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SUMMARY About half of the world’s population and 80% of the world’s biodiversity
can be found in the tropics. Many diseases are specific to the tropics, with at least 41

i ndemi ria, vir rasi nd fungi. h di re of
diseases caused by endemic bacteria, viruses, parasites, and fungi. Such diseases are o Citation Adegboye O, Field MA, Kupz A, Pai 5,

increasing concern, as the geographic range of tropical diseases is expanding due to cli- Sharma D, Smout MJ, Wangchuk P, Wong Y,

mate change, urbanization, change in agricultural practices, deforestation, and loss of Loiseau C. 2021. Natural-product-based

biodi ity. Whil diti | dici h b d f ies in th solutions for tropical infectious diseases. Clin
iodiversity. While traditional medicines have been used for centuries in the treatment Microbiol Rev 34:600348-20. httpsy/doi org/10

of tropical diseases, the active natural compounds within these medicines remain largely .1128/CMR.00348-20.

unknown. In this review, we describe infectious diseases specific to the tropics, including Copyright © 2021 American Society for

. . . . . Microbiology. All Rights Reserved.
their causative pathogens, modes of transmission, recent major outbreaks, and geographic
Address correspondence to Andreas Kupz,

locations. We further review current treatments for these tropical diseases, carefully consider andreas kupz@jcu.eduau.
the biodiscovery potential of the tropical biome, and discuss a range of technologies being Published 8 September 2021
used for drug development from natural resources. We provide a list of natural products
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with antimicrobial activity, detailing the source organisms and their effectiveness as treat-
ment. We discuss how technological advancements, such as next-generation sequencing,
are driving high-throughput natural product screening pipelines to identify compounds
with therapeutic properties. This review demonstrates the impact natural products from the
vast tropical biome have in the treatment of tropical infectious diseases and how high-
throughput technical capacity will accelerate this discovery process.

KEYWORDS drug development, infectious disease, microbiology, natural products, tropics

INTRODUCTION

he tropics occupy a large area of the Earth’s landmass from the Tropic of Cancer to

the Tropic of Capricorn (Fig. 1). Tropical diseases are caused by a wide variety of patho-
gens, including bacteria, viruses, parasites, and fungi, that spread through various modes of
transmission. The WHO defines 41 different tropical diseases, of which 21 are classified as
neglected tropical diseases (NTDs) (Table 1). Traditional medicines have been used for centu-
ries for the treatment of tropical diseases (1). Products of plants such as Cinchona and
Artemisia are effectively used even today for the treatment of malaria (2). Plants are a promis-
ing source of traditional medicines, as many plants are safe with few side effects even when
taken orally for prolonged periods. The long history of screening plant species by humans
over millennia has led to deep-rooted knowledge of many plants that are beneficial when
used correctly. Plants are also affordable and generally do not require cold-chain storage (3).
The WHO has established its Traditional Medicine Strategy, which has guidelines for the
assessment of herbal medicines (4). However, the active compounds of many such medi-
cines have not been identified. Despite the encouraging identification of the neuropathic
pain drug w-conotoxin from the marine snail Conus magus in 1999 (5), the majority of plant
and animal products have not yet been systematically investigated.

Natural products often possess a high degree of bioavailability in comparison to their
synthetic counterparts (6). Therefore, it is surprising that not more natural product-based
drug candidates have been identified. It is important to reflect upon this, given the recent
technical advances used for the screening of natural products. Typically, it takes about
10years and US$300 million to US$500 million in research and development (R&D)
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FIG 1 World map showing tropical regions. The geographical area between the Tropic of Cancer and the Tropic of
Capricorn defines the tropics and occupies a large area of the Earth’s landmass and oceans. The tropics span 5 continents
and are home to 43% of the world’s population, 80% of the biodiversity, 85% of the poorest people, and 41 infectious

diseases. (Adapted from reference 243 with permission of the publisher.)
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From the Tropics to the Tropics

expenditure for a new product to be released into the market (7). Therefore, many phar-
maceutical companies are unenthusiastic about developing drugs for tropical diseases
that are primarily targeted to emerging economies of low- and middle-income countries.
However, recent technological advances have made the process time efficient and cost-
effective, providing an unprecedented opportunity for researchers and pharmaceutical
companies to identify novel bioactive leads for commercialization (6, 8). About 50% of
known plant species are thought to originate in the tropics, and one-third of those used in
R&D are found in rainforests; therefore, an important opportunity also awaits developing
economies of the tropics. With increasing pressure from climate change and deforestation
on biodiversity, it is important for developing nations to consider both the protection of
intellectual property rights of traditional knowledge holders and the overall conservation
and sustainable use of medicinal plants (6). Pragmatic ways that provide access to modern
health care while incorporating these considerations are urgently needed.

In this review, we describe tropical infectious diseases, the pathogens causing them, their
modes of transmission, recent major outbreaks, and their geographic locations. We further
detail current preventative and therapeutic treatments for tropical diseases, including any
commercially licensed vaccines and promising vaccine candidates under investigation. We
discuss a range of new technologies that are used for natural product discovery and drug
development from natural resources focusing on high-throughput screens (HTS) and omics
technologies. Finally, we discuss both approved natural products and molecules used to
treat tropical diseases and additional natural products possessing antimicrobial activity with
treatment potential. We hope our review will revitalize interest in natural products and drug
discovery and encourage more researchers and companies to utilize recent technological
advancements made.

INFECTIOUS DISEASES OF THE TROPICS

The WHO defines tropical diseases as all diseases that occur solely or principally in
the tropics (Fig. 1) (9). However, this umbrella term often also includes any infectious
disease that occurs in hot and humid climate. Tropical diseases are an enormous public
health burden, with an estimated 1 billion people affected by at least one tropical dis-
ease, representing a significant impact on the health of people living in the tropical
and subtropical regions of the world (10) (Fig. 1). Tropical diseases, including neglected
tropical diseases (NTDs), are caused by a wide variety of pathogens, including bacteria,
viruses, fungi, and parasites (Table 1). NTDs receive less attention from the scientific
community and stakeholders of the developed countries than other tropical diseases
(11). To address this shortcoming, multiple local and global nonprofit organizations
such as Mission to Save the Helpless (MITOSATH, Nigeria) and the Drugs for Neglected
Diseases initiative (DNDi, Switzerland) have been established to improve the health
and enhance the quality of life of people affected by NTDs. The tropical diseases
encompassed by these definitions are changing, with the WHO recently updating their
NTD portfolio to include mycetoma, chromoblastomycosis, and scabies (69th World
Health Assembly, 2016; 10th Meeting of the Strategic and Technical Advisory Group
for Neglected Tropical Diseases, 2017).

Tropical diseases spread through various modes of transmission (Table 1). They can be
transmitted via direct or indirect contact with infected individuals through bodily fluids or
surfaces (e.g., yaws, scabies, Ebola), as well as by the inhalation of contaminated airborne
droplets (e.g., tuberculosis [TB]) (12-14). Transmission may also occur by ingesting conta-
minated food and/or water (e.g., cholera and echinococcosis) in unsanitary environments,
which persist in many tropical and subtropical countries today (15, 16). Many viral and par-
asitic tropical diseases are vector-borne, with transmission occurring through the bite of
infected vectors, including hemipterans (Chagas disease), flies (e.g., African trypanosomia-
sis, leishmaniasis, onchocerciasis), mosquitoes (e.g., lymphatic filariasis, malaria, chikungu-
nya, and dengue) and ticks (Crimean-Congo hemorrhagic fever) (17-22), among others. In
utero transmission has also been reported for tropical diseases such as Zika virus and
Chagas disease (19, 23). While the transmission mode is known for most tropical diseases,
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it remains unknown for Buruli ulcer and leprosy (both listed in the WHO NTD portfolio) as
well as for some fungal infections, including chromoblastomycosis, lobomycosis, and rhi-
nosporidiosis (24-27).

Many tropical diseases have recently been or are currently responsible for major
outbreaks (e.g., dracunculiasis, leishmaniasis, malaria, chikungunya, dengue, Ebola, yellow
fever, and paracoccidioidomycosis) (Table 1). Although most of these outbreaks occur
within the tropics, some have occurred in countries with more temperate climates. For
example, France and ltaly have reported outbreaks of autochthonous chikungunya in
2015 and 2016, respectively (28, 29). Similarly, locally acquired cases of Crimean-Congo
hemorrhagic fever were reported in Spain in 2016 and 2018 (30). More recently, in 2019,
France reported its first locally acquired case of Zika virus, which is also believed to be the
first case recorded in Europe (31). While the number of total cases in each instance was rel-
atively small (8 chikungunya cases in France, 436 chikungunya cases in Italy, 2 Crimean-
Congo hemorrhagic fever cases in Spain, and 3 Zika cases in France), it illustrated the
potential for such diseases in temperate climates. Such outbreaks outside the tropics high-
light the potential risk for tropical diseases to spread globally; of particular concern are
some of the vector-borne tropical diseases for which the competent vectors, including
mosquitos, ticks, tsetse flies, and triatome bugs, are widely distributed around the world
(28-32). Further, climate change, urbanization, change in agricultural practices, deforesta-
tion, and loss of biodiversity have all been implicated in increasing the potential spread of
tropical diseases (33-36).

Immunization and treatment options differ widely across tropical diseases (Table 2).
Currently, commercially licensed vaccines are available for only 8 of the 41 tropical dis-
eases (cholera, TB, dengue, Ebola, Japanese encephalitis, rabies, tick-borne encephali-
tis, and yellow fever) (37-43), with licensing differing between countries. Many vaccine
candidates are under investigation (Table 2) both for tropical diseases without any
available licensed vaccine and for diseases with a current vaccine, such as TB. Indeed,
the only available TB vaccine, bacillus Calmette-Guérin (Mycobacterium bovis BCG), pro-
vides partial protection in children but diminishes over time and is insufficient against
pulmonary TB in adults (44). Although curative and/or symptomatic treatments are
available for most tropical diseases, their practical efficacy remains challenged by a va-
riety of technical, economic, and biological limitations (Table 2). With the exception of
the WHO/UNICEF oral rehydration solution developed to treat cholera, the treatment
of tropical diseases often relies on drugs that require strict storage conditions (45, 46).
A cold chain is often unreliable or nonexistent for the tropical and subtropical regions,
compromising the stability and treatment efficacy of the drugs. Additionally, the treat-
ment of many tropical diseases may be negatively impacted by a lack of qualified
health workers in the local community. For example, early intravenous injection is cru-
cial in the treatment of many diseases (Table 2). Furthermore, access to treatment can
also be impeded by the relatively high costs associated with effective drugs. For
onchocerciasis and lymphatic filariasis, this economic hurdle has been overcome by
the creation of the Mectizan (ivermectin) donation program (47). Finally, the global rise
in antibiotic, antiparasitic, and antifungal resistance also represents a major threat to
the successful treatment and management of tropical diseases (48). Unfortunately, for
some tropical diseases such as dracunculiasis, lobomycosis, and rhinosporidiosis, there
is currently no treatment or vaccine available, and physical extraction of the pathogens
or surgical excision remains the only available option (Table 2). New treatment options
are urgently needed, with discoveries from natural product platforms showing poten-
tial for the treatment and management of many tropical diseases.

