
Reviewers' comments:  

 

Reviewer #1 (Remarks to the Author):  

 

 

This is a clearly written and well formated paper utilizing a library building strategy to 

formulate atavaquone nanoparticles for use as long-acting injectables (LAI) to act as a 

malaria prophylaxis for travelers.  

 

Context is important in research related to malaria. Combating malaria has a long history 

where prevention, diagnosis and treatment have all been intensively researched; and 

progress has been made. However there is no denying that malaria is a devastating disease 

that poses incalculable harm to people and the economies they live within. While vaccines 

may become available for endemic populations (e.g. RTS,S), travelers do need (and already 

have) access the prophylaxis. Many options already exist. Malarone (atovaquone/proguanil) 

is already a widely used oral malaria prophylaxis (one tablet/day during travel; start 1-2 d 

before travel and continue for 7 d after travel). Malarone dose regimen can be tailored to 

travel time and the drug can be stopped if the patient suffers hypersensitivity-this is not 

possible with long acting version of atovaquone. Monoprophalsis/therapy may result in 

relapse of P vivax malaria, so it is not clear if the recent findings (Ref 5, line 62) that 

resistant P faciparum cannot survive in mosquitoes is also relevant for P vivax or other 

forms of malaria. I do not understand the rationale that while atovaquone resistant P 

faciparum cannot survive in mosquitoes, how this would help protect a traveler. What 

happens if a traveler is infected and P faciparum becomes resistant in the traveler? Just 

because some mosquitoes may not be able to pass resistant P faciparum, there will be other 

forms of malaria present and a large/diverse mosquito population. I think the manuscript 

under plays the complexity of the situation and a general reader should have a more 

information. Would atovaquone mono-prophylaxis work to provide causal prophylaxis 

against other forms of malaria (e.g. P vivax)? I think the manuscript would profit by 

introducing these issues more frankly, i.e. (1) Malarone dosing regimen-widely used, 

simple, flexible, (2) risk of mono therapy for other forms of malaria and (3) as a prophylaxis 

how would mono-atovaquone be better positioned to protect a traveler compared to existing 

prophylaxis (in addition to malarone). I think highlighting this context is important for 

moderating the conclusion (lines 158-160).  

 

Line 32. Please indicate what is the novel strategy. The Authors have published the strategy 

(Ref 17) to use existing excipients to make libraries of solid nanoparticles of other drug 

active substances in a similar vein as described in this manuscript. Emulsion templated 

freeze drying is well known. Applying a known strategy to a different drug substance is not 

a novel strategy.  

 

Lines 124-125. Please clearly indicate the route of administration as being intramuscular. 

For the general reader some comment about the difference between intramuscular and 

subcutaneous routes of administration would be helpful. An explanation for the use of 

intramuscular over subcutaneous would be helpful. It is not clear from the manuscript why 

intramuscular is the desired route of administration. If  



 

Line 128 Does oral bioavialability of atovaquone in the mouse compared to humans?  

 

Line 132. For the sake of the general reader, please define causal and suppressive 

prophylaxis.  

 

Line 144. I am not sure that ‘7-d half-life’ is the correct term for the observation of 

atovaquone from a depot. Cmax was not determined. I suspect that as depots, LAIs 

dissolution and diffusion of the drug active substance into blood does not change the drug 

half life once drug is in the blood. Increased bioavailability is due to the depot effect of the 

formulation, not an increase in drug half life.  

 

Line 150. How does a dose of >200 ng/mL prophylaxis of atovaquone compare to what is 

known for blood levels with the prophylaxis provided by Malarone for example? What is 

known about the correlation of the observed efficacy of atovaquone blood levels in the 

mouse compared to the human for atovaquone alone and in combination?  

 

Line 148+ and Line 153+. The authors state the underpinning release of LAIs is not well 

understood (line 148) and then say humans and mice can be allometrically correlated (line 

153). It is not clear how these two statements can be reconciled.  

 

Are there significant differences in the data shown in extended data Figures 2, 3 and 4?  

 

Please describe in the methods section how atovaquone loading was determined.  

 

Please comment on the use of P berghei in the in vivo study. It should be clear in the 

manuscript that P berghei was used and to the extent how the use of this parasite might 

compare to P falciparum in humans. I would suggest this point is made clear in the 

conclusion.  

 

 

 

Reviewer #2 (Remarks to the Author):  

 

The authors present a long acting injectable formulation of a well-known antimalarial, 

atovaquone, as monotherapy. The approach is novel and may be useful to avoid compliance 

issues, specially for travelers and patients in endemic areas with access to the appropriate 

healthcare settings, if efficacy and safety of the new formulation are demonstrated.  

There are some experiments that will strengthen your conclusions:  

-Antimalarial chemotherapy is only recommended in combination to avoid selection of 

resistant mutants. In your work, atovaquone is administered alone without its usual 

partner, proguanil. Considerable evidence suggests that malaria parasites become resistant 

to atovaquone quickly if atovaquone is used as a sole agent (frequency of resistance ≤ 1 in 

105 parasites).  

