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Could the Drug Tafenoquine Revolutionize Treatment of

Babesia microti Infection?

Dana G. Mordue,' and Gary P. Wormser’

'Department of Microbiology and Immunology, and “Division of Infectious Diseases, New York Medical College, Valhalla

Background. Tafenoquine (TQ) was recently approved by the US Food and Drug Administration for prophylaxis of malaria
and, in addition, for eradication of the hepatic phase of the relevant Plasmodium species. In this study, we evaluated the efficacy of
TQ for treatment of Babesia microti infection in mice with severe combined immunodeficiency (SCID).

Methods.  SCID mice were infected with 1.1-1.5 x 10° B. microti-infected red blood cells by intraperitoneal injection. On day 3
or 4 postinfection, when parasitemia levels typically exceeded 10%, mice were treated with TQ vs vehicle alone, both administered

by oral gavage.
Results.

A single dose of TQ completely eliminated detectable parasites, with a >90% reduction in the level of parasitemia within

just 4 days. Before elimination, a conspicuous phenotypic change in the parasite was observed. Although parasitologic cure was not
achieved, there was no evidence for the development of drug resistance.

Conclusions.

This study suggests that TQ may be a highly useful drug to treat B. microti infection in patients. If further animal

studies establish that a marked reduction in B. microti parasitemia can be reliably achieved with peak blood levels of TQ known to
be well tolerated in humans, a clinical trial in patients should be considered.
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Babesia microti is an emerging pathogen in the United States
that causes a malaria-like illness [1, 2]. Although it is most com-
monly acquired from the bite of an infected Ixodes scapularis
tick, B. microti infection can also occur as a result of receiving
a transfusion of an infected blood product or by vertical trans-
mission from an infected pregnant woman to the fetus [1-4].

Symptomatic B. microti infections are typically treated
with a 7- to 10-day course of a combination of 2 drugs: either
azithromycin plus atovaquone, or clindamycin plus quinine [1,
2, 5, 6]. No single drug has been recognized to be clinically ef-
fective. Furthermore, since these combination therapies do not
appear to rapidly reduce the level of parasitemia, red blood cell
(RBC) exchange transfusions may be required in patients with
severe illness and high parasitemia levels [1, 2]. In addition, the
clindamycin plus quinine combination regimen is frequently
associated with adverse effects, occurring in 72% of patients in
one treatment trial [5]. Furthermore, highly immunocompro-
mised patients typically require at least 6 weeks of treatment
with these drug regimens, potentially extending to >2 years in
patients who have received rituximab [2, 7, 8].
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A well-tolerated, highly effective single drug, which may be
administered for <7 days, is, to date, unheard of for the treat-
ment of B. microti infections. In this study, we provide highly
encouraging data on the efficacy of a single dose of the recently
US Food and Drug Administration (FDA)-approved drug
tafenoquine (TQ), for the treatment of B. microti infection in

mice with severe combined immunodeficiency (SCID).

METHODS

Mouse Strains

CB17/lcr-Prkdc*®Y/lerlcoCrl (SCID) female mice were obtained
from Charles River Laboratories and used at 8-12 weeks of age.
SCID mice are homozygous for the SCID spontaneous muta-
tion Prkdc*™ and are characterized by the absence of functional
T and B cells and a normal hematopoietic microenvironment.
All animal experimental protocols followed New York Medical
College institutional guidelines for care and use of laboratory
animals and were approved by the Institutional Animal Care
and Use Committees at New York Medical College.

Infection and Parasitemia

Babesia microti was obtained from the American Type Culture
Collection (ATCC 30221 Gray strain isolated from a pa-
tient [9]). Mice were fed standard laboratory food with water
available ad libitum. Mice were infected with 100 uL of blood
intraperitoneally that was transferred from B. microti-infected

CD1 outbred mice (Charles River) 5-8 days postinfection when
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parasitemia levels were 30%-50%. The challenge dose, there-
fore, was approximately 1.1-1.5 x 10° B. microti-infected RBCs.