NATURAL PRODUCTS AND BIODISCOVERY POTENTIAL OF THE TROPICAL BIOME
Broadly, natural products can be defined as any metabolites produced by living
organisms that are largely obtained from plants, animals, and marine and microscopic
organisms. Metabolites include primary and secondary metabolites. While primary
metabolites such as proteins, carbohydrates, and fats are vital for the growth and

October 2021 Volume 34 Issue4 e00348-20

Clinical Microbiology Reviews

cmrasm.org 8


https://cmr.asm.org

Clinical Microbiology Reviews

From the Tropics to the Tropics

(9bed 312U UO paNUIUO))

(£8T'98C

‘v ‘T1) DYADLN ‘TOOLNDA

pa1enuane oAl ?10SY/ZLIN
audeA yungns-uiaoid “69

(58T '¥8¢) ([dWOWu]

UOI1RWIOJUO0D DLIBWILI]

aAneu ‘[dINOWA] dWOW

1URUIQWIODD] WNIDPLINW )
auideA pipAwpjyd) Hungns “Ha

(28T 187) TdADHINL4
auden paseqg-adouds “69

(08¢
'6.,2) (N4ndy) yueanw nind “6°9
(94T-¥L2)
(xepadaT ‘35-yD) uois|nwid
9|ge3s ul yueAn(pe pidi|
|AsoueiAdodn|b ‘uonejnwioy
jueAnfpe buiseig-1y] “6

(¢L2) xep

-DYOW ‘joyd3ueys ‘leoxnq “6-2

(1£7-897) SauIddeA paseq
-gLdsH pue oz/€ 1N “62

*3UlddeA
g1 pasuad|| Ajjensawwod Ajuo

9U1 SI (UIBJ1S SIA0Q WNLIIIDQOIAYY
palenuanie aAl]) auiddeA DOHg YL

VN

VN

VN

VN
“(£€) ([suonnjosoig
Juabiaw3] eroydxep)
paienualie dAl| pue ([Saulddep
145] [es0xnq ‘[s2160]01qNn3]
sNn|d-loydiAng {[>3101g eyiueys]
|oydURYS) PaleAIIdRUI :D|gR|IRAR
AJje1>JaWwwod aJe sauddeA
DI2JOYD 0LIGIA PASUII| Jo sadA) om ]

VN

'sa4nzias dda|ida pue ‘wsiploiAylodAy
‘Ayredoinau jesayduad ‘A1dixoloiydau ‘A1101x031010 ‘S10ay9 [ed1bojolewlap
‘e1b|eayrie Japiosip dulelydAsd ‘@duequnisip [eunisaiulonseb buipnppul
's1094)3 apIs Auew aAey sd1oIqIUR 353y “(d4Y) Uidweyll pue (HN|) pizeluos|
y1oq 011uelsisal st (g1-4AI) SIsojndiagni Juelsisal-bnipnnyy :sebejueapesiq
(Z1) pasn Ajpua.uind sanjolgiaue ulew ay3
JO BWOS 3Je |oINquieyls pue ‘apiweuizelid ‘sunuadeju ‘uidweyl ‘pizeluos|
‘(uondRJuI AJH “6°3) SNILIS UOIIDBJUIOD pue ‘(UBIP[IYD ‘UBWOM
1ueubaud “63) sjenpiAlpul pa133jul ‘(Uol1d3jul JULISISI-Bnapinw Jo
1Ue)SISaI-BNUp “9°1) 9dURISISRI D110IGIIUE ‘(UOIID3JUl JUS1L| 10 DAIIDR “3°1) WO
uo13d34ul uo bulpuadap saLIBA UOIIDBUI SISO[N2IaqgN] "/ JO JUSWIeI] d130IgIIUY
"IN B 10U Ys11 3Y) Jo Buuamol e Ajpisw
15966Ns S[eLI| "UOIUSAISIUI 9] JO 1Ie1S Y] JS1JE JUSWILII]) PLOYDEI] JO
1uiod pua Arewnd palisap oyl 91enjeAd 0} SOPeISp ey ued | [sabejueApesiq
(€8¢ '9t7z) A1961ns Juswiean dnewoldwAs
UIDBXO}JO ‘UIXBJOAD| ‘UIDAWOIYIAID ‘DUIPAIAXOP ‘UIdAWOoIYIZE :$D1101q1IUY
*A|[eo1wiaydolq pue Ajjesiuld wayl ssasse 03 A|9sojd pamoj|o} 39 pjnoys
syuaied a1 pue ‘s129)J9 apIs AUBW YLM puUe SA11DRYS SS9 :SobejueApesiq
(S2) uIPAIAXOP ‘udIWEeIUSB
‘wauadiwi ‘@1euR|NARP-UI||IDIXOWE ‘| H1-XIAS ‘Uldwie)u ‘uidesiwe :s31301giuy
's21e|0s! [eYy] Ul payiodal aduelsisal
1HI-XWS "spouad papualxa J0j pash aq 1shw Adesayl 2110IgIue pauiquod)
9A1103Y3 A|jened Ajuo s1 Adesayl dnoiqiue bnip-ajbuis sabejueapesiq
(847 '££7) P12k dlURINARD-UI||IDIXOWE 1O
1HL-XINS JO uoneansiulwpe |elo :so3olqiue—(syiuow 9-¢€) aseyd uoneul
wauadosaw 10 SwIpIzead
JO uonensIulWpPe SNoUSARIUI :sd110IqIUE—(SAep 71— ) 9seyd a1ndy
‘Asoids| Jo sased ||e
ul 21nd apinoud Jou saop Adessyy Bnipnpy s1eak g| 10} syruow 9 A19as dn
MOJ||04 YUIM uolIRINp J36UO| 10} USR] 9 0] 9ARY SO110IqIIUY ;SSbBIUBAPESI]
(€£2) duosdep ‘auiwizeyod ‘uidwey :so1101qIue—Asoida| A1ejdeqiyny
auosdep ‘uidwey :sonoiqrue—~Asoida| Aiejjideqned

'3

"B9YJIBIP OU JO 3Wos Ajuo Yyiim sjuasned o1 usalb

90 10U p|NOYS pue HullIWOA pue BasneU 9sned ued SJ1101qIuY [SabejueApesiq

(9% 'St) s1eak G> uaip|iyd Joy Adesayl duiz Juswieasy dnewoldwAs
1uswieas) dnoiglue

sn|d spiny uoneipAyal JO UOIIRIISIUILIPE SNOUDARIIUI :UOIIRIPAYSP 919AS
uoln|os

uoneipAyai |e4o 43DINN/OHM JO UOIRISIUIWPE [eIO0 :uol1eIPAYSP 91.ISPOIN
‘@duejeqUI

pue ‘ssauizzip ‘sso| buiieay wouy Jayns Aew syusned 1ap|O SobejueApesiq
(£2) AdesayroisAyd ‘bunyesb

upys ‘Juswabeuew ewapaydwA| ‘D183 punom :Juswiealy diyewoidwAis

upAwoidans ‘upAwoiyile ‘uidweyl :sonoiqruy

siso|noiaqn

ewoydel |

(ewoladAWounoe)

eWOIAN

SISOpIOldIN

(aseasip
s,uasueH) AsosdaT

3|0y

(192In 2a.13UlR 49DIN
a|epsuuieg) Jao|n 1jning

wnuaeg

[(s)@>ua13424] uonebIsaAUI
J9pun sajepipued aupdep

q(S)aumden
pasuadi| AjjenJawwo)

(s)3uawieasy Juaiind)

aseasiq

adA) wisiuebip

»SAUIDDRA PUR SIUSWILIY JUSLIND :S3SEISIP snodajul [edidos] Z 379V

cmrasm.org 9

Issue 4 e00348-20

Volume 34

October 2021


https://cmr.asm.org

Clinical Microbiology Reviews

Adegboye et al.

(96ed 3x3U UO paNURUOD)

