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(Abstract )

Background: This is the first randomized controlled trial assessing the efficacy and safety of photodynamic
therapy in the treatment of uncomplicated falciparum Malaria in adults. The aim of the current study is to
evaluate the use of photodynamic therapy as a possible novel treatment option.

Methods: This phase 2 trial of photodynamic therapy for the treatment of Malaria was done in a single
centre in Ibadan, Nigeria. Nigerian adults aged 18 years or older, who were diagnosed with malaria caused
by Plasmodium falciparum were eligible to participate. Participants were randomly assigned to receive

photodynamic therapy or standard Artemisinin-based Combination Therapy (ACT).

Investigators divided the participants into two groups. The intervention group received an intravenous
photosensitizer injection of 200 mg Riboflavin followed by intravenous blue (447 nm) and ultraviolet (370
nm) light application. Participants, investigators, and staff undertaking laboratory analyses were masked

to group allocation. Photodynamic therapy was applied 5 times within nine days (every second day).

Objectives and endpoints: The primary objective was to evaluate the safety of photodynamic therapy in
adults (18+) with uncomplicated malaria (falciparum). Participants were local to an area of high malaria
transmission, where the standard treatment is with ACT. Photodynamic therapy was administered 5 times
over 9 days and assessed for safety compared to the current standard of care, ACT. The second objective
was to evaluate the effectiveness of photodynamic therapy compared to the efficacy of standard ACT mala-

ria therapy.

The efficacy of photodynamic therapy for uncomplicated malaria was measured by clinical and parasitolo-
gical response (ACPR) twice, once on day 4 (after 2 PDT treatments) and on day 9 (upon completion of 5

PDT treatments). The primary endpoints for safety evaluation were the incidence of serious adverse events

\(SAE), changes in white blood cell counts (WBC) and haemoglobin/haematocrit within 14 days after first )
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(“treatment with PDT. All recruited participants who received at least one of both treatments were included )

in the primary and safety analyses.
Registration of study: ISRCTN registry with trial registration number ISRCTN80135736.

Findings: 200 volunteers were recruited and screened for eligibility with an outcome of 125 eligible par-
ticipants (35.2% male, 64.8% female) with a mean age of 38.33 years finishing the study successfully. 72
patients (mean age 36.26 years, Std. deviation 13.38) were randomly assigned to receive photodynamic
treatment (PDT) and 53 patients (mean age 41.15 years, Std. deviation 13.10) were randomly assigned to
receive standard ACT therapy (control group).

In the PDT group the parasite count was significantly decreased from day four onwards with 70.8% of the
patients parasite free compared to 53,7% in the ACT group. Mean parasite count on day 4 was reduced from
3552 at baseline to 142,14 (Std Deviation 727,09) compared to a drop from 1881 at baseline to 251,66
(STD deviation 1237,30) at day 4 in the ACT group.

Parasite count was further decreased with PDT showing the following results on day 9 (after the last PDT
treatment): 83,3% of the patients in the PDT group tested parasite free compared to 73,3% in the ACT
group. Mean parasite count on day 9 was reduced to 11,82 (Std Deviation 34,15) compared to 13,00 (Std
deviation 27,57) in the ACT group. White blood cell counts in the PDT group did not change significantly
when checked on days 7 and 14 (from 5146,43 (Std 1578,99) at day 0 to 4623,57 (Std 1390,78) at day 7 and
4601,52 (Std 1596,87) on day 14. For the ACT therapy similar results from day 0 to day 14 were observed:
5150,00 (Std 1752,53); 5156,82 (Std 13 77,12); 4778,33 (Std 1293,82). PCV counts in the PDT group did
not change significantly when checked on days 7 and 14 (from 5146,43 (Std 1578,99) at day 0 to 4623,57
(Std 1390,78) at day 7 and 4601,52 (Std 1596,87) on day 14. For the ACT therapy similar results from day
0 to day 14 were observed: 5150,00 (Std 1752,53); 5156,82 (Std 1377,12); 4778,33 (Std 1293,82). Severe

adverse reactions were reported by no participants in the PDT and ACT groups.

Interpretation: Photodynamic therapy for malaria is safe and induced significant reduction of parasite

\_counts in all recipients after five cycles of treatment. )

Introduction

Malaria is a significant public health issue and a leading cause of death in developing countries and
tropical regions [1]. According to the World Health Organisation (WHO), an estimated 3.2 billion people in
95 countries and territories are at risk of contracting malaria and developing the disease, with 1.2 billion at
a high risk of infection (>1 in 1000 chance per year). In 2015, the global incidence of malaria was estimated
to be 214 million cases, with 438,000 deaths, according to the 2015 World Malaria Report [2]. The WHO
African Region had the heaviest burden, with approximately 90% of all malaria deaths occurring there, and

children under 5 years accounting for over two thirds of all deaths.

