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Plasmodiumvivax latent liver infection is characterized
by persistent hypnozoites, hypnozoite-derived
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Plasmodium vivax is a malaria-causing pathogen that estab-
lishes a dormant form in the liver (the hypnozoite), which
can activate weeks, months, or years after the primary infection
to cause a relapse, characterized by secondary blood-stage
infection. These asymptomatic and undetectable latent liver
infections present a significant obstacle to the goal of global
malaria eradication. We use a human liver-chimeric mouse
model (FRG huHep) to study P. vivax hypnozoite latency and
activation in an in vivo model system. Functional activation
of hypnozoites and formation of secondary schizonts is demon-
strated by first eliminating primary liver schizonts using a
schizont-specific antimalarial tool compound, and then
measuring recurrence of secondary liver schizonts in the tissue
and an increase in parasite RNA within the liver. We also reveal
that, while primaquine does not immediately eliminate hypno-
zoites from the liver, it arrests developing schizonts and pre-
vents activation of hypnozoites, consistent with its clinical ac-
tivity in humans. Our findings demonstrate that the FRG
huHepmodel can be used to study the biology of P. vivax infec-
tion and latency and assess the activity of anti-relapse drugs.

INTRODUCTION
The eradication of malaria remains a prominent public health goal.
While Plasmodium falciparum infection contributes the greatest to
malaria disease mortality, P. vivax biology complicates malaria
control and treatment because hypnozoites can remain in a latent, un-
detectable state for months to years in the liver. Hypnozoites can acti-
vate and seed a blood-stage infection, which can cause symptomatic
disease (called a relapse) and onward parasite transmission. Thus,
elimination of latent P. vivax from the liver is necessary to achieve
the goal of malaria eradication. Indeed, relapse remains a significant
barrier to eradication as the majority of P. vivax infections observed
clinically are due to relapse.1,2 Current drugs used to prevent relapse
can cause hemolysis in persons with glucose-6-phosphate dehydroge-
nase deficiency,3 an enzymatic deficiency prevalent in Southeast Asia
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and South America where P. vivax is prevalent,4 limiting their wide-
spread use. Therefore, the discovery of novel therapeutics that prevent
P. vivax relapse and are well tolerated in populations living in
endemic areas will be important for malaria eradication.5,6

The understanding that P. vivax could cause malaria againmonths af-
ter primary disease was established more than a century ago,7 yet the
latent hypnozoite form of the parasite was not observed in the liver
until 1982,8 when a splenectomized chimpanzee was experimentally
infected with P. vivax sporozoites and liver biopsies were used to visu-
alize parasites in the hepatic tissue. Although these small tissue forms
had not been directly observed to activate and cause blood-stage
infection, they were presumed to be the liver stage forms which can
activate and seed blood-stage infections at later time points after
the initial infection. A handful of experimental reports thereafter
described the observation of P. vivax hypnozoites in an in vitro cul-
ture system.9–11 Further developments in technology and persistence
in improving the logistics of in vitro infection have led to in vitro plat-
forms that are capable of medium-throughput screening to identify
novel chemical matter that prevents relapse.12–15 These platforms
have also enabled the demonstration of full liver stage development
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of P. vivax and P. cynomolgi (a latent relapsing parasite species that
infects monkeys) in vitro from sporozoite infection of hepatocytes
to fully functional schizonts that can release red blood cell-infectious
exo-erythrocytic merozoites into the culture medium.13 Recently,
using live imaging in vitro, Voorberg-van der Wel et al. showed
hypnozoites present in primary cells can activate to form secondary
replicating liver schizonts.16 To further enable hypnozoite research,
a liver-chimeric humanized mouse model was developed that sup-
ports P. vivax acute and latent liver infection (FRG huHep),17 which
leverages mice re-populated with human primary hepatocytes.18,19

These recent developments have favorably impacted the feasibility
of P. vivax liver stage research and drug discovery.20

Experimental studies with P. vivax are additionally complicated by
the fact that unlike P. falciparum, P. vivax cannot be cultivated in
the laboratory in human blood. The blood stage of the parasite is
necessary for mosquito infection and subsequent development of
the liver-infectious sporozoites in the mosquito salivary glands.
Therefore, blood-stage parasites from human donors infected with
P. vivax are obtained, fed as a blood meal to female Anopheline
mosquitoes to induce an infection in the mosquito. In the mosquito,
the sporozoites grow and migrate from the midgut to the salivary
glands over a 14-day period. To study drug effects on the parasites,
sporozoites are then harvested from the mosquito salivary glands
by manual dissection and used to infect in vitro primary hepatocyte
cultures or introduced intravenously or through the bite of a mos-
quito to the bloodstream or skin of FRG huHep mice.

Post sporozoite infection, P. vivax liver stages differentiate from uni-
nucleate trophozoites resident in host hepatocytes to liver stage
parasites of two distinct fates as reviewed in Schäfer et al.21 A fraction
of the parasites begin a rapid growth process called exo-erythrocytic
schizogony, where they develop into a large schizont that occupies the
entire hepatocyte and even stretches the hepatocyte membrane. At
the end of this enormous cell growth and DNA replication, the para-
site differentiates into tens of thousands of red blood cell-infectious
exo-erythrocytic merozoites.22,23 An alternative fate of the parasite
is for the trophozoite to remain uni-nucleate and enter latency as a
hypnozoite, which, until the last decade of technology development,
remained exceedingly difficult to study. In the FRG huHep model,
these two parasite states become distinct from one another as early
as three days post-infection as their sizes and DNA content diverge
dramatically.17 Eight to ten days post-infection merozoites egress
from mature primary schizonts into the bloodstream and infect red
blood cells.17 For the latent hypnozoite form, activation can then
occur weeks, months, or years after primary infection, which leads
to entry into rapid secondary schizogony and release of second-gen-
eration exo-erythrocytic merozoites. Triggers for this activation are
unknown but numerous factors have been postulated to play a role.24

Observations of the phenotypic effects of drugs on hypnozoites have
been limited to in vitro work. While many clinical studies have been
conducted to understand the frequency of relapse and the effect drugs
have on relapse prevention,25–27 very little is understood about the
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mechanism of action of 8-aminoquinolines on the intrahepatic para-
sites. The P. cynomolgimonkey relapse model is the pre-clinical model
for showing proof-of-concept of activity against hypnozoites before
entry into the clinic.28 In this model, similar to clinical studies, para-
sites cannot be routinely observed in the liver and blood-stage patency
is used as a surrogate to assess the effect of drugs on hypnozoites in the
liver.

Here, we use the FRG huHep mice to understand hypnozoite activa-
tion in vivo, within the host hepatocyte and provide a much-needed
bridge from in vitro experiments to those conducted in monkeys
and clinical studies in humans, which are based on blood-stage
relapse observations. Our studies provide novel insight that will
impact the study design of clinical trials as well as future in vivo
work in monkeys and mice to discover novel compounds with radical
cure activity against P. vivax.