(S0€) (€9PYUD)
€9 2dA10435 snuAOUSpE
99zuedwiyd ‘DUIDIBA ZdSid “H'a

(€0€-10€)
(¥10D) ¢ uabej|od‘(Xd1)
asepixosad uixopaiolyy “ba

(00€ '667) HX-£9PVYD “6d

(86T 'L67)
e €77 dLSD sisuauls ) ‘€ —
pue z-dS1-AQ lJueuiquiodal “Ha

(962) (9TAM8BI0VOY ‘LALASY)
supdeA paseq-adonds “6H'a

VN

(¥6T
‘€62) (ueAnlpe Lyl LpIm |-yS1
z21) suioid Jueuiquiodal “69

(162 '062) (DSA) ut=101dodA|6
9B}INS JUBLIBA PIAISSUOD
‘(sDs]) suir01dodA|6

9oe4Ins jueleAul 69

(AoBrsjeupjesiund

‘QUPIP3IA Jo Aieiqi] [euonieN

'S'N ‘HIN) 'smeX jo jJuswiyeasy
ay1 4oy upAwolyze asop-a|6uls

V/N

VN

VN

VN

VN

VN

VN

VN

VN

“(70€) pasn Apusund soniseledipue urew 3y} JO SWOS e SUINboIOjYIAXIPAY
pue ‘ayeydsoyd auinbewnd ‘sreydsoyd suinboiojyd ‘suinboyaw ‘aulpAdAxop
pue a1ejns suluinb ‘suiueswIN| pue Jsyiswiae ‘fiuenboid pue suonbeoly
‘sapads
Slseled pue (jeigaisd ‘a1anss ‘paredydwiodun “a1) sniels AUSASS :SI010e) ulew
oM} uo Buipuadap saLeA uond3JuI SIS WNIPOLWSD]d JO Juswieal) dniselediuy
‘UI9DUOD 10j SaSNED
aJe Ayredojeydsdus pue suipap 2160]0IN3U ‘DOJ DOT YUIM S1SIXD0D SISelie|y
9I9YM ‘SWIOM }Npe 10U INq SeLejyosdiw Jes)d Ajueiodwsa | :sabejueApesiq
aulPAdAXOp ‘9]0zepUq|e ‘UIIDIWLIDAL ‘Duizeweqied|Ayialp sonisesediuy
‘uoljesisiuiwpe Jo anou [eslualed
01 anp pasiwoidwod Aoedyys Bnup ‘A11d1x01 01 pes| skep 8Z—0¢ 104 Aep
J1ad suodaful snouaaesul Jo Jejndsnweul ‘palinbai Adessyy uoneuiquiod
‘UoWIWOD ddUeISISAI Bnup ‘@AIsuodsalun syuaiied Jo 9509 :Sabejueapesiq
sulsoa1|iw ‘upAwowoled ‘g
upuoydwe ‘sjeluowiiue Juadjeaeiuad ‘@3euodn|boqis wnipos :saniselediuy
"ybiy s1 uswieal] 103.410dUl pue sisoubelpsiw 1oy jennualod
‘3|ge|ieAe Jou aJe saliseled 10919p 01 51591 d|qelRY "ybiy si aduelsisal bnup
Buibiaws 10y |ernualod 2104919Y1 pue ‘S|qe|ieAe aie sbnip ma4 :sobejueapesiq
apluexozellu ‘sjozepuade|dl ‘|o1uenbizueld :sonisesediuy
“1eajpun A1abinsysod/aid Adessyjowayd
40 Buiwi ‘sbnup yum pasuiquiod si A196ns usym anoidwl S9wod1no
1uswieal] “dn-mojjo} wis1-buo| 10y spoyraw bunoluow pue disouberp
pazipiepuels ON '9|Ce|IBAR 10U 9SOP dAIIDRYD ‘sniels [ed160o|olq ‘Juswiieal)
|es1paw Jo A>edYJe SUIWISISP 03 SPOYIdW piepuels p|oo) [SabejueApesiq
($6¢) (uonesidseas pue ‘sjedjwiayd Jo
uoa(ul ‘uonesidse snoaueindiad) Ylyd 10 A1964ns Juswieasy dipewoidwAs
|91uenbizeid ‘sjozepuaqe ‘sjozepuagaw :sonisesednuy
uonenxa [eIsAyd
UoI_JUI SIsUUIpaL SnindundpiJ ¥ea.} 03 brup dnisesedijue pasudi| A|jeiawiwod oN
‘(s1eak 9| ‘obeiane) aARHIUOISS W03 syudred
91049q SJeaA 3e1 UeD [2INSe3W 0] JNDLYIP SS9IJNS JUSWILI] ‘UOIDSUI
9Y1 JO y1bud| yum saseadap Adeduys ‘s3103449 apls Juedyiubis sabejueapesiq
(Z67) Xowunyiu ‘ajozepluzuaq :soisesednuy
*J31SIUIWPE. 0] 1NDLYIP SJe UYDIYM pUe S103))3 9pIS SNOLISS pue Adedy)a
paywi| yum sbnip aAIsuadxa JO J9quINU [[BWS ‘S1UleI3Suod dIWouoda sade|d
e}y JO suoibai paysuanodui ul aduajesald Dixo) K19 sebejueApesiq
(687) 104dosie[ow ‘uiwesns :sonisesediue—asualsapoy. 122nq °|
9|0zepluixay ‘joidosiepw
‘103N ‘auiynulos ‘suipiweiuad :sonisesedipue—asuaiquipb 123niq <|

"Juswieas) 0} pajejas swajqoid di3sibo| pue [eindnais ‘ulfdiuad
0} ABJ3|je ‘sonolqnue jo uondaful ‘wr dasp buunp |njuied sebejueApesiq
(882) auIPAdAx0p ‘uljj1d1Uad BulyIeZUI( :SDI30IGIIUR DAIIRUIDY Y
upAwoiylize DoIgqRUY

eleey

siselie|y dneydwA

sisejuewysia

sase|pojewsaly
auloqpoo4

SIs022000U1Yd]
(9seasIp wiom
eauIND) siselndundeiq

(9seas|p sebeyd)
sisejwiosouedAy
uedudWY

(ssaudIs
buidaals uediyy)
sisejwosouedA1} ueduyy ayseled

SMBA

[(s)@>ua49)2.] uonebiisanul
Japun sajepipued audep

4(s)aundea
pasuadi| AjjenJawwo)

(s)3uawiyeasy Juasind

aseasiq adAy wsiuebiQ

(P3nunuod) z 3719VL

10

cmr.asm.org

Issue 4 e00348-20

Volume 34

October 2021


https://cmr.asm.org

Clinical Microbiology Reviews

From the Tropics to the Tropics

(9bed 312U UO panunUO)D)

(Lz€ '0T€) (dA-00-650dIANHD
-DYA) duiddeA 3piyed
-3I-SNIIA ‘(AN IHD-AIN) BUIddeA
jueuiquiodal a1 “(81Z-ASH
-|S1) dUIDdeA palenuane Al “bd

(6l€

‘8L¢) (S¥10SL pue 81710S1)
S9UIDOBA JURUIqUIODAI “Bd

(91€) 09dSHIS

‘(uabue aAdeAI-BUNWIWI

SI|D102J3]S *S) Y|-SS ‘(dUab
0-1e3sS) uoneziunwwi yNg “ba

(SLE 'YLE) 9L-OV ‘L-d1N-DV4 “6d

(€L€-01€) [960IpAYlY
/1SD8TYS 1ueuIquodal “6d

(60€

'80€) duIddeA (Paseq-Gd1IsSd)

S u1al04d j1|-9SeUNIYD 121GDIS
$31d02.pS 1uRUIqWODDI “6'D

(£0€) T-Tv4-AO pue €01
-AQ—suIa104d JueUIqUWODaI “6D

“1eak | Jaye spuaned Jo 9,0z ul uted julof bunindal
UM 3wos J0j pasinbal Juswabeuew ured wial-buo :sobejueapesiq
*(LZ) IO P3jNJ S| UOIAJUI ANJQ 92UO palalsiulwpe aq ued sbnip
Alojewwejul-[jue |eploJaisuou Jay3o pue upidsy ‘swoidwAs awos andlja.
pue J9A34 9dnpai 0} (joweladeled 1o usydoulwelade) sbnip Jaija4 ured
4O uoneJsiuIwpe ‘uonelpAyap Jo uonuanaid ‘1saJ Juswleal] dizewoldwAs
VN UoIIDR4UI AMIHD 3841 01 Bnup [eliAljuR Pasudd]| AJ[eI2IaWWod ON

‘elIBDILIN ‘B3sneu ‘aydepesy ‘eadole
‘A1d1x0103edBY SpN|dUI B]0ZEPUIJ|E JO S APIS 13 ‘edylielp Apoo|q
‘J9A9} ‘BISNEU ‘SS3UIZZIP ‘aydepesy ‘asiejew apndul [luenbizeid Jo s109)49
9pIS ‘|e1e) g ued ‘AjaJes ‘pue swoidwAs |ed160jo0inau s1966143 Jusweasy
J0 Aep y1g pue pug ay3 usamiaq alseled ayi Jo yieaq sabejueapesiq
(£1€) (535D
9y3 Jo uonezijedo| uo buipuadasp) uondenxs [ed1bins (sis0219311sK>01N3U)
sbnup cnndajidanue ‘sp1019150211103 ;Juswieall dilewoldwAs
9J0zepuaq|e ‘[91uenbizeid :soisesedijue si1s0219d13sAD)
VN Spiwesodiu ‘|ayuenbizeid :sonisesediue siseluse |
*9]qe|ieAe AJUS.INd 21N 12919p 0] 1591 ou ‘A11dIX0)
‘JUsW]ea] dIJUIW|SYIIUE. JO UolezZIpiepuels Jo 3de| ‘Dwil buo) e 1oy Apoq
93 ul sulewa ayseled se adueisisal bnip Jo Juswdojaasq :Sobejueapesiq

VN undaWIRAI DIMseledizuy
"uodUIRI

pides Aq pamoyj|o} usjo JusWIeI} ‘DdUe)sISal Bnup Buiseaidu| :sobejueApesiq

VN 9]0zepuagaw Jo djozepuad)e Dnisesednuy

*1S0D pue ‘sanpisal |ed1wayd ‘aduelsisal buipiebas suisduod buimolb
‘sajedidipied AHUNWWOD 3Y3 JO %0/ URYY I0W JI A|UO 9SBDIDIP [|IM
9ouajeaaud ‘sayisesed sjiusANn( 1suiebe 119 )aul SI 1 Se ‘ALDIWSpuUD JO seale
Ul UOI1294UIJ JO UOISSIWSURI) JUSARId 10U S0P JusWIeal] SSbejueApesiq
VN (052) [91uenbizead dnisesednuy
"UOWIWOD 9JB 9DU3DS9PNIIAI PUR UOIIIBJUIDY “JUSWUOIIAUD PUe Yljeay uo
S109JJ9 |NjUIeH ddUe)SISal Bnup Jo duabIaWS Joj [e1IUR10 “dbewep ups
pealdsapim yum uaip|iyd ul payiodal uaaq sey A31X010na SabejueApesiq
VN (€1) uonweloud ‘uuylawiad ‘UIdIWIAI :sd1Isesediuy
"PAUIWLIDIBP 10U UIIP|IYD Ul 3SOP 3jeS “Judwieal) Jo sieak Auew buimoj|oy
Buibiawa ale sayusesed Jueisisal-bniQg ‘ejwaie|yoldiw poj o] yum ajdoad
Ul SUOIIDERI DIIASS 01 dNP ‘AUDIWBPUDOD siselo] pue Aydiwapud ybiy A1an
JO SeaJe Ul 95eas|p d1eulwl|d ued sbnup JI ulewal suonsaNY :sobejueapesiq
VN (90€) UIDSPIXOW ‘UIIDBWLIRAI :sD1yIselediiuy
*SJUBJUI Ul UOIIRIIUSOUOD Bnip paiinbai ansiyde o)
3NoLYI “SuIeNS WnIpdidpj-uou pue Juelsisal-Hnup Jo Juswieal) ul Aeduyys Jisyy
Uo 3|qe|IeA. 21e elep pajiwi 13 ‘eayelp ‘eisdadsAp ‘aydepesy se yons s10ayd
9pIs ‘s|euejewinue Jo A1ajes ajqeuonsanb ‘duelsisal Bnip Juedwey :Ssabejueapesiq

eAunbunyiyd SNJIA

5150249211542 ‘sisejuae |

siseiplojAbuoiis

SUoNd3JUI HIS

SISeIWOS03SIYDS

sa1qeds

(ssaupuiq

19ALl) SISEIDIdOYIUQ

[(s)@>ua49)2.] uonebiisanul
Japun sajepipued audep

4(s)aundea
pasuadi| AjjenJawwo)

(s)3uawiyeasy Juasind

aseasiq adAy wsiuebiQ

(P3nunuod) z 3719VL

1

cmr.asm.org

Issue 4 e00348-20

Volume 34

October 2021


https://cmr.asm.org

Clinical Microbiology Reviews

Adegboye et al.