In the efficacy experiments presented in this work, parasitemia appears at all the doses 

administered of the LAI formulation (week 1.5, 4 or 5 depending on the dose). From the 



results presented, is not clear whether these parasites are resistant mutants, or correspond 

to a therapeutic failure. To clarify this, it would be very useful to inject those “potential” 

resistant parasites to naïve mice and demonstrate whether they are susceptible to 

atovaquone (therapeutic failure) or resistant mutants.  

-Back to back comparison with atovaquone administered by oral route in terms of efficacy 

and toxicity should be shown to demonstrate that the new formulation is better or at least 

equivalent to the original drug. Atovaquone administered by oral route as a single agent has 

a relatively favorable side effect profile due to its poor bioavailability. Using this formulation 

atovaquone is being administered by intramuscular route. It would be needed to provide 

data to determine the safety profile of this long-acting formulation that will maintain higher 

levels of the drug during prolonged period (1 month in humans).  

Although the Plasmodium falciparum mouse model is expensive, it is accessible through 

collaborations with MMV or the BMGF. It would add value to your article to test this new 

formulation in the real human parasite.  

 

Specific comments:  

Line 124. Please indicate the route of administration and the doses used for atovaquone, 

ATQSDN7 and ATQSDN8. It is stated that there is some protection when given one day 

before the challenge. Could you clarify the level of protection? Need to clarify the level of 

protection when the formulations were administered 2 or 4 days before the challenge 

(according to Fig2a)  

Line 126. The level of protection provided by several doses of ATQSDN7 and ATQSDN8 and 

atovaquone were assessed for up to 6 weeks. Need to indicate the method used to measure 

parasitemia and limit of detection of this methodology (it is not described in Mat and Met).  

Need to clarify the statistics: How many replicates were done? How many animals were 

used per group? 

Parasitemia is shown in Figure 3b as circles or x. Need to indicate what these symbols 

represent, e.g. the mean of several experiments. Need to include SD or error bars.  

Line 127 and Figure 3b. According to figure 3b doses of 36, 50, 100 and 200mg/kg were 

protective during 1, 3 and 4 weeks respectively, but after this time, parasitemia reappear in 

all the groups tested. Need to clarify whether these parasites correspond to recrudescence 

or resistant mutants.  

One of the main issues of atovaquone is the high rate of spontaneous resistance. It would 

add value to your article to determine the frequency of resistance of atovaquone as 

monotherapy when is used in this novel formulation.  

Line 136. Need to indicate the dose at which ATQSDN7 was efficacious. In figure 3c please 

indicate the day at which parasitemia is detected in the mice, it would be very useful for the 

reader.  

Line 138. Atovaquone is efficacious against P.falciparum and P.bergei erythrocytic stages, 

both in vitro (in the case of P.falciparum) and in animal models of infection. Please explain 

why atovaquone LAI formulations are not efficacious against erythrocytic forms.  

Line 143. Need to indicate the range of doses of the different pharmacokinetics conducted 

to state that atovaquone concentrations were dose-proportional after administration of 

ATQSDN7.  

Line 150. Please remove the term “successful prophylaxis” since after administration of the 

different doses of LAI, parastemia has reappeared. A term indicating the duration of 



protection would be more appropriate.  

 

 

Leyend. Figure 3a. Please indicate that figure 3a is the scheme of the experimental 

procedure. It would useful for the reader.  

Leyend. Figure 3b. Need to indicate number of mice per group, method used to determine 

parasitemia. Please indicate if the dots are the mean of different experiments, include SD or 

error bars  

Leyend. Figure 3c. Please indicate that the figure is the scheme of the experimental 

procedure  

Leyend. Figure 3d. Need to indicate the replicates conducted, number of animals and show 

error bars.  

Leyend. Figure 3d (insert). Need to indicate the doses tested  

Materials and Methods. Efficacy chapter. Need to indicate the method used to determine the 

level of parasitemia in the mice, and the limit of detection of that technique.  

 

 

 

Reviewer #3 (Remarks to the Author):  

 

The manuscript describes formulation of atovaquone nano drug delivery systems. 

Manuscript is well written. The topic, a long acting formulation for malaria prophylaxis is 

important topic in medical research. Data is technically sound and conclusions are based on 

the research data.  

 

Minor points related to the research plan, which should be commented, are:  

 

1) Chloroform was used as a solvent for preparation of nano drug delivery systems. How it 

was confirmed that the level of solvent residues were acceptable in the final formulation?  

2) what is the reasoning for 6 hour duration of in vitro drug release tests? The time span is 

very short and does not have relevance for long acting once per month intramuscular drug 

delivery system?  

3) in the dialysis drug release testing, how it was checked that the drug is not interacting 

with the dialysis membrane and that the drug penetration through the membrane is not the 

rate limiting step for drug release (this is very common problem with the dialysis 

membranes, and it should be commented in the text)?  
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Point-by-point response to reviewers 
 
Verbatim reviewer comments are italicized and numbered.  Corresponding author replies are not italicized.  
Cited literature is listed at the end.   
 