Parasitemia in mice was determined using standard methods
to collect a drop of blood from the tail vein to create slide blood
smears. Blood smears, fixed with 100% ice-cold methanol
for 5 minutes followed by Giemsa stain for 30 minutes, were
examined by bright field microscopy using a x100 oil objective.
To quantify the level of parasitemia, the mean of at least 3 counts
of 100 RBCs was determined. Parasitemia was determined for 5
mice per time point unless otherwise stated. Parasitemia in the
figures is shown as the mean and standard error for each group
of mice with a line connecting the means for each group of mice
on each day that data were available posttreatment. Parasites
were considered undetectable if none were seen based on a scan
0f 1000 RBC:s per slide. Statistical analyses for parasitemia levels
in TQ-treated and untreated mice per day posttreatment were
calculated in GraphPad Prism 8 software using 2-way repeated-
measures analysis of variance, linear regression analysis, or
2-sample paired f test, as appropriate.

Tafenoquine

Tafenoquine succinate salt (tafenoquine succinate) was obtained
from Sigma-Aldrich (>95% pure based on high-performance
liquid chromatography). TQ was administered and dosed as the
TQ succinate salt. Thus, the active TQ base delivered to mice
at a dose of 20 mg/kg TQ succinate salt was 15.9 mg/kg. Stock
solutions of TQ were prepared immediately prior to use and
maintained at 4°C. The desired amount of TQ was resuspended
with 0.5% w/v hydroxyethyl cellulose and 0.2% v/v Tween-80,
as previously described [10-13].

In the initial experiments, a single dose of 20 mg/kg TQ was
administered via oral gavage (18-gauge) on day 3 postinfection.
A 200-pL volume was used in the first experiment. In subse-
quent experiments, however, 100 pL was used to decrease the
possibility of adverse effects from the vehicle carrier.

An oral dose of 20 mg/kg of TQ succinate salt (15.9 mg/kg
free base) was chosen for this experiment based on previous
murine studies that evaluated the safety and efficacy of oral
TQ against Plasmodium species (5-25 mg/kg) [10-13]. In mu-
rine studies that evaluated the efficacy of TQ for Plasmodium
infections and in which it was stated whether dosing was based
on the TQ succinate salt vs free base, dosing was based on the
free base [10-13]. In previous murine studies, oral delivery of
20 mg/kg TQ required approximately 5-11 hours to reach max-
imum blood levels of TQ [10-13].

RESULTS

To establish B. microti infection, SCID mice were infected
intraperitoneally with approximately 1.1-1.5 x 10° B. microti-
infected RBCs. On day 3 postinfection, when parasitemia
was typically >10%, a single oral dose of 20 mg/kg TQ was
administered (experiment 1). By 24 hours after treatment, the

mean level of parasitemia in mice treated with vehicle alone was
20% compared to <10% in mice treated with TQ. By 48 hours
the mean level of parasitemia had fallen to 4.3% and by 72 hours
the mean level of parasitemia had fallen to 0.82% in TQ-treated
mice. By 4 days following treatment with TQ, parasites were
undetectable and remained undetectable throughout this ex-
periment (18 days) (Figure 1A). Treated mice never developed
visible symptoms of disease or discomfort such as ruffled fur.
In contrast, mice treated with vehicle alone developed high
parasitemia levels that peaked at approximately 50%, and
they exhibited ruffled fur. Also, 2 of the 5 mice treated with
vehicle alone died; one on day 8 posttreatment and one on
day 9 posttreatment. The mean percentage of parasitemia in
TQ-treated vs nontreated mice was significantly different at all
time points assessed after day 0 when treatment was initiated
(P < .0001). Linear regression analysis indicated that the re-
duction in percentage parasitemia per day was significant in
TQ-treated mice (P < .0001).

Figure 1B shows Giemsa-stained blood smears on day 0 prior
to TQ treatment and days 1, 2, and 3 posttreatment compared
to untreated mice. TQ treatment was associated with both a
reduction in the level of parasitemia (Figure 1A) and an aber-
rant parasite phenotype, visible within 48 hours of treatment
and characterized by a ghost-like appearance with only faint
chromatin staining (Figure 1B and 1C). This phenotype was not
observed in untreated mice (Figure 1B).