(9bed 312U UO panunUO)D)

VN

(62€ '8t€
'S2€) dN AYVYIN-OUA ‘dD AYYIN
-OYA ‘NdYW paieandeur “6-a

(£T€) dD-eSSeT-LXOPYYD “b2

VN

(9z¢€ 'sze) NO93

'SPV + W1VdDA043'SPY

‘dN AO93'SPY + dD AOE3
"SPY ‘€dAVAOE3 paieAndeul “6a

(bz€ '8€) eixenbuag

sina1sed youes ‘(AQL-AAD)
auddeA anbusp JuSjeARIID) “Ha

(€T€ ‘Tee) audden YN AJHDD
‘auden uenebing AJHDD “be

‘(17 ‘ov)

Ina1sed Joues ‘saiqey XeAowl|

SO ‘“Waneqey/iodigey/indigey

:9|qe|ieAe A[[RI2IaWWOD S| dUIIIeA
SNJIA S31qeJ PAJRAILDRUI PASUDI| VY

VN

VN

"(6€) (4n21sed youes ‘AIFONI)
JueUIquI0d3l pue ‘(dg1dd ‘XYAIr
‘D) pa1enualie aAl| ‘(Indised
youes ‘XYA-If ‘HqwD elisny
BASU[RA ‘OJRIX]) PRIRAIIDRUL
pasuadI| A||e>JaWwwod

9Je SauIddeA AJ[ Jo sadAy daay]

IS ‘0geAI3 ‘NO83Z

-ASN\ 9|qejieAe AjjeDJawwod

SI 9UIdeA AOFT Pasud|
1UBUIQUIOD3I PaleNUIe DAl Y

*(8€) In31sed youes ‘eixeAbuag

‘AQL-AAD :3|qejieae Ajjeisawwod

sl aulddeA ANIJ JUBUIGUIODDI
pa1enua1Ie 3AI| PISURdI| Y

VN

‘dojonsp swoldwiAs saye |eie) skemje Ajjeniip swoidwAs jo

1USWAO[ASP J314E 10U INQ INSOAXD J3)Je SANDBYYS S| SUIDIBA [SabeIUeApESIg
(857) (2ansodxa a19A3S Se paylisse|d J1) uiingojbounwiwi
S1q/eJ JO UOIRIISIUIWPE PUB ‘UOIIRUIDIBA dlRIpaWwW! ‘Bulysem

punom aAIsua1xa :(13suo woldwAs 210j3q) sixejAydoid ainsodxalsod
‘Po1daje B

104 918D DAISUIUI Ul Uolezijeyidsoy alinbal aseasip Jo A11aAdS [sabejuenpesiq

(957) Juswea1] UoNDRHUI0D ‘Adeiay) usbAxo
‘uolzeluswa|ddns 914043293 pue SpINj} SNOUSARIIUI :JUSWILAI] dljewoldwAs
uodRJUI AYYIN 18343 03 BNnup [eJIAIIUB PASUIDI| A|jeIDJaWWod ON

"21usbolela) pue dIx0) ¢ 01 paldadsns

S| pue suoibal Auew ul 3|gejleAe J0U S| 11 INq ‘sabels A4ea ul Juawiealy
10} PasN ULIABQIY 'S9SED 3I9ASS Ul palinbal uonezijelidsoH sabejueApesiq

jusWIeaI} UoI3JUI0d ‘Adesayy usabAxo
‘uonzejuswa|ddns 914043093 pue SpINj} SNOUSARIIUI :JUSWILAI] dllewoldwAs
UO13D34Ul SNJIA BSSET 1834} 0} Bnup |eliAlzue pasuadl| AjjedJawwod oN

‘abeI03s uleyd-p|od aiinbai sidylo

pue ‘sasop g aJinbai sauddeA pajeAlldeu] "uoOdRIIXS pINy jeulds ‘sueds
I4/1D sadinbai sased a1aAas paidadsns Jo uollewyuo)) :sobejueapesiq

(§52) 3524 ‘swordwAs

SWOS dAI[DI PUB JIAY 9dNPaJ 03 sBnIp Jala4 uted Jo uonessiuiwpe

‘uoreyuswa|ddns 914]04323[9 pue spinjj SNOUIARIIUI ‘UOIIBAIDSTO
|eatbojoinau buipnjpul ‘Adessyy [eaidsoy aanioddns :uoridajul dnewoldwAs
uo123jul AJ[ 1243 01 Bnup [eJIAIIUR PASUDI| A[|eIDIaWWOD ON

*abeI01S UlRYD-P|0d 1D11S SAIINDAI BUIdIRA SaINpad0.Id JuswUIRIUOD0I]
Jadoud yum sanijioey uoie|osi [9A3)-y b1y saainbay sabejueapesiq

(1) JUSWIES1] UONIDBJUIOD

“Juawieas) bnup [eayaielpiiue ‘quswiesasl bnip dnawsnue ‘Adessyy usbAxo
‘uonejusws|ddns 214|011293 pue spinjy SNoUsAeIUL :JUSWIEe.) d1lewoldwAs
uoR3UI AOGT 18241 03 Bnup [eAIAIIUR PASUDI| A[|eIDISWWOD ON

‘abelols

uley>-p|od 1011s salinbal auidde ) “aseyd |ed11D Jo 19suo Buunp (s32ayd

Y- papuawwiodal) HulioluowW SAISUIIX pue uonezijeydsoy saiinbal
1uaned “4oAa) d1beyiioway anbuap 01 buissaiboid sased 104 [Sebejuenpesiq
(81) Adeiayy jeudsoy aauoddns :uondajul 919A3S

SwoldwAS SWOS dA31[2) PUB JIA) 9dNPaJ 0} (joweladeled Jo
usaydourwelade) sbnup jaijai uted yum swoldwAs Jo Juswieal) :uoldayul plIy
uondajul ANIQ 1841 01 Bnup |eliAlue Pasudl| AJ[eIdJaWwod ON

'sainpad0id JuswuleIuod0lq
19doud yum sanjidey uone|osi [9A3)-ybiy saiinbay :sabejueapesiq

(£1) Juswyealy uondajulod ‘Adesayl usbAxo
‘uonejusawa|ddns 9140431093 pue SpINj} SNOUSARIIUI JUSWLaI] dllewoldwAs
uondJUI AJHDD 1e3J3 03 Bnup [elIAlIUR PasUDI| AJ[RIDISWWOD ON

salqey

JEVEN!

s1beyuioway binglepy

19134 esseT

snijeydadsua asaueder

JEVEN]

sibeyliowsy ejoq3

anbuag

19A3) d1beyIoway

obuo)-ueawi)

[(s)@>ua49)2.] uonebiisanul
Japun sajepipued audep

4(s)aundea
pasuadi| AjjenJawwo)

(s)3uawiyeasy Juasind

aseasiq adAy wsiuebiQ

(P3nunuod) z 3719VL

12

cmr.asm.org

Issue 4 e00348-20

Volume 34

October 2021


https://cmr.asm.org

Clinical Microbiology Reviews

From the Tropics to the Tropics

(9bed 3xau uo panuniuod)

(££€) duPdeA 59dsy-yNa

(9€€ ‘s€€) (€681

-VYNHW ‘SZE L-YNYW) SSuIddeA

VNYW ‘(00455719 ‘88TSDUA
‘€8TSDYA) sdUDdRA YNQ "6

VN

(ree-1€€)

0EVYNIA/NMI ‘TONM
-XeALIRRWIYD ‘L 00-XBAOIPAH “Ba

VN

(og€)
€22-0S9-ISL ‘002-QSD-ISL 63

VN

VN

(€v) In31sed
youes ‘|UeweIS/XVA-4A ‘AL LA

9|qe|ieAe A[[RI2ISWWOD S| dUIDDeA

AdA Pa1eNUSNIR BAI| PISURDI| Y

VN
“(zt) usboniy
OdN “NIA92U3 149zZYd ‘NN
-3WS4/DVAQDIL NSO “indadug
:9|ge|ieAe A||eIDJawwoD S|
uIddeA AJg] PaleAlldeUl Pasuadl| Y

VN

'95easIp Jo pealids 21eyl|1de) 03 3YBNOY) S| 31 Se ‘PIPUSWIWO0II

Ajlensn jou s| A1964ns “suted julof 10 3Psnw pue ‘easneu ‘ysel ‘eayilelp

‘sayoepeay apn|dul sjebunjiiue UOWWOD JO $123)3 dPIS "SuolIdduI [ebuny

snouas yum syuanied |1 Ajjednud 1oy Ajuo pasn si g upueloydwe 310919y}

pue ‘quedyiubis aie $393))9 3PIS "suewny ul A11d1xo} Jejnjjad 01 buipes)
‘sauelquiaw buluieuod-jolalsajoyd syabiel g udLRloydwy :Sabejueapesiq
(£92) £19b.ns ‘Adeisyiohid qusawieal) 1eay ;juswieall dinewoldwAs

g upualoydwe ‘9|0zeu0d013) ‘8|0zeuodny) ‘DuIso01foN|} ‘Suyeulcs)
'9|0ZeUO1I0A ‘3j0ZzeUOdRSOd ‘9j0ZRpPUQERIY]} ‘9]0ZRUODRIY [S|eBunjuy

‘ymmoub |33} o) Burioyuow Ajyzuow ainbal
uawom Jueubald 'sased aIaAds ul palinbal uonezijeyidsoH sabejueApesiq
Adeiay) |eudsoy aanioddns :uoid94ul I9ASS

swoldwAs SWos 9A31|34 pue JaAs) 3dnpal

0} (jowejadeled 1o usydouiwelade) sbnup jaija4 uted ym swordwAs
40 Juswieal) ‘bupjuuip Aq uonuanaid uonelpAyap ‘1594 :UONDBUI PJIN
UOoID3JUI AM|Z 18941 01 BNUp |RJIAIIUER PASUDI| A[|RIDISWWOD ON