Reviewer #1 
1-1.  Many options already exist. Malarone (atovaquone/proguanil) is already a widely used oral malaria 
prophylaxis (one tablet/day during travel; start 1-2 d before travel and continue for 7 d after travel). Malarone 
dose regimen can be tailored to travel time and the drug can be stopped if the patient suffers hypersensitivity-
this is not possible with long acting version of atovaquone.  
 

Inability to stop an intramuscular dose is a real concern, for any drug.  Nevertheless, there are dozens of 
agents (e.g., anti-psychotics, antibiotics, contraceptives, opioids, corticosteroids, vitamins), including 
formulations designed specifically to be long-acting, which are dosed intramuscularly.  This is despite the 
availability of cognate oral formulations, and attests to the fact that benefits of intramuscular dosing can 
outweigh risks.  Intramuscular dosing is often chosen for its greater convenience and/or compliance, both key 
considerations for malaria prophylaxis.  The literature is replete with reports of the commonplace incomplete 
compliance with oral malaria chemoprophylaxis (typically ~50%), even with current drug of choice Malarone [1-
3]. Given that the risk of malaria is up to 3.4% per month in unprotected travelers [4], and that malaria 
morbidity and mortality is especially severe in nonimmunes, the advantage of intramuscular dosing in this 
context is considerable.  After 25 years in clinical use atovaquone is regarded as safe, only rarely associated 
with severe toxicity despite its (confounding) use in immunocompromised and ill patients (atovaquone alone), 
or, for malaria, its obligate coadministration with proguanil, itself having toxicities.   
 
1-2.  Monoprophalsis/therapy may result in relapse of P vivax malaria, so it is not clear if the recent findings 
(Ref 5, line 62) that resistant P faciparum cannot survive in mosquitoes is also relevant for P vivax or other 
forms of malaria. I do not understand the rationale that while atovaquone resistant P faciparum cannot survive 
in mosquitoes, how this would help protect a traveler. What happens if a traveler is infected and P faciparum 
becomes resistant in the traveler? Just because some mosquitoes may not be able to pass resistant P 
faciparum, there will be other forms of malaria present and a large/diverse mosquito population.  
 

On a worldwide basis vivax malaria accounts for 4% of malaria cases and 0.7% of deaths [5].  Prevalence and 
disproportionate morbidity and mortality make falciparum malaria by far the most important species for 
prophylaxis, and vaccine programs are, accordingly, overwhelmingly directed against P. falciparum.  
Nevertheless, P. vivax is the predominant species in many malarious areas outside of Africa, and any 
prophylactic measure would ideally cover it (as well as ovale, malariae and knowlesi).   
 

We can find no publication bearing on atovaquone monoprophylaxis (or even monotherapy) for P. vivax 
infection.  The available information for atovaquone/proguanil indicates there is reliable activity against 
erythrocytic vivax parasites (84-100%) and poor activity against hypnozoites [6-10].  Interestingly, there is also 
the suggestion of meaningful action against the initial liver stages of vivax (causal activity), with 
atovaquone/proguanil being noninferior to primaquine in uninfected nonimmune humans [10,11].  We find no 
report on atovaquone-resistant vivax parasites in mosquitoes, and these studies would be extraordinarily 
difficult to do.  By any dosing route, prophylaxis by atovaquone, with or without proguanil, would not be 
expected to preclude recurrent parasitemia from hypnozoites.   
 

Prophylaxis by intramuscular atovaquone would only be reliable if administered to people who are free of 
erythrocytic parasites at the time of dosing.  In that scenario, therapeutic levels of drug will already be present 
at the time of sporozoite inoculation, and, because resistant parasites cannot survive in mosquitoes, any 
introduced parasites must be atovaquone-sensitive.  When atovaquone monotherapy is given to patients with 
erythrocytic infection (parasite burden up to1012) drug-resistant cytochrome b mutants are readily generated 
and selected [6].  As now explicitly stated in the text, intramuscular atovaquone monotherapy would therefore 
be inappropriate for treatment of established malaria infection.  We do not know whether liver stages can 
similarly tolerate cytochrome b mutations – the mosquito stages cannot.  In any case, our new subinoculation 
studies give no indication of resistance after sporozoite challenge (new Fig. 6).  For atovaquone alone in 
nonimmune humans, activity against liver stage P. falciparum is seen at 20-fold lower drug exposures than are 
required for erythrocytic parasites [12,13]. Causal potency for atovaquone/proguanil is comparable to that of 
atovaquone alone [14]. Given these different sensitivities, and the substantially smaller number of parasites 
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that infect the liver (just dozens), it seems unlikely that in a pre-treated person liver stage parasites would 
survive to establish a viable erythrocytic infection, capable of becoming drug resistant.  Supporting this 
reasoning, a careful analysis of atovaquone resistance in erythrocytic parasites indicates that the mutation rate 
is 10-5 or less [25].  Since amplification in liver is 104-fold, this threshold is unfavorable for resistance in liver 
stages.   
 

