defined.

Reciprocally, many studies have also suggested that dif-
ferent Plasmodium species also shape the host environments
to facilitate their propagation and invasion. One important
tool used by parasites to remodel host environments is that
circulating extracellular vesicles from various cellular sour-
ces. Several studies have shown that these extracellular
vesicles are elevated during parasite infection and are asso-
ciated with the severity of disease.””® These vesicles contain
proteins, DNA, and RNA, including miRNAs,>'*"" which
can modulate gene expression and phenotypes of the recipi-
ent cells. These observations further strengthen the impor-
tance of extensive cell-to-cell communication during the
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Figure 1. P. falciparum parasites replicate asexually in human erythrocytes in a 48-
hour life cycle. Merozoites invade erythrocytes where they grow into rings and eventu-
ally larger trophozoites. During the schizont stage, cell-to-cell communication increases
as extracellular microvesicles from infected cells relay messages to neighboring cells,
including cells of the innate immune system and endothelial cells. The parasite also
divides at this stage to form 16-32 new merozoites, most of which continue to repro-
duce asexually. A small proportion of merozoites is sexually committed and upon inva-
sion of new erythrocytes will transition to a gametocyte fate. Mature male and female
gametocytes can then be transmitted to the mosquito, where mating takes place.

infection of P. falciparum and other parasites.'” This review
will further explore how the cross-kingdom transfer of these
miRNAs, either in host erythrocytes or extracellular vesicles,
affects P. falciparum growth and development as well as the
their putative roles in the selection of human variants by
human malaria.

Discovery of microRNAs in human erythrocytes

Human red cell disorders, including various types of anemia
and malaria, affect millions of people and present huge medical
and economic challenges. Although the basis for many red cell
disorders is known, even for sickle cell disease (SCD) - the first
“monogenetic molecular disease” — there are still significant
unknowns about their complex phenotypes, clinical heteroge-
neity'? and malaria resistance. These gaps in our knowledge
highlight a great need for a better understanding of all the bio-
logic components of human erythrocytes and a conceptual
framework for capturing this information on a genomic scale.
Although advances in various genomic technologies have led to
an explosion of quantitative knowledge in human diseases, the
application of these genomic tools to erythrocyte diseases has
been limited by the long-held belief that mature erythrocytes
lack RNA expression. These terminally differentiated cells
transport oxygen by a large number of hemoglobin proteins.
Since mature erythrocytes have lost their nuclei during differ-
entiation, a “textbook” conventional belief has been that eryth-
rocytes do not contain any nucleic acids. In fact, one criterion
to separate mature erythrocytes from reticulocytes is based on
the absence of signals by RNA-staining dyes. Contrary to this
belief, we and other groups have discovered that human eryth-
rocytes actually contain abundant and diverse species of micro-
RNAs and other transcripts that persist beyond terminal
differentiation.*">'*** While the initial focus was on micro-
RNAs in mature erythrocytes,'**® RNA-Seq has further
revealed that mature erythrocytes have a large number of large-
sized RNAs, including mRNAs and non-coding RNAs.*' The
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functional relevance of these erythrocyte transcripts has been
summarized in a recent review.>*

Elevated erythrocyte miR-451 clusters seen in various
types of hemolytic anemia

The discovery of the erythrocyte transcriptome allows the use
of genomics tools and advanced bioinformatics to analyze these
genetic materials as a unique window into the developmental
history and various physiologic/pathological adaptations of
erythropoiesis. Since circulating erythrocytes are easily accessi-
ble and available for repeated sampling, the erythrocyte tran-
scriptome may provide valuable biomarkers for various factors
shaping erythropoiesis in bone marrow and other locations.
For example, erythrocyte microRNA profiling of HbAA (non-
sickle normal) and HbSS (homozygous sickle) showed that
erythrocyte microRNA expression was dramatically altered in
HbSS erythrocytes.'* Furthermore, the reduced expression of
miR-320 contributes to the defective terminal differentiation of
HbSS erythrocytes."* When all the HbSS erythrocyte micro-
RNA profiling was analyzed together with the clinical pheno-
types, the high erythrocyte miR-144 level was found to
associate with more severe anemia.”’ Further investigation
revealed that higher levels of miR-144 targeted NRF2, the mas-
ter regulator of anti-stress capacity, and reduced oxidative tol-
erance, thus resulting in more severe anemia.”’ Therefore, the
analysis of the erythrocyte transcriptome may offer important
insights into the clinical heterogeneity and pathogenesis of ery-
throid cells with therapeutic implications.