‘abelo1s ureyd-p|od salinbai sudep aied aAuoddns 0y paywi Ajjesauab si
1USWLAI] “IDAIMOY ‘S3SBD DI9ASS Ul palinbal uoiezijeyidsoH sabejueApesiq
Adeisay) |eyidsoy aniioddns :uondsjul 91995

SwoldWAS SWOS dA31[2] PuUe I9A) 9dNPai 03 sbnup Jalja4 uted
JO uoneansiuiwpe ‘bunuup Aq uornuanaid uoleipAysp ‘1591 :uoldduI PIN
uonD3JUl AJA 18941 01 BNUp |BJIAIIUER PASUDDI| A||RIDISWWOD ON

‘uoldeIIXS pINy [eulds ‘sueds [N
/1D 241inbas ued pue sased a1aAds ul palinbai uoiezijelidsoH sabejueApesiq
(292) Adeiayy [eudsoy aA0ddns :uoi1dajul 219A3S

swoldwAS SWOS dA31[D] pUB JIIASS 2dNPI
01 pasnh aq ued sbnup jaija. uted ‘pasinbai Juswieall dy1dads ou :uodadyuI PN
uo13jul ANM 182.11 01 Bnup |eJIAlIUR PasSUDI| A|[e1D1aWWod ON

‘3|gejieAe Ajopim 1ou saudep ‘uoddns Aiojesidsai pue uonegniul
|eaydedy buipnpul ‘uonezijeydsoy aiinbai sased 219A9S [sebejueApesiq
(192) swoidwAs d160]0iNau 1831} 03 JUSWIEI] dlewoIdwAs
uol123jul AJg] 1ea41 01 Bnup [eaIAlUR PASUDI| A[jeIDIaWwwWod ON

"21ed aAipoddns 03 payiwi| Ajjesausb
S| JUSWI1EDJ] INQ ‘S9SED 949AS Ul palinbal uonezijeudsoH :SabejueApesiq
Kdeiayy eudsoy annioddns :suoidajul 9I19AS

swo1dwAs SWOS 9A31[3J pue J9A) 3dNPaJ 01 Pasn ¢ ued sbnip
J3113. uted ‘pasinbal Juswiealy dY1d3ds OU :UOIIdJUI UOIIRINP-10YS pue PlIN
uo1123jul AJAY 183.1 01 BNnUp |eJIAIUR PASUIDI| A|[RIDIWWOD ON

sisodAwolse|qowoiyd

snbun4

iz

19A3) MOJ|A

19194 3IN 1S9M

siijeydadua auiog-ydI|

193y A3|jep Wiy

[(s)@>ua49)2.] uonebiisanul
Japun sajepipued audep

4(s)aundea
pasuadi| AjjenJawwo)

(s)3uawiyeasy Juasind

aseasiq adAy wsiuebiQ

(P3nunuod) z 3719VL

13

cmr.asm.org

Issue 4 e00348-20

Volume 34

October 2021


https://cmr.asm.org

Clinical Microbiology Reviews

Adegboye et al.

19A3) MO|[2K ‘AdA ‘SNIIA BJIN 353 ‘ANM ‘SNUIA

-a|qedidde 1ou ‘YN ‘| Jadjay | ‘LYl ‘Buibewr adueuosas dnaubew/Aydeibowoy paindwod ‘[YN/1D Hejndsnwenul “
Jeydadus auI0g-3211 ‘AJF 1 ‘YUl Sy PR1WISURII-|I0S ‘H]S {(2]0ZeXOWI10D) Wiidoy1aw)-2|0ZeXoy1awey|ns ‘| H1-XINS ‘SNIIA 19A3) AS][eA Uiy ‘A4AY ‘Adeiay) uoneuiquiod sulyluioys

'S911UN0D U33aM13q AleA Kew buisuadi,
W'l ISNUIA BYIZ ‘AMIZ ‘SNIIA

-XOWIUNHU ‘| DIN ‘SnUIA Banauey ‘AdYIA ‘Snaia siijeydadsus asaueder ‘AJr ‘snuiA joq3 ‘AQgd3 ‘SnaIA anbuap ‘ANIQ ‘SnIA eAUNBUNYIYD ‘ANIHD ‘SNUIA J9AR4 d16eLII0WRY 0BUOD-UBSWILD IAJHDD ‘ULIPND-9119W (e SN||1deq 'DDgy

VN

(e¥€) (£39daVIN)
Apoqnue paziuewny “6-9

VN

(cve-ove)
0ld apndad ‘cdb usbpue “69

(2827) TdADHIN4A
‘IVHIYYATH ‘DA sepndad “62

VN

VN

VN

VN

VN

VN

VN

‘(9A0ge paqudsap se) A11dIx01 Jejnj|ad yuedyiubis
ul s3nsal g upuRloydwe Yyiim Juswieal] ‘suied julof 1o 3|psnw pue ‘easneu
‘ysel ‘edyuielp ‘saydepeay apnjdul sjebunyizue Jo S109449 IpIS [SabejueApesiq
(£97) 9]0ZeUODLIOA ‘D]0ZRUODRIY ‘g UDLIRloYdWe sjebunjiiuy
‘(2A0qe paqudsap se) A11D1x0) Jejn||3d Juedylubis ul synsaJ g upualoydwe
Yum Juswieal] ‘suied juiof Jo S|Psnw pue ‘esasneu ‘yses ‘eayiielp
‘sayoepeay apn|pul sjebunjijue UOWWOD JO $129)J3 dpIS AJUo uoI1d_UI
uBjs 104 9A1129443 A||ed1dA) JusWIeaI]) SPIPOI WNISSeI0d [SobejueApesiq
(99¢) @uyeulqia) ‘sjozeuodesyl ‘g upusloydwe :sjebunyiuy
9pIpoI wnissejod JO UoIIN|OS PaleINIes JO UoleNSIuIWpe [elQ
sbnip Jay1o yum Adesayy uoneuiquiod
alinbas Aew pue suosdep 01 1uelsIsal 3q A||euoisedd0 ued aseasiq
‘(@n0qe paqudsap se) A11D1x031 Jejn|jad Juedyiubis ul synsal g upusloydwe
UM JUSWIESI] "UOISIDXD J91Je UOWWOD S| 9dUa4INd3Y SabejueApesiq
(¥2) (g upu0ydwe
‘auosdep) Adeiay) |esipaw aA1oddns pue uoisIdXa [ed161Ns Jo uoljeulquo)
‘suted juiof 1o
S|2SNW pue ‘essneu ‘yses ‘esyuielp ‘ssydepesy apn|dul sjebunjiue uowwod
JO 109449 9pIS "S9SED DIAAIS Ul palinbai uonezijelidsoH :sobejueapesiq
(592) uo1d3jul 219A3s 1oy Adesayy jeydsoy aaioddng
1HL-XINS ‘g upualoydwe ‘sjozeuodesyl isjebunyiuy
‘A1jenb ay1| Jo ssoj Jueoyiubis sasned uoneindwy
‘suted 1ul0( 10 3)SNW pue ‘edsneu ‘yses ‘eayielp ‘ssysepesy apnpul
s|ebunyizue UOWWOD JO SIDDYD IPIS "9SIN0D JuUdWIeI]} buoT SabejueApesiq
(S¥7) uoneindwe ‘A1961ns :3uswiealy dzewoydwAs
QuyeulqJal
‘3|0zeuodesod ‘9]0ZeuodlIOA ‘9]0ZeuOoDe}| ‘9]0ZeU0d033Y [S|ebunjiiuy
‘a1enbapeul aq 01 punoy
ud3q sey g upuloydwe Hulpnpul sjebuUNIUE UOWWOD YIIM JUSWILRI |
*91IS UOIS3| 9y bunedsewsp ul A1ndyyp 03 snp [erowal 313|dwodul 4o 5|00}
paleuiweluod 01 anp A196ns Ja1ye UOWWOD S| ADUSLINIRY :Sobejuenpesiq
(6€€ ‘8€€ ‘ST) paniodal usaq aey sj0d0104d JusWILA)
|NJSS332NS pue UoISIDXD [ed16.NS [91ep 01 9|ge|IeAR S| JUSWIESI) PJepUR]S ON
uo1d94uI 10qO] DIzDIDT 1e34) 01 Bnup [eBuUNjIIUE PasUDI| AjjeIDISWWOD ON

(193ulew
sisol||p1uad)
sisodAwouele]

sisoydiolods

sisoipuodsoulyy

sisodAwopiolpiddodeled

(ew03122AWN3)
eWOIAN

(sisoizede|)
SISODAWO0Q07

[(s)@>ua49)2.] uonebiisanul
Japun sajepipued audep

4(s)aundea
pasuadi| AjjenJawwo)

(s)3uawiyeasy Juasind

aseasiq adAy wsiuebiQ

(P3nunuod) z 3719VL

14

cmr.asm.org

Issue 4 e00348-20

Volume 34

October 2021


https://cmr.asm.org

From the Tropics to the Tropics

development of a living organism, secondary metabolites such as alkaloids, terpenoids,
and flavonoids are responsible for its survival and defense against competitors and
intruders (49). These natural products are being exploited and manipulated by humans
for developing novel drugs (see Drug Development from Natural Resources and Therapeutic
Solutions for Infectious Diseases of the Tropics, below). With an estimated 300,000 to
500,000 plant species and ca. 2 million lower classes of organisms, these resources are con-
sidered the chemotherapeutic pool, which can be exploited for developing drugs (50).

It is estimated that 50% of known plant species originate in the tropics (Fig. 1), with
14,000 species identified from the Amazon region alone (51). Similarly, the tropical Far
North Queensland region of Australia is rich in rainforest (covering 3.6 million ha) and reef
biomes, and its Wet Tropics World Heritage Area alone is home to over 2,800 plant species,
including 700 endemic species that occur nowhere else on Earth (52). Approximately one-
third of the medicinal plants used in the research and development of pharmaceutical
drugs are found in rainforests (47). However, only a limited number of tropical plants and
animals have been considered for medical uses and therefore provide an unprecedented
opportunity for researchers and pharmaceutical companies to identify novel bioactive
leads for potential commercialization.

Within the plant kingdom, the focus of pharmaceutical research has been on flow-
ering plants, whereas mangroves and nonflowering plants, such as mosses, ferns, horn-
worts, cycads, liverworts, and lycopods, remain barely studied for drug development
to date and represent an untapped source of novel compounds. Similarly, tropical
lichens, fungi, insects, snails, reptiles, spiders, scorpions, and amphibians are not well
characterized and are worthy of pharmaceutical exploration.