Available data obviously do not fully address these important questions, and they cannot be answered by lab 
studies, only by thoughtful clinical trials.   
 
1-3.  Would atovaquone mono-prophylaxis work to provide causal prophylaxis against other forms of malaria 
(e.g. P vivax)?   
 

Please see above reply to 1-2.  In vitro data indicate atovaquone has activity against primary liver stage P. 
cynomolgi (a surrogate for P. vivax) but not the hypnozoite forms [26].   
 
1-4.  moderating the conclusion (lines 158-160).   
 

The manuscript has been extensively edited to reflect this concern.   
 
1-5.  Line 32. Please indicate what is the novel strategy. The Authors have published the strategy (Ref 17) to 
use existing excipients to make libraries of solid nanoparticles of other drug active substances in a similar vein 
as described in this manuscript. Emulsion templated freeze drying is well known. Applying a known strategy to 
a different drug substance is not a novel strategy. 
There are a number of ways in which the data and strategy within the current manuscript are novel and novelty 
is explicitly exemplified by our successful patent application. The novelty is further summarized as follows: 

a) Emulsion-templated freeze drying has not previously been applied to generating a long-acting 
injectable formulation for any molecule for any indication. 

b) No previous strategy has unequivocally (or otherwise) demonstrated pharmacokinetic exposure and 
pharmcodynamic efficacy for a period of 28-days in animals for malaria prophylaxis or therapy. 

c) As the reviewer correctly states, the specific technology has not been successfully applied to the 
formation of solid drug nanoparticles for atovaquone, or any other antimalarial agent. 

 
1-6.  Lines 124-125. Please clearly indicate the route of administration as being intramuscular. For the general 
reader some comment about the difference between intramuscular and subcutaneous routes of administration 
would be helpful. An explanation for the use of intramuscular over subcutaneous would be helpful. It is not 
clear from the manuscript why intramuscular is the desired route of administration. If 
 

The manuscript has been revised to clarify routes of administration as being oral (controls only) or 
intramuscular (nanoformulations).  Prospectively we could find no clear rationale in the literature for 
intramuscular vs subcutaneous dosing.  It is generally agreed that in humans the volume limit for 
subcutaneous is 1 mL (vs 3-5 mL for muscle), and that subcutaneous dosing may deliver higher drug levels to 
the lymphatic system, which would be important for anti-retrovirals but not for malaria.  We chose the 
intramuscular route because it accommodates larger possible volumes.   
 
1-7.  Line 128 Does oral bioavailability of atovaquone in the mouse compared to humans?  
 

The oral bioavailability of atovaquone is poor in mice, rats, rabbits, dogs and humans, ranging from 5-51%, and 
is particularly affected by formulation, fasted/fed status, and fat content of coadministered food [15,16].  To 
minimize variability, we fasted mice before and after dosing, and dosed orally with Mepron, the commercial 
product with formulation optimized for oral dosing.  See 1-10 below for mouse and human blood levels.   
 
1-8.  Line 132. For the sake of the general reader, please define causal and suppressive prophylaxis. 
 

This was done in the legend to Fig. 1, but is now incorporated into the text as well.   
 
1-9.  Line 144. I am not sure that ‘7-d half-life’ is the correct term for the observation of atovaquone from a 
depot. Cmax was not determined. I suspect that as depots, LAIs dissolution and diffusion of the drug active 
substance into blood does not change the drug half life once drug is in the blood. Increased bioavailability is 
due to the depot effect of the formulation, not an increase in drug half life. 
 



Page 3 
 

We now use the purely descriptive term "plasma half-life" for the falling levels over time in plasma, and make 
clear in the text that it obviously reflects ongoing release from the depot.   
 
1-10.  Line 150. How does a dose of >200 ng/mL prophylaxis of atovaquone compare to what is known for 
blood levels with the prophylaxis provided by Malarone for example? What is known about the correlation of 
the observed efficacy of atovaquone blood levels in the mouse compared to the human for atovaquone alone 
and in combination? 
 

See also above reply to 1-2.  Plasma levels in mice dosed intramuscularly with 200 mg kg-1 nanoformulated 
atovaquone are depicted in new Fig. 5a, with a threshold for prophylaxis at 200 ng mL-1 (new Fig. 5b).  When 
given with or without proguanil, atovaquone in humans is similarly active against P. falciparum liver stages at 
>200 ng mL-1 [12,14].  For atovaquone given with proguanil at daily recommended prophylaxis dose, steady 
state in humans is reached by day 3 [17] with chronic trough levels of 2 µg mL-1 [18].  It should be noted that 
the recommended prophylaxis regimen, which results in greater than necessary atovaquone levels, was 
devised to accommodate the considerably shorter half-life of proguanil.  It also reflects the sensible marketing 
of just one tablet composition, to serve both prophylaxis (which includes a causal component) and treatment 
(directed against the less sensitive and resistance-prone red cell forms, and with no causal intent).   
 