Both miR-451 and miR-144 reside in a locus that is driven by
GATAL1 and whose transcription is induced by erythropoietin.**
To put the microRNA dysregulation in HBSS erythrocytes in con-
text, we extended the erythrocyte microRNA profiling to include
individuals with Paroxysmal nocturnal hemoglobinuria (PNH)
before and after treatment with eculizumab. PNH is characterized
by episodic destruction of red blood cells (hemolytic anemia) due
to the lack of protective mechanisms against complement-medi-
ated hemolysis. Eculizumab is a humanized antibody that targets
the hemolysis-inducing complement protein C5, thus preventing
hemolysis and improving the anemia of PNH.*> The clustering
analysis of all erythrocyte samples separated the samples into 2
groups based on the differential expression of a subset of micro-
RNAs, including miR-451 and miR-320 (Fig. 2, Chi Lab unpub-
lished). The samples with elevated miR-451 all exhibited
prominent hemolytic anemia, including untreated PNH patients
with an SS-like pattern (SS-like PNH). Importantly, eculizumab
treatments significantly reduced levels of miR-451 in the PNH
erythrocytes and converted the pattern to normal-like (NL-like
PNH) (Fig. 2). Therefore, the elevated miR-451 in erythrocytes is
likely to reflect erythrocyte hemolysis. At least 2 factors may con-
tribute to the distinct erythrocyte expression pattern and elevated
miR-451 associated with hemolysis. First, acute anemia induces a
physiologic response that includes the rapid development of new
erythrocytes. This process, distinct from steady-state erythropoie-
sis, is referred to as “stress erythropoiesis.”.*® Increased GATA-1
activities have been found during stress erythropoiesis®” and it is
reasonable to expect an increased expression of GATA-1 driven
miR-451/144. Another contributing factor is that the erythrocyte
populations tend to be younger in most hemolytic anemia.
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Figure 2. (A) Dendrogram showing the separation of all erythrocyte microRNA profiles into 2 large groups. While HbSS and normal (HbAA, NL) are clearly separated, the
samples of PNH are separated into 2 distinct clusters termed HbSS-like PNH or NL-like PNH. The HbSS-like and NL-like PNH correspond to before and after eculizumab
treatment. (B) Heatmap of the expression of erythrocyte microRNAs that separate the samples with microRNA clustering corresponding to NL-like, HbSS-like and PNH,

which are shown and further expanded in (C)

Therefore, these 2 factors are likely to play important roles in the
elevated miR-451/144 levels seen in erythrocytes from individuals
with hemolytic anemia.

The search for small non-coding RNAs in Plasmodium
falciparum

While microRNAs were first discovered by genetic
approaches in C. elegans, their broad presence and func-
tional relevance in various organisms was not appreciated
until several groups developed biochemical means to isolate
microRNAs for sequencing.”®**° These approaches have led
to the discovery of a large number of microRNAs in a wide
variety of organisms, including metazoans and viruses.’'
Similar methods have been used to identify parasite-
encoded microRNAs from Trypanosoma brucei,”>” Tricho-
monas vaginalis,’>>* Entamoeba histolytica® and Toxo-
plasma gondii*® However, similar approaches have not
been as successful for other parasites. For example, the only
identified small RNA species in P. falciparum was human
microRNAs, especially miR-451.""%7 The initial interpreta-
tion was that these human microRNAs came from contami-
nation by host cells used to propagate P. falciparum.'””’
The absence of P. falciparum-encoded microRNAs was also
consistent with studies that had ruled out the presence of
the canonical RNAi pathways in P. falciparum.’® However,
it is not clear whether the host microRNAs found in Plas-
modium have any functional roles.

The transfer of erythrocyte microRNAs into
P. falciparum

During the blood stage of malaria infection, extensive material
exchange occurs between parasites and the host erythrocytes.
Many erythrocyte contents, including hemoglobin, are con-
sumed by the parasites to support their growth, expansion, and
differentiation.” Conversely, many malaria proteins, including
rifin, stevor and var, are exported from the parasites to erythro-
cytes and function to remodel host erythrocytes, supporting
nutrient import and adhesion with endothelial cells.** There-
fore, it is reasonable to speculate that erythrocyte microRNAs
and associated proteins may also be a part of such host-patho-
gen exchanges.