RESULTS
P. vivax field isolates reproducibly establish primary liver-stage

infection in a liver-chimeric humanized mouse model (FRG

huHep)

We investigated the utility of an in vivomodel of P. vivax infection that
uses distinct parasite isolates for each infection. P. vivax-infected blood
from donors in several regions in Thailand was obtained and fed to fe-
maleAnopheles dirusmosquitoes to generate hepatocyte-infectious spo-
rozoites. Mosquito salivary glands were dissected and P. vivax sporozo-
ites were used to infect liver-chimeric humanized mice (FRG huHep)29

to study P. vivax liver infection, including hypnozoites. Currently, no
molecular marker differentiating latent, uni-nucleate hypnozoites
from replicating, multi-nucleated schizonts is available. However,
microscopic examination of infected liver tissue can easily differentiate
hypnozoites and schizont-stage parasites by size, DNA content, and
sub-cellular localization of UIS4 (upregulated in infectious sporozoites
4) protein.17,30 To assess feasibility and to understand the relationship
between the sporozoite dose and liver-stage parasite infection frequency
in FRG huHep liver tissue sections, mice were infected intravenously
with an increasing number of sporozoites from the same parasite isolate
(VTTY116) and the primary liver-stage infection was quantified bymi-
croscopy 8 days post-infection (Figures 1A and 1B). A dose-dependent
response was observed between sporozoite inoculum and number of
parasites observed (hypnozoites and primary schizonts) in the liver tis-
sue sections (hypnozoite range: 0.0–3.6 hypnozoites per 100 mm2,
Spearman r = 0.8; schizont: 0.9–39.2 schizonts per 100mm2, Spearman
r = 0.964) (Figures 1A and 1B). Parasites were quantifiable at all doses,
although the 50,000 sporozoite dose yielded very few observable para-
sites (1 hypnozoite in 600 mm2 of liver tissue section visualized for
one animal and no hypnozoites observed in 588 mm2 in another).
Although Plasmodium 18S qRT-PCR cannot detect the difference be-
tween schizont and hypnozoite rRNA, it allows quantification of overall
liver-stage burden. Importantly, during the primary infection, nucleic
acid from actively replicating schizonts is approximately 10,000 times
more abundant than that from hypnozoites,31 and thus most RNA
measured in a primary infection are signals from schizonts. A dose-
dependent relationship between 18S rRNA and sporozoite dose was
mber 2022
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Figure 1. Plasmodium vivax field isolates demonstrate robust primary infection in liver-chimeric humanized mice

Number of (A) hypnozoites (Spearman correlation r = 0.8) and (B) schizonts (Spearman correlation r = 0.964) observed per 100 mm2 of liver tissue section visualized 8 days

post-infection using immunofluorescence assay (IFA). (C) Log10 Plasmodium 18S rRNA copies per mg of liver quantified after liver harvest and RNA extraction (Pearson cor-

relation r = 0.872). (D) Hypnozoite formation frequency (HFF) (%) observed per inocula (p = 0.506, Kruskal-Wallis test). Number of (E) hypnozoites and (F) schizonts present

during the acute infection (5–8 days post-infection) for nine distinct P. vivax field isolates. (G) Log10 Plasmodium 18S rRNA copies per mg of liver and (H) HFF for the same

infections in (E–G). Each data point represents one animal. For microscopy counts, >3 liver tissue sections were counted per animal. The same parasite isolate (VTTY116) was

used for (A–D). The number of sporozoites used for each infection in (E–H) was: VTTY108, VUNL23, VUNL28, VUNL41: 1,000,000; VTTY111: 600,000; VTTY116: 800,000;

VTTY135; VTTY137: 500,000, and VYBN14: 850,000. Error bars represent 95% confidence interval.
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observed (Figure 1C, Pearson r = 0.872, log10 18S rRNA copies range:
7.3–9.1), like that observed between sporozoite dose and total number
of schizonts observed, suggesting that 18S rRNA quantification
correlates with the number of schizonts present. For the 50,000 sporo-
zoite inoculumgroup, log10 18S rRNAcopies were 7.3 and7.5. Thehyp-
nozoite formation frequency (HFF) (the percentage of parasites that are
hypnozoites) was not significantly different between inocula
(median =3.5%, Kruskal-Wallis test p = 0.506) (Figure 1D).

We next compared several additional experimental design variables to
understand their utility in this small animalmodel of P. vivax infection.
We observed no difference in liver parasite burden when animals were
infected retroorbitally versus by intravenous tail vein injection (Fig-
ure S1A, p = 0.274, unpaired t test) as well as no effect of humanized
mouse genetic background strain (NOD (FRGN) versus C57Bl/6
(FRG)) on infection levels (Figure S1B, p = 0.827, unpaired t test). To
compareourfindingswith those observed in several other in vivo rodent
models of malaria that infect with other Plasmodium spp., we used
midgut sporozoites isolated from oocysts in the mosquito midgut to
infect animals. Compared with that of salivary gland sporozoites (the
stage of sporozoites that are naturally injected by the mosquito), the
samenumber ofmidgut sporozoites injected resulted in a 2.5-log reduc-
tion in liver burden (p < 0.01, unpaired t test), similar to what has been
observed for other Plasmodium species (Figure S1C).32,33

To understand the infection variability between distinct clinical iso-
lates, we performed infection experiments with nine independent
Molecular The
isolates. Each primary infection measured at 5–8 days post-infection
resulted in an infection that was quantifiable by microscopy
(Figures 1E and 1F) as well as 18S rRNA qRT-PCR (Figure 1G).
The number of sporozoites used for each infection was: VTTY108,
VUNL23, VUNL28, VUNL41: 1,000,000; VTTY111: 600,000;
VTTY116: 800,000; VTTY135; VTTY137: 500,000, and VYBN14:
850,000. The median hypnozoite burden was 0.5 per 100 mm2 (range:
0.0–21.3 per 100 mm2) and the median schizont burden was 16.7 per
100 mm2 (range: 0.0–70.1 per 100 mm2). In some cases schizonts
were not observed in the liver sections analyzed by microscopy, yet
the parasite burden measured by 18S rRNA qRT-PCR remained
robust (mean log10 18S rRNA copies measured for the primary infec-
tion was 8.3 [range: 7.0–10.1], range of coefficient of variation [CV]
for each isolate [1.9%–8.2%], overall CV = 8.0%). Although liver
infection was observed with all isolates, the HFF range observed
was high (0%–40.4%), exemplifying the natural level of variation in
field isolates (Figure 1H), yet continued to show significant differ-
ences when grouped by circumsporozoite protein (CSP) allele type
(p < 0.01, Mann-Whitney test) (Figure S1D).17

FRG huHep mice support latent P. vivax infection characterized

by persistent hypnozoites and secondary schizonts

To assess the frequency and propensity for relapse, we characterized
the latent stage of P. vivax liver infection through 49 days post-infec-
tion. We chose to use a large sporozoite dose (0.8–1.0 million
sporozoites) to aide in phenotypic characterization of the parasites
by microscopy. Latent hypnozoites were observed at all time points
rapy: Methods & Clinical Development Vol. 26 September 2022 429
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Figure 2. Latent P. vivax infections are characterized by persistent hypnozoites and secondary schizonts

Number of hypnozoites observed in liver tissue sections during the (A) primary infection and (B) latent infection (Mann-Whitney test p = 0.767 for significance between the

number of hypnozoites present in the primary and latent infection). (C) Size of P. vivax hypnozoites observed over 7 weeks after infection with 0.8–1.0 million sporozoites.