There is very little information on the antimalarial PK-PD of atovaquone in vivo, in the literature or in FDA's 
online Summary Basis for Approval [19].  We know of no reports, other than our manuscript, that relate plasma 
atovaquone levels to antimalarial activity in mice.  Our observed 200 ng mL-1 threshold for causal activity 
against P. berghei correlates well with that for P. falciparum in humans [12,14].  Similarly, our finding that 
concentrations >200 ng mL-1 fail to suppressively prophylax against P. berghei parallels the inability of 
atovaquone alone to cure erythrocytic falciparum infection in nonimmune patients with peak plasma levels up 
to 3.4 µg mL-1 [13], and it's 60% fail rate in endemic patients [6] treated with doses that in other studies yielded 
steady state levels of 14 µg mL-1 [20].  Interpretation of the reported activity of atovaquone alone against 
erythrocytic parasites in patients must be tempered by the (incompletely or not described) confounder of drug 
resistance generated in this lifecycle stage [6,13].   
 
1-11.  Line 148+ and Line 153+. The authors state the underpinning release of LAIs is not well understood (line 
148) and then say humans and mice can be allometrically correlated (line 153). It is not clear how these two 
statements can be reconciled.  
The statement regarding allometric scaling within the manuscript clearly refers to the half-life for orally 
administered atovaquone. However, the authors acknowledge that the use of the word “disposition” within this 
sentence was potentially misleading. Therefore, the sentence has been reworded to clarify the intention “Since 
the half-life after oral dosing of atovaquone in humans is allometrically eight times slower than that in mice….”. 
 
1-12.  Are there significant differences in the data shown in extended data Figures 2, 3 and 4? 
As already described within the paper, three distinct solid drug nanoparticle formulations were studied and 
these were designated ATQSDN4, 

ATQSDN6, and 
ATQSDN8. Extended data Figures 2, 3 and 4 present data at 

different drug loading for ATQSDN4, 
ATQSDN6, and 

ATQSDN8, respectively. This is already defined within the figure 
legends of these figures. 
 
1-13.  Please describe in the methods section how atovaquone loading was determined. 
The inclusion of solid, non-volatile materials to the emulsion prior to freeze drying leads to the same total mass 
of the solids after removal of all volatile components after free-drying (as would be expected). Furthermore, the 
radiometric studies described in the methods section directly measures the atovaquone loading and this is 
implicit within the text of the original submission. We do not see any need to further describe the loading 
determination as this would constitute duplication within the manuscript. 
 
1-14.  Please comment on the use of P berghei in the in vivo study. It should be clear in the manuscript that P 
berghei was used and to the extent how the use of this parasite might compare to P falciparum in humans. I 
would suggest this point is made clear in the conclusion.  
 

The text has been expanded to provide background on the P. berghei ANKA-C57BL/6 system.  No murine 
model is 100% faithful to P. falciparum in humans, particularly with respect to cycle times (duration in liver, 
length of red cell cycle).  Despite its already-reported 48 h duration and because of its importance to this 
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project, as described previously we carefully measured the length of exoerythrocytic stage of this model, so as 
to have confidence in its value in our hands, and to use it for design of the causal/suppressive experiment (new 
Fig. 4).  P. berghei ANKA-C57BL/6 is commonly used in drug development, and has a number of key 
characteristics that make it a valuable pre-clinical model of falciparum: all lifecycle forms are represented, there 
are no latent hypnozoite forms, drug sensitivities are comparable to those of P. falciparum (except for species-
specific targets, such as some of the plasmepsins, a concern not relevant for phylogenetically conserved 
atovaquone target cytochrome b), and of considerable importance, P. berghei ANKA parasitemia in C57BL/6 is 
progressive and reliably lethal unless drug-cured [21,22].  Challenge by 5000 P. berghei ANKA sporozoites in 
C57BL/6 poses a stringent test for chemoprophylaxis (50 are enough to establish reliable parasitemia [23]), 
and drug failure results in unremitting parasitemia that kills within days.  Since there are no self-cures, partial 
treatments soon become evident.  Our 6 wk follow-up monitoring period exceeds by 3 weeks the most delayed 
appearance of parasitemia (21 days), so partial protection is highly unlikely to have gone undetected.   
 
 
Reviewer #2 
2-1.  In the efficacy experiments presented in this work, parasitemia appears at all the doses administered of 
the LAI formulation (week 1.5, 4 or 5 depending on the dose). From the results presented, is not clear whether 
these parasites are resistant mutants, or correspond to a therapeutic failure. To clarify this, it would be very 
useful to inject those “potential” resistant parasites to naïve mice and demonstrate whether they are 
susceptible to atovaquone (therapeutic failure) or resistant mutants.   
 

We regret the brevity and lack of clarity in writing that led to this conclusion, which is incorrect.  Parasitemia 
never developed in those animals deemed "protected" (green dots in former Fig. 3b), and we monitored for 6 
weeks after challenge to be confident in this endpoint.  We believed all failures resulted from sub-therapeutic 
drug concentrations, a conclusion supported by the PK data.  Nevertheless, because resistance is of particular 
concern for atovaquone therapy, we conducted the suggested subinoculation experiment and the revision now 
includes an analysis of atovaquone susceptibility in parasites that emerge when challenge is 2 weeks after an 
intramuscular dose of 36 mg kg-1 (new Fig. 6).  Atovaquone sensitivity of the subinoculated parasites confirms 
that failure is indeed attributable to inadequate drug levels, not resistance.  
 