The rapid development and spread of antimalarial drug resistance is posing a threat to the progress
made in malaria control globally [3]. Currently, parasite resistance to artemisinin [4], which is the primary
compound in the most effective and widely administered antimalarial drugs, has been identified in five

countries within the Greater Mekong subregion. Pave 2
age
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The emergence of mosquito resistance to insecticides is a growing concern [5,6], with 60 out of 78
countries that monitor insecticide resistance reporting such resistance in mosquitoes since 2010 [7]. Of
these, 49 countries have reported resistance to two or more insecticide classes, according to the World
Health Organization (WHO) in 2015 [8]. Given the insecticide and parasite resistance, new treatment op-
tions are needed to achieve global eradication of malaria [9]. Photodynamic therapy (PDT), and more spe-
cifically, antimicrobial photodynamic therapy (aPDT), could potentially contribute to this goal as it has
proven to be effective against multiple pathogens [10,11]. While aPDT is typically used in dentistry to treat
periodontitis [12], it involves the application of a substance called a photosensitizer, which is then activated
by light of a specific wavelength [13]. This activation leads to the production of reactive oxygen species,

causing damage to surrounding cells and resulting in cell death.

Riboflavin, better known as vitamin B2, is a naturally occurring vitamin found in many foods and,
based on a wide range of studies, is considered safe even in high doses [14] and has been qualified by the
US FDA as GRAS (Generally Recognized as Safe). Riboflavin is free of side effects, inexpensive and at the
same time a very potent photosensitizer, as it acts effectively against multiple pathogens in combination
with ultraviolet and blue light. The potential role of Riboflavin in the photoinactivation of microorganisms
and viruses has been demonstrated in numerous studies under laboratory conditions [15,16]. It is still an
intensely investigated field, especially in the decontamination of blood products [17-23] and in the field
of transfusion medicine. The aim of this study is to evaluate the safety and efficacy of aPDT as a potential

treatment option for eradicating malaria parasites in vivo.
Methods
Study design

The purpose of this randomized controlled trial is to study the efficacy and safety of aPDT for the
treatment of uncomplicated falciparum malaria in an adult Nigerian population with the use of Riboflavin
as Photosensitizer (PS). During a period of 256 days, 125 patients were recruited and assigned either to
a five-treatment cycle of aPDT with Riboflavin within 9 days or standard ACT Therapy. Subjects were ran-
domly assigned to two groups. The following protocol for a single cycle of aPDT was applied: 200 ml Ribo-
flavin-5-Phosphapte-Solution was administered intravenously over a period of 30 mins. 30 mins later, the
aPDT treatment followed. For the aPDT treatment, a special fiber optic system (Weber Medical Endolaser)
was inserted into the bloodstream. Blue laser (447 nm) was applied for 40 min followed by UVA light (370
nm) for 20 min according to the absorption spectrum of Riboflavin. Patients assigned to the Standard ACT
Therapy group received a combination of artesunate and amodiaquine over three days orally (4 mg/kg/day

of artesunate and 10 mg/kg/day of amodiaquine).
Study patients

Patients who presented with symptoms of uncomplicated malaria at the clinic were considered eli-
gible for this study. The inclusion criteria included a minimum age of 18 years, a positive result to the mala-
ria test, and a signed informed consent form. The exclusion criteria comprised complicated malaria, multi-
infection states, a negative reaction to the malaria test, pregnancy and lactation, disability, and informed

dissent.
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The primary objective of this study is to determine the incidence of adverse events (AE) that occur

Study assessment

up to 14 days post treatment. The study also aims to achieve several secondary endpoints, including the
rate of satisfactory clinical and parasitological response (ACPR) on day 4 and 9, changes in haemoglobin/
haematocrit levels until day 14 post intervention, the time frame for fever and parasites to clear, and the

occurrence of serious adverse events (SAE).
Datasheet and data collection

Prior to enrolment, participants will be provided with education about the study and given all ne-
cessary information. Written consent will be obtained from those who choose to participate. Participants
will be randomly assigned to either the control or study group, and it is important to establish a good rap-
port between investigators and participants during this phase to ensure accurate data collection, particu-

larly with regard to subjective data, such as symptoms.

Both qualitative and quantitative data will be collected during the study. Symptoms reported by
study participants will be recorded quantitatively, and participants may be asked to rate the severity of
their symptoms on a scale of 1 to 10. Biomedical test results, including PCV, white blood cell counts, and
parasite load will be collected as quantitative data. Blood samples for biomedical tests will be taken at spe-
cified intervals as outlined in Appendix III. Participation in the study is entirely voluntary, and participants

have the right to withdraw at any time.
Statistical analysis

In this study, we will assign sequential numbers to all questionnaires and result sheets, including
an identifier for the participant group (control or intervention). Data collection clerks who are trained in
the field will carefully review and double-check the accuracy of the collected information, addressing any

identified errors or inconsistencies immediately while still in the field.