Number of schizonts observed in liver tissue sections during the (D) primary and (E) latent infection (Mann-Whitney test p < 0.001 for significance between the number of

schizonts present in the primary and latent infection). (F) Size of P. vivax schizonts over 7 weeks after infection with 0.8–1.0 million sporozoites. Total log10 Plasmodium 18S

rRNA per mg of RNA during the primary (G) and latent (H) infection (p < 0.0001, unpaired t test for significance between the total 18S rRNAmeasured in the primary and latent

infection). (I) Correlation curve for the number of schizonts observed in liver tissue sections and the corresponding 18S rRNA levels for each animal (Pearson r = 0.53).

Horizontal dashed line denotes the limit of qunatification. (J) Hypnozoite 49 days post-infection. Immunofluorescence staining for ACP (red), UIS4 (green), and DNA (DAPI,

blue). Scale bar, 5 mm. For the latent infections the parasite isolates used were (VUNL23, VUNL28, VBTM3, VKTS102, VYBN70, VTTY52, VTTY111, VTTY137). Each symbol

represents observations from one animal in all figures except (C and F). Each symbol represents the area of one parasite which was measured in (C and F).
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sampled post-infection with eight different Thai P. vivax isolates
(VUNL23, VUNL28, VBTM3, VKTS102, VYBN70, VTTY52,
VTTY111, and VTTY137) used to complete the time course (Fig-
ure 2A primary infection, Figure 2B latent infection). The number
of hypnozoites in the infected livers was not significantly different be-
tween the primary infection (day 8) (Figure 2A) and the latent infec-
tion (Figure 2B) (median = 1.0 hypnozoites per 100mm2 and 3.5 hyp-
nozoites per 100 mm2, respectively, p = 0.767, Mann-Whitney test).
Hypnozoites modestly and linearly increased in cell size from day 5
through day 49 (Figure 2C), suggesting metabolic activity and devel-
opment. This growth, however, was unlike the exponential growth of
exo-erythrocytic schizonts observed within the first week of infection
(Figure 2F). Visualization of hypnozoites 49 days post-infection in the
mouse liver using antibodies to the parasitophorous vacuole mem-
brane protein UIS4 and apicoplast (ACP) proteins revealed parasites
with extensive apicoplast network development (Figure 2J) compared
with hypnozoites visualized 8 days post-infection.17
430 Molecular Therapy: Methods & Clinical Development Vol. 26 Septe
The primary wave of schizonts release exoerythrocytic merozoites into
the blood 8–10 days post-infection.17 Therefore any schizonts observed
during the latent phase of infection (>10 days post-infection) are pre-
sumably secondary schizonts derived from activated hypnozoites.
The triggers and the degree of synchronicity of hypnozoite activation
remain unknown.24 Therefore, any single infected liver section
analyzed during the latent stage of infection can contain secondary
schizonts originating from a subpopulation of activated hypnozoites.
To assess this experimentally, we performed infections with eight
different P. vivax isolates and harvested livers from days 12 to 49
post-infection to understand the dynamics of hypnozoite activation.
At every time point sampled, secondary schizonts were observed in at
least one infected mouse from each isolate (median = 2.4,
range = 0.0–237.9 per 100 mm2) (Figure 2D primary infection, Fig-
ure 2E latent infection). The number of secondary schizonts present
at latent time points was significantly less than the number of primary
schizonts present at day 8 of a primary infection (median = 0.15 per
mber 2022



Figure 3. Functional characterization of P. vivax

hypnozoite activation in vivo

(A) Quantification of hypnozoites and schizonts 8 days

post-infection (primary infection) (B) and 18 days post-

infection (latent infection) in FRG huHep livers with and

without MMV048 treatment (isolate VTTY111). (C) Log10
18S rRNA per mg of liver 8 and 18 days post-infection

from (A and B). (D) Log10 18S rRNA per mg of liver 8 days

post-infection after inoculation with 800,000 VTTY116 spo-

rozoites intravenously (IV) or by the bites of 20 mosquitoes

(MB) with and without MMV048 treatment. (E) Log10 18S

rRNA per mg of RNA in two different P. vivax isolates

8 days after infection and with and without MMV048 treat-

ment. (F) Log10 18S rRNA per mg of RNA 2 days post-infec-

tion and 8 days post-infection with and without MMV048

treatment (isolate VTTY137). Each dot represents mea-

surements from one animal. Treatment with MMV048

was with 30 mg/kg on days 4–7 post-infection. Horizontal

dashed line denotes the limit of quantification. Barplot error

bars represent 95% confidence interval.

www.moleculartherapy.org
100mm2 and 16.7 per 100mm2, respectively, p < 0.001,Mann-Whitney
test). Primary schizonts, unlike hypnozoites, increase exponentially in
size during the primary infection (as observed in Mikolajczak et al.17)
and this size increase can be observed for secondary schizonts during
the latent infection (Figure 2F). Measurement by total Plasmodium
18S rRNA in the liver also showed a significant decrease in the amount
of 18S rRNA copies present during the latent infection compared with
day 8 post-infection (mean = 6.5 versus 8.3 log10 18S rRNA copies,
respectively, p < 0.0001, unpaired t test) (Figures 2G and 2H). In addi-
tion, the amount of 18S rRNA copies correlated with the number of
schizonts observed in each animal (Figure 2I) (Pearson r = 0.53).

Validation of hypnozoite-derived secondary schizont formation

To demonstrate that the secondary schizonts we observed at later time
points post-infection were indeed derived from activated hypnozoites
and not slow-growing or growth-arrested primary schizonts, we used
treatment with MMV390048 (MMV048), a compound that targets
phosphatidylinositol 4-kinase in the parasite.34,35 Compounds with
this mechanism of action have activity against P. vivax schizonts and
hypnozoites when used prophylactically; however, when used after
the establishment of liver infection, these compounds demonstrate
Molecular Therapy: Methods & Clin
preserved schizonticidal activity with minimal ef-
fect on established hypnozoites. This renders
them an ideal tool for the study of hypnozoite acti-
vation and relapse.12,13,36 At 8 days post-infection,
treatment with MMV048 (30 mg/kg) on days
4–7 days post-infection resulted in a significant
reduction in the number of primary schizonts
(no schizonts were observed in the liver sections
of four animals examined) compared with the
control group (median 0 schizonts and 30.4 schiz-
onts per 100 mm2, respectively [p < 0.05, Mann-
Whitney test]) (Figure 3A). Elimination of pri-
mary schizonts from the liver withMMV048 did not have a significant
effect on the number of hypnozoites observed during the primary
infection (median = 6.0 per 100 mm2 compared with 4.9 per
100 mm2 in the untreated group, p = 0.3429 Mann-Whitney) (Fig-
ure 3A). When measured by 18S rRNA, there was a 99.81% reduction
(2.7 log-reduction) in parasite burden in the MMV048-treated group
compared with the untreated animals during the primary infection
(p < 0.0001, ANOVA Tukey’s correction for multiple tests, mean 5.8
versus 8.5 log10 18S rRNA, respectively) (Figure 3C).