DRUG DEVELOPMENT FROM NATURAL RESOURCES

Developing drugs from natural sources is a lengthy and tedious endeavor. The bio-
discovery pathways include specimen identification and collection, extraction and iso-
lation, identification, and bioactivity testing (53). The most common challenge faced
by researchers in translating laboratory discoveries to commercial drugs is access to
sufficiently large quantities of biological samples and lead compounds, which is con-
sidered a “valley of death.” This bottleneck could be overcome through strategic col-
laboration between chemists (with expertise in natural products and organic synthetic
chemistry), biologists (with expertise in biological processes and sample collection),
immunologists (with expertise in cell- and animal-based assays), and bioinformaticians
(to develop discovery platforms using large-scale genome sequence mining and shot-
gun metagenomics) (54).

Strategies for Drug Development from Natural Resources

It is important to understand the existing techniques, technologies, expertise, and fi-
nancial resources within the pharmaceutical field in order to devise an efficient drug dis-
covery strategy (55). Several natural products containing compounds with activity against
tropical disease-causing pathogens have been discovered. However, due to the high fail-
ure rate and the significant investment required to take a promising raw natural product
forward, very few compounds have overcome the bottleneck toward becoming a new
standard-of-care treatment for a tropical pathogen. Currently, the most common strategies
used for discovering novel drugs from natural resources are (i) the random approach
based on a “find and isolate” method, (ii) the biorational approach based on ecological
and ethnobotanical methods, and (iii) the chemorational approach based on chemotaxo-
nomical considerations (56) (Fig. 2). The last strategy uses information on plant-specific
chemotypes, structural similarity, and reported bioactivities (57) to guide drug screening
processes. Of these three strategies, the biorational approach, especially ethnobotany-
guided screening, is the most efficient one. For example, 80% of 122 plant-derived drugs
were discovered based on an ethnodirected biorational approach (58). This high hit rate of
novel drugs or drug leads is mainly attributable to their extended clinical uses in traditional
medicines.
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FIG 2 Strategies for searching for novel drugs from natural products. Common strategies for
discovering novel drugs from natural resources include random, chemorational, and biorational
approaches. The biorational approach relies on ethnobotanically focused screening and ecologically
directed screening. The chemorational approach is directed by chemotaxonomical considerations. The
random approach relies on high-throughput screening with no prior ethnopharmacological uses or
chemotypical rationality.

Techniques for Drug Development from Natural Resources

A range of technologies spanning low to medium throughput has been available for
decades, allowing the screening of viable pathogens responsible for tropical diseases. The
bioassay screening protocols include in vitro, ex vivo, and in vivo models. For intracellular
pathogens (e.g., Trypanosoma cruzi and Plasmodium spp.), cell-based screening methods
adapted from conventional mammalian cell monitoring have been developed, such as the
WST-1 assay (water-soluble tetrazolium) (59-61) or cell death monitoring with an array of
fluorescent probes (62-65). While useful, these assays require careful consideration of the
cell types used, as this choice can heavily influence the screening outcomes (66). For larger
extracellular pathogens, particularly helminths, techniques are more challenging to de-
velop. Nonetheless, a range of screening techniques have emerged over the past decade
with various levels of scalability. These techniques include manual or automated video
assessment (67), impedance motility monitoring (68, 69), enzymatic alamarBlue reduction
(70), colorimetric (71), fluorescence (72, 73), and lactate or luminescent assays (74, 75).

Screening natural product libraries or raw products for their potential bioactive effect on
pathogens can be a daunting task unless a high-throughput screen (HTS) can be developed
for the target disease organism. Workflows that incorporate multiwell plates (e.g., 96 or 384
wells) can ideally be handled by robotics to allow for optimal HTS. Challenges arise when
developing HTS for larger organisms, such as helminths. Often, the parasite life cycle stage
that is key for treating clinical manifestation in humans is challenging to produce in suffi-
cient quantities in the lab for adequate testing. Additionally, the physical size of the worm
(millimeters to tens of centimeters long) can make large-scale handling (manual) of the para-
site extremely difficult. Therefore, in many studies, the only feasible option for drug screen-
ing is to use analogues akin to the target macroscopic organism, such as easily available mi-
croscopic larval stages, or related microscopic model organisms, such as Caenorhabditis
elegans (76, 77). While this allows simple HTS, the applicability to the desired target needs to
be assessed appropriately. The limited applicability of these methods was recently high-
lighted in a study screening 1,280 compounds, in which neither the hookworm larva or C.
elegans models demonstrated high fidelity as analogue models for detecting toxicity against
the adult hookworm, the desired target that infects humans (78).

While the gold standard for evaluating antihelminth activity when screening drugs is
visual phenotypic assessment of the parasite, the past decade has seen rapid advance-
ment in adapting a range of HTS technologies (79). Some impedance-based methods
based on either commercial cell monitoring products such as the xCELLigence system
(ACEA Biosciences, Inc.) or custom “in-house” systems designed from the ground up for
targeted purposes have been adapted and improved to allow antihelminth activity to be
evaluated based on helminth mobility measurement (68, 80). While ultimately applicable
to HTS, these methods so far have not been used for natural product screening beyond
small research laboratory-based proof-of-principle studies, exploring 10 to 50 products at
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a time (81-84). Additionally, HTS of drugs against macroscopic disease-causing agents has
been taking advantage of the development of advanced automated microscopy (85, 86).
The automated imaging of a 12- to 384-well plate(s) allows, for a reasonably low cost,
assessment of pathogen viability, and therefore the drug screening can be performed by a
simple visualization of the pathogen mobility.

While many of these HTS techniques are commonly used in research laboratories
worldwide, pathogens that require biocontainment higher than biosafety level 2 (BSL-
2) (e.g., Mycobacterium tuberculosis, rabies, Rift Valley fever virus [RVFV], and West Nile
virus [WNV] require BSL-3; Ebola virus [EBOV], Lassa virus, and Marburg virus [MARV]
require BSL-4) can be uniquely challenging, especially in the tropics, where the propor-
tion of low-income countries remains relatively high. Advances in modern robotics
have made possible the incorporation of such technologies up to BSL-4 biocontain-
ment capacities, allowing HTS of drugs for a range of deadly pathogens, including
EBOV (87). However, capability will always be limited, and extensive safety restrictions
limit full incorporation of HTS methods. One alternative to phenotypic screening that
bypasses the parasite supply or safety limitations is virtual drug design based on pro-
tein sequences (88-91); while still a technically challenging and expensive method, it is
slowly becoming more readily available with increasing computing power coupled
with a decrease in the cost of sequencing technologies.

Omics Technologies for Drug Development from Natural Resources

As critical as the search strategies are, the success of drug discovery and develop-
ment also relies heavily on the successful adaptation of advanced technologies to the
discovery platforms. In many countries, increasingly affordable technological innova-
tion in the areas of genomics, metagenomics, proteomics, and metabolomics have rev-
olutionized the drug discovery programs (53). While genomics-, transcriptomics- and
proteomics-based approaches have been extensively used to better understand the
biology of parasitic helminths and facilitate development of diagnostics and therapeu-
tics, metabolomics-based approaches have been largely overlooked. High-throughput
technologies and software need to be integrated to enable big data generation, min-
ing, and interpretation of the results.

Genomics and metagenomics. Increasingly affordable sequencing technologies are
changing how potential pharmaceutical drugs are being identified from natural prod-
ucts. While industrial investment in research programs aimed at discovering natural
products suitable for pharmaceuticals has decreased in recent years (92), the use of
next-generation sequencing technologies offers new screening pathways for targeted
natural product discovery. Two sequencing applications in particular have the poten-
tial to revolutionize natural product discovery: large-scale genome sequence mining
(93) and shotgun metagenomics (94). Large-scale genomic mining is a targeted
approach, where the entire genome sequence from organisms of interest is interro-
gated in order to identify previously uncharacterized natural products. In contrast,
shotgun metagenomics is an untargeted approach, where all sequences present in a
community/environment are interrogated for novel natural products; however, with
this approach, the organism of origin may not be known.

Many natural products have been discovered using genomics technologies. For
example, genome mining of individual species led to the discovery of the novel poly-
phenolic polyketide antibiotic clostrubin from Clostridium beijerinckii, a strictly anaero-
bic bacterium (95), in addition to novel aminocoumarins from the uncommon actino-
mycete Catenulispora acidiphila DSM 44928 (96). To date, most sequence-based natural
product discoveries have relied on individual genome sequences; however, the growth
of high-quality, publicly available sequence data is enabling the simultaneous genome
mining of thousands of species. For example, a recent study mined 10,000 actinomy-
cetes in a search for novel phosphonic acids, an important class of natural products
with known antimicrobial, antiviral, antimalarial, and herbicidal activities. This study
identified a new archetypical pathway for phosphonate biosynthesis in addition to 11
previously undescribed phosphonic acid natural products (97). The authors propose
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their methodology as a generalizable framework suitable for the rapid discovery of
other natural product classes in order to discover lead compounds suitable for the
pharmaceutical industry (97).

Functional metagenomics are also being used as screening tools for natural product
discovery at both the species level (e.g., Strepomyces [98]) and in complex environment
samples (e.g., marine [99]). These methods are becoming increasingly popular for
accessing bacterially encoded secondary metabolites, as it gives access to products
from the majority of bacteria that are not readily culturable. Shotgun metagenomic
sequencing has several advantages in that it is unbiased and requires no species-spe-
cific lab-based preparation, but most critically, it allows access to all the organisms’ col-
lective genomes and thus provides a snapshot of the bioactive potential of entire bac-
terial populations in a single experiment. Additionally, the genetic information
encoding the relevant biological activities are typically clustered on bacterial genomes,
meaning that with limited starting material, it is possible to capture sequence describ-
ing the biological pathway of interest.

The last decade has seen an acceleration in the sequencing of microbial, fungal,
and plant genomes, with tens of thousands of genomes now available in public archives,
including GenBank and Ensembl. Despite the generation of this large volume of data,
there exists a bottleneck in our ability to process and analyze these data in a meaningful
way. In natural drug discovery, genome mining techniques have emerged as an approach
to identify potential products of interest (100, 101), where secondary metabolites from
biosynthetic gene clusters that encode novel bioactive metabolites are identified. In recent
years, software to support genome mining have significantly matured for microbes and
fungi. For example, AntiSMASH (antibiotics and secondary metabolite analysis shell) (102)
uses computational methods to rapidly identify, annotate, and analyze secondary metabo-
lite biosynthesis gene clusters identified in bacterial and fungal genomes. Many other soft-
ware tools that exist are typically specific to either an organism group(s) or pathways.
These include SMURF for fungal metabolites (103), BAGEL3 for prokaryotes (104), PRISM
(Prediction Informatics for Secondary Metabolome) for microbial organisms (105), IMG/
ABC for storing experimentally validated BCGs (106), and ASMPKS for predicting modular
polyketide synthases (107). While progress has been made in regard to microbes and fun-
gal genomes, tools available for plant-based drug discoveries are significantly lagging.