To assess whether the 20 mg/kg single-dose TQ treatment
achieved complete clearance of parasites, 300 pL of blood from
each treated mouse (approximately one-fourth of the total
blood volume) was adoptively transferred to naive SCID re-
cipient mice on day 18 posttreatment (when TQ should have
been absent from the mice, as this time interval exceeded 7
serum half-lives of TQ, based on half-life values determined in
prior mouse studies [10-12]) (experiment 2). Parasitemia was
detected in SCID mice approximately 1 week after receiving
these blood samples, indicating that the single oral dose of TQ
of 20 mg/kg did not eliminate infection (data not shown).

The SCID mice that developed parasitemia after adoptive
transfer of blood from TQ-treated mice showed parasite levels
ranging from 10% to 48% twelve days after transfer of blood.
These mice were then treated with a single oral dose of 20 mg/
kg of TQ on day 12 after the adoptive transfer to assess whether
the residual B. microti parasites that persisted after TQ treat-
ment had developed resistance to TQ (experiment 3). As shown
in Figure 2A, the B. microti parasites remained susceptible to
the drug. By 24 hours after treatment, the level of parasitemia
fell from a mean value of 20.3% to 15.2% (an approximately
25% reduction), by 48 hours the mean level of parasitemia had
fallen to 10.5% (a 52% reduction), and by 72 hours the mean
level of parasitemia had fallen to 2.5% (an 88% reduction). By
4 days following treatment with TQ, parasites were undetect-
able, even in the mouse that had a parasitemia level of 46% prior
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Figure 1. A Percentage of parasitemia in mice treated with vehicle alone (control) or 20 mg/kg oral tafenoquine (TQ) on day 3 postinfection in experiment 1. Parasitemia
percentages are shown as the mean and standard error (SE) for each group. The x-axis shows days after administration of a single TQ dose. TQ was administered on day 0;
thus, day 1 after initiation of treatment is 24 hours. No parasites were detectable in blood smears by day 4 posttreatment. Two of the 5 mice treated with vehicle alone died:;
one on day 8 posttreatment and one on day 9 posttreatment. Thus, on day 10 and thereafter, the percentage of parasitemia values for the mice treated with vehicle alone are
based on the 3 surviving mice. Below detection represents a scan of 1000 red blood cells per slide. The mean percentage of parasitemia in TQ-treated mice was statistically
different from mice given vehicle alone at all of the time points evaluated (P< .0001; 2-way analysis of variance). B, Giemsa-stained blood smears from treated and untreated
mice (vehicle alone) prior to treatment (day 0) and on days 1, 2, and 3 posttreatment. Blood smears from TQ-treated mice showed aberrant parasites characterized phenotyp-
ically by decreased chromatin staining. Imaging was performed with a Nikon ECLIPSE Ti-E Inverted Microscope System, x100 Plan Apo oil objective (1.40). The inserts shown
on day 2 posttreatment were magnified an additional 1.5 times using an Optivar for better visualization. Pictures were taken with a 16.25-megapixel monochrome DS-Qi2

digital camera capable of taking color pictures. C, Mean percentages and SE of parasites with the TQ-associated parasite phenotype prior to TQ treatment (day 0) and on
days 1 and 2 post—TQ treatment are shown.

to treatment. Linear regression analysis indicated that the re- 1) was repeated, but the mice were observed over a longer

duction in percentage of parasitemia per day was significant in
TQ-treated mice (P < .0001). As shown in Figure 2B, prior to
parasite clearance, an increasing proportion of the remaining
parasites had the aberrant TQ-associated phenotype that had
been found in experiment 1 (Figure 1B).

To determine if detectable parasitemia would reappear
after TQ treatment in treated mice without adoptive transfer
to other SCID mice, the original experiment (ie, experiment

period of time (experiment 4). In this experiment, TQ treat-
ment resulted in a 50% decrease in parasitemia within the first
48 hours of treatment and parasites were undetectable by day 4
posttreatment (Figure 3). Parasite recrudescence, however, was
evident in all TQ-treated mice by day 37 posttreatment (smears
were not performed on days 30-36) (Figure 3).