2-2.  Back to back comparison with atovaquone administered by oral route in terms of efficacy and toxicity 
should be shown to demonstrate that the new formulation is better or at least equivalent to the original drug. 
Atovaquone administered by oral route as a single agent has a relatively favorable side effect profile due to its 
poor bioavailability. Using this formulation atovaquone is being administered by intramuscular route. It would 
be needed to provide data to determine the safety profile of this long-acting formulation that will maintain 
higher levels of the drug during prolonged period (1 month in humans). 
 

The tolerance and safety of orally dosed atovaquone (alone or with proguanil) has been extensively 
documented in several animal species and in humans (clinical trials and 25 years' postmarketing experience).  
Steady state plasma concentrations up to 50 µg mL-1 for several weeks were well-tolerated in humans [21].  
FDA-approved use of atovaquone for chronic prophylaxis against Pneumocystis pneumonia is dosed to sustain 
the required plasma levels of ≥20 µg mL-1 [24].  Since causal antimalarial activity in humans is seen at one-
tenth this level (0.2 µg mL-1, see also reply to 2.9 below), the concentration-time exposure for malaria 
prophylaxis is expected to be well within that already in clinical use for other indications.   
 
2-3.  Although the Plasmodium falciparum mouse model is expensive, it is accessible through collaborations 
with MMV or the BMGF. It would add value to your article to test this new formulation in the real human 
parasite. 
 

Additional information with the human pathogen could certainly strengthen the case.  However, the questions 
we are asking would require mice dually engrafted with both human liver tissue and erythrocytes.  Such 
animals have been prepared, but they are not yet well characterized with respect to response to standard 
antimalarials, they are variable between individuals in the ratio of mouse/human liver tissue, available only in 
small numbers, and severely immunodeficient.  They do not survive unless some mouse liver tissue is present, 
which could confound both PK and PD aspects of our work.  Finally, we are concerned that drug release rate 
from an intramuscular injection may vary meaningfully from that in a normal mouse, where 
inflammation/healing affect bioavailability.   
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Specific comments: 
2-4.  Line 124. Please indicate the route of administration and the doses used for atovaquone, ATQSDN7 and 
ATQSDN8. It is stated that there is some protection when given one day before the challenge. Could you 
clarify the level of protection? Need to clarify the level of protection when the formulations were administered 2 
or 4 days before the challenge (according to Fig2a) 
 

The manuscript has been extensively revised and has several new figures, so as to address this and multiple 
related comments.  In summary, the nanoformulations were given by intramuscular route only, and oral 
controls were with Mepron (see also reply to 1-7).  New Fig. 3b depicts the durations (dose-to-challenge 
intervals) and efficacies of protection.  Candidate nanoformulations were initially screened by a one day 
postdose challenge, which three of the five contenders failed.  The one day challenge experiment was not 
repeated for ATQSDN7 or ATQSDN8, and so is not reported in Fig. 3b (which includes only results obtained from 
at least two independent experiments).  Regarding the final sentence of this comment, the X-axis in old Fig. 3a 
was in weeks not days.  We did no challenges at 2 or 4 days after dosing.  New Figs. 3a and b are clearer on 
these points.   
 
2-5.  Line 126. The level of protection provided by several doses of ATQSDN7 and ATQSDN8 and atovaquone 
were assessed for up to 6 weeks. Need to indicate the method used to measure parasitemia and limit of 
detection of this methodology (it is not described in Mat and Met). 
Need to clarify the statistics: How many replicates were done? How many animals were used per group?  
 

As previously described in lines 8 and 9 of the efficacy section of Methods, and retained in the revision, the 
endpoint of these studies was parasitemia in tail snip blood samples, examined by Giemsa-stained thin smear.  
As now stated, a sample was deemed negative if no parasites were seen in 2000 erythrocytes (limit of 
detection 0.05% parasitemia).  This method was chosen because P. berghei ANKA is inexorable and inevitably 
fatal in C57BL/6 mice (see also above reply to 1-14), and ample time after challenge was allowed (6 weeks) for 
even one drug-surviving parasite to become detectable (in fact, fatally so).  Replicates and statistics for Fig. 3b 
are now explicit.   
 
2-6.  Parasitemia is shown in Figure 3b as circles or x. Need to indicate what these symbols represent, e.g. the 
mean of several experiments. Need to include SD or error bars. 
 

Fig. 3b, its legend, and the general text have been thoroughly revised to resolve these issues.   
 