In a second group of mice that was subject to the same treatment
regimen and with the same parasite isolate (VTTY111) used for infec-
tion, liver harvest and examination during the latent infection (18 days
post-infection) revealed detectable multi-nucleated secondary schiz-
onts in the MMV048-treated group at a similar frequency as the con-
trol group (0.80 and 1.75 schizonts per 100 mm2, respectively,
p = 0.0571, Mann-Whitney test), demonstrating the generation of sec-
ondary schizonts from activated hypnozoites (Figure 3B). At day 18,
parasite 18S rRNA levels in untreated animals had declined, as ex-
pected, compared with day 8 (due to the egress of primary schizonts)
(mean 8.5 versus 7.1 log10 18S rRNA [p < 0.001, unpaired t test], a
ical Development Vol. 26 September 2022 431
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Figure 4. Effect of primaquine and atovaquone on liver-stage parasite phenotype

(A) Number of parasites present with and without 10mg/kg atovaquone (ATQ) treatment (days�1 to 7). Control versus treatment for schizonts (p < 0.05, Mann-Whitney) and

control versus treatment for hypnozoites (p = 0.468, Mann-Whitney). (B) Log10 18S rRNA per mg of liver 7 days post-treatment with 10 mg/kg ATQ from days�1 to 7 (control

versus ATQ treated, p < 0.001, ANOVA, Tukey’s multiple comparisons) and 28 days post-treatment (control versus ATQ treated, p = 0.325, ANOVA, Tukey’s multiple com-

parisons). (C) Log10 18S rRNA per mg of liver 7 days post-infection following treatment with or without 10 mg/kg ATQ from days 4 to 7 (control versus treatment, p = 0.2415,

unpaired t test). (D) Number of schizonts and (E) hypnozoites present in the liver 8 days post-infection (primary model) after 2-day treatment with primaquine (PQ) (60 mg/kg)

(legend continued on next page)
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96.45% reduction in rRNA); however, animals previously treated with
MMV048 demonstrated a 1.3 log increase in parasite 18S rRNA
compared with treated animals on day 8, a finding that confirms the
microscopic observations of emergence of secondary schizonts. This
further confirmed that hypnozoite activation generated secondary
schizonts (mean 5.8 [day 8] versus 7.2 [day 18] log10 18S rRNA
[p < 0.001, unpaired t test]) (Figure 3C) in the treated group.

We saw a similar reduction in the amount of log10 18S rRNA remaining
during the primary infection when treating with MMV048 using a
different Thai P. vivax isolate (VTTY116); a 99.84% reduction (mean
8.8 and6.0 log10 18S rRNAfor control and treated animals, respectively)
(Figure 3D).When infecting FRGmice viamosquito bite with the same
isolate, the reduction in log10 18S rRNA was even greater following
MMV048 treatment (100.00% reduction,mean 9.2 versus 2.8 in control
and treated animals, respectively) (Figure 3D). Further confirmation
with two additional isolates, VTTY121 and VTTY137, reproduced
the significant levels of reductionobservedwithmosquito bite-delivered
infection (VTTY121, 99.99% reduction, 4.2 log-reduction, p < 0.01, un-
paired t test) and intravenous infection (VTTY137, 99.92% reduction,
3.1 log-reduction, p < 0.01, unpaired t test), respectively (Figure 3E).

To further validate that the amount of 18S rRNA measured in the
MMV048-treated mice at day 8 is derived from hypnozoites only, we
compared the level of 18S rRNA present in the MMV048-treated ani-
mals to the levels of 18S rRNA observed in untreated mice on day 2
post-infection. At this time point parasites are similar in size to latent
hypnozoites and show similar amounts ofDNAby immunofluorescent
staining because they have not begun to replicate. Log10 18S rRNA
levels were comparable in the day 8 MMV048-treated mice and the
day 2 untreated mice (6.1 versus 6.0 log10 18S rRNA, respectively,
p = 0.968, unpaired t test) (Figure 3F), further supporting the conclu-
sion that all schizonts are cleared by MMV048 treatment and the
amount of 18S rRNApresent is derived fromuni-nucleate hypnozoites.
We conclude that the occurrence of hypnozoite-derived secondary
schizonts more than 10 days after sporozoite infection constitutes a
tissue stage proxy for hypnozoite activation that could result in
blood-stage relapse as schizonts generate infectious exoerythrocytic
merozoites that initiate blood-stage infection.

Effect of atovaquone and primaquine on liver-stage parasite

phenotypes

Current standard of care treatment for prevention of P. vivax primary
blood-stage infection and prevention of relapse due to latent infection
beginning at different days post-treatment. For treatment days 0–1, the number of schi

(p = 0.267, Kruskal-Wallis test), and treatment days 3–4 (p > 1.0, Kruskal-Wallis test). Fo

(p = 0.119, Kruskal-Wallis test) and treatment days 1–2 and 3–4 (p > 1.0, Kruskal-Wall
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are different. While atovaquone (ATQ)-proguanil is used prophylacti-
cally to prevent an acute onset of blood-stage infection, primaquine and
tafenoquine are used to prevent relapses by treating a person who has
patent P. vivax blood-stage parasitemia because it can be assumed
that such individuals also carry latent hypnozoites in the liver. The
efficacy of prophylactic and relapse-prevention drugs are measured
clinically by the absence of patent blood-stageparasitemia as the human
liver is not accessible to determine liver-stage burden. Thus, little is
known about the phenotypic effect of these compounds on liver-stage
parasites and how they prevent onset of blood-stage infection.

Therefore, we conducted several studies to understand the phenotypic
effect of standard of care treatments on P. vivax parasites in the liver
(Figure S2). In vitro studies have shown that the day of dosing has a
significant effect on efficacy of liver-stage drugs,12,13 likely because
hypnozoites do not become latent until a few days after hepatocyte
infection and their susceptibility to drugs differs because of this
change in physiology.37 Therefore, we used two methods of dosing,
prophylactic, which begins before or immediately after sporozoite
infection, and radical cure, which begins when hypnozoites are
mature and are less sensitive to liver-stage antimalarial drugs. First,
we used ATQ, a prophylactic drug that prevents primary infection.
Treatment with 10 mg/kg ATQ began 1 day before infection (day
�1) and continued until 7 days post-infection and liver tissue sections
were evaluated 7 days post-infection. Under these conditions we
observed a decrease in the number of schizonts present in the
ATQ-treated group compared with the untreated group (median = 6.0
and 42.3 per 100 mm2, respectively, p < 0.05, Mann-Whitney test)
with no decrease in the number of hypnozoites (median = 3.25 and
6.75 per 100 mm2, respectively, p = 0.486, Mann-Whitney test) (Fig-
ure 4A). The decrease in the number of schizonts present after ATQ
treatment was further ascertained by a 96.17% (1.4-log) decrease in
overall Plasmodium 18S rRNA liver burden between the ATQ-treated
and control groups (mean = 7.7 and 9.1 log10 18S rRNA, respectively,
p < 0.001, ANOVA, Tukey’s multiple comparisons) (Figure 4B).
Furthermore, an additional 21 days of incubation without drug treat-
ment showed no difference in the overall levels of parasite 18S rRNA
between the ATQ-treated and control groups (mean = 6.8 and 7.1
log10 18S rRNA, respectively, p = 0.325, ANOVA, Tukey’s multiple
comparisons) (Figure 4B), suggesting that only hypnozoites are still
remaining in the ATQ-treated group. Starting treatment 4 days
post-infection and continuing until 7 days post-infection had no
overall effect on total liver 18S rRNA (unpaired t test, p = 0.2415)
(Figure 4C) and of the two animals where liver sections were
zonts in control versus untreated (p < 0.05, Kruskal-Wallis test), treatment days 1–2

r the number of hypnozoites in control versus untreated animals treatment days 0–1

is test). (F) Number of parasites present 16 days post-infection after treatment with

nts (p = 0.533, Kruskal-Wallis test) and hypnozoites (p = 0.867, Kruskal-Wallis test).

f PQ from days 7 to 16 post-infection. Control versus 15mg/kg (p = 0.023, ANOVA),

er mg of liver 16 (control versus treated, p = 0.0354, unpaired t test) and 21 days post-

before and after treatment with PQ (60 mg/kg) for 5 days (3–8 days post-infection)

treament groups was VUBR6. Each dot represents measurements from one animal

r bars represent 95% confidence interval.
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evaluated, both animals had hypnozoites and schizonts in their liver,
demonstrating that the drug is effective against schizonts only when
given prophylactically and not active against hypnozoites.