The data collected will be analysed using the Statistical Package for the Social Sciences (SPSS)

software and presented in appropriate tables and charts.

Once the study is complete, the questionnaires and result sheets will be securely stored for a period

of five (5) years, after which they will be disposed of in a manner that protects participant confidentiality.

Malaria parasite test: This is a biomedical test to confirm the presence or absence of malaria para-

sites in a study participant. This will also be used to quantify the parasite load in the participants.

Packed cell volume test (haematocrit): This test determines percentage of red cells in whole
blood. This test is an indicator of the severity of malaria as malaria parasites destroy red blood cells in the
body.

White blood cell count: This test will only be done on participants in the intervention group to

make sure there is no damaging effect on white blood cells.
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Results
Patients

Between 01.01.2021 and 13.09.2021, 200 volunteers were recruited and screened for eligibility
with an outcome of 125 participants (35.2% male, 64.8% female) finishing the study successfully. 47 Indi-

viduals were excluded and 28 could not finish the study.

The mean age of all participants was 38.33 years (range 18-65) with 44 patients aged between
18-35, 43 patients between 36-50 and 38 aged 51 or older. Baseline characteristics were highly similar

between both treatment groups (PDT and ACT) and across all ages and sexes.

72 patients (mean age 36.26 years, Std. deviation 13.38) were randomly assigned to receive the pho-
todynamic treatment (PDT) and 53 patients (mean age 41.15 years, Std. deviation 13.10) were randomly

assigned to receive standard ACT therapy (control group).
Efficacy

Both treatments resulted in a reduction in measured parasite counts. In the PDT group the para-
site count was significantly decreased from day four onwards, with 70.8 % of the patients parasite free
compared to 53,7 % in the ACT group. Mean parasite count on day 4 could be reduced from 3552 at base-
line to 142,14 (Std Deviation 727,09) compared to a drop from 1881 at baseline to 251,66 (STD deviation
1237,30) at day 4 in the ACT group.

Parasite count was further decreased with PDT showing the following results on day 9 (after the last
PDT treatment): 83,3 % of the patients in the PDT group tested parasite free compared to 73,3 % in the ACT
group. Mean parasite count on day 9 could be reduced to 11,82 (Std Deviation 34,15) compared to 13,00

(Std deviation 27,57) in the ACT group.

-~

\\\ Table 1: Parasite count in treatment group before 1sth therapy, after 2nd therapy (day 4) and after 5% therapy (day 9) )

Parasite Count before 1 therapy Parasite Count after 2" therapy Parasite Count after 5" therapy
(day 0) (parasites/microlitre of = (day 4) (parasites/microlitre of (day 9) (parasites/microlitre of
blood) blood) blood)
Mean 3552 142 11.8
Minimum 29 0 0
Maximum 65748 4520 192

( Table 2: Parasite count in control group before 1sth therapy, after 2nd therapy (day 4) and after 5th therapy (day 9) \
Parasite Count before 1% therapy Parasite Count after 2" therapy Parasite Count after 5" therapy
(day 0) (parasites/microlitre of = (day 4) (parasites/microlitre of (day 9) (parasites/microlitre
blood) blood) of blood)
Mean 1881.40 251.66 13.00
Minimum 15 0 0
Maximum 20000 7000 128
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Safety

White blood cell count (WBC) and the packed cell volume indicated as safety markers for both treat-

ment approaches (PDT and ACT).

White blood cell counts in the PDT group did not change significantly when checked on days 7 and
14 (from 5146,43 (Std 1578,99) at day 0 to 4623,57 (Std 1390,78) at day 7 and 4601,52 (Std 1596,87) on
day 14. For the ACT therapy similar results from day 0 to day 14 were observed: 5150,00 (Std 1752,53);
5156,82 (Std 1377,12); 4778,33 (Std 1293,82). Severe adverse reactions were reported by no participants

in the PDT and ACT groups.
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CTable 3: WBC counts for treatment and control group measured on day 0, day 7 and day 14

)

Group Case source N Mean Std. Deviation Std. Error Mean

Total wbc day 0
Total WBC on day 0 0aPDT 70 5146,43 1578,991 188,725

1 ACT 53 5150,00 1752,526 240,728
Total wbc day 7
Total WBC on day 7 0aPDT 70 4623,57 1390,775 166,229

1 ACT 44 5156,82 1377,122 207,609
Total wbc day 14
Total WBC on day 14 0aPDT 66 4601,52 1596,871 196,561

1 ACT 45 4778,33 1293,818 192,871

CTable 4: PCV counts for treatment and control group measured on day 0, day 7 and day 14