2-7.  Line 127 and Figure 3b. According to figure 3b doses of 36, 50, 100 and 200mg/kg were protective during 
1, 3 and 4 weeks respectively, but after this time, parasitemia reappear in all the groups tested. Need to clarify 
whether these parasites correspond to recrudescence or resistant mutants.  One of the main issues of 
atovaquone is the high rate of spontaneous resistance. It would add value to your article to determine the 
frequency of resistance of atovaquone as monotherapy when is used in this novel formulation. 
 

Please see the above reply to 2-1.  There was no parasitemia, for up to six weeks after challenge, in any of the 
mice in cohorts deemed successfully protected (green dots in old Fig. 3b).  Nevertheless, as suggested we 
have now included the suggested subinoculation study assessing atovaquone sensitivity of erythrocytic 
parasites that appear after failed prophylaxis regimens.  These parasites remain atovaquone sensitive (new 
Fig. 6) and they occur in animals whose plasma levels at the time of challenge fall below the 200 ng mL-1 
threshold for causal efficacy (new Fig. 5b).  These multiple lines of evidence support the notion that the 
prophylaxis failures we see are attributable to subtherapeutic doses/concentrations and not to resistance.   
 
2-8.  Line 136. Need to indicate the dose at which ATQSDN7 was efficacious. In figure 3c please indicate the 
day at which parasitemia is detected in the mice, it would be very useful for the reader. 
 

As for several of the above issues, the previous manuscript did not adequately describe experimental design 
and results.  There was no parasitemia in animals deemed "protected".  Extensive revisions have been made 
to format, text and figures so as to remedy this miscommunication.   
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2-9.  Line 138. Atovaquone is efficacious against P.falciparum and P.bergei erythrocytic stages, both in vitro (in 
the case of P.falciparum) and in animal models of infection. Please explain why atovaquone LAI formulations 
are not efficacious against erythrocytic forms. 
 

See also above replies to 1-2 and 1-10; only limited PK-PD data are available for atovaquone in vivo and we 
find no reports other than ours that bear on plasma levels in mouse malaria.  Atovaquone has potent 
subnanomolar activity against P. falciparum parasites in vitro.  A substantial contribution to the disparity 
between in vitro/in vivo effective concentrations is attributable to protein binding, which exceeds 99%.  For 
atovaquone alone in human P. falciparum, causal activity is seen at total plasma levels >200 ng mL-1 (550 nM) 
[12], whereas activity against erythrocytic parasites is incomplete at 3-14 µg mL-1 (8-38 µM) [6,13].  Our mouse 
studies do not identify a threshold for activity against erythrocytic P. berghei in mice, but the finding that liver 
stages are more sensitive than erythrocytic ones parallels the data for falciparum in humans.  As now 
mentioned in the manuscript, many factors could contribute to better activity against liver stages, including for 
example greater intrinsic susceptibility of the liver stages to atovaquone, or higher tissue levels of drug in liver 
than in erythrocytes.   
 
2-10.  Line 143. Need to indicate the range of doses of the different pharmacokinetics conducted to state that 
atovaquone concentrations were dose-proportional after administration of ATQSDN7. 
 

This is now explicit in the insert and legend to new Fig. 5a 
 
2-11.  Line 150. Please remove the term “successful prophylaxis” since after administration of the different 
doses of LAI, parastemia has reappeared. A term indicating the duration of protection would be more 
appropriate. 
 

See also the above replies to 2-1, 2-7, and 2-8.  We saw no parasitemia, for up to 6 weeks after challenge, in 
treatments deemed "successful prophylaxis" and have therefore retained this terminology.  The text and 
figures have been extensively modified to clarify the data.   
 
2-12.  Leyend. Figure 3a. Please indicate that figure 3a is the scheme of the experimental procedure. It would 
useful for the reader. 
 

New Fig. 3a has been simplified and the legend revised to indicate it is an experimental scheme.  
 
2-13.  Leyend. Figure 3b. Need to indicate number of mice per group, method used to determine parasitemia. 
Please indicate if the dots are the mean of different experiments, include SD or error bars 
 

This figure and its legend have been extensively revised to provide this information.  
 
2-14.  Leyend. Figure 3c. Please indicate that the figure is the scheme of the experimental procedure 
 

We have edited the legend of new Fig. 4 to clarify that it provides both experimental scheme and results.   
 
2-15.  Leyend. Figure 3d. Need to indicate the replicates conducted, number of animals and show error bars. 
 

The legend to new Fig. 5a addresses these matters.  Error bars have not been provided because values are 
(variably) from 1, 2 or 3 replicates, and because the data are remarkably well-behaved (R2 0.985 for kinetics 
over a 38 d interval), despite the fact that a) each blood sample was taken from a different mouse (hence all 
variability is interindividual), b) samples are from six independent experiments over time, and c) dosing is by 
technically demanding injection into the small muscle of a mouse.  Furthermore, as now also noted in Methods, 
42 of the 77 PK samples were analyzed by two different LC-MS methods in two different laboratories, and 
concordance was within 15%.  The new analytical method provides a 50-fold increase in sensitivity.   
 
2-16.  Leyend. Figure 3d (insert). Need to indicate the doses tested 
 

Dose is indicated on the x-axis of the insert.   
 