Consistent with this concept, human miRNAs, such as miR-
451, were found within P. falciparum."””” To systematically
profile the transported microRNAs, LaMonte et al. used multi-
plex RT-PCR and identified > 100 human microRNAs present
within P. falciparum, including miR-451, miR-223, and miR-
19b.*' As sickle erythrocytes are known to exhibit resistance to
P. falciparum,” it is interesting to note that several transported
microRNAs, including miR-451 and miR-223, were also highly
expressed in sickle erythrocytes.'* Based on the hypothesis that
the transported sickle-enriched microRNAs may contribute to
the resistant phenotypes, the authors transfected HbAA cells
with SCD-enriched miR-451 and found that the increased
erythrocyte miR-451 significantly reduced parasite growth. In
addition, the inhibition of miR-451 in HbAS and HbSS eryth-
rocytes increased parasite growth.*' Collectively, these data
indicated a functional role of the translocated microRNAs in



the malaria resistance of the sickle erythrocytes with highly ele-
vated miR-451. However, it is important to point out that the
role of miR-451 in the HbAA erythrocytes remains unclear.

Erythrocyte microRNAs in the malaria resistance of
sickle cell erythrocytes

The next step was to determine how these translocated human
microRNAs affected the gene expression and phenotypes of P.
falciparum. Translocated miR-451 was found to be in the para-
sitophorous vacuolar membrane (PVM).*! Since P. falciparum
lacks the orthologs of Dicer/Ago’®*’, the mechanism by which
these microRNAs could affect gene expression was unclear.
Interestingly, 35 P. falciparum expressed sequence tags (ESTs)
deposited into PlasmoDB contained several human microRNAs
fused to the 5 end of the P. falciparum transcripts. Among
these human microRNAs, miR-451 occurred the most often,
consistent with its high levels in parasites. Using northern blots,
5" RACE-PCR, Illumina deep sequencing, and ribonuclease
protection assays, LaMonte et al. confirmed that human micro-
RNAs modified parasite mRNAs at a low rate in parasites
grown in HbAA erythrocytes. This modification was dramati-
cally increased in parasites grown in HbSS erythrocytes, with
elevated miR-451, to exhibit functional relevance. These
uncapped fusion transcripts were further shown to impair ribo-
somal loading of miR-451 target gene cAMP-dependent protein
kinase (PKA-R).*"** Consistently, parasites in HbSS and HbAS
cells contained significantly less PKA-R protein,*' illustrating
the effects of miR-451 in repressing translation. Regulation of
PKA-R levels is crucial for parasite survival,*> and suppression
may lead to increased cAMP-dependent catalytic (PKA-C)
activity, which may cause an increase in gametocyte induc-
tion.*® Indeed, LaMonte et al. showed that miR-451 transfected
erythrocytes have a 2.5-fold increase in the number of parasites
that transition to a gametocyte fate.

The formation of chimeric fusions between human miRNAs
and P. falciparum mRNAs may reflect a form of trans-splic-
ing.*' Trans-splicing in parasites was first described in Trypa-
nosomes, as all polycistronic mRNAs in T. brucei must be
trans-spliced with a spliced leader (SL) RNA, which is a part of
an RNP, to form mature processed mRNAs.*”** With recent
genome wide-studies, it has been shown that this trans-splicing
increases mRNA diversity and the repertoire of proteins
expressed.”’>> Trans-splicing has also since been found in met-
azoans such as Nematodes and Platyhelminthes.”>>* Such modi-
fication of parasite mRNAs by host transcripts may use similar
trans-splicing machineries in other species to allow the modifi-
cation of parasite gene expression by signals from host cells.

Erythrocyte microRNAs as intercellular
communication tools of infected erythrocytes

Besides regulating the gene expression of P. falciparum, eryth-
rocyte microRNAs also play a crucial role in the communica-
tion between infected erythrocytes and other cells via
extracellular vesicles.'"”” Such intercellular communication is
coordinated by infected erythrocytes to affect other host cells
and facilitate malaria pathogenesis and parasite infection. The
release of these extracellular microvesicles peaks during
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schizogony. These vesicles contain both human and P. falcipa-
rum proteins as well as host microRNAs that can be transferred
to endothelial cells and immune cells."!