We next examined the effect of drug regimens on parasites in the liver
using primaquine. To ensure that primaquine reproduced results
obtained previously in human volunteers38,39 and for comparison
with effects observed with P. falciparum in the FRG huHep model,40

we used treatment with 60 mg/kg primaquine, beginning at different
days during the primary infection, to observe the effect of dosing
day. Treatment from days 0 to 1 resulted in a complete elimination
of schizonts from the liver tissue sections sampled (median = 52.4
schizonts per mm2 in the control, p < 0.05, Kruskal-Wallis test for
schizonts in treated versus control) (Figure 4D), whereas beginning
dosing at a later time point (days 1–2 or 3–4) did not result in the
elimination of schizonts in tissue sections sampled (median = 0.9
schizonts per mm2 days 1–2 [p = 0.267, Kruskal-Wallis test],
median = 14.7 schizonts per mm2 days 3–4 [p > 1.0, Kruskal-Wallis
test]). Treatment from days 0 to 1 also resulted in a complete absence
of hypnozoites present in liver tissue sections sampled (median = 4.0
hypnozoites per mm2 in the control, p = 0.119, Kruskal-Wallis test for
hypnozoites in the treated versus control). The number of hypno-
zoites present continued to increase as the starting time of dosing
extended from the time of infection (median = 1.2 and median = 6.0
hypnozoites per mm2 after dosing days 1–2 and 3–4, respectively)
(Figure 4E). Although there was no significant decrease in the number
of schizonts observed when treatment began on day 3 (median = 14.7
and 45.8 [control] per mm2, p > 0.990, Kruskal-Wallis test), examina-
tion of schizonts treated from days 3 to 4 post-infection with
60 mg/kg primaquine showed developmentally arrested parasites
that were smaller in size with disrupted apicoplast branching and
ER networks (Figure S3).

When primaquine is used clinically, patients are at least 11 days post-
infection, as this is when patients present with symptoms.41–43 There-
fore, we began dosing at day 7 to observe the effect of primaquine on
established hypnozoites (a time point after the parasite has estab-
lished latency yet earlier than clinically to reduce the total experi-
mental period). No dose-dependent clearance effect on hypnozoites
or schizonts by primaquine was observed when treating from days
7 to 16 and examining livers 16 days post-infection (Figure 4F). Liver
parasite burden levels measured by 18S rRNA showed a significant
decrease in the 15 and 60 mg/kg primaquine-treated groups (control
median = 7.2 versus 6.3 log10 18S rRNA for the 15 mg/kg group
[p = 0.0234, ANOVA] and median = 6.1 log10 18S rRNA for the
60 mg/kg group [p = 0.0148, ANOVA]) (Figure 4G). In addition, in-
cubation for an additional 5 days resulted in a 99.92% (3.1 log)
decrease in the overall liver-stage parasite burden in the 60 mg/kg
treatment group, suggesting that all parasites affected by primaquine
treatment may not be cleared from the liver for several days (Fig-
ure 4H). Because schizonts treated for 2 days with primaquine
exhibited cellular stress, we again treated them with primaquine
(from days 3 to 8) and examined the fate of stressed parasites at later
time points. Schizonts were smaller in the primaquine-treated group
434 Molecular Therapy: Methods & Clinical Development Vol. 26 Septe
compared with the untreated group on day 8 (mean = 492.2 and
2,514 mm2, respectively [p < 0.0001, ANOVA]), and the prima-
quine-treated schizonts were similar in size to control schizonts
5 days post-infection (mean = 492.2 and 292.1 mm2, respectively
[p = 0.8441, ANOVA]) (Figure 4I). Further incubation to day 15
did not result in re-growth or clearance of the parasites as prima-
quine-treated schizonts were still present and were not different in
size from those observed at day 8 (mean = 380.5 and 492.2 mm2,
respectively [p = 0.9818, ANOVA]) (Figure 4I).

FRG huHep P. vivax infection model for radical cure

Based on our learnings from previous experiments, we designed a
model that did not depend on immediate hypnozoite clearance as a
readout and was not confounded by primaquine-arrested schizonts
to understand the effect of antimalarials on hypnozoite activation.
We used the schizont-selective compound MMV048 to establish a
24-day tissue proxy for a hypnozoite activation model. Animals were
treated with chloroquine (CQ), primaquine (PQ), or MMV048, or in
combination at 10, 30, and 30 mg/kg, respectively (Figure S4). Treat-
ment with primaquine began 4 days post-infection, a time point as
early as possible, yet ensuring fully established hypnozoites in the liver,
and given for 14 days to mimic the treatment regimen in the clinic.
Treatment with chloroquine was from 4 to 6 days post-infection,
similar to the 3-day treatment administered in combination with pri-
maquine in patients with P. vivax infection. Treatment with MMV048
was given from 4 to 7 days post-infection to remove primary infection
schizonts that would be arrested by primaquine (as observed in
Figure 4).

These studies were conducted using several different Thai isolates.
Due to limitations in the total numbers of FRG mice that can be
used in a single study, we ensured that the number of mice per treat-
ment group was large to have good reproducibility and spread treat-
ment groups across studies while always having an untreated control
group in each experiment. We normalized all liver 18S rRNA read-
outs to the untreated controls in each experiment (for each isolate)
and calculated both the percent reduction and the log-reduction for
each treatment group. Statistics were calculated using the log-trans-
formed values. Treatment with chloroquine alone had no effect on
parasite 18S rRNA levels in the liver, consistent with chloroquine’s
blood-stage-restricted activity observed clinically.44 Treatment with
primaquine alone or primaquine in combination with chloroquine
reduced parasite 18S rRNA levels by 95.0% (1.4 log, p < 0.05,
ANOVA) and 97.13% (1.9 log, p < 0.0001, ANOVA), respectively,
consistent with observations that primaquine arrests schizonts and
they are maintained in the liver. Treatment with MMV048 alone
also resulted in a reduction in the parasite burden (87.0%, 1.2 log,
compared with untreated controls, p < 0.0001, ANOVA). However,
the greatest reduction in liver parasite burden was when animals
were treated with primaquine in combination with MMV048 or
primaquine in combination with MMV048 and chloroquine, which
resulted in a near-complete elimination of parasites from the liver
(99.99% [p < 0.0001, ANOVA] and 99.98% [p < 0.0001, ANOVA]
reduction, respectively, compared with untreated mice), a finding
mber 2022