Group Case source N Mean Std. Deviation Std. Error Mean
PCV day 0 PCV on day 0% 0aPDT 71 36,76 4,664 ,554
1 ACT 53 37,60 4,609 ,633
PCV day 7 PCV on day 7% 0aPDT 71 35,23 4,444 ,527
1ACT 45 34,82 4,190 ,625
PCV day14 PCV on day 14% 0 aPDT 66 35,52 4,459 ,549
1 ACT 45 35,84 3,289 ,490

PCV counts in the PDT group did not change significantly when checked on days 7 and 14 (from
5146,43 (Std 1578,99) at day 0 to 4623,57 (Std 1390,78) atday 7 and 4601,52 (Std 1596,87) on day 14. For
the ACT therapy similar results from day 0 to day 14 were observed: 5150,00 (Std 1752,53); 5156,82 (Std
1377,12); 4778,33 (Std 1293,82). Severe adverse reactions were reported by no participants in the PDT
and ACT groups.

Inclusion and Exclusion criteria:

L.

ii.

iil.

IL.

ii.

iil.

Inclusion criteria

Adults aged 18 and above

Positive reaction to malaria test (RDT or microscopic test)

Signed informed consent form

Exclusion criteria

Patients under 18 years

Patients suffering from complicated malaria

Negative reaction to malaria test
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Figure 4: WBC counts during the first 14 days of treatment. Both therapies showed no dangerous

or harmful decrease. A small decrease could be measured during day 0 and 7 aPDT (5146,43 - >
4623,57) and between day 7 and 14 for ACT (5156,82 -> 4778,23).
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Figure 5: PCV during the first 14 days of treatment. Both therapies showed no dangerous or harm-
ful decrease. No change could be detected for aPDT (36,76; 35,23; 35,52) or during ACT (37,6;

64,82; 35,84) )
iv. Pregnant and lactating women
V. People with disability
vi. Informed dissent
vii.  Patients suffering from multiple infections (ie. not malaria alone)
Discussion

The efficacy of Photodynamic Therapy (PDT) against several microorganisms including p. falcipa-
rum could be shown in several in- vitro experiments over the last couple of years [11,16-23]. This in-vitro

data could now be confirmed by the first in vivo study in this field on acute Malaria caused by p. falciparum.
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The results even indicate advantages in the effectiveness and treatment duration of the malaria patients.

Furthermore, the obtained data indicate a good tolerability and overall safety of the therapy.

A significant improvement with conventional care, as well as with PDT could be observed. In the
aPDT Group with the use of Riboflavin (Vitamin B2) as a photosensitizer the clearance of parasites out of
the bloodstream compared to standard ACT therapy after 9 days was 83,3% respectively 73,3%. No dan-
gerous decrease in WBC count could be measured throughout the study in both groups. During both treat-
ments there was no change in packed cell volume detectable. No further side-effects or adverse reactions
were reported during the treatment and according to data nor age or gender affected the efficacy or safety.
This is consistent with the previous in vitro investigations on aPDT using Riboflavin as an photosensitizing
agent [17,21].

A major downfall with conventional therapeutic approaches against microorganisms such as bac-
teria and parasites is the development of resistance to the effective substances [30-32]. In photodynamic

therapy, there is low risk for resistance against the therapeutic approach.

Special mechanisms are required to protect against photodynamic therapy, which have not yet been
described for p. falciparum [33]. This might represent a significant advantage in the treatment of Malaria in

future disease management strategies.

However, it is important to conduct further investigations in this field to identify and understand
possible rapid resistance development. [t would also be important to investigate the specificity of riboflavin
[34]. The study demonstrates very good tolerability and safety of the therapy, but in the initial experiments,
only the influence on blood components, specifically the white blood cell count, was examined. The poten-
tial selectivity of riboflavin for specific cell types needs further investigation. Additionally, further studies
should examine the effects of PDT in the bloodstream more precisely. It would also be useful to undertake

a better evaluation of the dose-response relationship of the activated riboflavin.
Conclusion

The presented study shows first evidence for a successful treatment of Malaria in adults caused by

p. falciparum by antimicrobial photodynamic therapy.

The applied protocol with Riboflavin as a photosensitizer treated with UVA and blue light syste-
mically proved to be effective in reducing parasite counts significantly without any side-effects or safety

concerns.

The results are very encouraging and further research should explore PDT as a potential tool in
future disease management strategies for Malaria and other infectious diseases that are affected by rising

drug resistances.

Funding: Future Minds Development Initiative, Ibadan Nigeria ISLA Research Group e.V.,, Germany. Stiftung

«Hiirzeler», Schweiz (Dr. med. Olaf Kuhnke, Roveredo).
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