Proteomics. Over the last few decades, numerous proteomic approaches have been
developed and applied to facilitate the process of identifying protein and small molecule
drug candidates. Typically, bioactivity or phenotype-based drug discovery involves the de-
velopment and execution of bioassay screens to guide the isolation of the active fraction
leading to the eventual identification of the active compounds (108, 109). Mass spectrome-
try, with its ability to identify small molecules and proteins through their fragment peptides,
is an integral step in both proteomics and metabolomics (see “Metabolomics,” below) and
has been used to characterize small molecules and natural products since the 1960s (110).

Recent improvements have been made in both the utility and sensitivity of mass
spectrometers (111). An example of this progress is the recently released high-perform-
ance mass spectrometer Orbitrap Fusion Lumos Tribrid. With a resolution of up to
1,000,000 full width at half maximum (FWHM) values at m/z 200, this mass spectrome-
ter combines Orbitrap, quadrupole, and linear ion trap technologies in one acquisition
path, which allows it to acquire a more complex spectra at a higher rate (112, 113).

Other forms of chemistry or affinity-based fraction selection techniques range from
simple solvent extractions (114) to molecular affinity, as mentioned above, as well as
more complex techniques such as photoaffinity labeling, which allows potential drug
compounds to be labeled with a photo cross-linker and a purification tag (109).
Modern techniques taking advantage of newly discovered biochemical interactions
between proteins and their ligands, such as the cellular thermal shift assay, have
shown promise as drug discovery techniques. The cellular thermal shift assay is based
on the rationale that protein stability can be altered by ligand binding (115), and it was
recently demonstrated that studying the shift in the heat denaturation curves of the
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cellular proteomes after exposure to lead compounds can identify effective binding
partners (116).

Novel extraction technologies have also been developed to address chemical and
biological constraints and to improve overall extraction and downstream detection ef-
ficiency. These include high-intensity pulsed electric fields combined with semibionic
extraction (117), highly sensitive supercritical fluid extraction (118), high-speed coun-
tercurrent chromatography (119), and sequential extractions combining multiple tech-
nigues to extract compounds with different properties from a single source (120).

Metabolomics. Metabolomics uses multiple technologies, including high-performance
liquid chromatography (HPLC), infrared spectroscopy (IR), gas chromatography-mass spec-
trometry (GC-MS), liquid chromatography-mass spectrometry (LC-MS), and nuclear magnetic
resonance (NMR) (53). Metabolomics platforms are increasingly being used for a variety of
applications, including diagnosis of diseases, infections, host-parasite interaction, biomarker
and drug lead discoveries, drug target identification, drug interaction, and personalized
treatments (121). Metabolomics techniques are also emerging for the identification of the
secreted metabolites by tropical canine parasites, such as hookworm, tapeworm, and round-
worm (122, 123). There is a need to apply metabolomics to identify biomarker compounds
for many other tropical parasites in order to understand the mechanisms responsible for
their parasitism and host immune evasion.

THERAPEUTIC SOLUTIONS FOR INFECTIOUS DISEASES OF THE TROPICS
Approved Therapeutic Molecules Derived from Natural Products

Historically, natural products have been employed in the treatment of many diseases
affecting humans. The Dictionary of Natural Products (https://www.routledge.com/go/the
_dictionary_of_natural_products), an authoritative and comprehensive database on natural
products, lists 270,000 chemical entities, some of which are considered vital components of
many modern drugs (124). Newman and Cragg recently reported that 1,881 naturally derived
drugs were discovered and approved as drug entities between 1981 and 2019 (125). It is also
estimated that approximately half of all medications validated between 1981 and 2010 have
been sourced from natural products (126). As an example, out of 15 antiparasitic compounds
used between 1981 and 2014, 60% of these have their origins in natural products (127).
However, the majority of them are either semisynthetic or mimics of the natural bioactive
compounds, resulting in a significantly smaller percentage (5%) of natural products sourced
directly from nature and used as therapeutic molecules (126). This section highlights the most
commonly used approved pharmaceutical drugs sourced from natural products.

Tetracyclines. Tetracyclines are a family of broad-spectrum antimicrobial agents that
were discovered in the 1940s. They are still used for their antimicrobial activity against a range
of microbes implicated in many diseases, including some tropical diseases like malaria, where
it is used as primary treatment for mefloquine-resistant Plasmodium falciparum (128), as well
as trachoma and yaws (129, 130). Chlortetracycline (initially called aureomycin due to its yellow
color) and oxytetracycline (initially called terramycin, in reference to terra, Latin for earth) were
the first of the tetracyclines isolated from Streptomyces aureofaciens and Streptomyces rimosus,
respectively (131-133). Similar molecules of the same class were subsequently extracted from
S. aureofaciens, S. rimosus, and Streptomyces viridofaciens (tetracycline and demeclocycline) or
synthesized through modification of natural products (e.g., doxycycline, lymecycline, methacy-
cline, minocycline, rolitetracycline) (131, 134). Tetracyclines are known to bind to the bacterial
30S ribosomal subunit to reversibly inhibit bacterial protein synthesis and blocking them from
growing or replicating further, a mode of action called “bacteriostatic” (129). However, since
the isolation of the first tetracycline-resistant bacterium, Shigella dysenteriae (135), multiple mi-
crobial species have been reported to have acquired resistance to the natural (first-generation
and some second-generation) tetracyclines, leading to the introduction of newer (third-gener-
ation) synthetic tetracyclines (136-138).

Quinine. Quinine is a basic alkaloid prepared from the bark of the Cinchona plant.
The WHO recommends its use in combination with clindamycin in the management of
uncomplicated P. falciparum malaria in pregnant women who are within their first
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trimester. In the first trimester of pregnancy, quinine is also recommended for treat-
ment of chloroquine-resistant Plasmodium vivax malaria (139). Additionally, quinine
administration has been recommended for severe malaria in adults and children if arte-
sunate and artemether (see “Artemisin” below) are not available (139). The mechanism
behind quinine’s antimalaria action is not fully understood. It was demonstrated that
its antimalaria activity could be from the ability of its quinoline group to cap hemozoin,
which is crystallized from heme, as the parasite digests hemoglobin in red blood cells
(140). Heme is chemically destructive and causes cellular damage through various
means, such as oxidative stress and cytoskeletal protein disruption (141). Quinoline
capping of hemozoin crystals prevents the parasite from detoxifying heme into insolu-
ble and inert heme, thereby allowing free heme to build up, poisoning the parasite
(140). Lastly, it must be noted that quinine has considerable adverse effects, which can
range from impairment of hearing, tinnitus, headaches, and nausea to vertigo, vomit-
ing, and loss of vision (142). Despite this, quinine remains a viable alternative to many
approved pharmaceutical drugs due to its low cost and the emergence of resistance to
other common antimalarials.

Artemisinin. The use of the Artemisia annua plant, also known as sweet wormwood,
to treat intermittent fevers among other indications has been documented in the Chinese
materia medica in the late 1960s (143). In the early 1970s, artemisinin, a sesquiterpene lac-
tone, was identified as responsible for the antimalarial activity of A. annua (144). Although
the use of nonpharmaceutical forms of A. annua is not recommended by the WHO, arte-
mether, artesunate, and dihydroartemisinin, its more stable semisynthetic derivatives, are
included in the artemisinin-based combination therapy (ACT) recommended for treating
malaria (139, 144). Both artemether and artesunate are metabolized by the body into dihy-
droartemisinin, which has various toxic effects against the parasite, including alkylation and
misfolding of proteins initiated by free radicals created from the cleavage of the endoperox-
ide bridge found within the dihydroartemisinin molecule (144-146). ACTs constitute first-
line therapies for most indications of malaria, including severe malaria. Depending on the in-
dication, these compounds are frequently used in combination with other long-acting syn-
thetic antimalarials, such as lumefantrine or amodiaquine (139). This is because artemisinin-
based compounds have a short half-life and the longer-lasting synthetic compounds can
continue to provide antimalarial activity to prevent the rise of drug resistance after artemisi-
nin reaches subtherapeutic concentrations in the body (147).

NATURAL PRODUCT DISCOVERIES FOR THE TREATMENT OF TROPICAL DISEASES

Increasingly, natural products are being examined for their suitability in the treatment of
tropical diseases caused by bacteria, virus, parasites, and fungi. There are many studies high-
lighting the effectiveness of natural products in treating tropical diseases.

Bacteria

In a very comprehensive review of recipes used by traditional healers in Burundi,
Ngezahayo and colleagues recently identified a list of 155 different plant species belonging to
51 families and 139 genera used to prepare treatments for microbial tropical diseases of bacte-
rial origin (148). Similarly, based on local folklore, Gupta et al. have collected 35 different plant
species from India with anecdotal evidence of antituberculosis activity (149). Upon further ex-
amination, the ethanol extracts of 11 of those plants showed clear antimycobacterial activity
(Table 3). There is also evidence that many plants from the Ivory Coast, Ghana, and Benin
used to treat Buruli ulcer contain active ingredients with in vitro and in vivo activity against
Mycobacterium ulcerans (150-156) (Table 3). Additionally, a plant-based treatment using
Capparis zeylanica has been associated with a reduction of the diarrhea in patients suffering
from cholera (157) (Table 3). Several other studies have described plant-based treatments of
cholera (148), leprosy (148, 158, 159), and yaws (148); however, these studies do not provide
clear evidence of the implication of the natural products in the improvement of the symp-
toms. Traditionally, most of these plant-based treatments are applied either as a maceration,
powder, or decoction, indicating that the active ingredients within some of these plants may
have topical and/or oral antibacterial activity.
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In contrast to the vast knowledge about the source organisms (mainly plants), relatively
little is known about the identity of the active compounds within these organisms exerting
antimicrobial activity (Table 3). Over the last few years, some groups around the world have
isolated a number of natural compounds with proven in vitro activity against M. tuberculosis
(Table 3). Plumbagin and other quinonoid compounds have shown a strong bacteriostatic
effect in a number of independent studies (160-162). In addition, various other plant-derived
compounds, such as kaempferol (163), maritinone (164), 3,3'-biplumbagin (164), plumericin
and isoplumericin (165), 3-O-methyl-alkylgallates (166), collinin (167), acridone alkaloids
(168), ursolic acid (169), and cucurbitacin (169), have been reported to have bacteriostatic
effects on M. tuberculosis in vitro (Table 3). Importantly, piperidine-based active compounds
isolated from Piper nigrum have already progressed to preclinical and clinical trials in animals
and humans (170-174) (Table 3). Another promising source for antituberculosis drugs
appears to be marine sponges (175-177) (Table 3). Quan and colleagues recently reported
on the antituberculosis activity of bengamide B derived from the marine sponge Tedania sp.
(175). Other studies have demonstrated strong bacteriostatic effects of halicyclamine A (176)
and plakinamide P (177), derived from the sponges Haliclona sp. and Plakina sp., respec-
tively. In a study from Benin, four steroidal alkaloids (holadysamine, holophyllinol, holamine,
and holaphyllamine) from the plant species Holarrhena floribunda showed bacteriostatic ac-
tivity against Mycobacterium ulcerans (155). Several active natural products, including baica-
lin, luteolin, catechins, flavonoids, and polyphenols, from a variety of tropical plants have
also been shown to improve the eyesight of patients infected with Chlamydia trachomatis
(178). Preclinical studies in mouse models of cholera have also shown a reduction in diarrhea
when mice were treated with farnesol isolated from the Acacia farnesiana tree (179) or with
sulfated polysaccharides isolated from the red seaweed Gracilaria cervicornis (180).