The elimination half-life of TQ in mice is approximately
1.6-2.3 days [10-13]. In contrast, the mean terminal half-life
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Figure 2. Recrudescent parasites after adoptive transfer to naive mice with se-
vere combined immunodeficiency (SCID) remain susceptible to tafenoquine (TQ).
Twelve days after blood was transferred from infected TQ-treated mice into naive
SCID mice, oral TQ (20 mg/kg) was administered to these naive mice. A, Percentage
parasitemia after administration of TQ is shown as the mean and standard error (SE)
for each group of mice. Parasitemia was undetectable by day 4 after administration
of TQ. Below detection represents a scan of 1000 red blood cells per slide. Linear
regression analysis indicated that the reduction in percentage of parasitemia per
day was significant in TQ-treated mice (P< .0001). B, The TQ treatment-associated
phenotype was evident, and in some cases, predominant, within 24 hours of TQ
treatment; nearly all of the visible parasites exhibited the altered phenotype by 72
hours after initiation of TQ treatment. The mean percentages and SE of Babesia
microti parasites with the TQ-induced phenotype prior to and 1 day, 2 days, and
3 days after TQ administration compared to the total number of visualized parasites
are shown.

of TQ in humans is approximately 13-19 days [14-16]. To
more accurately reflect the longer exposure to drug in humans,
infected SCID mice were treated with 25 mg/kg TQ orally
on day 4 postinfection (19.9 mg/kg dosage of the TQ active
base) and given a second dose of 12.5 mg/kg (9.95 mg/kg of
the TQ active base) orally 3 days later to compensate for the
decrease in TQ blood levels over approximately one half-life
in mice (experiment 5). TQ treatment was started on day 4
postinfection instead of day 3 to allow patent parasitemia levels
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Figure 3. Parasite recrudescence in mice treated with a single dose of oral

tafenoquine (TQ; 20 mg/kg). Parasite recrudescence was evident in all TQ-treated
mice by day 37 posttreatment (smears were not performed on days 30-36). The per-
centage parasitemia after administration of TQ is shown as the mean and standard
error for each group of mice.

to reach approximately 20% prior to treatment. Twenty-four
hours (1 day) after the first dose of TQ in this experiment, the
mean parasitemia level was 20% in treated mice compared with
45% in untreated mice (Figure 4). The mean parasitemia levels
decreased to approximately 8% within 72 hours of the first dose
of TQ. At this time point, mice were given an additional dose
of 12.5 mg/kg of oral TQ. Five days after the first dose of TQ
(2 days after the second dose of TQ), parasites were below the
level of detection by blood smear. Parasites remained below the
level of detection by blood smear at 28 days after the initiation of
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Figure 4. Oral tafenoquine (TQ) treatment on day 4 postinfection (25 mg/kg)
with a repeat dose on day 7 postinfection (12.5 mg/kg) effectively eliminated par-
asitemia through day 28 posttreatment. Arrows mark the days the 2 doses of TQ
were administered. Values for the mean percentage of parasitemia plus standard
error are shown for each group of mice by day, pre- and posttreatment. Parasites
were below the level of detection by day 5 after initiation of TQ treatment. Below
detection represents a scan of 1000 red blood cells per slide. In contrast, parasit-
emia was detected in mice treated with vehicle throughout the experiment. There
was a significant difference between the mean levels of parasitemia in TQ-treated
and nontreated mice at all time points after day 0 when treatment was initiated
(P<.0001, 2-way analysis of variance). Linear regression analysis indicated that
the reduction in percentage of parasitemia post—TQ treatment was significant
(P<.0001).
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TQ treatment. The mean percentage parasitemia in TQ-treated
vs nontreated mice was significantly different at all time points
after day 0 when treatment was initiated, P < .0001. Linear re-
gression analysis indicated that the reduction in percentage par-
asitemia per day was significant in TQ-treated mice (P <.0001).

To assess whether there was complete clearance of parasites
in mice receiving this 2-dose schedule of TQ, 300 pL of blood
from each treated mouse was adoptively transferred to indi-
vidual naive SCID mice 28 days after the first dose of TQ (ex-
periment 6). Mice that received blood from TQ-treated mice
exhibited detectable parasitemia starting on day 9 posttransfer
(data not shown). Thus, extending TQ blood levels by approxi-
mately 1 additional half-life was also not sufficient to eliminate
viable parasites from infected SCID mice.