Figure 5. Treatment with primaquine, chloroquine, or MMV048 alone or in combination

(A) Log reduction in liver parasite burden per animal 24 days post-infection. Values are normalized to the controls of the same isolate from the same infection. Drug treatment

was as follows: MMV048: 30 mg/kg days 4–7; chloroquine (CQ): 10 mg/kg days 4–6; primaquine (PQ): 30 mg/kg days 4–18. The box and whiskers plot denotes the mean,

Q1 and Q3 of the values pooled for each treatment group. The number of animals in each group were as follows: {control:24, PQ:9, CQ:10, MMV048:14, PQ +MMV048:11,

CQ + MMV048: 7, CQ + PQ: 26, CQ + PQ + MMV048: 12}. Horizontal dashed line denotes the limit of quantification. Log10 18S rRNA per mg of liver of animals in the control

group and the triple combination group for isolates (B) VTTY143, (C) VTTY125, and (D) VYBN74. Each dot represents one animal.
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consistent with radical cure activity (Figure 5A). Of the three isolates
tested in the triple-therapy group, liver-stage burden was eliminated
below the limit of detection for two of the Thai isolates (Figures 5B
and 5C), while the third isolate showed a 99.94% (mean = 4.7 log)
reduction in liver 18S rRNA burden (Figure 5D).

DISCUSSION
Here, we describe a small animal model of P. vivax liver-stage infec-
tion, which can utilize field isolates to reproducibly model P. vivax
infection, hypnozoite latency and activation. Latent infection is char-
acterized by hypnozoite persistence and linear cell growth as well as
activation of hypnozoites and development into secondary schizonts
at all time points observed during the latent infection. A major chal-
lenge in detecting relapse in an experimental system that quantifies
parasites in the liver is the potential for confounding by residual
schizonts that are growth arrested during the primary infection or af-
ter drug treatment. We were able to overcome this challenge using the
schizont-selective drug MMV048 to eliminate schizonts originating
from the primary infection as well as those that were arrested due
to primaquine treatment and were thus able to identify and quantify
secondary schizonts originating from hypnozoites. Measuring this al-
Molecular The
lowed us to demonstrate the time-dependent hypnozoiticidal efficacy
of primaquine and thus validate a model for in vivo pre-clinical
testing.

While parasites can be observed in the tissue microscopically at all
time points sampled, we show that measurement of liver parasite
burden using qRT-PCR is a more robust measure of parasite burden
in liver. P. vivax infection in hepatocytes is rare in in vitro culture,12

similar to that predicted in humans45–47 and similar to rates we
observe in the FRG huHep mouse model. Liver microscopy visualiza-
tion is a less-robust measure of infection due to the inherent nature of
count data and the fact a very small fraction of the liver is processed
and observed (>3 slices of 50 mM tissue sections). Conversely, half of
each hepatic lobe is used for 18S rRNA analysis, significantly
increasing the sampling area of the liver. Despite the lack of molecular
markers to distinguish hypnozoite versus schizont liver burden, here-
in we show that a qRT-PCR approach for measuring hypnozoite
burden is feasible by using MMV048 to remove schizonts, which
are the predominant RNA signal due to their exponential cell growth
and therefore size. In these studies, we initially continued to use
microscopy to differentiate hypnozoites and schizonts so we could
rapy: Methods & Clinical Development Vol. 26 September 2022 435
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Table 1. Descriptive statistics of animals treated with and without

MMV048 days 4–7 post-infection

Infection route Intravenous Intravenous Mosquito bite Mosquito bite

Treatment MMV048 untreated MMV048 untreated

No. of values 10 13 5 6

Minimum 5.500 8.100 1.800 7.800

Maximum 6.600 9.500 3.800 9.300

Range 1.100 1.400 2.000 1.500

Mean 5.920 9.000 3.160 8.600

SD 0.3736 0.4655 0.8385 0.7043

SEM 0.1181 0.1291 0.3750 0.2875

All animals were assessed for 18S rRNA levels by qRT-PCR on day 8.
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characterize the cellular phenotypes of these parasites. One measure
determined by microscopy, the HFF, was lower than previously
reported for in vitro cultures.12,13 It could be that parasites are
more likely to become hypnozoites in vitro due to sub-standard
growth conditions for the hepatocytes leading to stress in the para-
site,48 a difference in parasite clearance rates by the host system
in vitro versus in vivo, or another not understood mechanism.

Using MMV048 as an experimental compound to clear schizonts
from the liver allowed us to approximate the magnitude of rRNA
signal expected from a hypnozoite population. In all intravenous
infections where MMV048 was used from days 4 to 7 post-infection,
the range of rRNA measured at day 8 during the primary infection
was from 5.5–6.6 log10 18S rRNA (mean = 5.9, SD = 0.37). The
range for untreated control animals was 8.1–9.5 log10 18S rRNA
(mean = 9.0, SD = 0.47), suggesting that the amount of 18S
rRNA measured can distinguish between the presence and absence
of schizonts. In experiments where mosquito bite was used for
infection, and presumably the sporozoite inoculum is lower than
intravenous injection, the range and difference observed between
treated and untreated FRG mice was even more distinct. The range
of 18S rRNA measured in MMV048-treated mice infected via mos-
quito bite was from 1.8 to 3.8 log10 18S rRNA (mean = 3.2 log10 18S
rRNA), while the range in untreated mice was from 7.8 to 9.3 log10
18S rRNA (mean = 8.6 log10 18S rRNA). The mean difference be-
tween treated and untreated mice was 3.1 log10 18S rRNA for
mice infected intravenously and 5.4 log10 18S rRNA for mice in-
fected via mosquito bite (Table 1).

A limitation of thismodel is the large dose of sporozoites used to induce
an infection. The propensity to relapsewithP. vivax is dependent on the
hypnozoite density in the liver, which also impacts the number of days
until a relapse is observed.47,49,50Most clinical trials are conducted with
patients living in endemic regions and therefore infected naturally by
the bite of a mosquito, where only tens to hundreds of sporozoites
are injected into the skin andmigrate to the liver.32,33Not all sporozoites
will initiate a productive infection because attrition occurs at many
steps along the infection process, including in the skin, in the blood
436 Molecular Therapy: Methods & Clinical Development Vol. 26 Septe
stream, duringhepatocyte entry, duringparasitedevelopment, anddur-
ing parasite egress. Mathematical modeling has shown that a person
will only have 1–10 hypnozoites present in their liver after infection.47

In the FRG huHEP model we use 0.5–1 million sporozoites (to aid in
visualization of liver stages bymicroscopy), likely increasing the relapse
rate observed. We required the use of this large inoculum to further
characterize the latent infection as well as liver-stage phenotype using
tissue microscopy. With the establishment of a clear relationship be-
tween relapse and parasite 18S rRNAquantity in the liver, observations
of parasites by microscopic analysis of liver tissue may no longer be
required to assess drug efficacy. Further studies that more accurately
represent the levels of hypnozoite burden in the field will be important
for the incorporation of the FRG huHepmodel into the drug discovery
pipeline.