These extracellular vesicles strongly stimulate an immune
response, including the activation of pro-inflammatory cyto-
kines.'" This cytokine activation can increase the expression of
cellular receptors and enhance the ability of infected erythro-
cytes to bind to endothelial cells. This can also result in
increased vascular permeability and apoptosis of endothelial
cells. Mantel et al. show that endothelial cells internalize extra-
cellular vesicles via endocytosis and that these vesicles contain
functional host microRNA-Ago2 complexes derived from the
host erythrocytes.”® Interestingly, miR-451 is also the promi-
nent microRNA in this setting, increased 50-fold upon vesicle
internalization.”® The RISC complex was able to exert canonical
microRNA-like regulatory function on its target genes, CAV-1
and ATF2.>® These changes, in turn, affect the barrier function
of endothelial cells as manifested by decreased cortical actin,
increased stress fiber formation, discontinuous junctional VE-
Cadherin and the presence of gaps.”® These results show that
extracellular vesicles and their cargo, particularly human miR-
NAs, are important in disease pathology as they lead to an
increased immune response. In this context, Ago2 is an essen-
tial part of the activities of the erythrocyte miRNAs in extracel-
lular vesicles that affect gene expression in the recipient cells
via canonical microRNA function.’® The involvement of host
Ago2 protein is especially essential for the formation of the
RISC complex to target and cleave target mRNAs since P. falci-
parum lacks RNAi machinery and Ago proteins. Because severe
malaria is associated with an increase in extracellular vesicles in
the plasma,”” the microRNAs in the infected erythrocyte may
play an important role in disease pathology.

Parasite small RNAs transported into host cells as
mediators of host-pathogen interactions

While the previous sections outline how host-encoded small
RNAs affect parasite growth and differentiation, several papers
also report on the reciprocal ability of parasite-encoded small
RNAs to be transferred to host cells during infection. For exam-
ple, the rodent helminth nematode Heligmosomoides polygyrus
secretes microvesicles that contain parasite-encoded micro-
RNAs and Y-RNAs.”® Mouse cells can internalize these SRNAs,
which suppress host immunity by targeting host mRNAs,
including 1133r and Dusp1”®. While the extracellular vesicles
contain a nematode AGO protein, it is still unclear whether the
host or nematode AGO acts with the transported microRNAs
to silence host genes.”®

In addition, parasite-encoded small RNAs from T. cruzi,”®
Schistosoma japonicum,*® and Litomosoides sigmodontis®" can
be found in the bodily fluids of infected organisms. During T.
cruzi infections, the parasites generate tRNA-derived small
RNAs (tsRNAs) in T. cruzi-derived small vesicles that can be
transferred to other parasites as well as susceptible host cells.*
This opens up studies to pursue the mechanisms that the para-
site uses to specifically manipulate its target host cells during
infection.

A similar occurrence has been shown between the mosquito
and its endosymbiont Wolbachia.”> Two Wolbachia snRNAs,
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WsnRNA-46-5p and WsnRNA-59-5p, are highly expressed in
infected Wol+ mosquitoes. Wsn-RNA-46 is exported out of
Wolbachia and into the mosquito where it leads to an upregula-
tion of the target gene Dynein heavy chain, which could be
important for localization of the bacteria within the mosquito.®*
Therefore, the transport of Wolbachia sRNAs modifies the
shape of the host cells to facilitate the parasite infection. Collec-
tively, these examples show the variability and prevalence of
trans-kingdom cross-talk and demonstrate that such communi-
cation can be beneficial or detrimental to the host organism.

Different erythrocyte miR-451 levels dictates distinct
modes of host-pathogen interactions

It is interesting to note that both the host and parasite can uti-
lize erythrocyte microRNAs to their advantage in different con-
texts (Fig. 3). In HbAA cells with physiologic levels of miR-451,
the low rate of miR-451 modification of parasite transcripts
does not seem to affect the gene regulation and phenotypes of
P. falciparum. Instead, as we previously predicted,*' erythrocyte
microRNAs are used by parasites to benefit their pathogenesis
by delivering signals to other cells via microvesicles to facilitate
endothelial cell attachments and parasite sequestration. In such
cases, erythrocyte microRNAs play an important part in the life
cycle and pathogenesis of P. falciparum. In the pathological
conditions of HbSS erythrocytes, the high level of miR-451 sup-
presses parasite growth by exaggerated transfer and affects the
expression of PKA-R and other proteins of P. falciparum
(Fig. 3). Thus, the aberrant miRNA profile and host environ-
ment in SCD erythrocytes short circuits the normal adaptation
to the host-cell environment and contributes to an insurmount-
able challenge for the parasites. Therefore, erythrocyte
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Figure 3. Distinct modes of host-parasite (blue circles) interactions in the HbAA
(low miR-451, left) and HbSS (high miR-451, right) erythrocytes (red circles). The
parasite transcripts (blue line) which are unmodified or modified by human micro-
RNAs (red line) are indicated by respective color. In the erythrocytes with low miR-
451, infected erythrocytes secrete miR-451-Ago2 containing microvesicles (MVs) to
remodel endothelial cells to increase cytokine expression, facilitate erythrocyte
attachment and to increase vascular permeability. These changes can benefit the
parasites by facilitating their invasion and pathogenesis. In contrast, the erythro-
cytes with high miR-451 benefit host cells by exhibiting malaria resistance due to
the increased import of miR-451 and enhanced modifications of parasite tran-
scripts that reduce the protein of PKAR. This leads to the increased activities of
PKA, reduced parasitemia and increased gametocytogenesis.