The minimum effective dose of TQ was not determined in
any of these experiments. However, it was observed that an oral
dose of 5 mg/kg of TQ (3.8 mg/kg of TQ free base) administered
on day 3 postinfection had no detectable effect on the level of
parasitemia or on the parasite phenotype (data not shown) (ex-
periment 7).

DISCUSSION

Tafenoquine is an 8-aminoquinoline discovered by scientists
at the Walter Reed Army Institute of Research in 1978 (com-
pound WR 238605) [17-20]. In 2018, this drug was approved
by the FDA for prophylaxis of malaria and, in addition, for
eradication of the hepatic phase of the relevant Plasmodium
species [18, 19]. A single oral dose of 300 mg is approved to
eradicate residual Plasmodium infection in the liver. The serum
half-life in humans of TQ is approximately 2 weeks [18, 19].
The exact mechanism of action and molecular target of TQ for
Plasmodium is unknown, particularly for blood-stage parasites.
However, TQ has been shown to interfere with mitochondrial
function and induce an apoptotic-like cell death in diverse pro-
tozoa including Plasmodium [19, 21].

In 1997, 2- and 4-day courses of TQ administered in-
tramuscularly (totaling 4 and 8 doses, respectively) were
tested for efficacy against B. microti in a hamster system [17].
Tafenoquine was the most effective drug of the 17 drugs or drug
combinations that were tested. Tafenoquine 52 mg/kg given
twice a day intramuscularly for 4 days was able to completely
eradicate the parasite based on the inability to transfer infec-
tion from animals posttreatment to naive hamsters. The drug
was much more effective than clindamycin plus quinine in this
animal system. Despite these promising findings, to our knowl-
edge, no other study besides the current one has attempted
to confirm these results. Also, there are no published studies
evaluating the efficacy of TQ in immunocompromised animals
infected with B. microti parasites. In the hamster system study,
blood levels of TQ were not reported for any of the dosages
evaluated [17]. In the present study, just a single oral dose of TQ
was highly effective in rapidly reducing parasitemia in highly

immunocompromised SCID mice infected with B. microti, al-
though parasitologic cure was not achieved. A single oral dose
of TQ achieved a >90% reduction in the level of parasitemia
within 4 days of TQ treatment, even in mice with pretreatment
levels of parasitemia that exceeded 20%. In contrast, limited
data in infected humans receiving combination therapies have
shown only a 4.1%-12.9% reduction per day in the DNA copy
numbers of B. microti [22].

Although a single dose of TQ effectively and dramatically
decreased parasitemia in the current study, it was unable to
prevent parasite recrudescence in SCID mice. However, single-
dose therapy with TQ did not result in the development of re-
sistance, as recrudescent parasites remained susceptible to TQ.

Limitations of the current study include that blood levels of
TQ were not determined at any time point and only the per-
centage of RBCs that contained parasites was assessed, rather
than the parasite density per microliter of blood. Also, a dose of
5 mg/kg was ineffective even though the dose of 20 mg/kg was
highly effective.

This observation, in conjunction with the observation that
extending the exposure to TQ in mice by approximately one
half-life, through delivery of an additional dose of the drug, did
not result in complete elimination of parasites, suggests that
the effectiveness of single-dose TQ for treatment of B. microti
infection in this animal system may be directly related to the
peak blood level of the drug. Therefore, to better determine
if the promising findings could potentially be extrapolated
to patients, the peak blood level for the minimum effective
dosage of TQ would need to be determined. In addition, fu-
ture studies should consider including a less immunocom-
promised mouse system to align more closely with human
infections, including mice that are asplenic but are otherwise
not immunocompromised.

In conclusion, this study, along with a prior one in immu-
nocompetent hamsters [17], suggests that TQ may be a highly
useful drug to treat B. microti infections in patients, and indeed
could potentially be the most effective agent available. The ma-
jority of infected patients should be able to tolerate TQ well, but
those who are glucose-6-phosphate dehydrogenase deficient
should not be treated with TQ [18]. If further animal studies
of TQ treatment establish that a marked reduction in B. microti
parasitemia can be reliably achieved with peak blood levels of
drug known to be well tolerated in humans, a clinical trial of TQ
in patients with babesiosis would be justified.
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