When treating with clinically used drugs against P. vivax, our experi-
mental system demonstrated prophylactic but not anti-hypnozoiticidal
activity of ATQ, consistent with its known prophylactic clinical efficacy
and lack of clinical radical cure activity, as well as with in vitro observa-
tions.12,51 Our results provide insights into biological effects underlying
primaquine’s radical cure activity. While the mechanism of action of
primaquine has been proposed,52 these are the first observations of
the phenotypic effect of primaquine on P. vivax liver stages in vivo.
In our experiments, primaquine treatment did not result in the imme-
diate clearance of hypnozoites or schizont forms from the liver. These
findings may seem unexpected; however, there is no in vivo evidence
that primaquine kills and clears P. vivax from hepatocytes immediately
after treatment. Indeed previous reports of primaquine treatment in ro-
dent malaria in vivo show arrested schizonts, although this drug treat-
ment cannot be tested in “radical cure mode” with rodent malaria spe-
cies due to a shorter liver phase cycle of 2 days compared with the 8–
11 days before egress of P. vivax in vivo.53 Observations following sin-
gle-dose primaquine treatment ofP. falciparum gametocytes in patients
revealed that gametocytes are still present in the blood 24 h following
primaquine treatment, yet these gametocytes are not capable of
inducing a mosquito infection. Thus primaquine’s single-dose efficacy
for preventing P. falciparum transmission cannot be assessed by
measuring immediate gametocyte clearance after treatment.54

A cytostatic, likely nonviable, form resulting from effect of primaquine
treatment on P. vivax schizonts was confirmed by a 7-day extended in-
cubation post-primaquine exposure. These treated schizonts retained a
similar cell size but did not resume growth once treatment was discon-
tinued. Furthermore, the arrested schizonts are an important contribu-
tion to confounding the 18S rRNAmeasurements in mice treated with
primaquine alone. Under these conditions schizonts would continue to
contribute a large 18S rRNA signal; nonetheless, they are likely not able
to replicate and egress. Taken together, these findings suggest that pri-
maquine’s mechanism of action against P. vivax liver forms may be
more complex than the traditional dogma of immediate parasite killing.
Instead, it may work by irreversibly inhibiting the biological processes
needed for activation or the subsequent processes of schizogony and
cytokinesis by the parasite. An alternative explanation and limitation
of the model is the lack of a functional immune system in the FRG
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huHepmice. The immune responsemay aid in parasite clearance upon
drug exposure and thus the lack of immune effectors could contribute
to the static effect we observe for primaquine in this model.

Clearance of primaquine-arrested schizonts by MMV048 allowed for
measurement of parasite 18S rRNA levels that were not confounded
by drug-arrested schizonts. Treatment with primaquine alone only
moderately reduced the liver-stage 18S rRNA burden due to the signal
from primaquine-arrested schizonts, yet treatment with MMV048,
chloroquine, and primaquine in combination resulted in a complete
elimination of parasite burden from the liver in all mice in two out
of three of the Thai isolates tested. In the parasite isolate VYBN74,
where 18S rRNA signal was still present, the signal in two of the
mice was reduced to undetectable levels, while in three of the animals
low levels of 18S rRNAwere present. The remaining low signal detected
could be due to several reasons. These levels could be hypnozoite spe-
cific, as even a single schizont would result in levels of at least 4 log10
18S rRNA. This hypnozoite-specific population may be unable to acti-
vate, which would be concurrent with primaquine’s anti-relapse
activity measured clinically (and the arrest of schizonts observed
in vivo). The low levels could alternatively be a result of growth-arrested
or degenerating schizonts that either originate from the primary infec-
tion or hypnozoite-derived secondary schizonts that are degenerating
or significantly smaller than normal schizonts. Although we have pre-
viously shown the FRG huHep mice to metabolize primaquine nor-
mally,40 it is also possible that the hepatocyte lot used to re-populate
themice for the infectionwith VYBN74 did notmetabolize primaquine
to the fullest degree. Weakmetabolizers of primaquine have been iden-
tified and this aberrant metabolism has been shown to lead to
relapses.55 It has also been demonstrated in clinical studies that prima-
quine is not 100% effective, which could be due to liver metabolism or
parasite sensitivity among other reasons.56 Finally, the failure to clear
all parasite 18S rRNA from the liver could be due to the sporozoite
dose used. In clinical trials of P. vivax relapse prevention, subjects are
either those who have acquired P. vivax infection naturally57 or exper-
imentally by the bites of five mosquitoes,58 and thus have far fewer
hypnozoites in their livers.47 Because observation of relapse in clinical
trials is dependent on the length of follow-up of the study and the hyp-
nozoite reservoir in the liver, it is feasible that, under similar inoculum
conditions in clinical trials (0.5–1.0 million sporozoite injected intrave-
nously), primaquine would not completely prevent relapse.

To validate the FRG huHepmodel, several dosing groups were used to
best characterize the model and the response to different dosing
combinations. Because CQ is used in combination with primaquine
clinically, we included a triple-combination group with MMV048
to assess anti-activation activity. Including pharmacokinetic analysis
with these dosing regimens in the future may allow for further opti-
mization of the experimental design to rule out synergy or additivity
between MMV048, PQ, and CQ. Ideally only one control group will
be needed for future studies.

In this model, we observed P. vivax relapse to occur asynchronously
and at all latent time points sampled. The studies were not designed to
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understand if relapse at certain time intervals is more common as
observed in the field for parasites originating from different
geographic regions. The isolates we used originated from Thailand,
which is consistent with tropical strain relapse frequency at an
average of 3 weeks post-infection in the presence of fast-clearing
blood-stage antimalarials.59 Further experiments will need to be
designed to understand if the large sporozoite dose used in our model
system leads to a rapid succession of activation events rather than
discrete, apparently synchronized events.

A pre-clinical, small animal model for P. vivax drug development is
lacking. While the P. cynomolgi nonhuman primate model can be
used to assess the activity of pre-clinical drug candidates, it cannot
assess the activity of drugs directly on P. vivax parasites. We present
the establishment of a model that demonstrates anti-activation effi-
cacy of primaquine on hypnozoites. Further studies are needed to
establish the minimum inoculum and dosing regimen for controls
in the model. The FRG huHep system we describe here could bridge
the gap between in vitro drug discovery and pre-clinical studies in
non-human primates and as such could accelerate the entry of candi-
date drugs into clinical development for radical cure of P. vivax.

MATERIALS AND METHODS
P. vivax sporozoite production

Anopheles dirus mosquitoes were infected with blood collected from
P. vivax infected patients as described previously.29 In brief, 2 mL of
whole blood was washed once with RPMI160 incomplete medium.
Packed infected blood was resuspended with and equal volume of
pooled naive human AB serum to make 50% hematocrit. The suspen-
sion was fed for 30 min to 400 female An. dirus via an artificial mem-
brane attached to a water-jacketed glass feeder maintained at 37�C.
The engorged mosquitoes were maintained on a 10% sucrose solution
and incubated at 26�C and 80% humidity for at least 14 days. Salivary
gland dissections for harvesting sporozoites were performed at days
14–19 post feeding.