Parasites

Multiple natural products have been shown to have antiparasitic activity against patho-
gens responsible for lymphatic filariasis (181-186), leishmaniasis (187), and Chagas disease
(187) (Table 4). Similarly, a large range of natural products from the tropics have been com-
monly used for treating malaria (188-190) (Table 4). More recently, by combining nanopar-
ticle technologies and natural extracts from the leaves of the plant Indigofera oblongifolia,
Dkhil et al. have demonstrated the promising antiplasmodial and hepatoprotective activity
of silver nanoparticles in a Plasmodium chabaudi-infected mouse model (191). Nanocarrier-
based drug delivery systems have received enormous attention in the past few years (192).
Antimicrobial drugs become more efficacious when adsorbed, entrapped, or linked to poly-
saccharides such as dextran, besides increasing the surface area for the drug and achieving
targeted drug delivery (193). A snapshot of intravenously administered tetramethylrhod-
amine-isothiocyanate (TRITC)-conjugated dextran in the blood vessels of mice with malaria
is shown (Fig. 3). Dextran-based carriers are being tested for many diseases, including for
codelivery of buparvaquone (BPQ) and polymyxin B (PB) against leishmaniasis and to
enhance cross presentation of subunit vaccines against melioidosis (194, 195). Two active
compounds against Plasmodium spp., cryptolepine and dichroine, extracted from Cryptolepis
sanguinolenta and Dichroa febrifuga (Ch’ang Shan) roots, respectively, have been identified
(196-198) (Table 4). Recently, bisaprasin, a bromotyrosine alkaloid isolated from Aplysinella
rhax, a Fijian marine sponge, has exhibited moderate antiparasitic activity against P. falcipa-
rum (199) (Table 4).

Regarding leishmaniasis, cubebin isolated from Piper cubeba has been described as a
potent parasiticidal (200) (Table 4). A recent study conducted by de Souza and colleagues has
found that the Psidium brownianum-derived natural compounds quercetin, myricetin, and gal-
lic acid as well as the Psidium guajava-derived ethanolic extract and the flavonoid and tannic
fractions show antiparasitic activity against both Leishmania brasiliensis and Leishmania infan-
tum parasites (201) (Table 4). Similarly, a sesquiterpene lactone, parthenolide, derived from
Tanacetum parthenium, shows antileishmania activity against Leishmania amazonensis in both
in vitro and in vivo studies (202-204). In the context of lymphatic filariasis, galactolipids isolated
from the leaves of the tropical tree Bauhinia racemosa have been characterized as promising
antifilarial agents in both in vitro and in vivo models (205) (Table 4). Several in vitro studies
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FIG 3 Visualizing drug delivery in the microvasculature. MacGreen mice were infected with
Plasmodium berghei ANKA for subsequent intravital imaging of the brain microvasculature when the
mice were showing clinical signs of malaria. Blood vessels were infused with tetramethylrhodamine-
isothiocyanate (TRITC)-conjugated dextran (red). Moderate levels of leukocyte accumulation are seen
both within and outside the blood vessels (green).

have identified promising natural compounds for treating schistosomiasis; among them are
vernodalin, aspidin, flavaspidic acid, methylene-bis-aspidinol, and desaspidin (206, 207)
(Table 4). The current antihelminthic drug, praziquantel, is not effective against the
Schistosoma mansoni schistosomulum stage. Recently, four lead natural chemotherapeutic
agents, including isomyristicin, bergapten, luteolin, and linalool oxide acetate, which were
discovered from medicinal plants, showed efficacy against the schistosomulum stage and
against multiple phylogenetically distinct parasites (82). Finally, some studies focusing on
Chagas diseases have identified solenopsin alkaloids extracted from fire ants (Solenosis
invicta and Solenosis saevissima), bisaprasin, and psilostachyin and psilostachyin C (sesquiter-
pene lactones isolated from Ambrosia tenuifolia and Ambrosia scabra) as promising antitry-
panosomal agents (199, 208-210) (Table 4). Of note, the antiparasitic activity of the natural
compounds described by de Souza and colleagues against L. brasiliensis and L. infantum was
also observed against Trypanosoma cruzi (201). In the context of human African trypanosomia-
sis (HAT), phenolic compounds extracted from medicinal plants in vitro (211) and a sesquiter-
pene lactone, cynaropicrin (from Asteraceae plants in vivo), have exhibited potent activity
against T. brucei (210, 212). Further reviews of active natural products against tropical parasites
can be found in studies by Cockram and Smith (213) and Herrera Acevedo et al. (190).

Viruses

Natural products as potential novel therapeutics have been explored, especially in
the context of dengue fever (214, 215). Oliveira and colleagues provide a detailed
review of natural products that showed antiviral activities against dengue virus (DENV)
and chikungunya virus (216). A Malaysian open-label randomized controlled trial (RCT)
that included patients suffering from dengue fever and dengue hemorrhagic fever has
demonstrated that papaya extract was effective in improving symptoms by increasing
the platelet count, as well as the expression of some genes implicated in the de novo
regeneration of platelets, less than 2 days after receiving the first dose of fresh Carica
papaya leaf juice (217) (Table 5). Similar results have been obtained in an Indonesian
RCT in which C. papaya leaf extract was encapsulated and administered orally (218)
(Table 5). Additionally, antiviral activity against the four serotypes of DENV (DENV-1, -2,
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-3, and -4) has also been reported for Lippia species plants (219) (Table 5). Inhibitory
activities of natural products against Ebola have also been explored, and aqueous
extract of Prunella vulgaris has been shown to be a potent inhibitor of EBOV entry in
vitro (220) (Table 5).

Natural compounds such as galactan (221), kappa carrageenan (221), baicalein (222), and
palmatine (223) have been shown to have antiviral activity against DENV-2, whereas glycyrrhi-
zin has displayed antiviral effects against both DENV-1 and DENV-2 (224) (Table 5).
Furthermore, glycyrrhizin has also shown antiviral activity against Japanese encephalitis virus
(JEV), West Nile virus (WNV). and yellow fever virus (YFV) (224) (Table 5). Antiviral activity
against WNV and YFV has also been described for palmatine (223), whereas anti-JEV activity
has been reported for aloe emodin, a natural anthraquinone derived from Rheum palmatum
(225) (Table 5). Additionally, a Colombian study revealed that essential oils extracted from
Lippia alba, Lippia origanoides, Oreganum vulgare, and Artemisia vulgaris show inhibitory effects
against YFV (226) (Table 5). The natural compounds from these plants include, among others,
carvone, limonene, bicyclosesquiphellandrene, carvacrol, thymol, gamma-terpinene, trans-sabi-
nene hydrate, and sabinene (226) (Table 5). Antiviral activity against other mosquito-transmit-
ted viruses, including chikungunya virus (CHIKV) and Zika virus (ZIKV), has also been demon-
strated for jatrophane esters (227), luteolin (228), apigenin (228), ethanolic extracts from
several Euphorbia species (229), abamectin and ivermectin (230), berberine (230, 231), and em-
odin (231) (Table 5). Finally, tetrandine isolated from radix stephaniae tetrandrine, the dried
root of Stephania tetrandra, was described as a potent EBOV entry inhibitor (232) (Table 5).

Fungi

Several studies have described plant-based treatments for various tropical fungal
diseases (233-237) (Table 6). Interestingly, propolis (bee glue) from the honey bee Apis
mellifera also demonstrates strong fungicidal effects against Paracoccidioides brasilien-
sis and Sporothrix schenckii (238, 239). Although the active antifungal product within
propolis remains elusive, it was shown that p-coumaric acid appears to be the major
compound (239).

Some studies have also investigated the antifungal activity of compounds isolated from
natural products (Table 6). Medina-Alarcon and colleagues have reported that chalconoids
derived from Cinnamomum verum display fungicidal activity against Paracoccidiodes brasiliensis
and Paracoccidioides lutzii (240). Fungicidal effects against paracoccidioidomycosis have also
been demonstrated with methyl linolenate, caryophyllene oxide, and trans-nerolidol derived
from the Brazilian medicinal plant Baccharis dracunculifolia (241).

CONCLUSIONS

Here, we examine how natural products are being harnessed to develop solutions
to the diseases of the tropics. Our literature search revealed that while there is vast
knowledge of medicinal use from many tropical plants and animals, overall, the under-
lying active compounds remain largely unknown or else restricted to crude extracts.
Further, while many emerging natural products have been tested for their efficacy
against various tropical diseases, much of the work currently is done using in vitro
assays. Given that the Amazon rainforest alone harbors at least 15,000 plant species
(242) and the Great Barrier Reef is home to 1,400 species of coral, 3,000 species of mol-
lusks, and 630 species of echinoderms (Australian Government Great Barrier Reef
Marine Park Authority; http://www.gbrmpa.gov.au/, accessed 20 April 2020), the poten-
tial reservoir of natural products for treating tropical diseases is enormous. While we
describe many natural products containing compounds with activity against tropical
disease-causing pathogens, we find that there is currently a discovery bottleneck due
to the high failure rate and the significant investment required to take a promising raw
natural product forward in order to become a new standard-of-care treatment for a
tropical pathogen. This limitation is being overcome with improved high-throughput
technical capacity for natural product isolation and identification in many tropical
areas of the world, ensuring that more of these natural reservoirs will likely reveal their
pharmaceutical secrets in the near future.
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