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Improved Murine Model of Malaria Using Plasmodium falciparum
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Murine models of Plasmodium falciparum malaria may become crucial tools in drug discovery. Here we show
that non-myelodepleted NOD-scid IL2Ry™" mice engrafted with human erythrocytes support an infectious
burden up to tenfold higher than that supported by engrafted NOD-scid B2microglobulin™" mice. The new
model was validated for drug discovery and was used to assess the therapeutic efficacy of 4-pyridones, selective

inhibitors of P. falciparum cytochrome bc,.

Malaria is caused by the erythrocytic stages of protozoan
parasites of the genus Plasmodium. Among the species patho-
genic for humans, Plasmodium falciparum is responsible for
300 to 500 million cases of malaria and over a million deaths
annually, particularly in developing countries. The develop-
ment of new antimalarial medicines and vaccines is a key part
of the global strategy for malaria eradication (6).

P. falciparum almost exclusively infects human erythrocytes
(hE). As a result, candidate drugs and vaccines in early
stages of preclinical development are usually tested in vivo
by measuring their therapeutic efficacy against rodent-adapted
plasmodial species and by assessing the antiparasitic response
of non-human immune systems, respectively (11). To over-
come the host specificity issue, two conceptually different mu-
rine models of erythrocytic stages of P. falciparum malaria have
been developed. The first one requires chemical in vivo deple-
tion of phagocytic cells from immunodeficient mice engrafted
with hE in order to allow the growth of P. falciparum after
intraperitoneal (i.p.) infection (2, 8). However, its variable
kinetics of parasitemia and, particularly, the use of toxic re-
agents, which might affect the efficacy of antimalarials or ef-
fector cells, have limited its use in drug discovery (5). Recently,
anew P. falciparum murine model that does not require in vivo
myeloablative treatment of mice and is suitable for drug dis-
covery was described (1). In this new model, NOD-scid mice
genetically deficient in beta-2 microglobulin (B2 m™/Y*, ab-
breviated as B2 m™") engrafted with hE (HM-B2 m™") are
infected intravenously with P. falciparum strains selected in
vivo for their competence to grow reproducibly in hE-en-
grafted immunodeficient mice (1).
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The NOD-scid B2 m™“" mouse strain retains residual NK cell
activity as well as other innate immune functions and shows a
high incidence of early thymic lymphomas, which dramatically
diminish their life span (4). These characteristics may be a
serious problem for addressing long-term pharmacokinetic/
pharmacodynamic (PK/PD) studies because of the relatively
low total parasite burden per mouse achievable (1) and the
short life span of NOD-scid B2 m™" mice (4). Interestingly,
NOD-scid strains carrying a null mutation of the interleukin
2 (IL-2) receptor vy chain (IL2Ry™'"/" abbreviated as
IL2Rv™") have been developed (10). These murine strains
lack fully mature NK cells and show additional defects in their
innate immune system that explain their greater ability to sup-
port the engraftment of human leukocytes and their lower rate
of lymphomas (13). Hence, NOD-scid IL2Ry™" mice were
tested as a model for a non-myelodepleted P. falciparum mu-
rine model.

The murine P. falciparum models require the engraftment of
mice with hE. In the non-myelodepleted model, the engraft-
ment of mice is achieved and maintained by daily i.p. injections
throughout the experiments. Therefore, the ability of NOD-
scid IL2Ry™" mice to be engrafted with hE was tested. To
assess this point, 8-week-old immunodeficient female NOD-
scid IL2Ry™" mice (The Jackson Laboratory, Bar Harbor,
ME) were each injected i.p. daily with 1 ml of hE (AB Rh—;
generously donated by the Spanish Red Cross Blood Bank,
Madrid, Spain) suspended in isotonic solution (RPMI 1640,
25% decomplemented human serum, 3.1 mM hypoxanthine)
at 50% hematocrit, as described previously (1). As shown in
Fig. 1, the kinetics of engraftment in NOD-scid IL2Ry"™" fitted
a one-phase exponential association function (R* = 0.92; half-
life = 6.8 £ 0.1 days; 80 mice) as found previously for NOD-
scid B2 m™" (R* = 0.75; half-life = 7.5 = 0.6 days; 162 mice)
(1). Hence; non-myelodepleted NOD-scid IL2Ry™" mice
could be efficiently and stably engrafted with hE by i.p. injec-
tion.