microRNAs act like an innate immune system that suppresses
the proliferation of P. falciparum. One variable that tips the
interaction between hosts and pathogens is the level of miR-
451 and the dominant modes of parasite suppression vs. micro-
vesicle-mediated host cell remodeling.

miR-451 as a common determinant of malaria-
resistant hemoglobinopathies?

Many intra-cellular pathogens have complicated interactions
with host cells that determine the outcome of infection. As a
result of the high mortality and widespread impact of malaria,
it is thought to be the strongest evolutionary selective force in
recent human history.®>** In fact, genes that confer resistance
to malaria provide some of the best-known case studies of posi-
tive selection in modern humans. These hemoglobin variants
include HbS, HbC, G6PD deficiency and thalassemia. Impor-
tantly, these malaria-resistant hemoglobinopathies also share
the feature of hemolysis disease. Since several sickle-cell
enriched microRNAs, especially miR-451, play significant roles
as genetic determinants of growth for P. falciparum, it is possi-
ble that the elevated miR-451 associated with hemolysis con-
tributes to the malaria resistance seen in many erythrocyte
polymorphisms associated with malaria resistance. Consis-
tently, miR-451 was found to also be elevated in p-thalasse-
mia.®> This hypothesis can be tested in various
malaria-resistant hemoglobinopathies similarly to what has
been performed for sickle erythrocytes.*!

The implications of sRNA transfer for hosts and
pathogens during their interactions

We speculate that for the human host, the suppression of para-
site growth through the modification of transferred host sSRNAs
may represent a novel mechanism of innate immunity. This
concept is also supported by the increased sensitivity of the
mosquito Anopheles gambiae to Plasmodium infection when its
microRNA-producing proteins, Dicerl and Agol, are deleted.®
For P. falciparum, this use of host microRNAs to modify its
transcripts may allow the parasite to tune its gene expression
profile and adjust its development as it traverses different host
cell types with distinct microRNA compositions. Furthermore,
the parasites may also use exosomes and their contents to regu-
late the adhesion properties of endothelial cells to modulate the
microcirculation. Therefore, the study of how host microRNAs
participate in parasite gene regulation may offer important
insights into the complex life cycle of P. falciparum, similar to
what studies of viral pathogens have offered for mammalian
host cells. From the Plasmodium perspective, the process may
present an opportunity for the parasite to sample the host envi-
ronment to adjust its gene expression. microRNAs are known
to show very strong tissue-specific expression that drives and
maintains the differentiated status of the cells. For example,
miR-451 is highly expressed in erythrocytes. Similarly, miR-
122 is highly expressed in the liver and plays a crucial role in
the replication of HCV in hepatocytes.®” In the natural life cycle
of Plasmodium, the parasites pass through many different cell
types, including hepatocytes before red blood cells. Therefore,
the host microRNAs may provide the relevant environmental



cues. It is likely that different tissue-specific microRNAs may
affect parasite gene regulation to adjust the gene expression to
the host environments of humans or mosquitoes. Second, the
elevated miR-451 indicates the shortened erythrocyte life span
in hemolytic anemia. Therefore, the elevated miR-451 also indi-
cates that the host cells are relatively undesirable and are short-
lived host cells for P. falciparum.

Finally, it is interesting to note that the study of viral DNA,
RNA and proteins provides a simple system to probe the gene
regulation of their host mammalian cells. Similarly, we expect
that the use of host or parasite small RNAs as molecular probes
will provide a unique window into the import, processing and
function of these transferred RNAs into the parasites and hosts,
respectively. Since various modified microRNAs can be incor-
porated into the protein machineries, the inclusion of addi-
tional tags in the transfected microRNAs may be used to probe
the interacting proteins and machineries involved in the trans-
port, processing and activities of these small RNAs.

The examples we have covered here may only represent the
tip of the iceberg in which the transfer of small RNAs serves as
an important arsenal during the continuing arms race between
host and pathogen. Therefore, the cross-kingdom transfer of
small RNA may offer a unique opportunity to uncover novel
aspects of host-pathogen interactions that have not been previ-
ously appreciated. Such understandings may have the potential
to uncover novel means of detecting and treating parasite
infections.
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