2-17.  Materials and Methods. Efficacy chapter. Need to indicate the method used to determine the level of 
parasitemia in the mice, and the limit of detection of that technique. 
 

Please see above replies to 1-14 and 2-5.   
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Reviewer #3 
3-1.  Chloroform was used as a solvent for preparation of nano drug delivery systems. How it was confirmed 
that the level of solvent residues were acceptable in the final formulation?  
Chloroform is a class 2 solvent as directed by the ICH guidelines for residual solvents with a concentration limit 
of 60 ppm. In numerous studies with freeze-drying of chloroform and dichloromethane emulsions using the 
emulsion-templating approach to form nanoparticles, we have conducted GC-headspace and weight 
determinations (in some cases under cGMP conditions) and we have regularly achieved concentrations below 
the ICH guidelines (including 600ppm for dichloromethane). In this preclinical study we have not conducted 
such studies as the use of radioactivity precludes access to a number of facilities that are not licensed to use 
radioactive compounds. The later non-radioactive versions used in this proof-of-concept study were produced 
under identical conditions to the radioactive samples leading to selection of hits. The absolute study of residual 
solvents would form part of later studies to translate these materials to clinical candidates. 
 
3-2.  What is the reasoning for 6 hour duration of in vitro drug release tests? The time span is very short and 
does not have relevance for long acting once per month intramuscular drug delivery system? 
The authors acknowledge the concern of the reviewer regarding the timing for the in vitro selection. However, 
the presented assay was previously validated against clinical pharmacokinetic data for clinically available long-
acting formulations for schizophrenia (paliperidone palmitate, risperidone), and contraception 
(medroxyprogesterone acetate), and found to display a good in vitro - in vivo correlation. The key premise of 
the assay is that it measures drug release kinetics while sink conditions are fulfilled in vitro, which are likely to 
be maintained over the in vivo dosing interval. Notably, for this reason it is common in other in vitro systems 
such as Caco-2 cells to measure apparent permeability at 1 hour for predicting oral bioavailability, when actual 
drug absorption in vivo occurs over a much longer period of time. Importantly, the caco-2 cell assay is widely 
applied in all major pharmaceutical companies during drug development despite this. The success of our in 
vitro selection strategy is also further exemplified within the current manuscript through the accelerated 
identification of an atovaquone formulation providing 28-day prophylactic exposure, without having to 
characterize the entire formulation space in vivo.  
 
3-3.  In the dialysis drug release testing, how it was checked that the drug is not interacting with the dialysis 
membrane and that the drug penetration through the membrane is not the rate limiting step for drug release 
(this is very common problem with the dialysis membranes, and it should be commented in the text)? 
Again, the authors acknowledge the concern of the reviewer regarding the interaction of the drug with the 
dialysis membrane, and agree that this is a common problem with this type of assay. We refer the editor to our 
response to point 3-2 above regarding assay validation, which is also pertinent to this issue. While the 
interaction of atovaquone (or any other agent) cannot be completely discounted in any in vitro assay involving 
the use of plastics, it has been minimized within our optimized assay via the constituents of the buffers used. 
Moreover, the data presented within the manuscript clearly demonstrate remarkable differences in drug 
release kinetics using this assay, which can only be attributed to differences in formulation because 
atovaquone is common to all of them. Therefore, while some interaction of the atovaquone with the membrane 
is inevitable there is no basis for this not being consistent between formulations, and it is the relative difference 
in measured release kinetics between formulations that has been used a basis for lead selection. 
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REVIEWERS' COMMENTS:  

 

Reviewer #1 (Remarks to the Author):  

 

Overall response to reviewer’s comments appear detailed and most of the revisions to the 

manuscript appear sound. I recommend publication.  

Minor points  

(1-4) I still feel the conclusion (line 264+) is overstating what is possible for the atovaquone 

formulation as prophylaxis against falciparium. I leave this to the Editors to decide if more 

qualification of the results is necessary in line 266.  

(1.5) I acknowledge most of the Authors comments in 1-5 and leave to the Editors if the 

application described in this manuscript is the best demonstration for an extended PK/PD 

example as stated by the Authors for novelty. I would disagree that a patent application 

exemplifies novelty. Patent grant is still required, and much else besides (e.g. optimizing, 

scaling, registration etc etc). A complex parenteral prophylaxis would need to compete with 

current prophylaxis regimens (some very efficient) and other advances in the battle against 

malaria.  

(1-13) I still cannot find an actual absolute loading of atovaquone relative to excipients in 

material injected into mice. I will not persist on this point that this information be added by 

delaying publication. I understand the response regarding radiometric studies and see that 

if the data were easily available it would have been added. Confirmation of loading seems a 

straight forward experiment. I would have thought that loading confirmation was done in 

cold experiments to optimize the process. I understand many processes exist where 

recovery ‘would be expected’ to be quantitative, but confirmation is generally 

recommended.  

 

 

Reviewer #3 (Remarks to the Author):  

 

The concerns of the reviewers have been taken into account and responded in a satisfactory 

way.  
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