Next, the susceptibility of NOD-scid IL2Ry™" mice en-
grafted with hE (HM-IL2Ry™") to infection by competent P.
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FIG. 1. Kinetics of engraftment of hE in NOD-scid IL2R™" mice.
Data are means * standard errors of the means for TER-119™ eryth-
rocytes pooled from 80 mice in two separate experiments. Individual
data fitted a one-phase exponential association equation. Only error
bars that extend beyond the symbols are shown.

falciparum strains was assessed. The area under the curve for
the concentration of murine erythrocytes (mE), hE, and in-
fected hE (ihE) in peripheral blood versus time was evaluated
in order to account for the temporal dimension of data (1).
Those AUC variables were found to be normally distributed
(1) and were analyzed using a multivariate general linear
model (SPSS 13.0 for Windows; SPSS Inc., Chicago, IL). For
each blood sample, the degrees of engraftment (concentration
of mE and hE) and parasitemia (concentration of ihE) were
measured simultaneously by flow cytometry using the nucleic
acid dye SYTO-16 (Molecular Probes, Leiden, The Nether-
lands) and anti-mouse erythrocyte monoclonal antibody TER-
119 (Pharmingen, San Diego, CA), as described previously (7).
Measuring engraftment and parasitemia simultaneously is es-
sential in therapeutic efficacy assays in order to ascertain that
a drug’s effectiveness is not due to drug-induced destruction of
hE. Accordingly, mE were gated as TER-119", hE as TER-
1197, and ihE as TER-119~ SYTO-16". Once the methodol-
ogy was established, two cohorts of HM-B2 m™# or HM-
IL2R~y™" mice (10 mice/cohort) were infected intravenously
with 20 X 10° parasitized erythrocytes at day 10 after the start
of blood injections. Half the mice from each murine strain
were infected with Pf3D7°%%”™° (generated from clone 3D7 of
the NF54 strain; sensitive to all antimalarials) and the other
half with PfV1/S°"7¥N19 (generated from clone V1/S of the V1
strain; pyrimethamine and chloroquine resistant) (1). As
shown in Fig. 2A, B, D, and E, the overall erythrocyte dynamics
in peripheral blood of infected HM-IL2Ry™" and HM-B2
m"™" were similar. Interestingly, all parasite-mouse strain com-
binations showed a selective elimination of hE that was depen-
dent on parasite growth, because it could be inhibited by treat-
ment with standard antimalarials (data not shown) (1).
Concomitant with the clearance of hE, a compensatory increase
in mE was observed in all experimental groups. In contrast, the
Pf3D7°%%"NY infectious burden in HM-IL2Ry™" mice (peak
parasitemias around 12 to 14%) was 10-fold higher than that in
HM-B2 m™“ mice (Fig. 2C; Table 1). Similarly, the PfV1/S*'7%
1o infectious burden in HM-IL2Ry™" mice (peak parasitemias
around 30 to 40%) was 5-fold higher than that in HM-B2 m™"
mice (Fig. 2F; Table 1). Interestingly, the infectious burden in
PfV1/S°'79N1% infected mice was always higher than that in
P3D7°%"N_infected mice (Table 1). These results were con-
firmed in two additional observational experiments. It is worth
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FIG. 2. Chimerism and infection by P. falciparum in HM-B2 m™"
and HM-IL2R~y"" mice. All mice were injected i.p. with hE daily from
day 0 to day 52 after the start of injections. Data are means * standard
errors of the means for five mice per data point except for HM-B2 m"“"
mice infected with PfV1/S"79N'C for which only four mice were sam-
pled. Note that the scale in panels C and F is logarithmic. Only error
bars that extend beyond the symbols are shown.

mentioning that the parasite strain and not the murine back-
ground was the main factor governing the time required to
achieve the maximum parasitemia (Cox regression analysis, P <
0.001), which was longer in PfV1/S?7™N%infected mice (Table
1). As a whole, our results indicate that HM-IL2Ry™ mice are
more susceptible to infection by competent P. falciparum strains
than HM-B2 m"™" mice. Moreover, the results suggest that the
mechanism of hE destruction elicited by infection and the innate
immune response against P. falciparum depend on different sig-
naling pathways. One possibility is that signaling through cytokine