FRG huHep infection, liver extraction and pre-processing

All animal procedures were conducted in accordance with and
approved by the Center for Infectious Disease Research Institutional
Animal Care and Use Committee. The Center for the Infectious
Disease Research adheres to the NIH Office of Laboratory Animal
Welfare standards (OLAW welfare assurance #A3640-01). FRG
huHep mice were infected intravenously through the tail vein or via
retroorbital injection with sporozoites isolated from the salivary
glands of infected mosquitoes. Sporozoites inocula were suspended
in 100 mL of RPMI media. Mice were also infected by the bite of 20
infectious mosquitoes.60 Mice were euthanized and livers were
perfused with PBS through the hepatic portal vein, removed, and
separated into lobes. Each lobe was cut into two sections with one
reserved for IFA (immunofluorescence assay) and the other reserved
for RNA extraction and qPCR. Lobes used for microscopy were fixed
in 4% electron microscopy grade formaldehyde in PBS, which was
replaced after 24 h with TBS + 0.05% sodium azide. The liver lobes
were subsequently stored at 4�C in TBS containing 0.05% sodium
rapy: Methods & Clinical Development Vol. 26 September 2022 437
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azide. Lobes used for qPCR were pooled and added to TRIzol reagent
(Invitrogen).

qPCR

Pooled liver lobes were homogenized in TRIzol reagent and RNA was
extracted using the Rneasy purification kit (QIAGEN). Quantification
of parasite liver burden by 18S rRNA qPCR was done as described
previously61 with modifications as follows due to the liver tissue pres-
ence: pan-Plasmodium 18S rRNA primers and a probe were as re-
ported,62 and results from the extracted, in-vitro-transcribed RNA
standard curve were normalized to a duplexed reaction for human
GAPDH mRNA to control for the percentage of human hepatocyte
repopulation. Human GAPDH mRNA-specific reagents were the
PrimeTime Predesigned qPCR Assay (HsPT.39a.22214836; IDT).
The limit of quantification of the assay is 3 log10 18S rRNA.

61

IFA

IFAs were carried out as described previously.30 In brief, individual
liver lobes were mounted on microscope slides and sliced to 50 mM
using a vibratome. Liver sections were permeabilized in 10% H2O2

and 0.25% Triton X-100 in 1� TBS for 30 min at room tempera-
ture with agitation then washed in 1� TBS and blocked in 5% milk
in 1� TBS for 1 h at room temperature. The primary antibodies
were diluted in 5% milk and liver sections were incubated over-
night at 4�C. After primary antibody staining liver sections were
washed five times before addition of secondary antibodies for
2 h at room temperature. All liver-stage counts were assessed using
antibodies to UIS4 and HSP70 or ACP.17 Liver sections were again
washed and transferred to 1 mL 0.06% KmnO4 in H2O. After
another wash, cells were stained in 2 mg/mL DAPI for 5 min at
room temperature. After washing sections were mounted onto
microscope slides using Pro-long Gold Antifade reagent to pre-
serve fluorescence. A minimum of three or six liver sections
were quantified per animal when evaluating the primary infection
(3–10 days post-infection) or the latent infection (>10 days post-
infection), respectively.

Statistical methods

All statistical methods were conducted using GraphPad Prism 6.0
for Mac. The number of animals per experiment are depicted by
each data points in the graph or stated in the figure legends. Para-
metric statistical methods (t test, Pearson correlation, ANOVA
with Tukey’s post-hoc test for multiple comparisons) were used
for qPCR data and non-parametric (Kruskal-Wallis, Spearman cor-
relation) were used for parasite counts due to its non-normal
distribution.
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Figure S1. Additional characteristics of P. vivax liver-chimeric humanized mouse 

infections. (A) P. vivax 18S rRNA total liver burden 8 days after infection with 1.0 

million sporozoites either intravenously or retro orbitally (p = 0.274, unpaired t-test). (B) 

P. vivax 18S rRNA total liver burden 8 days post-infection in FRGN (NOD) vs. FRG 

(C56Bl/6) mice infected with 1 million sporozoites (p = 0.827, unpaired t-test). (C) P. 

vivax 18S rRNA total liver burden 8 days post- infection with 0.6 million salivary gland- 

or midgut oocyst-dissected sporozoites (p < 0.01, unpaired t-test). (D) Hypnozoite 

formation frequency (HFF) of all isolates in Figure 1E-G (7 VK210 allele isolates and 3 
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VK247 allele isolates, the number of animals contributing from each isolate is denoted 

in Figure 1F, each dot represents one animal) by CSP allele type (p < 0.01, Mann 

Whitney test). In all figures, each data point represents observations from one animal. 

Parasite isolates used were (A, B): VUNL41, (C): VTTY111. 
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Figure S2. Dosing regimens for experiments with primaquine and atovaquone. FRG 

huHep mice were infected and treated at different timepoints with either atovaquone 

(ATQ) or primaquine (PQ). Results are presented in Figure 4. 

  

-1 0 1 3 5 7 9

* #

16 28

ATQ

Day

(A)

(C)

-1 0 1 3 5 7 9

* #

16 21

ATQ

Day

(D,E)

-1 0 1 3 5 7 9 16 21

PQ

Day

* #

(F,G)

-1 0 1 3 5 7 9

* #

16 21

PQ

Day

(H)

-1 0 1 3 5 7 9

* #

16 21

PQ

Day

#

(I)

-1 0 1 3 5 7 9

* #

16 21

PQ

Day

#

* sporozoite inoculation
liver harvest
drug dosing

#

-1 0 1 3 5 7 9

* #

16 28

#ATQ

Day

(B)



 4 

1-11

 

Figure S3. Effect of Primaquine treatment on P. vivax liver stage organelle 

development. FRG huHep mice infected with P. vivax sporozoites were untreated 

(Control) or treated with Primaquine (PQ) at day 3 and 4 and sacrificed at day 8 post 

inoculation. Immunofluorescence staining (IFA) was performed  for (A,D) apicoplast (ACP 

– red), (B,E) ER (BiP – red), (C,F) mitochondria (HSP60 -red ), parasitophorous vacuole 

membrane (UIS4 - green), and DNA (DAPI - blue); scale 10 µm. 
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Figure S4. Dosing regimen used to demonstrate radical cure. FRG huHep mice were 

infected and livers were harvested 24 days later. Mice were either untreated, treated with 

MMV048 alone (30 mg/kg, days 4-7), PQ alone (30 mg/kg, days 4 -18), CQ alone (10 

mg/kg, days 4-6) or in combination. 

 

0 4 8 12 16 20

*

PQ

Day

CQ
MMV048

24

#

* sporozoite inoculation
liver harvest
drug dosing

#


	Plasmodium vivax latent liver infection is characterized by persistent hypnozoites, hypnozoite-derived schizonts, and time- ...
	Introduction
	Results
	P. vivax field isolates reproducibly establish primary liver-stage infection in a liver-chimeric humanized mouse model (FRG ...
	FRG huHep mice support latent P. vivax infection characterized by persistent hypnozoites and secondary schizonts
	Validation of hypnozoite-derived secondary schizont formation
	Effect of atovaquone and primaquine on liver-stage parasite phenotypes
	FRG huHep P. vivax infection model for radical cure

	Discussion
	Materials and methods
	P. vivax sporozoite production
	FRG huHep infection, liver extraction and pre-processing
	qPCR
	IFA
	Statistical methods
	Data availability statement

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References