TABLE 1. Dynamics of infection in HM-B2 m™" and
HM-IL2Ry"™" mice”

Parasite Mouse AUC, 45" Crax’ Enan
Pf3D70%87N0  HM-B2 m 1,043 + 286 164 = 49 17
HM-IL2Ry™" 11,065 + 2,100 581 +74 17

PfV1/SPY7ONIO HM-B2 pp el 5,863 + 1,216 625 + 158 27
HM-IL2Ry™" 33,108 + 6,429 3,035 =393 20

@ Data from five mice/group, except for HM-B2 m"“" infected with PfV1/S°'7¢/
~i1o, for which there were four mice/group.

® AUC,(_4s, area under the curve for concentration of erythrocytes (10° ihE/
ml) versus time (days) between days 10 and 48 after the start of blood injections.
Data are means * standard deviations.

¢ Cpaxe highest concentration of erythrocytes, expressed as 10° ihE/ml. Data
are means *+ standard deviations.

9 faxs day after the start of blood injections at which maximum concentration
of ihE was achieved. All mice were infected at day 10 after the start of blood
injections. Data are medians.



VoL. 53, 2009

receptors sharing the IL2Rvy chain (IL-2, IL-4, IL-7, IL-9, IL-15,
and IL-21) may be responsible for the innate immune response
against P. falciparum in engrafted mice. This signaling pathway
is required for development of NK cells in NOD-scid IL2Ry™"
mice (13). Hence, our data point to defective interaction be-
tween NK cells and phagocytic accessory cells, which is impor-
tant for triggering antimalarial immune responses (9), as a
plausible explanation for the inability of NOD-scid IL2Ry™"
mice to control replication of P. falciparum.

The HM-IL2Rvy"™" murine P. falciparum model was vali-
dated as a tool for drug discovery. In order to address this
point, chloroquine, artesunate, and pyrimethamine were tested
against Pf3D7°°”N? in a 4-day test as described previously (1).
This assay was designed to measure the antimalarial efficacy
of new compounds over two cycles of exponential P. falcip-
arum growth in vivo. Briefly, 3 days after intravenous infec-
tion with 20 X 10° Pf3D7°°"N%infected hE, HM-IL2Ry"™"
mice were randomly distributed into groups (three mice/
group) and treated orally once a day for four consecutive days
with different doses of each drug. In order to measure their
potency, the effective doses that reduced parasitemias by 90%
(EDy) at day 7 after infection with respect to vehicle-treated
mice were calculated by fitting data to a sigmoid dose-response
curve (GraphPad 5.0; GraphPad Software, San Diego, CA). Data
from observational studies indicated that the level of parasitemia
at day 7 was a normally distributed variable (parasitemia, 8.2% *
2.7%, 88 mice; P = 0.986 [Kolmogorov-Smirnov normality test
with the Lilliefors correction of significance]). The sample size
per experimental group (n = 3) was calculated as the minimum
required to detect 50% reduction in parasitemia with respect
to a vehicle-treated control group, assuming a value for a (con-
fidence level) of 0.05 and a value for 3 (power of the assay) of 0.9.
As shown in Fig. 3, all compounds showed a clear dose-response
effect, and only parasites from mice treated with effective doses
showed the characteristic microscopic alterations found previ-
ously (1). The following parameters of efficacy were estimated:
ED()O(chloroquine) =49 = 05’ ED()O(arlesunale) =129 =% 107 and

00(pyrimethamine) = 0-9 = 0.2 mg/kg. Therefore, their effective-
ness was similar to that reported for the HM-B2 m™ model
(ED‘)(J(chloroquine) =44 = 1’ EDQ(](artesunatc) =127 = 13’ and
EDgopyrimethaminey = 0.9 = 0.2 mg/kg) (1). To further quantita-
tively and qualitatively validate the P. falciparum HM-IL2Ry™"
model, we tested the aforementioned antimalarials against PfV1/
SO176MNI0 i the 4-day test. As expected, the no-effect controls
chloroquine and pyrimethamine were ineffective against this mul-
tiresistant strain at 50 mg/kg (EDgg(chioroquine,pyrimethamine) >0
mg/kg, which is at least 10 and 100 times less efficacious, respec-
tively, than against the susceptible strain Pf3D7°°%"N%) whereas
the EDgguriesunatey Was <20 mg/kg (no less efficacious than
against the susceptible strain Pf3D7°%87/™9),

The HM-IL2Rvy™" model has been used in the preclinical
evaluation of the therapeutic efficacy of 4(1H)-pyridones,
which are selective inhibitors of cytochrome bc, from the elec-
tron transport chain present in P. falciparum mitochondrion
(14). The candidate for clinical development GSK932121 was
found to be as potent against P. falciparum Pf3D7°%87N% ag
pyrimethamine in both HM-B2 m™ mice (EDgy, = 0.6 *+ 0.2
mg/kg) and HM-IL2Ry™" mice (EDy, = 0.6 = 0.1 mg/kg)
(Fig. 3) when administered orally in water—1% methylcellulose
(Sigma). Interestingly, the EDog Gsko32121) against PFV1/SO170N10
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FIG. 3. Therapeutic efficacy of chloroquine, artesunate, pyrimeth-
amine, and GSK932121 against P. falciparum Pf3D7°"N° in the HM-
IL2Ry"™!" model. The arrows indicate the days of treatment in the
standard P. falciparum 4-day test, and values are the level of para-
sitemia in peripheral blood of three mice/group. Data are means *
standard errors of the means. Only error bars that extend beyond
the symbols are shown.

in the 4-day test was found to be <1 mg/kg. These results
suggest that GSK932121 might be useful for patient treatment in
areas of high prevalence of chloroquine- and pyrimethamine-
resistant isolates (e.g., Southeast Asia).

P. falciparum murine models are expensive and logistically
demanding. However, with the exception of humans, they are
the only in vivo models available for studying the parasite’s
biology inside hE. Here we show that the P. falciparum model
in HM-IL2R~™ is as reliable for drug evaluation in vivo as the
former HM-B2 m™ model and has two important advantages.
First, the longer life span of HM-IL2Rvy"" mice has enabled
us to perform long-term PK/PD experiments without mouse
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deaths due to thymic lymphomas. In preliminary experi-
ments, we found that HM-IL2Rvy™“ mice harboring ~2 X
10® Pf3D7°%%" ™% infected hE each and treated orally with
chloroquine at 50 mg/kg once a day for four consecutive days
are free of parasites in peripheral blood at least 28 days after
end of treatment (data not shown). A detailed PK/PD analysis
of the therapeutic efficacy of GSK932121 is under way. Second,
the higher susceptibility of HM-IL2Ry"™" mice to P. falciparum
strains adapted to grow in hE-engrafted mice markedly en-
hances the range of infectious burdens achievable in HM-
IL2Ry"™" mice for chemotherapy studies. For instance, the
maximum infectious burden in HM-IL2Ry™" mice infected
with PfV1/S°17¢N10 s between 6 X 10? and 9 X 10° ihE/mouse
(above 30% parasitemia) (Table 1), which is close to the lowest
circulating parasite burden in patients included in clinical ef-
ficacy tests according to World Health Organization guidelines
(3). In addition, the enhanced susceptibility of HM-IL2Ry™"
mice to P. falciparum infection may enable the development of
reliable in vivo models to test the efficacy of vaccines against P.
falciparum erythrocytic stages. This seems a feasible objective
because NOD-scid IL-2v"" mice are able to sustain high levels
of engraftment with functional human hematolymphoid cells
(12). Therefore, as the mouse innate immune system is unable
to control infection, it should be possible to test the effect of
candidate malaria vaccines on HM-IL2Rvy™" mice which have
received adoptively transferred human immune cells. In con-
clusion, the use of NOD-scid IL2Ry™" mice (13) engrafted
with hE (HM-IL2Rv™") and appropriate competent P. falcip-
arum strains opens up new possibilities for the preclinical eval-
uation of antimalarials and vaccines against erythrocytic stages
of P. falciparum.
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